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11.1 Introduction

Soybean [Glycine max (L.) Merrill] is one of the major oilseed crops in the world
which contains 18–20% oil and 35–40% of good-quality protein (Fatima et al.
2006). Soybean is being used in human and animal nutrition and in the production
of biodiesel, disinfectants, lubricants, soap, and cosmetics, among other uses
(Sediyama et al. 2009). In the recent agriculture scenario, climate change and food
security are the two prominent challenges faced by scientists to cater the needs of
burgeoning Indian population. The top five soybean-producing countries are the
USA, Brazil, Argentina, China, and India; in Southeast Asia, soybean productivity
highly relies on rainfall. In India, the erratic monsoon pattern, incidence of disease
and pest, and long dry spell (drought) because of climate change have given rise to
uncertainty in the production of soybean in the past few years. Moisture stress
decreases the significant yield of soybean every year (Joshi and Bhatia 2003).
According to Grover et al. (2011), nearly two-thirds area from parts of arid and
semiarid ecosystem in India are affected by drought or soil moisture stresses.
Moisture stress is among the most destructive abiotic stresses that increased in
intensity over the past decades affecting the world’s food security. It affects different
growth stages of soybean, for example, the reproductive stages were affected more
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severely as compared to vegetative growth (Sionet and Kramer 1977). Under
drought conditions, planting soybeans hinders germination, leading to low plant
population and reduction in yield significantly.

To cope with the moisture stress, there is an emerging need to develop strategies.
The strategy of breeding varieties tolerant to drought is time-consuming and is a
long-term approach. Therefore, the use of biological resources is advocated which
would have minimal damage to the environment and sustain the soybean produc-
tivity. The inoculation of plants with beneficial microorganisms such as soybean
rhizobia and AM fungi has been used as an alternative strategy to ameliorate plants
from abiotic stresses and help in sustaining the productivity of soybean with reduced
uses of chemical fertilizers (Sharma et al. 2016). Soybean belongs to the family
Leguminosae which forms root nodules harbouring from symbiotic bacteria and
many endophytes and therfore relys less on N fertilizer (Zhao and Lai 2017). Under
drought conditions, accumulation of free radicals occurred due to protein changes,
restricted enzyme efficiency, and changes in electron transport (Berard et al. 2015),
resulted into protein denaturation and lipid peroxidation leading to cell lysis (Potts
1999). During oxidative stress, antioxidant defenses and reactive oxygen species
(ROS) such as superoxide radicals, hydrogen peroxide, and hydroxyl radicals are
affected by free radicals which induce lipid peroxidation and membrane deteriora-
tion and degrade proteins, lipids, and nucleic acids in plants (Hendry 2005; Nair
et al. 2008). The reduced precipitation and changed rainfall patterns are causing the
frequent onset of droughts around the world (Lobell et al. 2011) and is associated
with reduction in photosynthesis, results due to decrease in leaf expansion, impaired
photosynthetic machinery, premature leaf senescence (Wahid and Rasul 2005).
Drought stress in soybean decreases total seed yield and the branch seed yield
(Frederick et al. 2001). Hence, it becomes imperative to modulate plant’s physiology
through inoculation of bacterial and fungal endophytes with a capability to maintain
growth and survive during drought stress (Chaves et al. 2003). Endophytic microbes
are known to enhance growth and yield of plants by fixing atmospheric nitrogen;
solubilization of phosphorus, potassium, zinc, etc.; production of phytohormones
(cytokinin, auxin, gibberellins, etc.), ammonia, hydrogen cyanide, and siderophore;
and production of ACC deaminase while mitigating the level of ethylene in plants
during drought (Suman et al. 2016). In this chapter, we provided a holistic view on
types of bacterial and fungal endophytes inhabiting soybean and other crops and
how these endophytes are significantly important in conferring the tolerance in
soybean to moisture deficit stress conditions. The key mechanisms involved and
the factors influencing the efficacy of these endophytes for mitigating the stress have
been dealt with in the subsequent subsections.

11.2 Distribution of Bacterial and Fungal Endophytes

Hallmann et al. (1997) defined endophytes as “microbes that are residing in plant
tissues without causing harmful effects to the host plant.” Endophytic microorgan-
isms found in plants include bacteria, actinomycetes, and fungi (Zinniel et al. 2002; Ji
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et al. 2014; Tenguria and Firodiya 2013; Dalal and Kulkarni 2012). Endophytes
occurring in roots, stems, and leaves was first studied in soybean and maize cultivars
in Argentina (Russo et al. 2016), and these can be isolated by the surface sterilization
technique from the parts of the plant that has no harm to the plant (Gaiero et al. 2013).
Endophytes inhabit in the apoplast, as well as intercellular spaces of the cell walls and
xylem vessels of the roots, stems, leaves, fruits, tubers, ovules, internodal regions and
also in root nodules which all increases the growth of soybean plant (Hallmann et al.
1997; Kuklinsky Sobral et al. 2004; Pimentel et al. 2006). Dalal and Kulkarni (2012)
isolated a comparatively higher number of endophytic actinomycetes during vegeta-
tive stages than during reproductive stages in soybean cultivated under vertisol.

In general, all the bacterial endophytes are described as common habitants of the
rhizosphere; therefore, endophyte microbiome is suggested as the subpopulation of
the rhizosphere-inhabiting bacteria (Marquez-Santacruz et al. 2010; Germida et al.
1998). There are two types of endophytic bacteria mainly categorized based on types
of activity, viz., growth promotion and disease control (Bacon and White 2000),
which Hardoim et al. (2008) further subdivided into four types:

1. Facultative endophytes which live inside the plants and in other habitats
2. Obligate endophytes which are strictly bound inside a plant during their entire

lifespan and that do not possess life stages outside the plant, except for plant-to-
plant and plant-to-insect-to-plant transmission

3. Opportunistic endophytes which occasionally enter into the plants and benefit
from the plant’s internal environment (nutrient availability, protection, and lack
of competition) and show particular root colonization characteristics (e.g., a
chemotactic response, which enables them to colonize the rhizoplane and then
invade the internal plant tissues through cracks formed at the sites of lateral root
emergence and root tips)

4. Passenger endophytes that enter the plant by accident in the absence of selective
forces maintaining it in the internal tissue of the plant, i.e., such endophytes might
become endophytic by chance (e.g., via colonization of natural wounds or
following root invasion by nematodes)

The agricultural practices maintain natural endophytic bacterial diversity in plants
(Brandl 2006). Interestingly, gram-negative bacteria isolates were found low in
G. soja, and gram-positive isolates were more in G. max (Stoltzfus et al. 1997;
Elbeltagy et al. 2000). On the other hand, Zinniel et al. (2002) reported an equal
occurrence of gram-negative and gram-positive bacteria. Dalal and Kulkarni (2014)
suggested that the occurrence of different endophyte species depends mostly on
growth stages of plant, bacteria genotype, and biotic and abiotic environmental
conditions. They showed that vegetative and reproductive stages of soybean facil-
itate diversity and distribution of endophytic fungi (Dalal and Kulkarni 2014). Some
factors like age of the plant and type of cultivation environment such as open fields
and greenhouses also contribute to the diversity of endophytic fungi in soybean
(Pimentel et al. 2006).

Very recently, about 187 species of fungal endophytes from different parts of
soybean was reported, which belong to different taxonomic groups including
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Ascomycota and Basidiomycota (De Souza Leite et al. 2013). Different types of
endophytic bacteria, e.g., Bacillus, Enterobacter, and Pseudomonas, inhabit the
soybean (Egamberdieva et al. 2016). Two types of fungal isolates were reported in
soybean based on culture-dependent (CD) and culture-independent (CI) methods
(Miller and Roy 1982; Pimentel et al. 2006). CD method detected greater endophyte
diversity (H0 ¼ 2.12) than the CI method (H0 ¼ 0.66) (Impullitti and Malvick 2013).
In general, diversity analysis of endophytes in soybean revealed that the phylum
Proteobacteria, including the classes Alphaproteobacteria, Betaproteobacteria, and
Gammaproteobacteria, were found to be dominant besides the members of the
Firmicutes and Actinobacteria, which were consistently found as endophytes,
whereas other classes such as Bacteroidetes, Planctomycetes, Verrucomicrobia,
and acid bacteria are less commonly found as endophytes. The most commonly
found genera of bacterial endophytes are Pseudomonas, Bacillus, Burkholderia,
Stenotrophomonas, Micrococcus, Pantoea, and Microbacterium (Sun et al. 2009;
Romero et al. 2014; Hallmann et al. 1997; Marquez-Santacruz et al. 2010; Shi et al.
2014). Fungal endophytes such as Fusarium oxysporum and Phoma sp. are predom-
inately found in roots, whereas Colletotrichum gloeosporioides (12.29%) and
Ampelomyces sp. (9.09%) are found in leaves (Fernandes et al. 2015). A regularly
isolated species in all soybean cultivars was Fusarium graminearum, and the least
probable isolated one was Scopulariopsis brevicaulis. It has been revealed that
soybean leaves were somewhat richer in fungal endophytes than in roots (Fernandes
et al. 2015). A list of bacterial and fungal endophytes recovered from soybean or
used in soybean is provided in Table 11.1.

11.3 Interaction of Fungal and Bacterial Endophytes

Bacterial and fungal endophytes have distinctive roles in plants. They facilitate the
distribution or production of biologically active metabolites, such as enzymes,
biofunctional chemicals, phytohormones, nutrients, and minerals (Schulz et al.
2002). Co-inoculation of AMF and PGPR shows positive effect in drought tolerance
(Kohler et al. 2009). It has been shown that Bradyrhizobium when co-inoculated
with AM species, e.g., G. mosseae and G. deserticola, had a positive and synergistic
influence on soybean. However, comparatively G. mosseae was found to be more
compatible and effective than G. deserticola. Overall, AM symbiosis has typically
increased water use efficiency (Simpson and Daft 1990) by modulating hormonal
regulation (Levy and Krikun 1980), capturing more soil water (Sieverding 1981)
through improved soil/root contacts (Reid 1979). AM also helps in stimulating gas
exchange by increased sink strength (e.g., Allen et al. 1981; Snellgrove et al. 1982)
and osmotic adjustments (Allen and Boosalis 1983) contributed more water absorp-
tion through extended soil hyphae (Allen 1982).
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11.4 Role of Bacterial and Fungal Endophytes
in Alleviation of Stress

Plant growth promotion (PGP) activity has been observed in many endophytic bacteria
(Zachow et al. 2010; Gasser et al. 2011; Malfanova et al. 2011). Endophytic symbiosis
with host plants especially in roots can regulate and change the uptake of mineral
nutrients, secretion of plant hormones, and exudation of defensive metabolites from
roots (Khan et al. 2013; Bashan et al. 2014). Direct PGP mediation by endophytes
provides essential nutrients to the plants and regulates phytohormones. Several mech-
anisms conferring drought tolerance to plants by plant growth-promoting bacteria

Table 11.1 List of potential bacterial and fungal endophytes isolated from soybean plants

Soybean Endophytes strain References

Seed Alternaria, Aspergillus, Cladosporium, Colletotrichum,
Fusarium, Paecilomyces, and Penicillium

Miller and Roy
(1982)

Ampelomyces, Annulohypoxylon, Guignardia, Leptospora,
Magnaporthe, Ophiognomonia, Paraconiothyrium,
Phaeosphaeriopsis, Rhodotorula, Sporobolomyces, and
Xylaria

De Souza Leite et al.
(2013)

Root Bacillus thuringiensis, Bacillus subtilis Pimentel et al.
(2006)

Paenibacillus sp. Annapurna et al.
(2013)

Fusarium oxysporum, Fusarium solani and Fusarium sp.,
F. graminearum

Fernandes et al.
(2015)

Bacillus endoradicis sp. Zhang et al. (2012)
Pseudomonaceae, Burkholderiacea, and Enterobacteriaceae
groups

Kuklinsky Sobral
et al. (2004)

Leaves Ampelomyces sp., Cladosporium cladosporioides,
Colletotrichum gloeosporioides, Diaporthe helianthi,
Guignardia mangiferae, and Phoma sp.

Fernandes et al.
(2015)

Alternaria, Aspergillus, Cladosporium, Fusarium,
Paecilomyces, and Penicillium from soybean leaves and seeds

Miller and Roy
(1982)

Dematiaceous fungi, Fusarium, Aspergillus, Penicillium and
Mycelia sterile, Colletotrichum, Acremonium, Paecilomyces

Pimentel et al.
(2006)

Ampelomyces, Annulohypoxylon, Guignardia, Leptospora,
Magnaporthe, Ophiognomonia, Paraconiothyrium,
Phaeosphaeriopsis, Rhodotorula, Sporobolomyces, and
Xylaria

De Souza Leite et al.
(2013)

Stem Colletotrichum, Acremonium Pimentel et al.
(2006)

Moraxellaceae Kuklinsky Sobral
et al. (2004)

Nodule Bacillus subtilis, Bacillus thuringiensis, and Bacillus pumilus Bai et al. (2002), Li
et al. (2008)
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(PGPB) have been proposed by several works (Fig. 11.1). PGPB may influence plant
growth either directly or indirectly by:

1. Indirect mechanism through the production of antibiotics, cell wall-degrading
enzymes, induced systemic resistance (ISR) through decreasing iron abundance
available to pathogens, and synthesis of pathogen-inhibiting volatile compounds
(Yang et al. 2009). The PGPB facilitates the gaining of nutrient resources from
environment including nitrogen (N), phosphorous (P), and iron (Fe), e.g., via
nitrogen fixation, phosphate solubilization (Wakelin et al. 2004), iron chelation,
and siderophore production (Loon et al. 1998);

2. Direct promotion by regulating various plant hormones including auxin and cyto-
kinin (Madhaiyan et al. 2006) or by producing the enzyme 1-aminocyclopropane-
1-carboxylate (ACC) deaminase, which lowers plant ethylene levels and modulates
plant growth.

While analyzing the phenotypic and genotypic diversity in the bacterial endo-
phytes of two species of soybean, viz., Glycine max and G. soja, Hung and
Annapurna (2004) reported that a total of 65 bacterial endophytes were isolated
from three tissues, stem, root, and nodules, and screened for hydrolytic enzymes
where more than 70% isolates were found to secrete pectinase and cellulase.
Sandhya et al. (2009) found the role of volatile organic compounds (VOCs) released
by PGPB that played a role in IST response. An endophytic fungus Piriformospora
indica has been widely evaluated for its role in abiotic stress tolerance and plant
growth promotion (Varma et al. 2012). This fungus belongs to Sebacinaceae family,
which colonizes the root of plants and is reported to alleviate plants from drought
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Fig. 11.1 Prospects of endophytes in the alleviation of drought stress in plants and underlying
mechanisms
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stress conditions (Sahay and Varma 1999; Shahollari et al. 2005). The fungal endo-
phytes may help in decrease plant disease infestation and enhance plant growth and
have widely been worked out by many workers (Hardoim et al. 2008; Marquez et al.
2007). Cladosporium, the widespread endophytic fungal genus detected in the vascu-
lar and pith tissues of soybean (Impullitti andMalvick 2013), has been known for plant
growth promotion. Cladosporium sphaerospermumwas found to produce gibberellin-
like compounds which increased soybean biomass and height (Hamayun et al. 2009).
The AM inoculation has been shown to enhance tolerance to plant by adjustments in
osmoregulation of solutes and improve upon water uptake through their extended
hyphal network (Mathimaran et al. 2017) that help indirectly plants in maintaining
osmotic adjustments, facilitates membrane stability, protects from electrolytes leakage
and maintain water potential gradient in the roots (Evelin et al. 2012).

Arbuscular mycorrhiza forms symbiotic association with soybean plants for
improved P nutrition and gas exchange and also affects plant–water relation under
drought condition (Safir et al. 1971). Further, induced production of growth-promoting
hormones and antioxidative enzymes (Zhu et al. 2011) regulates the plant aquaporin
gene (GintAQPF1and GintAQPF2) expression (Li et al. 2013). Besides improving
plant growth, AMF also influence indirectly for improved RWC, LWP, K, and N in
shoots that play a role in osmotic adjustment and stomata behavior and relatively
increased shoot and seed dry weights. Soybean plant inoculated with either single or
mixed AMF under drought conditions had significantly higher shoot biomass. How-
ever, the magnitude of response varies where mixtures of AMF isolates did not
perform than single strain inoculum, excluding complementarily effects and
suggesting selection of effective AMF for alleviating drought stress in soybean
(Grumberg et al. 2015). AMF inoculation changes in soluble sugar, proline levels,
and hydrogen peroxide in drought-stressed plants promote exchange of carbon and
nitrogen required for drought adaptation of the host plants (Rapparini and Penuelas
2014). The best single strain inoculum, PGPB scavenge toxic compounds ROS by
enzymatic and nonenzymatic antioxidant responses (Wang et al. 2012). Bilal et al.
(2017) reported that inoculation with Paecilomyces formosus LHL10 significantly
increased plant biomass and growth attributes as compared to non-inoculated control
plants with or without Ni contamination. LHL10 enhanced the translocation of Ni
from the root to the shoot as compared to the control. In addition, P. formosus LHL10
modulated the physiochemical apparatus of soybean plants during Ni contamination
by reducing lipid peroxidation and the accumulation of reactive oxygen species.

11.4.1 Bacterial and Fungal Endophytes (Key Examples)

Many bacterial endophytes (more than 65 isolates), viz., Alphaproteobacteria
(Agrobacterium sp.), Gammaproteobacteria (Erwinia sp., Pseudomonas citronellolis,
P. oryzihabitans, P. straminea, K. pneumoniae, K. oxytoca, Enterobacter sp., Pantoea
sp., and P. agglomerans), and Firmicutes (Bacillus fastidiosus, etc.), have been reported
from stems, leaves, roots, and root nodules of soybean (Hung and Annapurna 2004).
Bai et al. (2002) reported the role of nonsymbiotic endophytic bacterial strains (NEB,
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mainly bacilli ), viz., NEB4, NEB5, and NEB17, in the growth promotion of
soybean when only co-inoculated (either of one isolate) with symbiotic
Bradyrhizobium japonicum under nitrogen-free conditions compared with plants
inoculated with B. japonicum alone. In the absence of B. japonicum, these isolates
neither nodulated soybean nor affected soybean growth. In case of fungal endo-
phytes, Fusarium graminearum and Colletotrichum (from leaves) species were
mainly isolated from soybean (Pimentel et al. 2006; Russo et al. 2016).

Long back Miller and Roy (1982) have also isolated fungal endophytes, viz.,
Alternaria, Aspergillus, Cladosporium, Colletotrichum, Fusarium, Paecilomyces,
and Penicillium, from soybean leaves and seeds where Cladosporium
sphaerospermum were found to increase the plant height and biomass. Recently
besides AM fungi, the endophytic fungi Piriformospora indica which belong to the
Sebacinaceae family plays a greater role in the alleviation of abiotic stress (Gill et al.
2016) and is gaining importance. A detailed list and examples of potential bacterial
endophytes in the growth and bioprotection of soybean plants are provided in
Table 11.2.

11.5 Mechanisms Involved for Conferring Drought
Tolerance

11.5.1 Phosphate Solubilization and Siderophore Production

Phosphorus element is supplied through animal manure, plant residues, green
manure, and chemical fertilizers (Rao 1982). Phosphate (P) solubilization is an
essential microbial process required for enhancing the availability of P nutrition in
crops (Vassileva et al. 1998). Different soil bacteria and fungi belong to Bacillus,
Pseudomonas, and Penicillium citrinum are involved in conversion of insoluble
phosphate to soluble phosphate in soil through secretion of organic acid such as,
acetic, formic, fumaric, glycolic, and lactic. In general endophytic bacteria frequently
occurs during vegetative (V6) stage of soybean (Kuklinsky Sobral et al. 2004)
where Enterobacteriaceae and species of Pseudomonas and Ralstonia involves in
phosphate solubilization (Kuklinsky Sobral et al. 2004) and improve P nutrition and
thus can help in the reduction of phosphate fertilizers.

Plant growth-promoting endophytes promote plant growth by production of
siderophores (Costa and Loper 1994). Siderophores are high-affinity iron-chelat-
ing compounds, soluble Fe3+-binding agents, help in scavenging iron during iron
deficiency (Neilands 1995), and play a role in disease control (Duffy and Defago
1999). Bacteria and fungi secrete siderophores. Senthilkumar et al. (2009) showed
that out of 137 bacterial isolates recovered from various parts of soybean, only nine
bacterial endophytes (mainly Bacillus and only one Paenibacillus) were found to
be potential for controlling soybean phytopathogen, e.g., Rhizoctonia bataticola,
Macrophomina phaseolina, Fusarium udam, and Sclerotium rolfsii. Based on
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Table 11.2 Role of potential bacterial endophytes recovered from soybean and other plants on
soybean

Bacterial endophyte
Host and niche
from which isolated Inference References

Azoarcus sp. BH72 Rice Nitrogen fixation Krause et al. (2006)
Azospirillum lipoferum
4B

Rice, maize,
wheat

Nitrogen fixation,
phytohormone
secretion

Wisniewski-Dye
et al. (2011)

Azospirillum sp. B510 Rice Nitrogen fixation,
phytohormone
secretion

Kaneko et al.
(2010)

Burkholderia
phytofirmans PsJN

Potato, tomato,
maize, barley, onion,
canola, grapevine

IAA synthesis, ACC
deaminase

Weilharter et al.
(2011)

Burkholderia spp.
KJ006

Rice ACC deaminase, nif
gene cluster, antifungal
action (indirect PGP)

Kwak et al. (2012)

Enterobacter sp. 638 Poplar Siderophore, IAA,
acetoin and
2,3-butanediol synthe-
sis, antifungal action
(indirect PGP)

Taghavi et al.
(2009)

Gluconacetobacter
diazotrophicus PaI5

Sugarcane, rice,
coffee, tea

Nitrogen fixation, auxin
synthesis

Bertalan et al.
(2009)

Klebsiella pneumoniae
342

Maize, wheat Nitrogen fixation Fouts et al. (2008)

Pseudomonas putida
W619

Poplar IAA synthesis, ACC
deaminase

Taghavi et al.
(2009)

Pseudomonas stutzeri
A1501

Rice Nitrogen fixation Yan et al. (2008)

Serratia
proteamaculans 568

Soybean IAA synthesis, ACC
deaminase, acetoin and
2,3-butanediol
synthesis

Taghavi et al.
(2009)

Paenibacillus sp. and
Bacillus sp.

Soybean Biocontrol potential Senthilkumar et al.
(2009)

Sphingomonas sp. Soybean (leaf
and stem)

Plant growth promotion Asaf et al. (2017)

Stenotrophomonas
maltophilia R551-3

Poplar IAA synthesis, ACC
deaminase

Taghavi et al.
(2009)

Cladosporium
sphaerospermum

Soybean (root) Increased plant height
and biomass

Hamayun et al.
(2009), Arnold
et al. (2003)

Piriformospora indica Wheat Increase biomass
Ampelomyces,
Chaetomium, and
Phoma glomerata

Soybean Biocontrol of pathogen De Souza Leite
et al. (2013)

Paecilomyces formosus Soybean Increase biomass Bilal et al. (2017)
Sphingomonas sp. Soybean Decrease JA and ABA Asaf et al. (2017)
Bacillus
amyloliquefaciens

Soybean Reduced charcoal rot
infestation

Torres et al. (2016)
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assessment, they found only two most efficient strains as biocontrol isolates, i.e.,
Paenibacillus sp. HKA-15 (HKA-15) and Bacillus sp. HKA-121 (HKA-121), and
two strains (HKA-72 and HKA-113) were found to be strong siderophore pro-
ducers but ineffective in charcoal rot diseases suppression. Very recently Nhu and
Diep (2017) recovered five bacterial endophytes from soybean plants identified as
Enterobacter cloacae TSR1A, Enterobacter cloacae CPR1A, Bacillus sp. OSR12,
Bacillus subtilis TST10c, and Acinetobacter sp. TGN1, and all these strains were
found to be strong siderophore-producing candidates with multiple beneficial
characteristics.

11.5.2 Production of Phytohormones

Plant growth and development are under the control of plant growth regulators and
several phytohormones and organic compound, viz., auxins, gibberellins (GAs),
cytokinins (CKs), ethylene (ET), and abscisic acid (ABA) (Farooq et al. 2009).
GAs and CKs help in plant growth, whereas ethylene and abscisic acid inhibit
growth (Taiz and Zeiger 2010). Drought stress leads to an increase of the inhibitory
concentration of plant hormones, which inhibit plant growth, thus allowing the
plants to regulate their water resources (Farooq et al. 2009). Endophytes are able
to promote the growth of plants under drought by modifying the phytohormone
content (Dodd et al. 2010) such as alteration of ET production (Glick et al. 1998;
Belimov et al. 2009) and changing the balance of CKs and ABA (Figueiredo et al.
2008; Cohen et al. 2009) or IAA signaling etc. (Contesto et al. 2010). A brief account
on the role of hormones in drought stress tolerance and regulation by endophytic
bacteria has been given below in the following sub-heads.

11.5.3 Auxins

Auxins are an important regulator of plant growth and development, such as IAA,
which controls different cellular functions as well as differentiation of vascular
tissues, initiation of lateral and adventitious roots, stimulation of cell division,
elongation of stems and roots, and orientation of root and shoot growth in response
to light and gravity (Glick 1995). Auxins plays in plant development by regulating
cell division and elongation, for example, Sphingomonas sp. (LK11), Serratia
marcescens (TP1) bacterial endophytes produces IAA, which improve physiolog-
ical characteristics such as shoot/root length, fresh/dry weight, and chlorophyll
contents. Similarly, Enterobacter hormaechei isolated from S. selanica plants pro-
duces higher IAA and found compatible to support the soybean growth evaluated
in a glasshouse experiment (Asaf et al. 2017).
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11.5.4 Gibberellic Acid and Abscisic Acid

Gibberellic acid (GA) is known to regulate plant adaptation to drought stress. A
rapid decline in levels of endogenous GA was observed in plants subjected to
drought stress, resulting in growth inhibition. For example, secretion of gibberellins
from P. putida improved soybean plant growth under drought (Kang et al. 2014).
Inoculation of soybean with Sphingomonas sp. (LK11) and Serratia marcescens
(TP1) significantly increased the level of GA (155.43–146.94 ng/g) and abscisic
acid as compared to control (113.76 ng/g). However, inoculation of these strains
decreased jasmonic acid content. Anjum et al. (2011) reported that application of
methyl jasmonate (MeJA) did not directly alleviate the drought stress in soybean but
rather helped in improving the drought tolerance of soybean by modulating the
membrane lipid peroxidation and antioxidant activities.

Abscisic acid (ABA) performs important roles in various physiological processes
in plants and is vital for the response to environmental stresses such as drought
(Porcel et al. 2014; Cohen et al. 2015) and is involved in processes, e.g., inhibition of
germination, restriction of shoot and root growth, and stomata closure (Daszkowska-
Golec 2016). Under the drought conditions, plants secrete ABA for survival under
unfavorable conditions that is synthesized in the roots and translocated to leaves,
which induces stomata closure and conserves water loss (Zhu 2002).

11.5.5 Ethylene and ACC Deaminase

Biotic and abiotic stresses synchronized by ethylene levels and plant activities
are regulated by biosynthesis of ethylene (Hardoim et al. 2008). In the biosyn-
thetic pathway of ethylene, S-adenosylmethionine (SAM) is converted by
1-aminocyclopropane-1-carboxylate synthase (ACS) to 1-aminocyclopropane-1-
carboxylate (ACC), the immediate precursor of ethylene. Under stress conditions,
the plant hormone ethylene endogenously regulates plant homoeostasis resulting in
reduced root and shoot growth. The ACC deaminase-producing plant growth-
promoting endophytic bacteria sequester plant ACC and degrade or break it down
into alpha ketobutyrate, thereby reducing the deleterious effects of ethylene,
ameliorating plant stress, and promoting plant growth (Glick 2005). It has been
well established that endophytic bacteria such as Alcaligenes sp., Bacillus sp.,
Ochrobactrum sp., Burkholderia, etc. have ACC deaminase enzyme which break
down 1-aminocyclopropane-1-carboxylate (ACC) and reduce the ethylene levels in
plants to survive under stress (Arshad et al. 2008; Onofre-Lemus et al. 2009). Hence,
by application of ACC deaminase-producing bacteria, we can stop ethylene sig-
naling and alleviate higher levels of ethylene during stress. Bacterial ACC deami-
nase can be divided into two groups, based on high or low enzymatic activity
(Glick 2005). In soybean, the low ACC deaminase-producing bacteria found in
tissue part have less ability to reduce ethylene level as compared to high ACC
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deaminase-producing bacteria under stress conditions, for example, Serratia
proteamaculans is reported to be a high ACC deaminase-producing bacteria
(Glick 2005; Taghavi et al. 2009).

11.5.6 Antioxidant Defenses

Exposure of plants to drought stress leads to the generation of reactive oxygen
species (ROS), including superoxide anion radicals (O2

"), hydrogen peroxide
(H2O2), hydroxyl radicals (OH), singlet oxygen (O12), and alkoxy radicals (RO).
ROS react with proteins, lipids, and deoxyribonucleic acid causing oxidative dam-
age and impairing the normal functions of plant cell. In order to overcome these
effects, plants develop antioxidant defense systems comprising both enzymatic and
nonenzymatic components that serve to prevent ROS accumulation and alleviate the
oxidative damage occurring during drought stress (Miller et al. 2010). Antioxidant
enzymes include superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase
(APX), and glutathione reductase (GR) and nonenzymatic component constituents
hold cysteine, glutathione, and ascorbic acid maintains antioxidant defense system in
the plant cell (Gong et al. 2005; Kaushal and Wani 2016). However, plants inocu-
lated with P. formosus had significantly ( p < 0.05) increased levels of reduced
glutathione (GSH) contents.

11.5.7 Osmotic Adjustments

Osmotic stress induced by drought can hinder the growth and yield of plants.
Osmotic adjustment is the drought-tolerant mechanism found in the cell, which
helps plants to cope with drought stress. Such adaptation strategies in plants to
drought stress are coupled with metabolic adjustments which lead to the accumula-
tion of several compatible solute/osmolytes like proline, sugars, polyamines, beta-
ines, quaternary ammonium compounds, polyhydric alcohols, and other amino acids
and water stress proteins like dehydrins (Yancey et al. 1982; Close 1996).

Chen et al. (2007) correlated proline accumulation with drought and salt tolerance
in plants. Introduction of proBA genes derived from Bacillus subtilis into A. thaliana
resulted in the production of higher levels of free proline resulting in increased
tolerance to osmotic stress in the transgenic plants. Increased levels of proline along
with decreased electrolyte leakage, maintenance of relative water content of leaves
and selective uptake of Kions resulted in salt tolerance in Zea mays co-inoculated
with Rhizobium and Pseudomonas (Bano and Fatima 2009). Proline protects mem-
branes and proteins against the adverse effects of high concentration of inorganic
ions and temperature extremes. It also functions as a protein-compatible hydrotope
and as a hydroxyl radical scavenger (Smirnoff and Cumbs 1989). Accumulation of
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proline buffers cellular redox potential under environmental stresses (Jain et al.
2001; Wahid and Close 2007).

11.5.8 Exopolysaccharides Secretion

Endophytes are known to produce exopolysaccharide (EPS) which protect plants
from stress and enhance their survival. Meneses et al. (2011) reported that
EPS-producing strain Gluconacetobacter diazotrophicus (PAL5) consist a gum D
gene that involved in EPS biosynthesis, which required for biofilm formation and
plant colonization. Grover et al. (2011) showed that EPS can help in binding ions to
cations including Na, thus making it unavailable to plants under stress. It is
noteworth to mention that EPS also helps in binding soil particles to form
microaggregate and macroaggregates which facilitate plant roots and fungal hyphae
fit in the micro- and macropores and thus stabilize macroaggregates and also
facilitate in making connection and colonizing the plant roots colonize the roots
(Bashan et al. 2004). For example, endophytic fungi Fusarium solani and Aspergil-
lus sp. are known as a backbone of the EPS produced by these species (Mahapatra
and Banerjee 2013; Chen et al. 2011). Therefore, inoculating plants with
EPS-producing bacteria enhanced resistance to water stress by improving the soil
structure (Sandhya et al. 2009).

11.5.9 Aquaporins

Aquaporins are also known as water channels and are integral membrane proteins
from a larger family of major intrinsic proteins present in all living organisms mainly
in cell membranes of microbes which mainly help in facilitating transport of water
between cells (Agre 2006). Cooper (2009) reported that through aquaporins the
water could flow more rapidly into and out of the cell than by diffusing through the
phospholipid bilayer. Ruth et al. (2011) showed that AM fungi facilitated transfer of
water from soil to root and regulate root hydraulic nature via an aquaporin, and
during drought AM also helped the regulation of plant aquaporin gene which
regulates plant water status (Aroca et al. 2007, 2013).

11.6 Conclusion and Future Perspective

Globally, drought stress has become a major challenge for sustaining the productiv-
ity of crops including soybean. The conventional approaches involving breeding
for developing drought resistance/tolerant varieties though is a viable solution but
is time taking hence a long-term approach. On the other hand, modern agro-
nomic practices, e.g., anti-transparent, growth hormones, soil conditioners, organic
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compounds, etc., are beyond affordable to farmers and also pose adverse effects to
soil environments and hence are discouraged. Therefore, the adoption of biological
interventions involving plant growth-promoting microbes in the alleviation of stress
and sustaining the growth of plants is a short-term and eco-friendly solution. For the
past 20–30 years, a lot of emphasis was given on PGPR research where plant
growth-promoting microbes (PGPM) (mainly inhabiting in the soil rhizosphere)
were used in soybean. Although nitrogen-fixing rhizobia were also used, those
were mainly targeted for nitrogen management.

To harness and further improve the potential of microbes, recent impetus is
to be given on exploitation of microbial endophytes in alleviation of stress
and confer tolerance to plants, which opens a new dimension of PGPM research.
The composition of the endosphere microbial populations depends mostly on
plant and bacteria genotype and biotic and abiotic environmental factors.
Endophytic species have been mostly reported throughout Alphaproteobacteria,
Betaproteobacteria, and Gammaproteobacteria subgroups, and the latter is the
most diverse and dominant group. The genera of Bacillus and Pseudomonas are
identified as frequently occurring in agricultural crops including soybean. How-
ever, according to Glick group, the frequent occurrence of Fusarium sp. in roots of
soybean has made us a little worrisome; therefore, further research evaluation is
needed. In general isolating potential bacterial or fungal endophytes has an edge
over the existing soil rhizospheric PGPMs due to having their specialized lifestyle,
niche, and survival, and (once they are) inside the plant, there is a possibility that
they will survive pretty longer even at high temperature and confer tolerance to
plants. Nevertheless, the need of recovering potential candidates bearing genes
(dispersed throughout the chromosome) conferring tolerance through higher accu-
mulation of ACC deaminase, IAA, amino acids (e.g., proline) and carbohydrates
(e.g., trehalose) etc., will stay. The potential candidates need to be thoroughly
characterized biochemically under in vitro (based on stress physiological param-
eters), eventually to evaluate and release as potential endophytes for field appli-
cation under drought stress conditions. Besides above, the mechanisms elicited by
endophyte such as triggering osmotic response, phytohormone regulation, bio-
control activity, and induction of novel genes which play a vital role are also
required to be deciphered for ensuring plant survival under drought stress. Taking
the present leads accessible, concentrated future research is desired in terms of
identification and characterization of the right kind of microbes, and addressing
the issue of delivery systems, quality, and field evaluation of potential organisms
is a need of an hour required to sustain the productivity of crops.
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