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Abstract Rhizosphere, the thin layer of soil under the direct influence of plant root, 
is a nutrient-rich microhabitat. The numbers of bacteria colonizing this niche are 
100–1000 times more than the surrounding non-rhizosphere soil. More than 25 bac-
terial genera have been characterized as plant growth-promoting rhizobacteria, 
among which Bacillus sp. play a predominant role. Because of the non-fastidious 
nature and quick colonization of rhizosphere, these gram-positive rods are relatively 
abundant in the rhizosphere and can exert its plant growth-promoting benefits on the 
plant involved. Brevibacillus, Lysinibacillus, Bacillus subtilis, Bacillus cereus, and 
Bacillus amyloliquefaciens are some of the species that can act as plant growth-
promoting rhizobacteria (PGPR). Bacillus sp. readily qualify as a PGPR owing to its 
phytohormone production, nitrogen fixation, siderophore production, hydrogen 
cyanide production, antagonism against plant pathogens, and production of certain 
allelochemicals. Some strains of Bacillus sp. show extreme tolerance to heavy 
metals and can be coupled with phytoremediating plants to remove heavy metal 
pollutants from contaminated soils. Bacillus sp. isolated from degraded mine soils 
also show plant growth-promoting effects and can be potentially used as a 
bioinoculant during the revegetation process of reclamation of mine ecosystem. 

Keywords Bacillus sp. · Biofilm · Chemo-effectors · Plant growth-promoting 
rhizobacteria · Root colonization 

3.1 Introduction 

Plant growth-promoting rhizobacteria (PGPR) are a diverse group of bacterial 
genera that actively colonize the rhizosphere region of the plants. The plant and 
the PGPR species enjoy a mutually benefitting and non-obligatory relationship with 
each other. These free-living bacteria dwell in the rhizosphere, the region under the
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direct influence of the plant. Though the numbers of bacteria are 10–100 fold higher 
in the rhizosphere region, only 2–5% of rhizobacteria qualify to be a PGPR species 
(Antoun and Pre’vost 2005). Some of the PGPR so far identified include 
Alcaligenes, Arthrobacter, Azospirillum, Azotobacter, Bacillus, Bradyrhizobium, 
Burkholderia, Enterobacter, Flavobacterium, Klebsiella, Mesorhizobium, Pseudo-
monas, Rhodococcus, Streptomyces, Serratia, etc. (Tariq et al. 2017).
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3.2 Root Colonization Traits of Bacillus 

PGPR are effective colonizers of the root niches. PGPR display strong growth— 
competitive and colonizing skills over existing rhizosphere communities. While the 
colonizing traits of gram-negative PGPR is well understood, the underlying mech-
anisms and dynamics of colonization by gram positive bacteria are continued to be 
explored. Some of the competing colonizing traits of all genera of PGPR include 
chemotactic motility, higher growth rate, better adhesion to the roots, and synthesis 
of certain amino acids, vitamins, and some nucleotide bases such as uracil and 
biofilm formation (Lugtenberg and Kamilova 2009). There are many molecular 
mechanisms, operons, and sensory systems that are being discovered to explain 
the colonization behavior of PGPR. 

3.2.1 Chemotactic Motility 

Chemotactic motility is a colonization trait of PGPR genera Chemotaxis can be 
defined as a directed movement of an organism toward chemical stimuli. It allows 
bacterial cells to advance toward a chemical attractant or move away from a 
repellant. PGPR can respond to the secretion of a variety of substances termed 
chemoeffectors (either an attractant or repellant) in root exudates. The event of 
chemotactic response is a crucial step in root colonization. Chemoeffectors found 
in root exudates include organic acids amino acids, polyamines, sugars, alcohols, 
fatty acids, purines, phytohormones, flavonoids, terpenoids, and benzoxazinoids 
(Pétriacq et al. 2017) Some of the components that can trigger chemotactic response 
in Bacillus sp. are listed in the Table 3.1. 

Among these, amino acids, sugars, and organic acids are the major 
chemoeffectors that attract PGPR. Chemotaxis is initiated through chemosensory 
system. Chemosensory system consists of a ternary complex made up of chemore-
ceptors (also known as methyl-accepting chemotaxis proteins [MCPs]) and 
transducer-like proteins or Tlps which consists of the CheA histidine kinase and 
the CheW coupling protein which can couple the CheA activity to the receptor 
control (Ortega et al. 2017). Figure 3.1 describes the chemosensory pathway in 
bacteria.
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Table 3.1 Chemoeffectors of Bacillus sp. (Feng et al. 2018; Hanlon and Ordal 1994; Tohidifar 
et al. 2020; Glekas et al. 2012) 

Amino acids Asparagine, aspartic acid, glutamine, histidine, Proline, threonine, glycine, ser-
ine, valine, alanine, tyrosine, isoleucine, tryptophan, phenylalanine, leucine, 
lysine, methionine, glutamic acid 

Alcohols Dulcitol, ribitol, methanol 

Purines Inosine 

Fatty acids Adipic acid, sodium decanoate 

Organic 
acids 

Citric acid, aspartic acid phthalic acid, oxalic acid, malic acid, succinic acid, 
fumaric acid, dehydroascorbic acid, glyceric acid, 3-hydroxypropionic acid, 
gluconic acid, salicylic acid 

Phyto 
hormones 

Indole acetic acid, gibberellic acid, salicylic acid, abscisic acid, ethylene 

Sugars Glucose, alpha-D-ethylglucoside, mannose, ribose, fucose, fructose, galactose, 
dulcitol, inosine 

Fig. 3.1 Schematic diagram depicting chemosensory pathway in bacteria 

Chemoreceptors are located on the surface of bacteria. The structure of chemo-
receptors can vary among bacteria. Most of the chemoreceptors have a transmem-
brane topology, while some of them are entirely cytosolic. Chemoreceptors are 
known to contain two domains or modules—an input module and an output module. 
The input module/domain is found extracellularly, which is also referred to as 
sensory domains or more commonly the ligand-binding domain (LBD). The output 
module is called cytoplasmic signaling domain which is a conserved structure 
known to be composed of four-helix bundle in antiparallel coil. Approximately 
80% of the ligand-binding domain (LBD) belongs to any one of the three categories 
such as 4HB type (four-helix bundle), cache type and the PAS (Per-Arnt-Sim 
proteins) type.
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In Bacillus subtilis, as many as ten chemoreceptors (MCPs) have been identified, 
which includes Mcp A, Mcp B, Mcp C, Tlp A, Tlp B, Tlp C, YfmS, YoaH, YvaQ, 
and Hem AT (Ortega et al. 2017; Feng et al. 2018). McpC is a broad range receptor 
that can bind to almost all amino acids except L asparagine. While McpB is 
identified as the receptor for L-asparagine. Mcp R is unique to Bacillus 
amyloliquefaciens which can specifically bind the amino acid arginine (Feng et al. 
2018). HemAT is a myoglobin like receptor which aids in aerotaxis. 

Chemoreceptors can recognize signals when chemoeffectors bind to their ligand-
binding domain (LBD). This triggers a canonical signal transduction system in 
which CheA histidine kinase phosphorylates the CheY receptor control protein. 
This receptor signaling system displays a kinase on-off state. In either state, the 
CheY protein modifies or controls the flagellar motor rotation to switch from 
tumbling to swimming motility or vice versa. In the presence of attractant stimuli, 
the receptor signaling system shifts to the kinase-off state where the flux of phos-
phoryl groups from CheA to CheY slows down, forcing the flagellar motor to rotate 
in CCW (counterclockwise) direction resulting in a run. Conversely, kinase-on state 
phosphorylates the CheY protein which turns the flagellar motor to CW (clockwise) 
direction resulting in a tumble. Based on the chemoreceptor attractant-repellant 
signaling, bacterial cells respond to chemoeffectors by suppressing the CW signals 
during runs to take them in their favorable direction (Parkinson et al. 2015). 

3.2.2 Biofilm Formation 

Biofilms are structured communities of cells that are adherent to a surface, an 
interface, or each other and are encased in a self-produced polymeric matrix (Stanley 
et al. 2003). Bacterial biofilms established on plant roots by PGPR can protect the 
colonization sites and act as a sink for the nutrients in the rhizosphere. It prevents 
access to the root exudates by the plant pathogens which will otherwise colonize the 
root niche and establish infection. Biofilm formation is a root-colonizing trait of 
PGPR. It is stated that an efficient PGPR will be competent in biofilm formation 
since many genes involved in biofilm formation are also engaged in root coloniza-
tion process. In fact, the eps and Tas A mutants (eps and Tas A are genes responsible 
for biofilm formation in B. subtilis) failed to colonize the roots (Beauregard et al. 
2013). Hence, matrix formation is an essential feature for root colonization. 

The extracellular matrix (ECM) that is produced by B. subtilis is mainly com-
posed of an exopolysaccharide (EPS) and the protein TasA (Branda et al. 2006) both 
of which are extremely essential for root colonization. The EPS and the Tas A 
protein polymerize into amyloid-like fibers. Three master transcriptional regulators 
are identified in Bacillus sp. which are responsible for switching from motile 
individual cells to biofilm forming state. Those are DegU for exoprotease secretion, 
ComA for competence and surfactin production, and Spo0A for matrix production 
and, eventually, spore formation (Blake et al. 2021).
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The eps A-O operon and tas A operon are under the direct control of the master 
transcriptional regulator spoOA which controls the transcription of two regulatory 
genes sinI and sinR. The product of the gene sinR (sin R) acts as a repressor that 
binds to the promoter region of the eps operon. This represses the transcription of the 
matrix genes responsible for biofilm formation. Mutants of sinR always produce 
rugose colonies consisting of chains of nonmotile cells in robust multicellular 
structures. In contrast, the product of sinI (sin I) is an antagonist to sin R. It 
counteracts the sinR-mediated repression of the eps operon and activates the genes 
responsible for biofilm formation. Mutants of sinI always produce motile cells that 
do not form chains. Phosphorylated form of spoOA stimulates the synthesis of sin I 
protein which, in turn, can activate the matrix genes. Unphosphorylated form of 
spoOA activates sin R which is a repressor that shuts off the production of matrix 
genes. Bacillus subtilis exists in two mutually exclusive physiological states where 
cells grow either in bundled chains or motile single cells. It is speculated that sinI/ 
sinR plays the role of switch between these two physiological states that determine 
biofilm production by the species (Kearns et al. 2005). 

DegU helps in biofilm formation by way of repressing motility genes and by 
regulating the synthesis of poly-γ-glutamic acids (PGA), which are needed for a 
stable biofilm. ComA is indirectly involved in biofilm formation by regulating the 
production of surfactin which is a signaling molecule in biofilm formation (Nakano 
et al. 1991). Bacillus sp. are efficient biofilm producers which makes them an 
effective PGPR. 

3.3 Plant Growth-Promoting Traits of Bacillus 

Bacillus sp. readily qualifies as a PGPR since it possesses all PGPR traits such as 
phytohormone production, mobilization of nutrients, bioactivity against plant path-
ogens, and reduction of biotic and abiotic stress of the plants (Fig. 3.2). 

Fig. 3.2 PGPR traits of Bacillus sp.
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3.3.1 Phytohormone Production 

Plant growth hormones such as auxins, gibberellins, cytokinins, ethylene, and 
abscisic acid are implicated in all aspects of plant growth and development. 

Indole acetic acid (IAA) is the predominant type of auxin produced by plants. 
Plant cell division, enlargement, response of plants to light and gravity, and tissue 
differentiation are few processes that are controlled by auxin (Teale et al. 2006). It is 
also involved in initiation of lateral and adventitious roots, mediates growth events 
like florescence and photosynthesis, and is known to influence metabolite produc-
tions and affect responses to biotic and abiotic stresses. Bacteria use five different 
pathways using tryptophan as the precursor molecule for the synthesis of IAA, viz., 
indole-3-acetamide pathway, indole-3-pyruvate pathway, tryptamine pathway, tryp-
tophan side-chain oxidase pathway, and indole-3-acetonitrile pathway (Spaepen and 
Vanderleyden 2011). Bacillus sp. are known to produce IAA in quantities up to 
330 μg mL-1 (Wagi and Ahmed 2019). While the role of IAA is clear in plants, its 
function in bacterial growth is fairly ambiguous. It plays an important role in plant 
microbe interaction as in the pathogenesis by tumorigenic bacteria, root proliferation 
by PGPR, legume-Rhizobium symbiosis, and auxin signaling in plant defense. 

IAA is involved in phytopathogenesis as evident from gall/tumor formation by 
Agrobacterium sp. where the genes responsible for IAA production are transferred 
by the bacterium into the plants. IAA synthesis is also involved in the pathogenesis 
of other bacteria such as Ag. rhizogenes, Ps. savastanoi, and Pa. agglomerans 
pv. gypsophilae. IAA production by rhizobacteria is a significant PGPR trait 
which results in plant growth promotion. About 80% of rhizosphere bacteria are 
able to synthesize IAA. In the root microniche, secretion of IAA by bacteria induces 
root proliferation, faster emergence of seedling, and improved seedling vigor. IAA 
synthesis by bacteria can actually be a detoxifying mechanism since tryptophan, the 
precursor of IAA, is toxic at higher levels (Bar and Okon 1992). The role of IAA in 
legume-Rhizobium synthesis is also well documented. IAA is also known to be 
involved in plant defense against pathogens. Plant defense genes are repressed by 
auxin signaling, thereby enhancing the vulnerability of plants to bacterial infection 
(Navarro et al. 2006). There is a link between auxin signaling and plant defense 
which the bacteria can employ as a colonization strategy. IAA can act as a signaling 
molecule in microorganisms regulating their IAA biosynthesis, vir gene expression 
in Agrobacterium, virulence, and infection by pathogens (Spaepen et al. 2007). 

Gibberellins are tetracyclic diterpenoid acids consisting of 6-5-6-5 tetracyclic ent-
gibberellane backbone and produced by plants, fungi, and bacteria (Bottini et al. 
2004). Gibberellins are found to influence various physiological events in plants that 
involve seed germination, development of seedling, elongation of stem and inter-
nodes, induction of flowering, and ripening of fruit (King and Evans 2003). The 
bioactive gibberellins belong to GA1, GA 3, GA4, and GA7 classes. There is no 
apparent role of gibberellins in bacteria except that it can act as a signaling molecule 
toward the host. Besides this, gibberellins can also regulate auxin-related genes and 
can significantly influence other plant growth regulatory hormones (Castro-Camba



et al. 2022). Bacillus methylotrophicus, Brevibacillus, Lysinibacillus, Bacillus 
subtilis, Bacillus cereus, Bacillus amyloliquefaciens, Bacillus siamensis, Bacillus 
pumilus, and Bacillus licheniformis are some of the species of Bacillus that can 
synthesize gibberellins (Gohil et al. 2022; Radhakrishnan and Lee 2016; Naveena 
and Gowrie 2019). 
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3.3.2 Nutrient Mobilization in the Rhizosphere 

Plants require macronutrients like nitrogen, phosphorus, and potassium and 
micronutrients such as zinc, iron, magnesium, manganese, etc. for their growth. 
Most of them are insoluble or unavailable to the plants. PGPR can mobilize these 
nutrients and supply them to plants. The presence of nif gene cluster in Bacillus 
enables efficient nitrogen fixation. Paenibacillus sp. consists of nine genes (nifB, 
nifH, nifD, nifK, nifE, nifN, nifX, hesA, nifV) (Shi et al. 2016). Several species such as 
Bacillus tequilensis, B. megaterium, B. cereus, B. amyloliquefaciens, B. aryabhattai, 
B. safensis, B. aerophilus, B. subtilis, B. rhizosphaerae, B. pumilus, B. fluminensis 
and B. indica, and B. mycoides B. aerophilus, B. oceanisediminis, B. flexus, 
B. aquimaris, B. vietnamensis, and B. subterraneaus, B. marisflavi, and 
Paenibacillus massiliensis can fix atmospheric nitrogen for plant uptake (Singh 
et al. 2020; Ding et al. 2005). It is reported that B. megaterium could demonstrate 
high nitrogen fixing potential (210.05 ± 7.0 nmol C2H4/mg protein/day (Yousuf 
et al. 2017). 

Iron acquisition by Bacillus is mediated through siderophore, a low molecular 
weight metal-chelating compound produced under iron-deficient conditions. 
Siderophores are octahedral structures that can bind to Fe (III) atom coordinated 
with oxygen atoms. Gram-positive bacteria chelate ferric ion and transport it across 
cell membrane. Depending on the chemical nature, siderophores are classified into 
hydroxamate, catecholate, carboxylate, and mixed-type siderophores. 

Hydroxamate siderophores consist of C(=O)N-(OH)R structure, with R being an 
amino acid or its derivative. It forms a bidentate ligand with Fe ions and oxygen 
atoms. Each siderophore is capable of forming octahedral complex compounds with 
Fe(III) ions. Rhizobactin, shizokinen, and vicibactin are some of the examples of 
hydroxamate type. Bacillus megaterium is known to produce two hydroxamate 
siderophores. 

In catecholate-type siderophores, the Fe(III) ion is bound to hydroxyl or 
catecholate groups. When it chelates with Fe(III) atom, a hexadentate-octahedral 
complex is formed along with two oxygen atoms from each catecholate group. 
Catecholate siderophores are derivatives of salicylic or 2,3-dihydroxybenzoic acid. 
Bacillibactin, aminocholine, spirilobactin, nitrocholine, protochelin, 2,3-DHBA, and 
agrobactin are some catecholate-type siderophores produced by different bacteria. 

In carboxylate type of siderophores, the Fe-chelating groups are the carboxyl and 
hydroxyl groups. Staphyloferrin A and B, rhizobactin, and rhizoferrin are some of 
the carboxylate siderophores produced by Staphylococcus, Rhizobium sp., and



Mucorales respectively. Mycobactin, Pyoverdine, and azobactin are some of the 
other types of siderophores characterized (Singh et al. 2022). Bacterial siderophores 
provide plants with iron and promote their growth when the bioavailability of iron is 
low. Bacterial siderophores complexed with iron are reduced to give Fe(II) back to 
the plant transport system. In this mechanism, Fe(III) siderophores from bacteria are 
first transported to the plant root apoplast, where siderophore reduction occurs 
resulting in higher concentration of iron near the root surface. The second mecha-
nism is mediated through ligand exchange between bacterial siderophores and 
phytosiderophores (Timofeeva et al. 2022). Siderophores can also bind with toxic 
metals chromium Cr3+, copper Cu3+, Cu2+, lead Pb2+, vanadium V4+, and 
aluminum Al3+ and reduces the toxicity rendered to plants by these metals. 
Siderophore-producing Bacillus species are also capable of removing heavy metals 
and are bioremediating in nature in heavy metal polluted sites. 
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Mobilization of phosphorus is yet another feat of Bacillus sp. Phosphate-
solubilizing Bacillus sp. employ one of the many strategies such as production of 
phosphatase enzyme, secretion of organic acids, chelation, and ion exchange to 
solubilize phosphorus to be made available to plants. B. mucilagenosus and 
B. edaphicus are also known to solubilize potassium rock through secretion of 
organic acids (Han and Lee 2005). 

3.3.3 Bioactive Potential Against Pathogens 

Members of the Bacillus genus exhibit strong activity against plant pathogens. As an 
efficient colonizer of plant roots, Bacillus sp. target the pathogens through synthesis 
and secretion of antagonistic substances, induced systemic resistance (ISR), and 
competitive occupation of the root niches. 

About 5–8% of the genome of Bacillus sp. is devoted for synthesis of bioactive 
secondary metabolites that are antagonistic substances directed to inhibit pathogens 
A wide variety of antagonistic substances like non-ribosomally synthesized peptides 
and lipopeptides, polyketide compounds, bacteriocins, and siderophores are 
employed by Bacillus sp. to inhibit pathogens in the root environment (Fira et al. 
2018). Lipopeptides are classified into three families, namely, the iturin, fengycin, 
and surfactin lipopeptide families. Bacillomycin D and mycosubtilin are compounds 
of the iturin family produced by Bacillus sp., which are potent antifungal com-
pounds. Fengycin is also a strong antifungal compound. Surfactin compounds are 
implicated in biofilm formation which is a root-colonizing trait of the bacterium. 
Zwittermicin A is an aminopolyol antibiotic which demonstrates broad spectrum 
activity against other microbes. Volatile organic compounds (VOCs), such as 
2,3-butanediol, are produced by B. subtilis and B. amyloliquefaciens. These are 
implicated on biocontrol of pathogens and elicit induced systemic resistance (ISR) 
of plants (Saraf et al. 2014). Research revealed benzaldehyde, 1,2-benzisothiazol-3 
(2 H)-one, and 1,3-butadiene are VOCs that are produced by Bacillus sp. which had 
strong inhibitory activity against bacterial wilt disease pathogen, Ralstonia



solanacearum (Tahir et al. 2017a). Bacillus sp. produce extracellular enzymes such 
as chitinase, β-1,3-glucanase and β-1,4-glucanase, laminarinase, oxalate oxidase, 
cellulases, proteases, phytases, and lipases. These enzymes can degrade the cell wall 
components of fungi which can be seen as a mechanism of warding off of fungal 
pathogens (Kumar et al. 2012). 
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Induced systemic resistance (ISR) is a mechanism of plant defense in which 
plants are preconditioned by appropriate stimulation or interaction to resist subse-
quent infection by pathogens. Plants can recognize and distinguish between invading 
pathogenic and nonpathogenic microorganisms and activate appropriate defense-
related mechanisms. Microbial- or pathogen-associated molecular patterns (MAMPs 
or PAMPs) such as flagellin or fungal chitin can be easily recognized by plants 
through their transmembrane pattern recognition receptors (PRRs) to direct the first 
level of immune defense called pattern-triggered immunity (PTI). PTI mechanism 
fails when pathogens secrete virulence effectors into plant cells. In response to these 
effectors, induction of second layer of immunity called effector-triggered immunity 
(ETI) is sequestered. Pathogens often evade both PTI and ETI. Induced systemic 
resistance come into play when colonization of beneficial bacteria “prime” the host 
plants against future infections by pathogenic bacteria. This phenomenon of induced 
systemic resistance was originally thought to be routed through activation of 
jasmonic acid (JA) and ethylene (ET) pathway rather than salicylic acid (SA) and 
PR-related defense proteins which is a feature of systemic acquired resistance (SAR) 
but now found to be a complex interplay of both pathways (Yu et al. 2022). 

ISR by Bacillus sp. against plant diseases is listed in Table 3.2. ISR in plants 
commence when plants can significantly recognize MAMPs from beneficial bacteria 
through receptors and elicit PTI. MAMPs may include flagellin, LPS, and oligo and 
polysaccharides. Flagellin sensing (FLS2) receptors are some proteins found in 
plants to sense flagellin from Bacillus subtilis. PTI triggered from beneficial bacteria 
causes less cellular damage than pathogen-induced PTI which helps in easy coloni-
zation of plant roots by beneficial bacteria. Once ISR is initiated, early ISR events 
will begin to unfold in plants which include expression of PR genes and production 
of ROS, volatiles, phenyl alanine ammonia lyase, polyphenol oxidase, peroxidase, 
β-1, 3 glucanase, and chitinase depending on the nature of the invading plant 
pathogen. These events can phenomenally protect the plants against the attack of 
the plants by pathogens by exerting certain specific mechanisms such as antagonistic 
and antimicrobial effects, reduction of oxidative stress, promotion of plant growth, 
inhibition of spore germination, hyphal growth, stomatal regulation, etc. In a study 
of mechanism of ISR by PGPR B. pumilus strain SE34 in pea plants, primed roots 
limited the spread of Fusarium oxysporum f. sp. pisi in epidermis and outer cortex, 
while the non-primed roots had extensive invasion of cortex, endodermis, up to 
vascular stele. There are several reports of Bacillus species involved in ISR against 
diseases like stem blight, crown rot, leaf spot, systemic viral infections, blue mold 
and wilts (Kloepper et al. 2004).



Disease PGPR Reference
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Table 3.2 Induced systemic resistance by Bacillus sp. against plant diseases 

Sl. 
no 

1. Heterodera glycines, soyabean cyst nematode Bacillus simplex 
Sneb545 

Xing et al. 
(2020) 

2. Crown gall disease of Rosa multiflora Bacillus velezensis 
CLA178 

Chen et al. 
(2020) 

3. Leaf disease of Phytophthora nicotianae, Rhizocto-
nia solani 

Bacillus 
amyloliquefaciens 
FZB42 

Xie et al. 
(2018) 

4. Pseudomonas syringae pv. tomato (Pst) DC3000 Bacillus cereus 
AR156 

Jiang et al. 
(2022) 

5. Fomes lamaoensis brown root rot Bacillus 
megaterium 

Chakraborty 
et al. (2006) 

6. Alternaria solani, 
Phytophthora infestans 
Early and late blight 

Bacillus subtilis 
OTPB1 

Chowdappa 
et al. (2013) 

7. Ralstonia solanacearum TBBS1 (Rs) 
Tobacco wilt 

Bacillus subtilis 
SYST2, 

Tahir et al. 
(2017) 

8. Fusarium wilt of chili Bacillus subtilis BS 
16 

Rajkumar 
et al. (2018) 

9. Bacterial blight and panicle blight by Xanthomonas 
oryzae pv. oryzae (KACC 10208) and Burkholderia 
glumae (KACC 44022) 

Bacillus oryzicola 
sp. 

Chung et al. 
(2015) 

3.3.4 Reduction in Plant Stress 

Stress, both biotic and abiotic, can lead to adverse effects on plant growth. Abiotic 
stresses such as low or high temperature, high salinity, drought, UV radiation, heavy 
metal, nutrient deficiency, etc. can hinder plant growth. PGPR-seeded plants can 
combat these stresses efficiently. 

Salinity tolerance is imparted to plants by the production of exopolysaccharide 
(EPS) by the root-colonizing PGPR. Salinity levels, low pH, and high metal ions are 
some environmental triggers that activate the gene eptA coding for the enzyme 
phosphoethanolamine-lipid-A transferase (EptA) which regulates the synthesis of 
EPS. Hence, under high salinity levels, EPS accumulation covers the root surface 
and prevents the influx of Na + ions into the roots. Inoculation of plants with Bacillus 
subtilis GB03 is known to downregulate the HKT (high-affinity K+ transporter) 
expression, which reduces Na+ uptake, thus providing salt tolerance to plants (Zhang 
et al. 2008). Production of ACC deaminase lowers the level of ABA in plants which 
can limit accumulation of Na + imparting salt tolerance. ACC deaminase production 
also enhances salt tolerance by increasing the activity of antioxidant enzymes, such 
as superoxide dismutase, peroxidase, and catalase, and upregulation of ROS path-
way genes (Habib et al. 2016). 

Under water-deficit stress, some Bacillus sp. that are ABA (abscisic acid) pro-
ducers confer salt and water tolerance. ABA increases the accumulation of ROS



which controls the Ca2+ channels that are involved in stomatal conductance and 
stomatal closure, thereby reducing water loss (Goswami and Deka 2020; Grover 
et al. 2021). Another possible mechanism of water-deficit stress management could 
be the increase in the soluble sugar content mediated by PGPR. Accumulation of 
soluble sugars results in drought resistance since sugars are known to function as 
osmoprotective agents (Sánchez et al. 1998). Cold stress tolerance is also imparted 
on plants when Bacillus sp. modulates the expression of the ABA-related genes. 
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The signaling pathways of stress hormones such as salicylic acid (SA) and 
abscisic acid (ABA), which are the central regulators of biotic and abiotic stresses 
in plants, are known to be modified by PGPR. This reprogramming of expression of 
SA and ABA by PGPR opens up a myriad of alteration of expression of other stress-
related genes converging in reduced stress. Furthermore, PGPR-treated plants show 
decreased antioxidant enzyme levels indicating minimal occurrence of oxidative 
damage by ROS accumulation when compared to the stressed plants. 

3.4 Bacillus as PGPR in Post-mined Lands 

Bacillus sp. isolated from post-mined and revegetated mine soil and identified as 
PGPR has proven to be an efficient bioinoculant during the revegetation process. 
Open cast mining employs manual, semi-mechanized, and fully mechanized 
methods to remove the overburden present on the upper layers of soil and is mainly 
used to extract energy resources like coal and lignite and other minerals. The 
excavated soil which is termed as overburden is dumped near pre-excavated sites 
to be subjected to reclamation processes. This overburden poses a huge threat to 
ecosystem owing to the presence of elevated levels of heavy metals and increased 
compaction and sand content with low organic matter content and nutrient avail-
ability and less microbial population (Sheoran et al. 2008). Extraction of deep-seated 
metals and minerals from the earth generates huge amount of overburden and is 
responsible for biodiversity loss, soil erosion, loss of ecosystem balance, soil, air and 
water pollution, and loss of livelihood (Wong 2003). 

Revegetation has become one of the predominant and traditional methods of 
ecological restoration of mine land ecosystem. During revegetation, successful 
establishment of plant or tree species is very important in stabilizing the disordered 
mined land not only through providing a good ground cover but also reengineer the 
disturbed soil ecosystem back to near normal health. Seeding the plants intended for 
revegetation can be a huge advantage since they supply the plants with the proven 
benefits that are tagged with PGPR. It can reestablish the biogeochemical cycling of 
nutrients; restore the altered physicochemical properties of the soil such as pH, bulk 
density, CEC, and NPK levels; remove heavy metals and other toxicities; and 
improve the biological properties of the soil. When applied along with organic 
amendments, PGPR can readily colonize the rhizosphere and exert its benefits. 
Soil pH can be brought to near neutral, compaction of soil indicated by high bulk 
density (which is detrimental to plants and microbes) is lowered to less than 1.5 g/cc,



the numbers of microbiota is increased, soil texture and structure is improved, 
concentration of heavy metals can be reduced, and levels of soil NPK can be 
significantly raised to productive levels. Several research works indicate the suc-
cessful use of PGPR on the reclamation of post-mined soils. Bacillus paramycoides, 
Bacillus subtilis, and Brevibacterium were successfully employed in restoration of 
phosphate mined soils (Mghazli et al. 2022). Bacillus subtilis, Lysinibacillus 
fusiformis, Bacillus cereus, Brevibacillus borstelensis, and Bacillus 
amyloliquefaciens isolated from lignite mine soils have proven PGPR abilities 
(Naveena and Gowrie 2018). 
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