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Leveraging plant growth promoting rhizobacteria for sustainable agriculture and
environment

Abstract

The term "soil health" refers to specific qualities of soil that allow it to support crop growth and
productivity over time without harming the environment. Healthy soil contains. abundant
microorganisms, including plant growth promoting rhizobacteria (PGPR), which perform various
beneficial functions in the rhizosphere. PGPR aid in nutrient cycling and uptake prevents the
growth of harmful plant pathogens, stimulates plant immunity, and directly enhances plant
growth by producing hormones and other compounds. They also,can clean up soil pollution
through bioremediation. This review examines recent literature on how:. PGPR contributes to
maintaining soil health and reducing the need for toxic agrochemicals. Ultimately, the goal is to
promote more sustainable agriculture practices using PGPR as biocontrol agents, plant growth
stimulators, and rhizoremediators.
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INTRODUCTION

One of the most significant barriers we face in feeding the growing global population is the need
for high-quality, nutritious food from a balanced diet. However, the unwise use of chemical
fertilizers to increase agricultural yields has harmed agroecosystems, as noted by

9). Similarly, chemical pesticides used to control plant diseases and insect pests have had
harmful effects on natural insect predators like bee populations, soil biota, and land and aquatic
flora and fauna, as pointed out by (McLaughlin and Mineau,1995). In addition, agrochemicals
have various toxic effects on human health, as (Pelosi et al., 2014) noted. Consequently,
agricultural practices that rely heavily on chemical pesticides have caused a depletion,
modification, or even total loss of the beneficial and indigenous micro biodiversity.

Environmental sustainability is a critical issue worldwide, as human activities have caused
significant environmental harm, including soil health and the destruction of plant habitats,
growth, and development, as (Harte, 2007) noted. To address the problem of increasing demand
and “overuse, of. synthetic chemicals and their long-term negative impact on global
agroecosystems, there is a need to develop, adopt, and promote sustainable approaches.
Sustainable agriculture is vital in this era, as it offers the potential to meet future agricultural
needs that cannot get accomplished through conventional and harmful agrarian practices that
negatively impact the environment, as (Santoyo et al., 2017) highlighted. For instance, fertilizer
runoff from traditional agriculture is a leading cause of creating dead zones with low oxygen
levels, which makes it difficult for marine life to survive.

The heavy use of chemical fertilizers has acidified fertile soils (Slepetiene et al., 2020). This
underscores the need to educate farmers and encourage innovative and suitable farming practices
to address the challenge of increasing productivity while maintaining environmental stability.
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PGPR, or plant growth-promoting rhizobacteria, have gained attention through the years
because of their capacity to enhance plant development and their potential role as stress
management agents. As soil serves as the natural habitat for beneficial microorganisms for plant
crops, they play a critical role in various soil processes that impact overall plant health, crop
yields, and productivity, as noted by (Santoyo et al., 2017) and (Probanza et al. 2002). Extensive
research is required to investigate indigenous soil microbial diversity, distribution, and behaviour
in soil habitats to ensure the successful functioning of microbial inoculants and their impact on
soil health, as highlighted by (Chenniappan et al. 2019). Growth-stimulating bacteria, such as
PGPR, can improve soil health through various mechanisms, including nitragen fixation,
phosphate solubilization, heavy metal sequestering, phytohormone production (e.g., indole acetic
acid, gibberellins, or cytokinins), mineralization of soil organic matter, decomposition of crop
residues, suppression of phytopathogens, and more, making them useful’ for plants to. grow in
nutrient-deficient soils, according to (He et al. 2019; Shameer and Prasad-2018).

PGPR is essential for improving plant growth and stress management and holds significant
value for the biotechnology industry due to its potential for proeducing valuable compounds. As
such, PGPR has become a key player in agriculture (Etesami et al., 2018; Glick, 2012; Majeed et
al., 2018). However, to fully harness the benefits of PGPR, it is crucial to understand their
mechanisms of action in promoting soil health and sustainable agriculture. Thus, the primary
objective of this study is to elucidate and illustrate the various teols employed by PGPR to
sustainably enhance soil health and agricultural preductivity.

1. Rhizosphere as an ecological system

The rhizosphere is a term used to describe'the zone surrounding the roots, which
is directly influenced by plant root secretions (Hartmann et al., 2009). The activities of
microbes in this zone are crucial for:plant. functioning as they aid in nutrient uptake and
protect against pathogen attack:(Kibbey and Strevett, 2019). The interaction between the
plant, the soil, and the microbes are essential for various processes that contribute to plant
health and productivity (Ahmed et al, 2019). Rhizobacterial association and
communication.with plant roots within the rhizosphere promote successful plant growth.
PGPR increases the availability of nutrients in the rhizosphere during root colonization,
promoting_plant. growth:and development (Kumari et al., 2019). Plant roots directly
influence the rhizosphere, and various compounds are released by plants in the form of
root ‘exudates, creating a unique environment. These exudates include sugars, amino
acids, organic. acids, flavonoids, proteins, and fatty acids (Badri et al., 2009). Some of
these reot exudates function as signals, either as repellents against various pathogens or
as attractants for beneficial microbes, depending on the plant's physiological status, plant
species, and the microorganisms present (Ahmed et al., 2019). Root exudates also act as
messenger molecules between roots and rhizobacterial species in the rhizospheric soil
(Lueini et al., 2019). As a result, root exudates are essential growth substrates for soil
microbes, playing a vital role in plant growth promotion and inducing defences against
phytopathogens. Rhizodeposition, which includes root border cells, root debris, root
exudates, lysates, mucilage, and mucigel, is the soil's primary reservoir of organic carbon
(Pausch and Kuzyakov, 2018). Rhizodeposits provide energy to soil microbes to
solubilize essential nutrients in soil organic matter, thus increasing soil fertility and
promoting plant growth. A wide range of nutrients in the rhizosphere creates an intensely
competitive micro-environment, as all inhabitants strive to occupy the most favorable



root zones and ecological niches to ensure their survival. In this challenging environment,
rhizobacteria have developed and refined various biological tactics to thrive.

2. Role of rhizobacteria in plant growth promotion and soil health

To enhance plant growth, yield, and disease resistance, plant growth promoting
rhizobacteria (PGPR) form a healthy and competitive relationship with plant roots (Prasad et al.,
2019). These bacteria play a crucial role in soil fertilization through bio solubilization and
biofixation of essential nutrient elements, as well as the production of plant growth regulators
(Compant et al.,, 2019). PGPR can also improve the nutritional value of important crops by
increasing their antioxidant activities, phenolic contents, and photosynthetic pigments.(Singh et
al., 2019a). Azotobacter, Pseudomonas, and Bacillus species have been shown to improve the
nutrient contents of crops such as lettuce and soybean(Alori and Babalola, 2018)..PGPR uses
direct and indirect mechanisms to regulate plant growth and improyve seil health.  Their ideal
characteristics(Harish et al., 2019), such as high rhizosphere ‘competence, .ease of mass
multiplication, and compatibility with other rhizobacterial Species,. make them suitable for
enhancing plant growth and suppressing pathogens, and having a;broad spectrum of action.
Additionally, they are environmentally friendly.(Santoyo et al., 2012)

PGPRs are highly adaptable to various soil:environments as they can metabolize natural
and synthetic compounds due to their biochemical plasticity: The effectiveness and mode of
action of PGPRs have led to the combination of different, PGPR treatments being more efficient
in pathogen inhibition than single treatments:alone (Kumar et al., 2019). This is why PGPRs are
considered the most active ingredients.in biofertilizer. formulations. Furthermore, PGPRs can be
categorized based on their beneficial effects. Numerous forms and mechanisms of PGPRs are
utilized to obtain desirable agricultural traits. Table 1 illustrates the names of various PGPR
species that contain beneficial meansiand play vital roles as bioremediation, biostimulants, and
bioprotectors of plant crops.

Plant growthpromoting.rhizebacteria thrive naturally in soil, playing a crucial role in soil
processes and determining plant productivity. Their beneficial activities, such as reducing crop
residues, synthesizing soil:organic matter, breaking down soil organic matter, and fixing and
solubilizing nutrients, all occur in the presence of other soil microbes. These activities ultimately
enhance soil fertility-and, plant productivity(Chaparro et al., 2012). It is worth emphasizing that
soil moisture and other pertinent factors play a vital role in the colonization of PGPR in the
rhizosphere. (Vargas et al., 2019).

PGPR can connect with plant roots by producing different biomolecules that enhance soil
fertility (Kumar and Verma, 2019). They can break down and mineralize complex organic
molecules present in plant residues, thereby contributing to their decomposition. This results in
the formation of mineralized organic compounds that blend with the soil, improving soil quality
(Raheem et al., 2019). Additionally, PGPR also can produce various phytohormones, which have
a significant impact on root structure.
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Table 1 :List of Bacterial species with theirFunction
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Bacterial species | Function | Mechanis | Effect on|Reference
m plant
Acetobacter Biofertilization Nitrogen |- (Mehmood et
diazotrophicus fixation al. 2018)
Gibberelli
n
productio
n
Sideroph (Verma et
ore al.,2001),
Azotobacter productio (Zhang et
chroococcum BiostimulationBioprotection n Cereals al.,2019)
Cytokinin
Advenellakashmiren productio (Ibal et al.,
sis Biostimulation n - 2018)
(Mohanram
Agrobacterium Antibiotic and  Kumar
radiobacter Bioprotection S - 2019)
Ammonia
Achromobacterxylos productio | Agricultur | (Akbar  and
oxidans Biofertilization n al fields Sultan, 2016)
Sugarcane
(Saccharu | (Steenhoudt
m and
Azospirillumdiazotro Nitrogen | officinaru | Vanderleyden
phicus Biofertilization fixation m) 2000)
Nitrogen
fixation
1AA
productio
n
Phosphat (Thomas et
e al.,2019)
solubiliza (Schillaci et
ton al.,2019)
Reclamati Rice (Hungria et
on of (Oryza al.,2016)
Azospirillumbrasilen | Biofertilization Biostimulation degraded sativa) (Kamnev et
se Bioremediation land Cereals al., 2005)

Heavy




metals
uptake
Gibberelli
n Rice
Azospirillumlipoferu productio_ [(Oryza (Casséan et al.
m Biostimulation n sativa) 2001)
HCN (San
productio Fulgencio et
Bacillus aerius Bioprotection n - al. 2018)
Gibberelli
n
productio (Shahzad et
n Rice al. 2016)
Lipopepti | (Oryza (Gupta et al.,
des sativa) - | 2015)
Antibiotic | Tomato (Abdallah et
S (Solanum | al., 2018)
Bacillus BiostimulationBioprotectionBi | Bacterioc | lycopersic | (Chowdhury
amyloliquefaciens oprotection ins um) et al. 2015)
1AA Soybean
productio | (Glycine | (Bai et al
Bacillus atrophaeus | Biostimulation n Max L.) 2002)
Wheat
Protease | (Triticum
productio | aestivum | (Verma et al.
Bacillus anthracis Bioprotection n L.) 2016)
Soybean
(Glycine
Max L.)
and
Wheat
Zinc (Triticum
solubiliza | aestivum | (Ramesh et
Bacillus aryabhattai | Biofertilization tion L.) al. 2014)




Potassiu
m
solubiliza
tion Tomato
Protease | (Solanum | (Mehta et al.
productio | lycopersic | 2015)

n um) - | (Contesini et
Lipopepti | Bean al., 2018)
des (Phaseolu |(Ongena and
Acquired | s vulgaris).| Jacques,

and Tomato 2008)
induced (Solanum:, | (Hashami et
systemic | lycopersic | al. 2019)
resistance:,| um) (Vaikundamo

Amylase | Soybean- | orthy et al,
productio. | (Glycine | 2018) (Rao et
Bacillus circulans Biofertilization Bioprotection | n Max L.) al. 2010)

Rhizobacteria can enrich the nutrient.content of the soil: Nitrogen is a crucial nutrient for
all microorganisms, and it is a fundamental component:of proteins, nucleic acids, and several
other important organic compounds. Since it-is not readily accessible in the soil, PGPR can
gather atmospheric nitrogen through biological nitrogen fixation in the soil and plant roots.

Some of these bacteria can also dissolve phosphate in the soil, increasing the availability
of phosphate ions that can be. quickly.taken up by the plant roots (Liu et al., 2019b). These
processes will be discussed'in detail below.

PGPR produces various volatiles’and metabolites, such as antibiotics, hydrolytic enzymes,
and proteins, that blend into the soil and serve as soil conditioners, enhancing soil health (Prasad
et al., 2019)..Rhizobacterial species from various genera, including Agrobacterium, Arthrobacter,
Bacillus, Burkholderia, Collimonas, Enterobacter, Paenibacillus, Pedobacter, Pseudomonas,
antimicrobialiagents that inhibit the growth of soil-borne fungal pathogens, resulting in fertile
and healthy. soil. (Kanchiswamy et al., 2015; (Chenniappan et al., 2019). Examples of such
volatiles include dimethyl disulfide, 2,3-butanediol, furfural, dimethylhexadecylamine,
propanoic-aeid, butanoic acid, 5-hydroxymethylfurfural, p-caryophyllene, geosmin, 2-methyl
isoborneol, 1-octen-3-ol, a-pinene, camphene, camphor, methanol, and acetaldehyde, among
others. These volatiles play a vital role in the biocontrol of potential pathogens, stimulation of
plant growth or the plant immune system, modulation of root-system architecture, and other
functions (Hernandez-Leon et al., 2015; Gutiérrez -Luna et al., 2010; Kanchiswamy et al., 2015;
Rojas-Solis et al., 2018). In general, these mechanisms contribute to improving soil health. A
healthy soil body is a potential reservoir of macro and micronutrients, contributing to good yields
and long-term productivity (Summuna et al., 2019).
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3. Directandindirectmechanismsexertedby PGPR

Rhizobacteria promote plant growth directly and indirectly through compounds that
stimulate plant growth, enhance nutrient uptake, or protect plants from pathogens (Orozco-
Mosquedaet al., 2018). These actions maintain soil and plant health by releasing various
antimicrobial and growth-stimulating compounds, which may be excreted or diffused in
solid media or volatize. Numerous studies have investigated the mechanisms of action of
such compounds (Glick, 2012). The discovery of indirect means of plant growth promotion
has highlighted the vital role of PGPR in sustainable agriculture (Santoyo et ali;,2019). As a
result, several bioprotectant PGPR is now commercially produced by different companies
worldwide (Galindo et al., 2013).

4.1 Biologicalnitrogenfixation

Biological nitrogen fixation (BNF) refers to the process by which atmespheri¢ nitrogen turns
into forms that plants can use, carried out by nitrogen-fixing-microorganisms.through a complex
enzyme system known as nitrogenase (Masson-Boivin & ‘Sachs, 2018). BNF can occur in two
main types: symbiotic nitrogen fixation, which involves:members of the Rhizobiaceae family
with leguminous plants (Dinnage et al., 2019), and:nonsymbioticnitrogen fixation, which
involves various genera such as Arthrobacter, and Acetobacter, Clostridium, Azotobacter,
Bacillus, Pseudomonas, and Diazotrophicus (Martins et al.,.2019). A significant proportion of
atmospheric nitrogen enters the soil naturally-through beneficial soil microorganisms like PGPR,
which fix nitrogen (Ji et al., 2019). Thus, plant-microbe ‘interactions through biological nitrogen

fixation play a significant role in organic fertilizer production (Kuypers et al., 2018).

Recent research has indicated that.the. Azospirillum species can provide adequate nitrogen to
sunflowers and boost their yield and productivity (Fukami et al., 2018). These bacteria can fix
nitrogen up to 15 kg/ha/year and produce indoleacetic acid (IAA). This plant growth hormone
aids nutrient uptake and €nhances plant.growth and development (Aulakh et al., 2017). Using
nitrogen-fixing bacteria can reduce the need for chemical fertilizers, resulting in lower
production costs. PGPR, with nitrogen-fixing abilities, can supply more soil organic nitrogen and
other vital nutrients;. reducing the use of chemical nitrogen fertilizers and increasing nutrient

availability.

Furthermore,. combining various rhizobacterial species enhances soil health and promotes
sustainable agriculture, unlike using a single species. Recent research has revealed that common
nitrogen-fixing. bacteria like rhizobia do not always infect the roots of leguminous plants but
instead coexist with diverse PGPR in other nonleguminous plants. In some instances, the

interaction of PGPR, such as Pseudomonas species, with Rhizobium may result in a synergistic

process, potentially forming nodules and improving nitrogen fixation capacity (Tilak et al.,
2006). Moreover, in some cases, horizontal transfer of important nodulation and nitrogen

fixation genes from rhizobia to other bacterial groups like Gammaproteobacteria (\Pseudomonasbmf y
and Betaproteobacteria (Burkholderia) may enable them to form nodules in Robiniapseudoacacia

roots (Shiraishi et al., 2010). These findings highlight the crucial diverse interactions between
common nitrogen-fixing bacteria like rhizobia and other saprophytic bacteria, commonly known
as plant growth-stimulating species (Santoyo et al., 2012).

4.2 Phosphate [Solubilization
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Phosphorus (P) is a crucial nutrient for plants, as it is involved in various metabolic processes
such as photosynthesis, respiration, biosynthesis of macromolecules, and signal transduction
(Khan et al., 2010). P also helps in root growth, seed development, and crop maturity (Heydari et
al., 2019). However, plants can only absorb low amounts of phosphatic fertilizers due to their
fixation in the soil as insoluble complexes (Alori et al., 2017). The use of phosphatic fertilizers is
not only expensive but also harmful to the environment. Hence, finding an eco-friendly and safe
approach to enhance crop productivity in low P soils is necessary. Various PGPR has been
identified to transform insoluble phosphate complexes using different mechanisms (Zaidi and
Khan, 2005).

PGPR makes phosphorus available to plants by solubilizing and mineralizing complex P
components (Kafle et al., 2019). Solubilization of phosphorus occurs due to.the production of
organic acids by soil bacteria. These organic acids chelate mineral ions and lower.the pH of the
medium, thereby bringing P into the soil solution (Zaheer et al., 2019). Mineralizationis another
mechanism responsible for P-solubilization, where complex organic P.compounds are broken
down into utilizable forms through the action of enzymes such as phosphatases and phytases
secreted by soil microbes (Wu et al., 2018). Phosphatases are extracellular enzymes that use
organic forms of P as a substrate and transform them into inorganic forms. At the same time,
phytases play an essential role in releasing P from phytic acid, a_ significant component of
organic phosphorus in soil (Puppala et al., 2019). Once R's organic.and inorganic forms become
simpler, they become readily available to plants for, uptake. Developing bacterial inoculants that
can produce these phosphate solubilizing enzymes is highly desirable, as they could be of great
practical value in sustainable agriculture (Rathinasabapathi et al., 2018).

4.3 Potassium solubilization

PGPR solubilizes potassium and has been able to increase the level of potassium in the soil,
enhance the uptake of potassium by ‘plants and promote the growth of economically significant
crops such as cotton, rape, pepper, cucumber, peanut, and maize (Ashley et al., 2006). Potassium
availability is essential for regulating cell growth, including the development of hair roots, the
growth of pollen tubes; the-management of plant cellular osmotic pressure, and the transportation
of various compounds in_plants (Ahmad et al., 2018). Potassium-solubilizing bacteria can
convert insoluble. potassium-in the soil into forms that can be easily absorbed and utilized by
plants (Etesami etyal., 2017). Compared to bulk soil, many rhizobacteria that solubilize
potassium (KSR):are present in rhizospheric soil. Potassium-solubilizing bacteria can release
potassium from feldspar and aluminosilicate minerals in the soil (Bahadur et al., 2019).

Organic acids; such as citrate, oxalate, and acetate, can break down various minerals in the
soil, including clay silicates, mica, feldspar, sandstones, granite, calcite, and dolomite from
limestone. This breakdown converts insoluble potassium into a soluble form readily available to
plants, increasing nutrient availability for crop plants. Bacillus species produce carboxylic acids
that help solubilize potassium complexes in the soil, leading to increased soil fertility and crop
productivity (Majeed et al., 2018; Saha et al., 2016). Based on this information, using potassium
solubilizing rhizobacteria may significantly contribute to sustainable high yield, increased

productivity, and improved soil fertility.
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4.4 Production of Phytohormones

Phytohormones, also known as plant growth regulators, are substances produced by plants
that act as signalling molecules and have a significant impact on various physiological processes
at low concentrations, including cell elongation, apical dominance, tissue differentiation, cell
division, and intracellular communication (Cassan et al., 2014). They can be classified into five
major classes based on their structural composition and response to physiological processes in
plants: auxins, gibberellins, cytokinins, ethylene, and abscisic acid. Under stressful
environmental conditions, plants often maintain their levels of endogenous:hormones to
counteract the adverse effects of stress (Dimkpa et al., 2009). Phytohormones are widely
produced by bacteria associated with plants and soil and play a fundamental role in plant growth
and development. They are also crucial in alleviating biotic and abiotic stressconditions. Auxins,
gibberellins, and cytokinins regulate plant growth and respond to various stress conditions (Sytar
et al.,, 2019). The article details the roles of different phytohormoneés. produced by bacteria and
their effects on plant development.

4.4.1 |Auxins

Auxins are bioactive molecules that are engaged in a variety of plant physiological
processes. Many research studies have shown that the growth.rate of plants treated with PGPR-
producing auxins is significantly greater than thatiof untreated plants (Mahmoud et al., 2020).
Auxins are essential for cell elongation, cell.division, and cell'differentiation. Root hairs expand
in response to the auxin gradient, i.e., auxins stimulate:signalling pathways for root epidermal
hair cells (Nascimento et al., 2020). According to an-examination of transcriptome sequencing
data, 90 percent of the genes associated with root growth are favourably regulated by auxins
(Zhang et al., 2018). In addition, auXin synthesis:by plant growth-promoting rhizobacteria can-
modify and enhance the antioxidant system in economically significant crops such as wheat
(Acufia et al., 2019). Rhizobium, Pantoea, Agrobacterium, Pseudomonas, and [Bacillus species

have been identified as PGPR for auxin:synthesis (Tabassum et al., 2017). Indole-3-acetic acid
(1AA)-producing PGPR have also been involved in mitigating metal stressors by inhibiting metal
sorption and boosting antioxidant enzymes (Salazar et al., 2016). In general, | AA generation by
PGPR may be_the“most incredible option for enhancing crop and biofertilizer output in the
future, given. that there are various potential methods for mitigating stress conditions. 1AA, the
most significant auxin, 'is produced by multiple parallel routes. There are primarily four
tryptophan-dependent mechanisms involved in the microbial production of IAA. These processes
are called the indole-3-Acetamide pathway, the indole-3-pyruvic acid pathway, the indole-3-
acetonitrile:. pathway, and the indole-3-tryptamine pathway, based on their intermediate
compounds (lmada et al., 2017). In PGPR, the indole-3-pyruvic acid pathway is the primary
route for lAA synthesis. Enzymes involved in IAA synthesis are typically encoded by huge gene
families, making it difficult to identify and characterize distinct pathways. Both plants and
bacteria utilize L-tryptophan as a significant precursor for IAA synthesis. The first stage of this
route is the aminotransferase-catalyzed conversion of tryptophan to indole-3-pyruvate. In the
second phase, indole-3-pyruvate is transformed into I1AA by monooxygenases containing flavin
(Matthes et al., 2019). This two-way conversion of tryptophan to IAA is the primary auxin
biosynthesis route, which plays a crucial role in numerous plant developmental processes.
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4.4.2|Gibberllins

They are a group of tetracyclic diterpenoid carboxylic acid derivatives involved in
various developmental and physiological processes in plants. Gibberellins serve as signaling
molecules for host plants during stressful and non-stressful conditions (Goswami and Suresh,
2020). Gibberellin-producing PGPR safeguards plants against biotic and abiotic stress by
modulating antioxidant levels by decreasing superoxide dismutase, flavonoids, and radical
scavengers (Goswami and Suresh, 2020). Gibberellins stimulate calcium ions and other nutrient
absorption, which regulates salinity stress by reducing the peroxidation of lipid membranes
(Carlson et al., 2020). In addition, the exogenous application of gibberellins increases soybean
growth by increasing the level of daidzein and genistein, indicating the protective role of
gibberellins under adverse conditions (Ahanger et al., 2018). Inoculation. of ‘GA=producing
Bacillus and Pseudomonas species into crops increased dry weight, fresh weight, and moisture

content compared to the untreated control.

Gibberellin synthesizes from geranyl-geranyl diphosphate .(GCPP) and isopentenyl
diphosphate, a 5-carbon precursor to all terpenoid compounds' (Salazar-Cerezo et al., 2018). The
basic isoprenoid unit (IPP) generates by two pathways in the chloroplasts of most plants: the
Mevalonic acid pathway (Cytoplasm) and the Methyl-erythritol phosphate pathway (Plasmid).
Theprocess divides into three phases based on the subcellular compartments and enzymatic
activity. In the first step of ent-kaurene production, proplastid-located enzymes catalyze the
reaction. In the subsequent step, ent-kaurene oxidize to:GAl12-aldehyde, the general GA
precursor, catalyzed by monooxygenases at endoplasmic reticulum sites. In the final step, di-
oxygenases in the cell's cytosol catalyze the reaction (Zou'et al., 2019).

Furthermore, gibberellins are. responsible . for seed germination, flowering, stem
elongation, and fruit set in various higher plantsi(Martins et al., 2019). Sessile plants rely on
finely tuned responses to their hormones and. other signaling components to control their growth
and development. Consequently, itiis essential that plants tightly regulate their hormone
signaling pathways.

442 (Cytokinin.. .o
Cytokinins :are.ca class of growth regulators that can regulate multiple
developmental processes throughout the life cycle of plants, including gametogenesis, root
meristem -specification, vascular development, shoot and root growth, meristem
homeostasis,.and senescence. In addition, they regulate responses to environmental stimuli
such as‘light, stress, and nutrient conditions (Arkhipova et al., 2007). Most bacteria can
synthesize :cytokinins, increasing cytokinin concentrations in the soil and the plants
(Zurcher& Miiller, 2016). Therefore, inoculating the root environment with cytokinin-
producing rhizobacteria stimulates plant growth, suggesting increased plant growth and
improved soil health. Under stress, such as drought, the cytokinin content of plants
decreases, and it has been demonstrated that the application of cytokinins promotes
stomatal opening, most likely by acting in concert with accumulated abscisic acid (ABA)
(Sahu et al., 2019). It is widely reported that microbes increase the level of cytokinin in
plants (Selvakumar et al., 2018). Consequently, cytokinin-producing bacteria linked to
plant growth promotion can be utilized as indicators in plant health management practices.
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Natural soil health can be maintained only by applying PGPR, which can be an effective
bioprotectants (Karthik et al., 2017). One of the first mechanisms described to inhibit
phytopathogens is the production of iron-chelating compounds or siderophores (Kloepper
et al,1980). Since iron (Fe*) is among the essential nutrients and is particularly deficient in
plants under stressful and calcareous conditions, several PGPR produce siderophores (of
different types, such as bacillibactins, pyoverdines, cephalosporins) in response to low iron
levels in the soil, therefore, when it is limiting, PGPR can form Fe3b-siderophores complexes,
making it unavailable for other pathogenic microorganisms, such as pathogenic fungi. By
contrast, the rhizobacterial (or plant) siderophores chelate iron and make it available to:the plants
( ). Several studies have employed siderophores-producing rhizobacteria as
potential biocontrol agents since these iron-chelating compounds <have been involved in
antifungal action by depraving the plant pathogens of this vital element (Fe).( ).

4.6 Volatileorganiccompounds(v0Cs) .
During interactions with plants and other rhizosphere microorganisms, PGPR (and other
organisms) produce volatile organic compounds (VOCSs) with distinct roles and functions (Bitas
et al., 2013). There is substantial evidence that VOCs have dual direct and indirect action during
plant growth promoting activities (Santoyo et al.,.2019), i.e., rhizosphere VOCs can induce plant
growth directly or indirectly by limiting the development:of potential phytopathogens. The
volatile N,N-dimethylhexadecylamine (DMHDA):produced by the rhizobacterium Arthrobacter
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protecting plants from their attack. <n addition, under Fe-deficient conditions, the DMHDA "

compound induces the Fe-uptake mechanisms of:M. truncatula seedlings (Orozco-Mosqueda et
al., 2013; Velazquez-Becerra et'al., 2013):.Other PGPR volatile compounds, such as dimethyl
disulfide (DMSD), can promote plant growth by enhancing sulphur nutrition in Arabidopsis
plants, as well as exerting.an antagonistic action against major plant pathogens such as B. cinerea
and simultaneously acting as an elicitor of defence responses in plants (Huang et al., 2012;
Rojas-Sols et al., 2018). During interactions with plants and other rhizosphere microorganisms,
PGPR (and other.organisms) produce volatile organic compounds (VOCs) with distinct roles and
functions (Bitas et al.;.2013)..There is substantial evidence that VOCs have dual direct and
indirect action during plant growth promoting activities (Santoyo et al., 2019), i.e., rhizosphere
VOCs can-induce plant growth directly or indirectly by limiting the development of potential
phytopathogens:-. The “volatile N,N-dimethylhexadecylamine (DMHDA) produced by the

rhizobacterium. Arthrobacter agilis UMCV?2 inhibits the growth of Botrytis (cinerea and P. .

conditions, the DMHDA compound induces the Fe-uptake mechanisms of M.

truncatulaseedlings (Orozco-Mosqueda et al., 2013; Velazquez -Becerra et al., 2013). Other .

PGPR volatile compounds, such as dimethyl disulfide (DMSD), can promote plant growth by

enhancing sulphur nutrition in /Arabidopsis plants, as well as exerting an antagonistic action

defence responses in plants (Huang et al., 2012; Rojas-Sols et al., 2018).

In a groundbreaking study by (Ryu et al; 2003), the volatile compounds produced by

beneficial Bacillus bacteria, particularly 2,3-butanediol and acetoin, play a crucial role in -
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cyanide (HCN) has an antagonistic effect on pathogens. This compound helps to control
pathogens by inhibiting the electron transport chain, resulting in cell death (Aloo et al., 2019).
Many bacterial genera, including Bacillus spp. and Pseudomonas spp., can produce HCN
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(Santoyo et al., 2012). The HCN-producing trait in bacteria can greatly benefit plant

establishment by controlling fungal diseases (Aarab et al., 2019). PGPR-produced HCN acts as a
biocontrol factor against phytopathogens and plays a role in geochemical processes in the
substrate, such as metal chelation. Consequently, this volatile organic compound indirectly
increases phosphate availability in the rhizosphere, benefiting the associated plants (Kumari et
al., 2018; Rijavec andLapanje, 2016).

4.7 Hydrolyticenzymeproduction

PGPR produces and expels various hydrolytic enzymes; including cellulases, pectinases,
proteases, catalases, and chitinases. The defense-related" activities of these enzymes against
various phytopathogens have been demonstrated. Chitinvis theyvital structural component of the
cell wall of fungi. Rhizobacteria that stimulate plant growth target fungal cell walls by secreting
chitinases, resulting in chitin degradation. In this manner, chitinolytic bacteria inhibit fungal

species. Thus, chitinolytic PGPR reduces.the severity of plant diseases caused by fungal or
oomycete pathogens, indirectly enhancing plant growth (Martnez-Absalo n et al., 2014; Hao et
al., 2017). Rhizobacteria that produce-cellulase hydrolyze cellulose to glucose via the synergistic
actions of enzymes, including glucanases, hydrolases, and glucosidases (Siqueira et al., 2020). It
is well-established that cellulase-producing bacteria can be considered antifungal agents
(Sadeghi et al., 2017). By degrading. cellulosic residues, cellulosic bacteria also provide a carbon
source in the rhizosphere.to-improve soil health and maintain nutrient balance (Behera et al.,
2017). These bacteria that produce cellulose can also be used to convert biomass into biofuels
(Siqueira et al., 2020). Compared to_chemical conversions, cellulase-mediated conversions are
green and environmentally friendly.
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Bioremediation refers to using biological agents/biological processes to remove harmful
substances from the environment (Sampaio et al., 2019)."Bioremediation has provided an
alternative to conventional methods for remediating soil contaminated with metals. In metal-
contaminated soils, the natural role of metal-resistant plant growth-promoting rhizobacteria is
more critical than in conventional agricultural practices for.enhancing soil properties (Sharma
and Archana, 2016). Most metals are classified:as toxic, but'their toxicity levels vary greatly.
Cadmium (Cd) and Lead (Pb) harm soil organisms by binding to respiratory proteins and through
oxidative damage, i.e., the production of reactive oxygen species (Ullah et al., 2019). Soil
microorganisms are damaged by even'the lowest concentration of these metals. Significant roles
are played by bulk and rhizosphere bacteria in the biogeochemical cycling of heavy metals,
resulting in the remediation of contaminated soil.

5.1Degradation of Pollutants by PGPR { comment [F$43]: | think this thread i the 4.9. |

The biodegradation of persistent organic pollutants (POPs) is studied from oxidative
degradation by aerobic <bacteria and dechlorination by anaerobic bacteria. In aerobic
bioremediation, PGPR ‘degrade contaminants using atmospheric oxygen (Murugan and
Vasudevan, <2018). Bacteria- have successfully utilized biphenyl to stimulate the aerobic
remediation of polluted soil (Chakraborty and Das, 2016). During this process, polychlorinated
biphenyl (PCB).is. degraded by oxidation using multiple genes and their associated enzymes
(Terzaghi et"al., 2018). Major enzymes involved in POPs degradation are dehydrogenases,
dioXygenases, hydrolases, hydratases, aldolases (Reddy et al., 2019). Bacterial strains that
degrade. POPs via aerobic oxidation include, to name a few, Pseudomonas, Bacillus,

Achromobacter, Rhodococeus, Ralstonia, and Corynebacterium (Vergani et al,, 2017). ‘ e oo
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In anaerobic degradation, anaerobic bacterial species break down chemical compounds in R
the soil to liberate the energy necessary for their metabolic processes. In unpolluted soils,
anaerobic bacterial respiration occurs via electron acceptors such as sulfate and nitrates. PCB-
contaminated soils change to reductive dehalorespiration (Field and Sierra-Alvarez, 2008). In
dehalorespiration, bacterial species attack chlorine substituents at the para and meta positions,
thereby replacing them with hydrogen atoms (Furukawa andFujihara, 2008). Bacteria involved in
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dechlorination convert more chlorinated compounds to less chlorinated ones, reducing their
toxicity and making them more susceptible to aerobic degradation (Yim et al., 2008).

Due to a lack of timely degradation, intense and frequent pesticide use has resulted in
pesticide persistence in soil (Rangasamy et al., 2018). These pesticides loaded in the soil's
rhizosphere are responsible for adverse effects on the microbial community and plants
(Rangasamy et al., 2018). Due to their long shelf life and nonbiodegradable nature, these toxin-
containing chemicals persist in the environment and enter the food chain, posing grave health
risks (Singh et al., 2008). These increased pesticide levels degrade the entire «ecosphere via
biomagnification (Morillo andVillaverde, 2017). Biotransformation, biomineralization,
bioaccumulation, biodegradation, bioremediation, and cometabolism can break down pesticides
(Liu et al., 2019a). Bacterial degradation is the bacterially mediated breakdown of pesticides into

simple inorganic compounds on contaminated sites, soil rhizosphere, groundwater;.and industrial

systems (Subbanna et al., 2018). Therefore, the PGPR significantly femoves pesticides from the
environment and significantly improves soil health and promotes plant growth.

5. Conclusion and perspective

Leveraging the potential mechanisms of action in' PGPR and. its beneficial interactions with
plants is essential to increase plant growth and production. PGPR is:important because of the dire
need to feed a continuously growing world population, expected to reach 10 billion by 2050
and peak in approximately 2070-2080 (Lutz et al, 1997).:Hence, one of the aims of this
endeavor is to... is to emphasize the different mechanisms of PGPR, as well as their enormous
potential to generate optimal conditions for sustainable agricultural production, which includes a
reduction in the environmental impact. Therefore, understanding rhizobacterial ecological roles
in a micro-ecosystem like a rhizosphere is an essential first step to obtaining better results when
inoculating PGPR (Santoyo et al.; 2019). There are several critical aspects to determine the
efficiency of a bioinoculant with stimulatory or protective effects, including regulation at the
molecular level of genes involved in the production of diffusible and volatile compounds as well
as enzymes in the rhizosphere;»also the colonizing capacity of PGPR, interaction with other
beneficial soil microorganisms, tolerance, and adaptive mechanisms to abiotic and biotic
stresses, among others. However, discovering new bacterial strains (or even species) with plant
growth-promoting activities. .emerged, unveiling the dark side of known and unstudied
ecosystems with potential applications in agri- culture. In addition, novel molecular and genomic
strategies are.high- lighting the specific but essential roles of bacterial consortia in direct and
indirect activities'of plant growth promotion (Carrioin et al., 2019). Despite all this knowledge,
there is still.an enormous gap in the transition from the laboratory to and field, which is usually
the bottleneck: that reduces the possibilities of expanding the use of PGPR in agriculture. In this
phase, scientists and other business and political actors must create optimal and legal conditions
to benefit agricultural and economic production without neglecting the aspect of sustainable
agriculture and an environment healthy for the population, particularly in those developing
countries.

References

J

|

Comment [FS46]: If there is no need for this
letter "a", it is advisable to remove it from the text.

|

Comment [FS47]: If there is no need for this
letter “a”, it is advisable to remove it.

|




15

Aarab, S., Ollero, J., Megias, M., Laglaoui, A., Bakkali, M., Arakrak, A., 2019. Some
characteristics of phosphate solubilizing rhizobacteria as an ecological strategy for sustainable
agriculture. Mater. Today: Proceedings 13, 1224-1228. https://doi.org/
10.1016/j.matpr.2019.04.091.

Abdallah, D.B., Frikha-Gargouri, O., Tounsi, S., 2018. Rizhospheric competence, plant growth
promotion and biocontrol efficacy of Bacillus amyloliquefacienssubsp. plantarum strain 32a.
Biol. Contr. 124, 6167. https://doi.org/10.1016/j. biocontrol.2018.01.013.

Acufia, J, Campos, M., de la Luz Mora, M., Jaisi, D.P., Jorquera, M.A., 2019. ACCD producing

rhizobacteria from an Andean Altiplano native plant (Parastrephia
quadrangularis) and their potential to alleviate salt stress in wheat seedlings. Appl.

Soil Ecol. 136, 184-190. https://doi.org/10.1016/j.aps0il.2019.01.005.

Ahanger, M.A., Gul, F., Ahmad, P., Akram, N.A., 2018. Environmental stresses and
metabolomics—deciphering the role of stress responsive metabolites. In: Plant
Metabolites and Regulation under Environmental Stress. Academic Press, pp. 53-67.

https://doi.org/10.1016/B978-0-12-812689-9:00003-0.

Ahmad, Z., Anjum, S., Waraich, E.A.,’/Ayub, M.A., Ahmad, T., Tarig, R.M.S., Igbal, M.A,,
2018. Growth, physiology, and biochemical:activities of plant responses with foliar
potassium application under drought stress—a review. J. Plant Nutr. 41 (13),

1734-1743. https://doi.org/10,1080/01904167.2018.1459688.

Ahmed, T., Shahid, M., Noman, M., Hussain, S., Khan, M.A., Zubair, M., Mahmood, F.,
2019. Plant.growth-promoting rhizobacteria as biological tools for nutrient
management ‘and soil sustainability. In: Plant Growth Promoting Rhizobacteria for

Agricultural Sustainability. Springer, Singapore, pp. 95-110.https://doi.org/10.1007/978-981-13-
7553-8_5.

Akbar, S., Sultan, S., 2016. Soil bacteria showing a potential for chlorpyrifos degradationand
plant growthenhancement.Braz.J.Microbiol.47(3),563-570.

https://doi.org/10.1016/j.bjm.2016.04.009
Alavaisha, E., Manzoni, S., Lindborg, R., 2019. Different agricultural practices affect soil

carbon, nitrogen and phosphorous in KilomberoTanzania. J. Environ. Manag. 234,



16

159-166. https://doi.org/10.1016/j.jenvman.2018.12.039.

Aloo, B.N., Makumba, B.A., Mbega, E.R., 2019. The potential of bacilli rhizobacteria for
sustainable crop production and environmental sustainability. Microbiol. Res. 219,

26-39. https://doi.org/10.1016/j.micres.2018.10.011.

Alori, E.T., Glick, B.R., Babalola, O.0., 2017. Microbial phosphorus solubilization and its
potential  for use in  sustainable agriculture.  Front.  Micrebiok, 8, 971
https://doi.org/10.3389/fmicb.2017.00971

Alori,E.T.,Babalola,0.0.,2018.MicrobialinoculantsforimprovingcropqualityandhumanhealthinA
frica.Front.Microbiol.9,2213.https://doi.org/10.3389/fmich,2018.02213.

Arkhipova, T.N., Prinsen, E., Veselov, S.U., MartinenkoyE.V.;Melentiev, A.l.,
Kudoyarova, G.R., 2007. Cytokinin producing bacteria enhanee plant growth in

drying soil. Plant Soil 292 (1-2), 305-315. https://doi.org/10.2007/s11104-007-9233-5.
Ashley, M.K., Grant, M., Grabov, A., 2006. Plant responses to potassium deficiencies: a

role  for potassium transport< proteins. J.* Exp. Bot. 57 (2), 425-436.
https://doi.org/10.1093/jxb/erj034.

Aulakh, M.S., Garg, A.K., Manchanda, J.S., Dercon, G., Nguyen, M.L., 2017. Biological
nitrogen fixation by soybean and fate ofapplied 15 N-fertilizer in succeeding wheat

under conventional tillage and conservation agriculture practices. Nutrient Cycl.
Agroecosyst. 107/(1), 79-89. https://doi.org/10.1007/s10705-016-9816-8

Badri, D.V.,Weir,.T.L., van der Lelie, D., Vivanco, J.M., 2009. Rhizosphere chemical
dialogues: plant—microbe interactions. Curr. Opin. Biotechnol. 20 (6), 642—650.
https://doi.org/10.1016/j.copbio.2009.09.014.

Bahadur, I., Maurya, R., Roy, P., Kumar, A., 2019. Potassium-solubilizing bacteria (KSB):
a microbial tool for K-solubility, cycling, and availability to plants. In: Plant Growth
Promoting Rhizobacteria for Agricultural Sustainability. Springer, Singapore,

pp. 257-265. https://doi.org/10.1007/978-981-13-7553-8 13.

Bai, Y., D’Aoust, F., Smith, D.L., Driscoll, B.T., 2002. Isolation of plant-growth-promoting



17

Bacillus strains from soybean root nodules. Can. J. Microbiol. 48 (3), 230-238.
https://doi.org/10.1139/w02-014.

Behera, B.C., Sethi, B.K., Mishra, R.R., Dutta, S.K., Thatoi, H.N., 2017. Microbial
cellulases—Diversity & biotechnology with reference to mangrove environment: a

review. J .Genet. Eng. Biotechnol. 15 (1), 197-210. https://doi.org/10.1016/j.jgeb.2016.12.001.

Bitas, V., Kim, H.S., Bennett, J.W., Kang, S., 2013. Sniffing on microbes: diverse roles'of

microbial volatile organic compounds in plant health. Mol. Plant Microbe, Interact.26 (8), 835—
843. https://doi.org/10.1094/MPMI-10-12-0249-CR.

Carlson, R., Tugizimana, F., Steenkamp, P.A., Dubery, I.A., Hassen, A.l., Labuschagne, N.,
2020. Rhizobacteria-induced systemic tolerance against drought stress in"Sorghum

bicolor (L) Moench. Microbiol. Res. 232, 126388.
https://doi.org/10.1016/j.micres.2019.126388.

Carrion, V.J., Perez-Jaramillo, J., Cordovez, V., Tracanna, V., De Hollander, M., Ruiz-
Buck, D., Mohanraju, P., 2019. Pathogen-induced activation of disease-suppressive
functions in the endophytic root microbiome; Science 366 (6465), 606—612.
https://doi.org/10.1126/science.aaw9285.

Cassan, F.D., Lucangeli;;C.D., Bottini, R., Piccoli, P.N., 2001. Azospirillum spp. metabolize
[17, 17-2H2].gibberellin A20.to [17, 17-2H2] gibberellin Al in vivo in dy rice
mutantseedlings.-Plant Cell Physiol. 42 (7), 763-767. https://doi.org/10.1093/pcp/pce099.

Cassan, F., Vanderleyden, J., Spaepen, S., 2014. Physiological and agronomical aspects of
phytohormone production by model plant-growth-promoting rhizobacteria (PGPR)
belonging to the genus Azospirillum. J. Plant Growth Regul. 33 (2), 440-459.
https://doi.org/10.1007/s00344-013-9362-4.



18

Chakraborty, J., Das, S., 2016. Molecular perspectives and recent advances in microbial
remediation of persistent organic pollutants. Environ. Sci. Pollut. Res. 23 (17),

16883-16903. https://doi.org/10.1007/s11356-016-6887-7.

Chaparro, J.M., Sheflin, A.M., Manter, D.K., Vivanco, J.M., 2012. Manipulating the soil
microbiome to increase soil health and plant fertility. Biol. Fertil. Soils 48 (5),

489-499. https://doi.org/10.1007/s00374-012-0691-4.

Chenniappan, C., Narayanasamy, M., Daniel, G.M., Ramaraj, G.B., Ponnusamy, P.,
Sekar, J., Ramalingam, P.V., 2019. Biocontrol efficiency of native plant growth
promoting rhizobacteria against rhizome rot disease of turmeric. BiolzContr. 129,

55-64. https://doi.org/10.1016/j.biocontrol.2018.07.002.

Chowdhury, S.P., Hartmann, A., Gao, X., Barriss, R., 2015. Bigcontrol mechanism by
root-associated Bacillus amyloliquefaciens FZB42-a review. Front. Microbiol. 6, 780.

https://doi.org/10.3389/fmich.2015.00780.

Compant, S., Samad, A., Faist, H., Sessitsch, A., 2019. A review on the plant microbiome:
ecology, functions, and emerging, trends in microbial application. J. Adv. Res. 19,

29-37. https://doi.org/10.1016/].jare.2019.03.004.

Contesini;-F.J., Melo, R.R.D., Sato, H.H., 2018. An overview of Bacillus proteases: from

production to application. Crit. Rev. Biotechnol. 38 3), 321-334.
https://doi.org/10.1080/07388551.2017.1354354.

Dimkpa, C., Weinand, T., Asch, F., 2009. Plant-rhizobacteria interactions alleviate
abiotic stress conditions. Plant Cell Environ. 32 (12), 1682-1694.

https://doi.org/10.1111/j.1365-3040.2009.02028.x.

Dinnage, R., Simonsen, A.K., Barrett, L.G., Cardillo, M., Raisbeck-Brown, N., Thrall, P.H.,



19

Prober, S.M., 2019. Larger plants promote a greater diversity of symbiotic nitrogenfixing
soil bacteria associated with an Australian endemic legume. J. Ecol. 107 (2),

977-991. https://doi.org/10.1111/1365-2745.13083.

Etesami, H., Maheshwari, D.K., 2018. Use of plant growth promoting rhizobacteria
(PGPRs) with multiple plant growth promoting traits in stress agriculture: action
mechanisms and future prospects. Ecotoxicol. Environ. Saf. 156, 225-246.

https://doi.org/10.1016/j.ecoenv.2018.03.013.

Etesami, H., Emami, S., Alikhani, H.A., 2017. Potassium solubilizing bacteria (KSB)::
mechanisms, promotion of plant growth, and future prospects A review. J. Soil Sci.

Plant Nutr. 17 (4), 897-911. https://doi.org/10.4067/S0718-95162017000400005.

Field, J.A., Sierra-Alvarez, R., 2008. Microbial transformation:and degradation of

polychlorinated biphenyls. Environ, Pollut. 155 (2), 1-12.
https://doi.org/10.1016/j.envpol.2007,10.016.

Fukami, J., Cerezini, P., Hungria, M, 2018. Azospirillum: benefits that go far beyond
biological nitrogen fixation. Amb. Express 8 (1), 73. https://doi.org/10.1186/s13568-018-0608-1.

Furukawa, K., Fujihara, H., 2008. Microbial degradation of polychlorinated biphenyls:

biochemical “and;, molecular features. J. Biosci. Bioeng. 105 (5), 433-449.
https://doi.org/10:1263/jbb.105.433.

Galindo, E., Serrano-Carreodn, L., Gutiérrez, C.R., Allende, R., Balderas, K., Patifio, M.,
Jurado;,C., 2013. The challenges of introducing a new biofungicide to the market: a

case study. Electron. J. Biotechnol. 16 (3) https://doi.org/10.2225/vol16-issue3-fulltext-6, 5-5.
Glick, B.R., 2012. Plant Growth-Promoting Bacteria: Mechanisms and Applications.
Scientifica. https://doi.org/10.6064/2012/963401, 2012.

Goswami, M., Suresh, D.E.K.A., 2020. Plant growth-promoting rhizobacteria—alleviators



20

of abiotic stresses in soil: a review. Pedosphere 30 (1), 40-61. https://doi.org/10.1016/S1002-
0160(19)60839-8.

Gupta, G., Parihar, S.S., Ahirwar, N.K., Snehi, S.K., Singh, V., 2015. Plant growth
promoting rhizobacteria (PGPR): current and future prospects for development of

sustainable agriculture. J. Microb. Biochem. Technol. 7 (2), 096-102. https://10.4172/1948-
5948.1000188.

Gutiérrez-Luna, F.M., Lopez-Bucio, J., Altamirano-Hernandez, J., Valencia-Cantero; E.,
de la Cruz, H.R., Macias-Rodriguez, L., 2010. Plant growth-promoting rhizobacteria
modulate root-system architecture in Arabidopsis thaliana through volatile organic

compound emission. Symbiosis 51 (1), 75-83. https://doi.org/10.1007/s13199-010-0066-2.

Hao, Z., Van Tuinen, D., Wipf, D., Fayolle, L., Chataignier, O., Li, X.;zAdrian, M., 2017.
Biocontrol of grapevine aerial and root pathogens by Paenibacillus sp. strain B2 and
paenimyxin in vitro and in planta. Biol. Contr. 109, 42-50.
https://doi.org/10.1016/j.biocontrol.2017.03.004.

Harish, S., Parthasarathy, S., Durgadevi, D.;/Anandhi, K., Raguchander, T., 2019. Plant
growth-promoting rhizobacteria: harnessingits potential for sustainable plant
disease management. In: Plant:Growth Promoting Rhizobacteria for Agricultural

Sustainability. Springer, Singapore,.pp. 151-187. https://doi.org/10.1007/978-981-13-7553-8_8.

Harte, J., 2007. Human population as a dynamic factor in environmental degradation.
Popul. Environ. 28 (4-5), 223-236s. https://doi.org/10.1007/s11111-007-0048-3.

Hartmann, A.;:Schmid, M., Van Tuinen, D., Berg, G., 2009. Plant-driven selection of
microbes. Plant Soil 321 (1-2), 235-257. https://doi.org/10.1007/s11104-008-9814-y.

Hashami, S.Z., Nakamura, H., Ohkama-Ohtsu, N., Kojima, K., Djedidi, S., Fukuhara, .,
et al., 2019. Evaluation of immune responses induced by simultaneous inoculations
of soybean (Glycine max [L.] Merr.) with soil bacteria and rhizobia. Microb. Environ.

34 (No. 1), 64-75. https://doi.org/10.1264/jsme2. ME18110.



He, Y., Pantigoso, H.A., Wu, Z., Vivanco, J.M., 2019. Co-inoculation of Bacillus sp. and
Pseudomonas putida at different development stages acts as a biostimulant to promote
growth, yield and nutrient uptake of tomato. J. Appl. Microbiol. 127 (1), 196-207.
https://doi.org/10.1111/jam.14273.

Hernandez-Leon, R., Rojas-Solis, D., Miguel Contreras-Pérez, M., del Carmen Qrozco-
Mosqueda, M., Macias-Rodriguez, L.1., Reyes-de la Cruz, H., Santoyo; G.,:2015.
Characterization of the antifungal and plant growth-promoting effects of diffusible

and volatile organic compounds produced by Pseudomonas:fluorescens strains. Biol.

Contr. 81, 83-92. https://doi.org/10.1016/j.biocontrol.2014:11.011.

Heydari, M.M., Brook, R.M., Jones, D.L., 2019. The role of phosphorus sources on root
diameter, root length and root dry matter of barley (Hordeum vulgare L.). J. Plant

Nutr. 42 (1), 1-15. https://doi.org/10.1080/01904167.2018.1509996.

Huang, C.J., Tsay, J.F., Chang, S.Y.,¥ang, H.P., Wu, W.S., Chen, C.Y., 2012. Dimethyl
disulfide is an induced systemic resistance elicitor produced by Bacillus cereus C1L.

Pest Manag. Sci. 68 (9); 1306-1310. https://doi.org/10.1002/ps.3301.

Hungria, M., Nogueira, M.A., Araujo, R.S., 2016. Inoculation of Brachiaria spp. with the
plant growth=prometing bacterium Azospirillumbrasilense: an environment-friendly
component in the:reclamation of degraded pastures in the tropics. Agric. Ecosyst.
Environ. 221, 125-131. https://doi.org/10.1016/j.agee.2016.01.024.

Ibal, J.C., Jung, B.K., Park, C.E., Shin, J.H., 2018. Plant growth-promoting rhizobacteria
used in South Korea. Appl. Biol. Chem. 61 (6), 709-716.
https://doi.org/10.1007/s13765-018-0406-0.

Imada, E.L., de Oliveira, A.L.M., Hungria, M., Rodrigues, E.P., 2017. Indole-3-acetic acid

21



22

production via the indole-3-pyruvate pathway by plant growth promoter Rhizobium
tropici CIAT 899 is strongly inhibited by ammonium. Res. Microbiol. 168 (3),
283-292. https://doi.org/10.1016/j.resmic.2016.10.010.

Ji, S.H., Kim, J.S., Lee, C.H., Seo, H.S., Chun, S.C., Oh, J., Park, G., 2019. Enhancement of
vitality and activity of a plant growth-promoting bacteria (PGPB) by atmospheric
pressure non-thermal plasma. Sci. Rep. 9 (1), 1-16. https://doi.org/10.1038/s41598-018-38026-z.

Kafle, A., Cope, K.R., Raths, R., Krishna Yakha, J., Subramanian, S., Bucking, H.,
Garcia, K., 2019. Harnessing soil microbes to improve plant phosphate efficiency: in

cropping systems. Agronomy 9 (3), 127. https://doi.org/10.3390/agronomy9030127.

Kamnev, A.A., Tugarova, A.V., Antonyuk, L.P., Tarantilis; P-A., Polissiou, M.G.,
Gardiner, P.H., 2005. Effects of heavy metals on plant-associated rhizobacteria:
comparison of endophytic and non-endophytic strains of Azospirillumbrasilense.

J. Trace Elem. Med. Biol. 19 (1), 91-95. https://doi.org/10.1016/j.jtemb.2005.03.002.

Kanchiswamy, C.N., Malnoy, M;, Maffei, M.E., 2015. Chemical diversity of microbial
volatiles and their potential for.plant growth and productivity. Front. Plant Sci. 6,
151. https://doi.org/10.3389/fpls.2015.00151.

Karthik, C., Elangovan, N., Kumar, T.S., Govindharaju, S., Barathi, S., Oves, M.,
Arulselvi, Pli, 2017. Characterization of multifarious plant growth promoting traits
of rhizobacterial strain AR6 under Chromium (V1) stress. Microbiol. Res. 204, 65-71.
https://doi.org/10.1016/j.micres.2017.07.008.

Khan, M.S., Zaidi, A., Ahemad, M., Oves, M., Wani, P.A., 2010. Plant growth promotion
by phosphate solubilizing fungi—current perspective. Arch. Agron Soil Sci. 56 (1),



23

73-98. https://doi.org/10.1080/03650340902806469.

Kibbey, T.C., Strevett, K.A., 2019. The effect of nanoparticles on soil and rhizosphere
bacteria and plant growth in lettuce seedlings. Chemosphere 221, 703-707.
https://doi.org/10.1016/j.chemosphere.2019.01.091.

Kloepper W, J, et al., 1980. Enhanced plant growth by siderophores produced by plant
growth-promoting rhizobacteria. Nature 286, 885-886. https://doi.org/10.1038/286885a0.

Kour, D., Rana, K.L., Yadav, N., Yadav, A.N., Kumar, A.,-Meena, VS., Saxena, A.K., 2019.
Rhizospheric microbiomes: biodiversity, mechanisms of plant growth promotion,

and biotechnological applications for sustainable agriculture. Plant Growth

Promoting Rhizobacteria for Agricultural Sustainability. Springer, Singapore,

pp. 19-65. https://doi.org/10.1007/978-981-13-7553-8 2.

Kumar, A., Verma, J.P., 2019. The role of microbes to improve crop productivity and soil
health. In: Ecological Wisdem Inspired Restoration Engineering. Springer,

Singapore, pp. 249-265: https://doi.org/10.1007/978-981-13-0149-0_14.

Kumar, A., Patel, J.S., Meena, V/.S., Ramteke, P.W., 2019. Plant growth-promoting
rhizobacteria: strategies to improve abiotic stresses under sustainable agriculture.

J. Plant'Nutri42 (11-12), 1402-1415. https://doi.org/10.1080/01904167.2019.1616757.

Kumari, P;zMeena, M., Gupta, P., Dubey, M.K,, Nath, G., Upadhyay, R.S., 2018. Plant
growth promoting rhizobacteria and their biopriming for growth promotion in mung
bean (Vigna radiata (L.) R. Wilczek). Biocatal. Agric. Biotechnol. 16, 163-171.
https://doi.org/10.1016/j.bcab.2018.07.030.

Kumari, B., Mallick, M.A., Solanki, M.K., Solanki, A.C., Hora, A., Guo, W., 2019. Plant



24

growth promoting rhizobacteria (PGPR): modern prospects for sustainable
agriculture. In: Plant Health under Biotic Stress. Springer, Singapore, pp. 109-127.
https://doi.org/10.1007/978-981-13-6040-4_6.

Kuypers, M.M., Marchant, H.K., Kartal, B., 2018. The microbial nitrogen-cycling
network. Nat. Rev. Microbiol. 16 (5), 263. https://doi.org/10.1038/nrmicro.2018.9.

Liu, T., Xu, S., Lu, S., Qin, P., Bi, B., Ding, H., Liu, X., 2019. A review.on remoyval.of
organophosphorus pesticides in constructed wetland: performance, mechanism and

influencing factors. Sci. Total Environ. 651, 2247-2268.
https://doi.org/10.1016/j.scitotenv.2018.10.087.

Liu, X., Jiang, X., He, X., Zhao, W., Cao, Y., Guo, T., Tang, X., 2019. Phosphate solubilizing
Pseudomonas sp. strain P34-L promotes wheat.growth by colonizing the
wheat rhizosphere and improving the wheat root system:and soil phosphorus

nutritional status. J. Plant Growth Regul. 38 (4), 1314-1324. https://doi.org/10.1007/s00344-019-
09935-8.

Lucini, L., Colla, G., Moreno, M.B:M., Bernardo, L., Cardarelli, M., Terzi, V., Rouphael, Y.,
2019. Inoculation of Rhizeglomusirregulare or Trichoderma atroviride differentially
modulates metabolite profiling of wheat root exudates. Phytochemistry 157,

158-167. https://doi.org/10.1016/j.phytochem.2018.10.033.

Lutz, W.; Sanderson, W., Scherbov, S., 1997. Doubling of world population unlikely.
Nature 387 (6635),'803-805. https://doi.org/10.1038/42935.

Mahmoud, ©.M.B., Hidri, R., Talbi-Zribi, O., Taamalli, W., Abdelly, C., Djébali, N., 2020.
Auxin and proline producing rhizobacteria mitigate salt-induced growth inhibition

of barley plants by enhancing water and nutrient status. South Afr. J. Bot. 128,

209-217. https://doi.org/10.1016/j.5ajb.2019.10.023.



Majeed, A., Muhammad, Z., Ahmad, H., 2018. Plant growth promoting bacteria: role in
soil improvement, abiotic and biotic stress management of crops. Plant Cell Rep. 37

(12), 1599-1609. https://doi.org/10.1007/s00299-018-2341-2.

Martinez-Absalon, S., Rojas-Solis, D., Hernandez-Ledn, R., Prieto-Barajas, C., Orozco-
Mosqueda, M.D.C., Pe~na-Cabriales, J.J., Santoyo, G., 2014. Potential use and mode
of action of the new strain Bacillus thuringiensis UM96 for the biological control of the
grey mould phytopathogen Botrytis cinerea. Biocontrol Sci. Technol."24 (12),
1349-1362. https://doi.org/10.1080/09583157.2014.940846.

Martins, A.O., Omena-Garcia, R.P., Oliveira, F.S., Silva, W.A., Hajirezaei, M.R.,
Vallarino, J.G., Aradjo, W.L., 2019. Differential root and"shoot:responses in the
metabolism of tomato plants exhibiting reduced levels of gibberellin. Environ. Exp.

Bot. 157, 331-343. https://doi.org/10.1016/j.envexphot.2018.10.036.

Masson-Boivin, C., Sachs, J.L., 2018. Symbiotic.nitrogen fixation by rhizobia—the roots

of a success story. Curr. Opin. Plant Biol. 44, 7-15. https://doi.org/10.1016/j.pbi.2017.12.001.

Matthes, M.S., Best, N.B., Robil; J.M., Malcomber, S., Gallavotti, A., McSteen, P., 2019.

Auxin EvoDevo:.conservation.and diversification of genes regulating auxin

25

biosynthesis, transport, and signaling. Mol. Plant 12 3), 298-320.

https://doi.org/10.1016/j.molp.2018.12.012.

McLaughlin, A., Mineau, P., 1995. The impact of agricultural practices on biodiversity.
Agric. Ecosyst. Environ. 55 (3), 201-212. https://doi.org/10.1016/0167-8809(95)
00609-V.



26

Mehmood, U., Inam-ul-Haq, M., Saeed, M., Altaf, A., Azam, F., Hayat, S., 2018. A brief
review on plant growth promoting Rhizobacteria (PGPR): a key role in plant growth
promotion. Plant Prot. 2 (2), 77-82. http://esciencepress.net/journals/.

Mehta, P., Walia, A., Kulshrestha, S., Chauhan, A., Shirkot, C.K., 2015. Efficiency of plant
growth-promoting P-solubilizing Bacillus circulans CB7 for enhancement of tomato

growth under net house conditions. J. Basic Microbiol. 55 w.(1), 33-44.
https://doi.org/10.1002/jobm.201300562.

Mohanram, S., Kumar, P., 2019. Rhizosphere microbiome: revisiting.the synergy of

plant-microbe interactions. Ann. Microbiol. 69 (4), 307-320:https://doi.org/10.1007/s13213-019-
01448-9.

Morillo, E., Villaverde, J., 2017. Advanced technologies for.the .remediation of pesticide-
contaminated soils. Sci. Total Environ. 586, 576-597.

https://doi.org/10.1016/j.scitotenv.2017.02.020.

Murugan, K., Vasudevan, N., 2018. Intracellular toxicity exerted by PCBs and role of
VBNC bacterial strains in biodegradation. Ecotoxicol. Environ. Saf. 157, 40-60.
https://doi.org/10.1016/j.ecoenv.2018:03.014.

Nascimento, F.X., Hernandez, A.G., Glick, B.R., Rossi, M.J., 2020. Plant growth promoting
activities and genomic analysis.of the stress-resistant Bacillus megaterium

STBL, a bacterium of agricultural and biotechnological interest. Biotechnol. Rep. 25,
€00406 https://doi.org/10.1016/j.btre.2019.e00406.

Ongena, M., Jacques, P., 2008. Bacillus lipopeptides: versatile weapons for plant disease

biocontrol. Trends Microbiol. 16 (3), 115-125. https://doi.org/10.1016/j.tim.2007.12.009.

Orozco-Mosqueda, M., Velazquez -Becerra, C., Macias-Rodriguez, L.1., Santoyo, G.,

Flores-Cortez, I., Alfaro-Cuevas, R., Valencia-Cantero, E., 2013. Arthrobacter agilis



27

UMCV?2 induces iron acquisition in Medicago truncatula (strategy I plant) in vitro via
dimethylhexadecylamine emission. Plant Soil 362 (1-2), 51-66.
https://doi.org/10.1007/s11104-012-1263-y.

Orozco-Mosqueda, M., del Carmen Rocha-Granados, M., Glick, B.R., Santoyo, G., 2018.
Microbiome engineering to improve biocontrol and plant growth-promoting

mechanisms. Microbiol. Res. 208, 25-31. https://doi.org/10.1016/j.micres.2018.01.005:

Orozco-Mosqueda, M., Duan, J., DiBernardo, M., Zetter, E., Campos-Garcia, J., Glick, B.

R., Santoyo, G., 2019. The production of ACC deaminase and trehalose by:the plant

growth promoting bacterium Pseudomonas sp. UW4 synergistically protect tomato

plants against salt stress. Front. Microbiol. 10, 1392. https://doi.org/10.3389/fmicb.2019.01392.

Pausch, J., Kuzyakov, Y., 2018. Carbon input by.roots into the:soil: quantification of
rhizodeposition from root to ecosystem scale. Global Change Biol. 24 (1), 1-12.
https://doi.org/10.1111/gcb.13850.

Pelosi, C., Barot, S., Capowiez, Y., Hedde, M., Vandenbulcke, F., 2014. Pesticides and

earthworms. A review.»Agron. Sustain. Dev. 34 (1), 199-228. https://doi.org/10.1007/s13593-
013-0151-z.

Prasad, M., Srinivasan, R.; Chaudhary, M., Choudhary, M., Jat, L.K., 2019. Plant growth
promoting rhizobacteria (PGPR) for sustainable agriculture: perspectives and
challenges.:In: PGPR Amelioration in Sustainable Agriculture. Woodhead Publishing,
pp. 129=157. https://doi.org/10.1016/B978-0-12-815879-1.00007-0.

Probanza, A., Garcia, J.L., Palomino, M.R., Ramos, B., Mafiero, F.G., 2002. Pinus pinea L.
seedling growth and bacterial rhizosphere structure after inoculation with PGPR

Bacillus (B. licheniformis CECT 5106 and B. pumilus CECT 5105). Appl. Soil Ecol. 20
(2), 75-84. https://doi.org/10.1016/S0929-1393(02)00007-0.



28

Puppala, K.R., Bhavsar, K., Sonalkar, V., Khire, J.M., Dharne, M.S., 2019.
Characterization of novel acidic and thermostable phytase secreting Streptomyces sp.
(NCIM 5533) for plant growth promoting characteristics. Biocatal. Agric. Biotechnol.
18, 101020. https://doi.org/10.1016/j.bcab.2019.101020.

Raheem, A., Sajid, M., Igbal, M.S., Aslam, H., Bilal, M., Rafiq, F., 2019. Microbial
inhabitants of agricultural land have the potential to promote plant growth, but they are
liable to traditional practice of wheat (T. aestivum L) straw burning. Biocatal. Agric.

Biotechnol. 18, 101060. https://doi.org/10.1016/j.bcab.2019.101060.

Ramesh, A., Sharma, S.K., Sharma, M.P., Yadav, N., Joshi; O.P., 2014. Inoculation of zinc
solubilizing Bacillus aryabhattai strains for improved growth, mobilization and
biofortification of zinc in soybean and wheat cultivated in Vertisols of central India.

Appl. Soil Ecol. 73, 87-96. https://doi.org/10.1016/j.aps0il:2013.08.009.

Rangasamy, K., Athiappan, M., Devarajan,:N., Samykannu, G., Parray, J.A., Aruljothi, K.
N., Abd_Allah, E.F., 2018, Pesticide degrading natural multidrug resistance bacterial
flora. Microb. Pathog. 114,304-310. https://doi.org/10.1016/j.micpath.2017.12.013.

Rao, M.A., Scelza, R., Scotti, R.; Gianfreda, L., 2010. Role of enzymes in the remediation

of polluted.environments. J. Soil Sci. Plant Nutr. 10 (3), 333-353. https://doi.org/10.4067/S0718-
95162010000100008.

Rathinasabapathi, B., Liu, X., Cao, Y., Ma, L.Q., 2018. Phosphate-solubilizing
Pseudomonads for improving crop plant nutrition and agricultural productivity. In:
Crop Improvement through Microbial Biotechnology. Elsevier, pp. 363-372.
https://doi.org/10.1016/B978-0-444-63987-5.00018-9.

Reddy, A.V.B., Moniruzzaman, M., Aminabhavi, T.M., 2019. Polychlorinated biphenyls

(PCBs) in the environment: recent updates on sampling, pretreatment, cleanup



29

technologies and their analysis. Chem. Eng. J. 358, 1186-1207.
https://doi.org/10.1016/j.cej.2018.09.205.

Rijavec, T., Lapanje, A., 2016. Hydrogen cyanide in the rhizosphere: not suppressing
plant pathogens, but rather regulating availability of phosphate. Front. Microbiol. 7,
1785. https://doi.org/10.3389/fmich.2016.01785.

Rojas-Solis, D., Zetter-Salmon, E., Contreras-Pérez, M., del Carmen Rocha-Granados, M.,
Macias-Rodriguez, L., Santoyo, G., 2018. Pseudomonas stutzeri E25 and
Stenotrophomonas maltophilia CR71 endophytes produce antifungal volatile organic
compounds and exhibit additive plant growth-promoting effects. Biocatal. Agric.
Biotechnol. 13, 46-52. https://doi.org/10.1016/j.bcab.2017.11.007.

Ryu, C.M., Farag, M.A., Hu, C.H., Reddy, M.S., Wei, H.X., Paré, P.W., Kloepper, J.W.,
2003. Bacterial volatiles promote growth in /Arabidopsis. P:N.A.S. 100 (8),
4927-4932. https://doi.org/10.1073/pnas.0730845100.

Sadeghi, A., Koobaz, P., Azimi, H., Karimi, E., Akbari, A.R., 2017. Plant growth
promotion and suppression of Phytophthora drechsleri damping-off in cucumber by

cellulase-producing Streptomyces. BioControl 62 (6), 805-819.
https://doi.org/10.1007/s10526017-9838-4.

Saha, M., Maurya, B.R:; Meena, V.S., Bahadur, I., Kumar, A., 2016. Identification and
characterization of potassium solubilizing bacteria (KSB) from Indo-Gangetic Plains

of India.:Biocatal. Agric. Biotechnol. 7, 202-209. https://doi.org/10.1016/j.bcab.2016.06.007.

Sahu, P.K., Singh, D.P., Prabha, R., Meena, K.K., Abhilash, P.C., 2019. Connecting
microbial capabilities with the soil and plant health: options for agricultural

sustainability. Ecol. Indicat. 105, 601-612. https://doi.org/10.1016/j.ecolind.2018.05.084.



30

Salazar, M.J., Rodriguez, J.H., Cid, C.V., Pignata, M.L., 2016. Auxin effects on Pb
phytoextraction from polluted soils by Tagetes minuta L. and Bidens pilosa L.:

extractive power of their root exudates. J. Hazard Mater. 311, 63-69.
https://doi.org/10.1016/j.jhazmat.2016.02.053.

Salazar-Cerezo, S., Martinez-Montiel, N., Garcia-Sanchez, J., Pérez-y-Terron, R.,
Martinez-Contreras, R.D., 2018. Gibberellin biosynthesis and metabolism: a
convergent route for plants, fungi and bacteria. Microbiol. Res. 208, 85-98.

https://doi.org/10.1016/j.micres.2018.01.010.

Sampaio, C.J., de Souza, J.R., Dami~ao, A.O., Bahiense, T.C.;Roque, M.R.,2019.
Biodegradation of polycyclic aromatic hydrocarbons (PAHS) in a diesel oilcontaminated
mangrove by plant growth-promoting rhizobacteria. 3 Biotech 9 (4),

155. https://doi.org/10.1007/s13205-019-1686-8.

San Fulgencio, N.S., Suéarez -Estrella, F.; Lépez, :M.J., Jurado, M.M., LoOpez-Gonzélez,
J.A.,Moreno, J., 2018. Biotic aspects involved in'the control of damping-off producing

agents: the role of the thermotolerant microbiota isolated from composting of plant

waste. Biol. Contr. 124, 82-91. https:/fdoi.org/10.1016/j.biocontrol.2018.04.015.
Santoyo, G, et al.;;2012.:Mechanisms of biocontrol and plant growth-promoting activity

in soil bacterial species of Bagillus and Pseudomonas: a review. Biocon. Sci. Technol.

22, 855-872..https://doi.org/10.1080/09583157.2012.694413.

Santoyo, G., Pacheco, C.H., samerén, J.H., Ledn, R.H., 2017. The role of abiotic factors

modulating the plant-microbe-soil interactions: toward sustainable agriculture. A

review. Span. J. Agric. Res. 15 (1), 13. https://doi.org/10.5424/sjar/2017151-9990.

Santoyo, G., Sanchez -Yéfiez, J.M., de los Santos-Villalobos, S., 2019. Methods for



31

detecting biocontrol and plant growth-promoting traits in Rhizobacteria. In: Methods
in Rhizosphere Biology Research. Springer, Singapore, pp. 133-149.
https://doi.org/10.1007/978-981-13-5767-1_8.

Schillaci, M., Gupta, S., Walker, R., Roessner, U., 2019. The role of plant growth promoting
bacteria in the growth of cereals under abiotic stresses. Root Biology-

Growth, Physiology, and Functions. https://doi.org/10.5772/intechopen.87083.

Selvakumar, G., Bindu, G.H., Bhatt, R.M., Upreti, K.K., Paul, A.M., Asha, A., Sharma, M.,
2018. Osmotolerant cytokinin producing microbes enhance:tomato grewth in deficit

irrigation conditions. P. Natl. A. Sci. India B. 88 (2), 459-465. https://doi.org/10.1007/s40011-
016-0766-3.

Shahzad, R., Wagas, M., Khan, A.L., Asaf; S., Khan, M:A., Kang, S.M., Lee, I.J., 2016.
Seed-borne endophytic Bacillus amyloliquefaciens RWL-1 produces gibberellins and
regulates endogenous phytohormones:of Oryza sativa. Plant Physiol. Biochem. 106,
236-243. https://doi.org/10.1016/j.plaphy.2016.05.006.

Shameer, S., Prasad, T.N.V.K.V., 2018. Plant growth promoting rhizobacteria for
sustainable agricultural practices with special reference to biotic and abiotic stresses.

Plant Growth'Regul. 84 (3), 603-615. https://doi.org/10.1007/s10725-017-0365-1.

Sharma, R.K., Archana, G., 2016. Cadmium minimization in food crops by cadmium
resistant plant growth promoting rhizobacteria. Appl. Soil Ecol. 107, 66-78.
https://doi.org/10.1016/j.aps0il.2016.05.009.

Shiraishi, A., Matsushita, N., Hougetsu, T., 2010. Nodulation in black locust by the



32

Gammaproteobacteria Pseudomonas sp. and the Betaproteobacteria burkholderia sp.

Syst. Appl. Microbiol. 33 (5), 269-274. https://doi.org/10.1016/j.syapm.2010.04.005.

Singh, N., Sethunathan, N., Megharaj, M., Naidu, R., 2008. Bioavailability of sorbed
pesticides to bacteria: an overview. Dev. Soil Sci. 32, 73-82.

https://doi.org/10.1016/S0166-2481(07)32005-9.

Sinha, A.K., Parli, B.V., 2020. Siderophore production by bacteria isolated from
mangrove sediments: a microcosm study. J. Exp. Mar.Ecol. 524, 151290.

https://doi.org/10.1016/j.jembe.2019.151290.

Siqueira, J.G.W., Rodrigues, C., de Souza Vandenberghe, L..P., Woiciechowski, A.L.,
Soccol, C.R., 2020. Current advances in on-site cellulase production‘and application
on lignocellulosic biomass conversion to biofuels; a review. Biomass Bioenergy 132,

105419. https://doi.org/10.1016/j.biombioe.2019.105419.

Slepetiene, A., Volungevicius, J.; Jurgutis, L., Liaudanskiene, 1., Amaleviciute-
Volunge, K., Slepetys, J., Ceseviciene, J., 2020. The potential of digestate as a
biofertilizer in eroded soils of Lithuania. Waste Manag. 102, 441-451. https://doi.
0rg/10.1016/j.wasman.2019:11.008.

Steenhoudt, O., Vanderleyden, J., 2000. Azospirillum, a free-living nitrogen-fixing
bacterium closely‘associated with grasses: genetic, biochemical and ecological

aspects. FEMS. Microbiol. Rev. 24 (4), 487-506.https://doi.org/10.1111/j.1574-
6976.2000.tb00552.x.

Subbanna, A.R.N.S., Rajasekhara, H., Stanley, J., Mishra, K.K., Pattanayak, A., 2018.
Pesticidal prospectives of chitinolytic bacteria in agricultural pest management. Soil

Biol. Biochem. 116, 52-66. https://doi.org/10.1016/j.s0ilbio.2017.09.019.



33

Summuna, B., Gupta, S., Sheikh, P.A., 2019. Plant growth and health promoting plant-microbe
interactions. In: Plant Health under Biotic Stress. Springer, Singapore,

pp. 253-260. https://doi.org/10.1007/978-981-13-6040-4_13.

Sytar, O., Kumari, P., Yadav, S., Brestic, M., Rastogi, A., 2019. Phytohormone priming:
regulator for heavy metal stress in plants. J. Plant Growth Regul. 38 (2), 739-752.
https://doi.org/10.1007/s00344-018-9886-8.

Tabassum, B., Khan, A., Tarig, M., Ramzan, M., Khan, M.S.1., Shahid, N.,;;Aaliya, K.,
2017. Bottlenecks in commercialisation and future prospects of.PGPR. Appl. Soil

Ecol. 121, 102-117. https://doi.org/10.1016/j.aps0oil.2017.09.030.

Terzaghi, E., Zanardini, E., Morosini, C., Raspa, G., Borin, S., Mapelli, F., Di Guardo, A.,
2018. Rhizoremediation half-lives of PCBs: role of congener cemposition, organic
carbon forms, bioavailability, microbial activity, plant species'and soil conditions, on

the prediction of fate and persistence in soil.,Sci.. Total Environ. 612, 544-560.
https://doi.org/10.1016/j.scitotenv.2017.08.189.

Thomas, J., Kim, H.R., Rahmatallah, ., Wiggins, G., Yang, Q., Singh, R., Mukherjee, A.,
2019. RNA-seq reveals differentially expressed genes in rice (Oryza sativa) roots
during interactions with-plant-growth promoting bacteria, Azospirillumbrasilense.

PloS One 14, e0217309: https://doi.org/10.1371/journal.pone.0217309.

Tilak, K.V.BIR., Ranganayaki, N., Manoharachari, C., 2006. Synergistic effects of plant growth
prometing rhizobacteria and Rhizobium on nodulation and nitrogen fixation

by pigeonpea (Cajanus cajan). Eur. J. Soil Sci. 57 (1), 67-71. https://doi.org/10.1111/j.1365-
2389.2006.00771.x.

Ullah, 1., Al-Johny, B.O., AL-Ghamdi, K.M., Al-Zahrani, H.A., Anwar, Y., Firoz, A.,
Almatry, M.A.A., 2019. Endophytic bacteria isolated from Solanum nigrum L.,

alleviate cadmium (Cd) stress response by their antioxidant potentials, including



SOD synthesis by sodA gene. Ecotoxicol. Environ. Saf. 174, 197-207.
https://doi.org/10.1016/j.ecoenv.2019.02.074.

Vaikundamoorthy, R., Rajendran, R., Selvaraju, A., Moorthy, K., Perumal, S., 2018.
Development of thermostable amylase enzyme from Bacillus cereus for potential

antibiofilm activity. Bioorg. Chem. 77, 494-506. https://doi.org/10.1016/j.bioorg.2018.02.014.

Vargas, R., Kenney, A.M., Bilinski, T., 2019. Variable influences of water availability and
Rhizobacteria on the growth of Schizachyriumscoparium (Little Bluestem)at different
ages. Front. Microbiol. 10, 860. https://doi.org/10.3389/fmicb.2019.00860.

Velazquez-Becerra, C., Macias-Rodriguez, L.I., Lépez-Bucio, J., Flores-Cortez, |.,
Santoyo, G., Hernandez-Soberano, C., Valencia-Cantero, E., 2013. The
rhizobacterium Arthrobacter agilis produces dimethylhexadecylamine, a compound
that inhibits the growth of phytopathogenic fungi. in'vitro.'Protoplasma 250 (6),
1251-1262. https://doi.org/10.1007/s00709-013-0506-y.

Vergani, L., Mapelli, F.; Zanardini, E., Terzaghi, E., Di Guardo, A., Morosini, C., Borin, S.,
2017. Phyto-rhizoremediation of:polychlorinated biphenyl contaminated soils: an

outlook on plant-microbe beneficial interactions. Sci. Total Environ. 575,

1395-1406. https://dei.org/10.1016/j.scitotenv.2016.09.218.

Verma, A., Kukreja, K., Pathak, D., Suneja, S., Narula, N., 2001. In vitro production of
plant growthregulators (PGRs) by Azotobacter chroococcum. Indian J. Microbiol.

41, 305-307:

Verma, P., Yadav, A.N., Khannam, K.S., Kumar, S., Saxena, A.K., Suman, A., 2016.
Molecular diversity and multifarious plant growth promoting attributes of Bacilli
associated with wheat (Triticum aestivum L.) rhizosphere from six diverse agroecological

zones of India. J. Basic Microbiol. 56 (1), 44-58. https://doi.org/10.1002/jobm.201500459.

34



Wu, M., Wei, Q., Xu, L., Li, H., Oelmdller, R., Zhang, W., 2018. Piriformospora indica
enhances phosphorus absorption by stimulating acid phosphatase activities and
organic acid accumulation in Brassica napus. Plant Soil 432 (1-2), 333-344.

https://doi.org/10.1007/s11104-018-3795-2.

Yim, Y.J., Seo, J., Kang, S.I., Ahn, J.H., Hur, H.G., 2008. Reductive‘dechlorination of
methoxychlor and DDT by human intestinal bacterium Eubacterium limosum under
anaerobic conditions. Arch. Environ. Contam. Toxicol. 54:(3);406—411.

https://doi.org/10.1007/s00244-007-9044-y.

Zaheer, A., Malik, A., Sher, A., Qaisrani, M,M.,-Mehmood, A., Khan, S.U., Rasool, M.,
2019. Isolation, characterization,’and effect.of phosphate-zinc-solubilizing bacterial
strains on chickpea (Cicer arietinum L) growth. Saudi J. Biol. Sci. 26 (5), 1061-1067.
https://doi.org/10.1016/j:5)bs.2019.04.004.

Zaidi, A., Khan, S., 2005. Interactive effect of rhizotrophic microorganisms on growth,
yield, and nutrient uptake of wheat. J. Plant Nutr. 28 (12), 2079-2092.
https://dei.org/10.2080/01904160500320897.

Zhang, D.J;;-Yang, Y.J., Liu, C.Y., Zhang, F., Hu, W., Gong, S.B., Wu, Q.S., 2018. Auxin
modulates root-hair growth through its signaling pathway in citrus. Sci. Hortic.

(Canterb.) 236, 73-78. https://doi.org/10.1016/j.scienta.2018.03.038.

Zhang, X., Baars, O., Morel, F.M., 2019. Genetic, structural, and functional diversity of

low and high-affinity siderophores in strains of nitrogen fixing Azotobacter

35



36

chroococcum. Metall 11 (1), 201-212. https://doi.org/10.1039/C8MT00236C.

Zou, X., Wang, Q., Chen, P., Yin, C., Lin, Y., 2019. Strigolactones regulate shoot
elongation by mediating gibberellin metabolism and signaling in rice (Oryza sativa

L.). J. Plant Physiol. 237, 72-79. https://doi.org/10.1016/}.jplph.2019.04.003.

Zurcher, E., Miller, B., 2016. Cytokinin synthesis, signaling, and function—advances and

new insights. Int. Rev. Cell Mol. Biol. 324, 1-38. https://doi.org/10.1016/bs.iremb.2016.01.001.
Academic Press



