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Growing environmental concerns are potentially narrowing global yield capacity of

agricultural systems. Climate change is the most significant problem the world is currently

facing. To meet global food demand, food production must be doubled by 2050; over

exploitation of arable lands using unsustainable techniques might resolve food demand

issues, but they have negative environmental effects. Current crop production systems

are a major reason for changing global climate through diminishing biodiversity, physical

and chemical soil degradation, and water pollution. The over application of fertilizers

and pesticides contribute to climate change through greenhouse gas emissions (GHG)

and toxic soil depositions. At this crucial time, there is a pressing need to transition to

more sustainable crop production practices, ones that concentrate more on promoting

sustainable mechanisms, which enable crops to grow well in resource limited and

environmentally challenging environments, and also develop crops with greater resource

use efficiency that have optimum sustainable yields across a wider array of environmental

conditions. The phytomicrobiome is considered as one of the best strategies; a better

alternative for sustainable agriculture, and a viable solution to meet the twin challenges

of global food security and environmental stability. Use of the phytomicrobiome, due

to its sustainable and environmentally friendly mechanisms of plant growth promotion,

is becoming more widespread in the agricultural industry. Therefore, in this review, we

emphasize the contribution of beneficial phytomicrobiome members, particularly plant

growth promoting rhizobacteria (PGPR), as a strategy to sustainable improvement of

plant growth and production in the face of climate change. Also, the roles of soil

dwelling microbes in stress amelioration, nutrient supply (nitrogen fixation, phosphorus

solubilization), and phytohormone production along with the factors that could potentially

affect their efficiency have been discussed extensively. Lastly, limitations to expansion and

use of biobased techniques, for instance, the perspective of crop producers, indigenous

microbial competition and regulatory approval are discussed. This review largely focusses

on the importance and need of sustainable and environmentally friendly approaches

such as biobased/PGPR-based techniques in our agricultural systems, especially in the

context of current climate change conditions, which are almost certain to worsen in

near future.
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INTRODUCTION

To feed a dramatically growing world population, agricultural
output must increase by 50% to sustain ∼9 billion people
by 2050 (Alexandratos and Bruinsma, 2012). However, as
the intensification of food production increases, the over-
application of chemical fertilizers (Canfield et al., 2010) and
the exploitation of arable land (Pastor et al., 2019) contribute
further to greenhouse gas (GHG) emissions (Smith et al., 2013)
and climate change (Richardson et al., 2012). The agricultural
output response to climate change, setting aside any possible
compensation due to increasing CO2 levels, is 17% (Nelson
et al., 2014). In addition to reducing crop productivity, climate
change is also resulting in higher prices of agricultural products,
increasing the risk of food insecurity for 77 million people
by 2050 (Janssens et al., 2020). Climate change has caused
significant yield losses to major cereal crops with about 3.8 and
5.5% yield reductions for maize and wheat, respectively (Lobell
et al., 2011; Lipper et al., 2014). Climate change is rearing up,
and with it, significant increases in global temperature, and
occurrence of other abiotic stresses that are adversely affecting
crop productivity. In such a situation, sustainable practices and
the application of environmentally friendly technologies can
help break this feedforward loop by improving resource use
efficiency and increasing yield under a range of more extreme
environmental conditions (Pareek et al., 2020), with the aim to
improve healthy food production while reducing unsustainable
inputs, thereby controlling extreme climatic conditions, and to
improve soil health by sequestrating soil carbon, maintaining soil
organic matter and inorganic nutrients (Drost et al., 2020). Some
plants may grow reasonably well under more extreme growth
conditions as they have evolved the plasticity to manage these
variations. However, the productivity of most agricultural plants
will decline, asmore extreme environmental pressures will exceed
their capacity to respond to stress. The rhizosphere, rhizoplane,
and endosphere, the soil near the roots, the root surfaces,
and the spaces between plant cells, respectively, are the plant-
influenced areas with the greatest microbial diversity (Reinhold-
Hurek et al., 2015); it affects plant growth and crop productivity,
and has vital effects on carbon sequestration and the capacity
for phytoremediation (Ojuederie and Babalola, 2017; Berlanas
et al., 2019). Importantly, in the entire ecosystem, bacterial
community composition is significantly co-related to soil
properties; this is important as microbial abundance can mediate
GHG emission (Ho et al., 2017). Moreover, the microbes living
in rhizosphere contribute to efficient carbon cycling between
the soil and the atmosphere and can reduce the loss of soil
carbon through their metabolic activity (Bardgett et al., 2008).
Host plants and soil properties, among other environmental
conditions, have substantial influences on rhizosphere microbial
diversity and abundance (Qiao et al., 2017). Importantly, it
has been reported that a group of beneficial microbes, part
of the phytomicrobiome, not only contribute to crop yield
improvement but also enhance plant ability to resist biotic/abiotic
stresses (Backer et al., 2018; Lyu et al., 2020). Beneficial
phytomicrobiome members, including plant growth promotion
rhizobacteria (PGPR), enhance plant growth by improving

nutrient absorption, producing phytohormones, and releasing
antibiotics to manage biotic stress (Lyu et al., 2020; Sindhu et al.,
2020). The plant host and its associated phytomicrobiome are
defined as the holobiont (Simon et al., 2019; Lyu et al., 2021); the
unique opportunities that reside with plant-associated microbes
have been recognized for several decades. More recently, the
focus of this synergistic relationship has been shifting to the
signal exchange aspect. Root exudates, including organic acids,
sugar, vitamins, and other molecules, affect the abundance and
behavior of plant-associated microbes (Huang et al., 2019).
Reciprocally, the growth of host plants depend on microbe-to-
plant signals (Ortíz-Castro et al., 2009). In this way, utilization
of phytomicrobiomes (microbial inoculation, signal exogenous
application) can be deployed to achieve the goal of establishing
a more sustainable and resilient agricultural production system
without additional chemical fertilization application.

This work aims to understand the microbe-microbe and
plant-microbe interactions, including those mediated by signal
exchange, and estimate the role of beneficial microbes, especially
PGPR, as a sustainable approach to improving crop production.
The need for development of a general formulation of
this technology for global application against the challenges
associated with climate change is also addressed.

PGPR—AN ALTERNATE APPROACH FOR
SUSTAINABLE CROP PRODUCTION

The global food production gains in the 20th century after
the green revolution was primarily based on two general
areas of advance: chemical inputs (commercial fertilizers and
pesticides) and genetic modifications through targeted breeding
and gene manipulation. However, the continuous use of
chemical fertilizers and pesticides, and their subsequent adverse
effects on the environment have changed thinking around
this. Scientists are approaching different techniques that could
sustainably increase crop production including the utilization of
phytomicrobiome members, which is now being recognized as
a “fresh” green revolution (Lyu et al., 2020). The application of
beneficial microbes on food crops has been studied extensively,
however, their implementation in the field is very limited.
The incorporation of phytomicrobiome members in agricultural
systems as a sustainable approach for disease management and
nutrient supplements could reduce the negative effects associated
with the excess application of chemical inputs (fertilizers and
pesticides) (Antar et al., 2021b). In addition, phytmicrobiome
members have been employed as an effective strategy to mitigate
certain biotic and abiotic stresses that could affect crop growth
and production (Khan et al., 2020) (Figure 1).

Direct Mechanisms
Nutrient Acquisition

Nitrogen Fixation
Nitrogen (N) is one of the most important mineral nutrients for
plants as it is an integral part of most of the plant physiological
processes including photosynthesis and protein synthesis (Alori
et al., 2017). Nitrogen, in the form of dinitrogen, makes up 79%
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FIGURE 1 | Plant growth promoting rhizobacteria (PGPR) and plant interactions in rhizosphere.

of the earth’s atmosphere, however, due to its triplet covalent
bond, it has a very low level of reactivity, and can’t be used
directly by the plants. Nitrogen fertilizers, as the most efficient
way of nitrogen supplement, have become a fundamental part
of our crop production and agricultural systems, however, their
continuous and ineffective excessive use is directly or indirectly
contributing to the climate change by contaminating the
environment through eutrophication, lethal emissions into the
atmosphere or toxic deposition in ground water and other water
bodies. It is estimated that only around 50% of added nitrogen is
recovered by cropping systems (Bouchet et al., 2016), however,
the remaining unavailable 50% stays in the soil as organic
complexes (∼98% of the total soil nitrogen) or escapes through
volatilization, leaching and runoff. Although, CO2 is considered
as the main culprit in climate change, nitrous oxide (N2O); being
265 times more effective at heat trapping than CO2 (Pep, 2019),
is also a very important contributor. Therefore, alternatives
should be considered that could sustainably increase nitrogen use
efficiency (NUE) or at least reduce the fertilizer inputs for some
extent. The members of phytomicrobiome, not all perhaps, have
the capability to substantially reduce the need for soil nitrogen
supplements either by fixing atmospheric nitrogen directly
through legume-rhizobium interaction or indirectly, by assisting
the nitrogen fixers through their secretions (Naamala and
Smith, 2020). Nitrogen fixers are basically categorized into two
major groups; the symbionts and the free-living nitrogen fixers,
solely based on their type of association developed with plants.
The symbiotic nitrogen fixers which include genera such as:

Rhizobium, Sinorhizobium, Azoarcus, Mesorhizobium, Frankia,
Allorhizobium, Bradyrhizobium, Burkholderia, Azorhizobium,
and someAchromobacter strains (Babalola, 2010; Pérez-Montaño
et al., 2014; Turan et al., 2016). The more notable bacterial genera
of free living nitrogen fixers are: Azoarcus, Herbaspirillum.,
Gluconacetobacter, Azospirillum, and Azotobacter (Vessey, 2003).

These microorganisms utilize a substantial amount of energy
to reduce the atmospheric nitrogen into available forms. For each
mole of nitrogen fixed, 16 moles of ATP are required, and this
energy primarily comes from oxidizing the organic molecules.
To obtain these energy rich molecules, the non-photosynthetic
nitrogen fixers completely rely on other organisms, while,
photoautotrophic microorganism use sugars, produced by
photosynthesis. In addition to the associated and symbiotic
nitrogen fixing microorganisms; the most dominant and
extensively studied group of nitrogen-fixing PGPMs, obtain these
compounds from their host in exchange for the nitrogen fixed
(Wagner, 2011). Total N2 fixation in the world is estimated to be
∼175 Tg, of which symbiotic nitrogen fixation in legumes counts
for ∼80 Tg by fixing 20–200 kg N fixed ha−1 yr−1, and the other
near half is industrially fixed while producing N fertilizers (∼88
Tg) (Hillel, 2008). Symbiotic nitrogen fixation begins with the
crosstalk between nitrogen-fixing bacteria (e.g., rhizobia) and the
host plant (legume) in the form of signal compounds, which will
eventually lead to the formation of specialized structures (root
nodules) where atmospheric nitrogen is reduced into available
forms (primarily NH3) (Naamala et al., 2016). More than 70 %
of legumes develop symbiotic relationships with rhizobia, and fix
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up to 200Kg N ha−1. Legumes usually don’t require nitrogen
supplements, as they don’t respond to fertilizers as long as they
are capable of fixing atmospheric nitrogen, through symbiotic
relationships with microbes, except for extensive application
of N-fertilizers, which cause them reduce or completely shut
down their nitrogen fixation because exploitation of the supplied
fertilizer requires less energy than fixation of N2 from the
atmosphere. In addition to legumes, several studies of PGPRs
have demonstrated that their application can reduce required
application rates of chemical fertilizers to non-legumes. For
example, PGPR inoculants on tomato coupled with application
of 75% of the recommended N fertilizer rate, resulted in
similar plant growth, yield and nutrient uptake, as compared to
recommended fertilizer rate without PGPR inoculation, allowing
a 25% reduction in chemical fertilizer supplementation. In
addition, the co-inoculation of PGPR with AMF reduced the
fertilizer input by 30% without any reduction in plant growth
or yield (Adesemoye et al., 2009). Similarly, PGPR application
with 80% of the recommended rates of nitrogen and phosphorus
increasedmaize yield and biomass production by 11.7 and 17.9%,
respectively, indicating a 20% reduction in fertilizer nitrogen and
phosphorus input without hampering the growth and production
of maize (Sood et al., 2018).

Phosphorus Solubilization
Phosphorus (P) is the second most highly required
macronutrient required by plants, after nitrogen (Azziz
et al., 2012; Tak et al., 2012). The total phosphorus content in soil
has been reported to be in between 0.05 and 0.06%, but only 0.1%
of that is available to plants because of its poor solubility, and its
affinity with the soil matrix and organic complexes. Traditionally,
to address phosphorus deficiencies, phosphorus-based fertilizers
have been effectively adopted to recharge soil phosphorus,
which is immediately available to plants. However, phosphorus
supplementation through commercial fertilizers is an expensive
approach, and the phosphorus often becomes unavailable to
plants as it can readily be lost from the soil, and then can mix
into local waterways and contaminate terrestrial and aquatic
environments (Adesemoye and Kloepper, 2009).

Many beneficial microorganisms, including bacteria and
fungi living in the soil, and those associated with plant roots
are capable of solubilizing otherwise insoluble soil phosphorus
(Bechtaoui et al., 2020). Phosphorus solubilizing bacteria (PSB)
has been reported to reduce required P dosage by 25% (Sundara
et al., 2002), and its influence increases when co-inoculated
with other PGPR or AMF, as suggested by a 50% reduction in P
supplementation (Khan et al., 2009). The principal mechanism
followed by almost all phosphorus solubilizing microbes is
to produce metabolites, mostly organic acids, in the form of
gluconic and keto gluconic acids, which through their hydroxyl
and carboxyl groups chelate the cations bound to phosphate
(Bates and Lynch, 2001; Vassilev et al., 2006; Heydari et al.,
2007), thereby solubilize the insoluble phosphorus into the soil
solution, and make it accessible for plant uptake (Riaz et al.,
2021). There is an array of phosphorus solubilizing bacteria
that are capable of mobilizing forms of phosphorus, which
are poorly accessible. These taxa include Bacillus circulans,

Agrobacterium spp, Pseudomonas spp (Babalola and Glick,
2012), Bacillus (Raj et al., 2014), Rhizobium (Tajini et al.,
2012), Paenibacillus (Bidondo et al., 2011), Burkholderia (Istina
et al., 2015), Azotobacter (Kumar et al., 2014), Enterobacter,
and Erwinia (Chakraborty et al., 2009). Similarly, the most
efficient phosphate solubilizing fungi (PSF) are generally
strains of Alternaria, Achrothcium, Aspergillus, Cephalosporium,
Arthrobotrys, Curvularia, Cladosporium, Rhizopus, Chaetomium,
Cunninghamella, Glomus, Helminthosporium, Fusarium,
Micromonospora, Mortierella, Myrothecium, Penicillium,
Phoma, Pythium, Pichia fermentans, Populospora, Rhizoctonia,
Trichoderma, and many others (Srinivasan et al., 2012; Sharma
et al., 2013).

Potassium Solubilization
Many microorganisms, especially fungal and bacterial species,
are involved in mutual intimate relationships with plants and are
able to solubilize potassium (K) in the soil (Gundala et al., 2013;
Setiawati and Mutmainnah, 2016). The first study on potassium
solubilization (Muentz, 1890) demonstrated the role of
microorganisms in solubilizing potassium bearing rocks. A broad
range of K-solubilizing microbes including, Bacillus edaphicus
(Sheng and He, 2006), Bacillus megaterium, Arthrobacter sp.
(Keshavarz Zarjani et al., 2013), and Paenibacillus glucanolyticus
(Sangeeth et al., 2012) have been shown to release potassium from
insoluble and fixed forms of K minerals by degrading silicate
minerals. Studies carried out on the effects of plant growth
promoting microbes (PGPM) on plant growth promotion
revealed that the growth promotion was linked to increased
potassium availability, related to secretion of organic acids by
the K-solubilizing microorganisms (Badr et al., 2006; Sheng and
He, 2006). Organic acids such as oxalate, citrate, acetate, ferulic
acid and coumaric acid produced by microorganisms present in
the soil increases the mineral dissolution rate and production
of protons through acidification of the soil rhizosphere leading
to the solubilization of mineral K (Prajapati and Modi, 2012;
Setiawati and Mutmainnah, 2016). Thus, in order to achieve
biological development for sustainable agriculture, researchers
concluded that, the use of PGPM such as potassium solubilizing
bacteria (PSB) can be a reliable biofertilizer, enhancing plant
nutrient availability and so allowing reduced use of chemical
fertilizers (Vessey, 2003; Archana et al., 2012; Prajapati et al.,
2013).

Siderophore Production
Iron is a vital element for plants and other photosynthetic
organisms since it plays a pivotal role as an enzymatic cofactor for
various metabolic processes such as photosynthesis, amino acid
synthesis, respiration, nitrogen fixation, and oxygen transport.
Iron is one of the most abundant elements in the earth’s crust;
commonly exists in two oxidation states: Fe2+ and Fe3+; the
later of which is much less accessible to the plants due to
its formation of insoluble iron oxides/hydroxides (Zuo and
Zhang, 2011). Studies have revealed that some plant growth
promoting bacteria (PGPB) sequester iron from the soil by
releasing lowmolecular weight compounds (400–1,500Da). Such
iron-chelating compounds, siderophores, are able to bind ferric
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ions and ultimately make iron readily available for uptake by
plant cells (Dalcorso et al., 2013; Saha et al., 2013; Goswami et al.,
2016). In addition, siderophores secreted by PGPB have a much
higher affinity to sequester iron than those produced by fungi or
the plant itself (Saha et al., 2016).

Many microorganisms have been isolated and screened to
evaluate their ability to produce siderophores, from both marine
and terrestrial ecosystems (Sandy and Butler, 2009; Rezanka
et al., 2018). Over 500 terrestrial and marine siderophores,
with different chemical structures, have been identified so
far (Chu et al., 2010; Hider and Kong, 2010). These are
classified into four main groups: phenolates, hydroxamates,
pyoverdines and carboxylates (Daly et al., 2017). More than
90% of siderophore-producing bacterial isolates belong to
the gram-negative bacteria; Enterobacter and Pseudomonas
dominate; few gram-positive genera such as Bacillus and
Rhodococcus are able to produce siderophores - <2% of the
total (Tian et al., 2009). From a bioprospecting perspective,
studies suggest that most rhizobacteria, screened either from
soil or plant root tissues, have the capability to enhance
plant growth through siderophore production if inoculated
into iron deficient soils (Tian et al., 2009). Production of
siderophores by beneficial soil/plant associated microbes is also
an important mechanism in terms of biological control, by
outcompeting plant pathogens for iron sources, resulting in
restriction of iron availability to these deleterious plant pathogens
(Shanmugaiah et al., 2015).

Zinc Solubilization
Zinc (Zn) is an essential plant micronutrient, crucial for plant
growth and development, required in veryminute concentrations
ranging from 5 to 100mg kg−1 (Goteti et al., 2013). Zn
plays a pivotal role in plant growth as it is an essential
component of key plant physiological processes including
chlorophyl formation, and activation enzymes involved in auxin
and carbohydrate metabolism, synthesis of proteins, lipids and
nucleic acids (Krämer and Clemens, 2005), and in the context
of developing climate scenarios, it helps the plants withstand
more extreme environmental conditions, including drought
and extremes of temperature (Umair Hassan et al., 2020).
However, zinc in most of agricultural soils is either deficient
or exists in fixed forms in the soil, making it unavailable
to plants (Sadeghzadeh, 2013). As reported by the Food and
Agricultural Organization (FAO), more than 50% of the soils
around the world are zinc deficient (FAO, 2002), mainly due
to Zn association with naturally occurring mineral forms such
as zincite (ZnO), sphalerite (ZnFe), smithsonite (ZnCO3), zinc
silicates (ZnSiO3), willemite (ZnSiO4), and zinc sulfide (ZnS)
(Saravanan et al., 2011) which are generally unavailable for
plant uptake.

One way to alleviate Zn deficiency is the application of
inorganic fertilizers, although this comes with a degree of
environmental damage and, as indicated, much of it becomes
unavailable to plants. Perhaps a better strategy for overcoming
this problem is using plant growth promoting rhizobacteria
(PGPR), which are known for their role in solubilizing naturally
occurring cation bearing minerals. PGPR, have been shown to

solubilize unavailable forms of zinc through chelation, exchange
reaction mechanisms, acidification and dissolution processes
by secreting organic acids into the soil (Hussain et al., 2015).
Subramanian et al. (2009) reported both bacteria and fungi
to increase Zn nutrient availability in the rhizosphere by
solubilizing the unavailable forms of zinc. A number of studies
clearly demonstrate that inoculation of Zn mobilizing PGPR
significantly increase yield of cereal crops including, but not
limited to, maize (Goteti et al., 2013), wheat (Kutman et al., 2010;
Ullah et al., 2015; Kamran et al., 2017), and rice (Tariq et al., 2007;
Vaid et al., 2014).

As global food demand rises, due to increasing requirements
for staple crops to feed the dramatically growing population,
an increasing demand for pesticides and synthetic fertilizers is
required to increase crop productivity, but this has the potential
to lead to serious environmental problems. Although, we may
not be able to substitute mineral fertilizers with biofertilizers at
this time, we at least assure a significant reduction in chemical
and unsustainable inputs by incorporating beneficial microbes
into agricultural production, thereby contributing to climate
change mitigation.

Phytohormone Production by PGPR and
Plant Health
Root-associated microbes including symbiotic or endophytic
bacteria play a huge role in the production of plant growth
hormones (phytohormones) which influence seed germination,
development of root systems for better nutrient uptake,
development/elaboration of vascular tissue, shoot elongation,
flowering and overall plant growth (Sgroy et al., 2009; Antar et al.,
2021a). Several studies indicate the potential of enhanced plant
stress tolerance and growth promotion through hormones. These
include abscisic acid in corn (Sgroy et al., 2009), cytokinins in
wheat (Kudoyarova et al., 2014), auxin in rice and Lavandula
dentate (Pereira et al., 2016; Etesami and Beattie, 2017) and
gibberellins in cucumber, tomato, young radish and rice (Kang
et al., 2014). In plants, hormone levels can be modulated through
microbe-produced plant growth regulators, which exert effects
close to those of exogenous plant phytohormonal applications
(Egamberdieva, 2009; Turan et al., 2014). Microbe-produced
phytohormones such as auxins and cytokinins resemble plant-
synthesized phytohormones and regulate plant hormone levels
influencing photosynthetic processes to promote plant growth
and development, and activates defense responses to pathogens
(Backer et al., 2018).

Auxins are an important group of hormones for plant
growth and development. Indole Acetic Acid (IAA) is the
most commonly found and physiologically active phytohormone
in plants, active in upregulating and downregulating gene
expression. Shoot apical meristems of plants produce IAA in the
form of free/diffusible auxins and can be found in almost all
plant tissues (Maheshwari et al., 2015). It has been reported that
more than 80% of rhizospheric bacteria are able to synthesize
and release auxins. IAA production, which is common among
rhizospheric bacteria, involves several biosynthesis pathways,
and is carried out by a range of bacterial genera including
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Aeromonas, Azotbacter, Bacillus, Bradyrhizobium, Burkholderia,
Enterobacter, Mesorhizobium, Pseudomonas, Rhizobium, and
Sinorhizobium (Ahmad et al., 2008; Celloto et al., 2012;
Sharma et al., 2016; Cakmakci et al., 2020). In some cases,
a single bacterial strain produces IAA using more than one
pathway. These biosynthesis pathways can be independent of,
or dependent on, tryptophan, an important precursor molecule
for IAA (Kashyap et al., 2019), with pathways sourcing from
decomposed roots or exudates from bacterial cells (Spaepen et al.,
2007; Egamberdieva et al., 2017).

The ability of rhizospheric beneficial bacteria to synthesize
IAA under salinity stress conditions could play a crucial role
in balancing and regulating IAA levels in the roots, leading
to improved plant responses to salinity stress (Egamberdieva
et al., 2015). It has recently been reported that microbe-produced
IAA can enhance root and shoot biomass production under
water deficit conditions (Kumar et al., 2019). In addition to
IAA, various physiological processes regulating plant growth and
development can be controlled through many PGPR-synthesized
phytohormones such as indole lactic acid (ILA), indole-3-butyric
acid (IBA), indole-3-propionic acid (IPA), indole-3-pyruvic acid
(IPA), 2,4-dichlorophenoxy acetic acid (2,4-D) and 2-methyl-4-
chlorophenoxy acetic acid (MCPA) and tryptophol (TOL) (Ijaz
et al., 2019; Swarnalakshmi et al., 2020).

Cytokinins are another group of hormones influencing plant
growth and development by regulating physiological processes
involved in seed germination, cell division, apical dominance,
root and shoot growth, flower and fruit production, leaf
senescence, interactions of plants with pathogens, nutrient
mobilization and assimilation (Egamberdieva et al., 2015; Akhtar
et al., 2020). It has been reported that cytokinin alone or
through its interactions other phytohormones, such as auxin
and abscisic acid, could promote the growth of salt stressed
plants, enhancing tolerance by altering gene expression (Kang
et al., 2012; Kunikowska et al., 2013). Like auxins, PGPR such
as Arthrobacter, Bacillus, Azospirillum and Pseudomonas have
been reported to synthesize cytokinins, causing their positive
impacts on root system. Cytokinin producing PGPR are not
only important for promoting plant growth and development,
but are effective biocontrol agents against various pathogens
as well (Naz et al., 2009; Maheshwari et al., 2015). It is well-
documented that plants and plant-associated microorganisms
contain more than 30 growth-promoting cytokinin compounds
released at various concentrations (Hayat et al., 2012; Amara
et al., 2015).

In the past two decades, several studies have reported the
effects of cytokinin producing PGPR on root system architecture,
plant growth and tolerance to biotic and abiotic stresses including
drought (Arkhipova et al., 2007; Dodd et al., 2010; Egamberdieva
et al., 2015), salinity (Naz et al., 2009; Zhou et al., 2017;
Cordero et al., 2018), bacterial pathogens (Naseem et al., 2014;
Grosskinsky et al., 2016; Spallek et al., 2018; Dermastia, 2019),
fungal pathogens (Mishra et al., 2018; Spallek et al., 2018; Vrabka
et al., 2019) and insect pests (Giron and Glevarec, 2014; Brutting
et al., 2018; Zhang et al., 2018).

Indirect Mechanisms
PGPR Derived Crop Tolerance Against Abiotic

Stresses
As the climate change conditions continue to develop, more
extreme environmental conditions are becoming more frequent,
for example, drought, salinity, high and low temperatures,
heavy metal toxicity, and nutrient deficiency, which can cause
extensive annually reductions in overall crop production, yield
and quality worldwide (Acquaah, 2009; Awasthi et al., 2014;
Shrivastava and Kumar, 2015; Mishra et al., 2017). Climate
change has aggravated the frequency and intensity of abiotic
stresses, specifically drought and high temperature, causing
remarkable losses in principal cereal species such as wheat,
maize, and barely (Lobell and Field, 2007; Vogel et al., 2019). A
recent heat wave and drought resulted in a reduced crop yield
which caused a lack of fodder across the European countries
(Mazumdaru, 2018). A co-occurrence of different abiotic stresses
affecting crops in field environments is unfavorable for plant
growth, development, and production (Mittler, 2006). High
levels of soil salinity and drought, and their subsequent
secondary effects including osmotic, oxidative and ionic stress,
are considered to be major hindrances of agriculture output
(Kaushal and Wani, 2016). When plants encounter stressful
conditions, internal metabolism is disrupted by metabolic
enzyme inhibition, substrate scarcity, excess demand for various
compounds, or a combination of these factors. Hence, metabolic
reconfiguration is obligatory to meet the requirements for anti-
stress agents including compatible solutes, antioxidants, and
proteins to resist unfavorable conditions (Obata and Fernie,
2012). Advances in molecular studies have identified signal
transduction pathways and characteristics of underlying plant
stress responses mechanisms, highlighting several physical,
biochemical, and physiological changes by each stress elicitors.
Implementing a sustainable strategy to improve plant resistance
against such environmental limitations is of great importance
to secure and optimize global food production. One of the
eco-friendly approaches is the application of PGPR and/or
their byproducts (Mayak et al., 2004; Bano and Fatima, 2009;
Piccoli and Bottini, 2013; Zafar-Ul-Hye et al., 2014; Qin et al.,
2016; Abd El-Daim et al., 2019; Ipek et al., 2019), which
can sustainably assist the plants to withstand the extreme
environmental conditions (Table 1).

PGPR mediated plant osmolytes homeostasis results from
accumulation of specific solutes, including proline, sugars,
polyamines, betaines, polyhydric alcohols, and other amino
acids, and plays a major role in retaining turgor-driven cellular
swelling to withstand osmotic stress resulting from drought
and high levels of soil salinity (Vurukonda et al., 2016). PGPR
discharge osmolytes, which work in combination with those
produced by plants, to synergistically maintain plant health
by improving plant growth and development (Sandhya et al.,
2010; Vardharajula et al., 2011). Inoculation of maize with
three PGPR strains caused increased choline and glycine betaine
accumulation and leaf relative water content, resulting in plant
resistance and growth under drought conditions (Gou et al.,
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TABLE 1 | Crop abiotic stress amelioration by PGPR.

Stress type PGPR Crop Mode of action References

Salinity Paenibacillus mucilaginosus Soybean (Glycine max) Volatile organic compounds

produced by bacteria reduced Na+

ions in root and shoot and increased

proline content in root

Ma et al., 2018

Drought and

salinity

Arthrobacter protophormiae (SA3) and

Dietzia natronolimnaea (STR1)

Wheat (Triticum aestivum L.) Increasing IAA, reducing ABA and

ACC level, adjusting expression of

ethylene signaling regulatory

compartment (CTR1) pathway and

DREB2 transcription factor

Barnawal et al., 2017

Drought Klebsiella variicola F2 (KJ465989)

Raoultella planticola YL2 (KJ465991)

Pseudomonas fluorescens YX2

Maize (Zea mays) Induced accumulation of

glycinebetaine and choline led to

decline in water loss

Gou et al., 2015

Drought The single inoculant of RAA3 (Variovorax

paradoxus) and a consortium inoculant of

four bacteria Pseudomonas palleroniana,

(Pseudomonas fluorescens,

Pseudomonas palleroniana)

Finger millet (Eleusine

coracana)

Producing ACC deaminase and

increased ROS assisted in drought

stress toleration

Chandra et al., 2020

Drought and heavy

metals

Rhizobium leguminosarum bv. viciae Pea (Pisum sativum L.) ACC deaminase increased

nodulation, shoot biomass, water use

efficiency and nutrient uptake

Belimov et al., 2019

Drought stress Pseudomonas azotoformans FAP5 Wheat (Triticum asetivum) Biofilm development improved

morphological and physiological

attributes

Ansari et al., 2021

High temperature Bacillus safensis (NCBI JX660689) and

Ochrobactrum pseudogrignonens (NCBI

JX660688)

Wheat (Triticum aestivum L.) Enhanced antioxidant signaling and

reduced chloroplast and membrane

injury

Sarkar et al., 2018

TABLE 2 | PGPR derived crop biotic stress tolerance.

PGPM Biotic stress Crops References

Pseudomonas putida and Rothia sp Spodoptera litura Solanum lycopersicum Bano and Muqarab, 2017

Bacillus amyloliquefaciens (SN13) Rhizoctonia solani Oryza sativa Srivastava et al., 2016

Rhizobium etli strain G12 Aphis gossypii Glover Cucurbita pepo Martinuz et al., 2012

Peanibacillus lentimorbus B-30488 cucumber mosaic virus Nicotiana tabacum cv White

burley

Kumar et al., 2016

Pseudomonas sp. 23S Clavibacter michiganensis Solanum lycopersicum L Takishita et al., 2018

Tricoderma koningiopsis Th003 WP Fusarium oxysporum Physalis peruviana Díaz et al., 2013

Pseudomonas chlororaphis R47 Phytophthora infestans Solanum tuberosum Dixit et al., 2016

Bradyrhizobium japonicum NCIM 2746 Rhizopus sp. and, Fusarium sp Glycine max L Khandelwal et al., 2002

Pseudomonas fluorescens Pythium ultimum Gossypium sp Hassen et al., 2016

Pseudomonas aeruginosa 7NSK2 Pythium splendens Lycopersicon esculentum Buysens et al., 1996

Serratia plymuthica strain C-1,

Chromobacterium sp. strain C-61 and

Lysobacter enzymogenes strain C-3

consortium

Phytophthora capsici Cupsicum spp Kim et al., 2008

Pseudomonas fluorescens Fusarium graminearum Triticum aestivum (wheat)

cv. Tabuki

Moussa et al., 2013

Bacillus amyloliquefaciens LY-1 Peronophythora litchii Litchi (Litchi chinensis

Sonn.)

Wu et al., 2017

Corynebacterium agropyri (UPMP7) Pyricularia oryzae Oryza sativa Ng et al., 2016

Bacillus licheniformis sunflower necrosis virus disease Sunflower Srinivasan and Mathivanan, 2011

Streptomyces thermocarboxydus Fusarium wilt Solanum lycopersicum L Passari et al., 2019

Rhizobium leguminosarum Bean yellow mosaic virus (BYMV) Vicia faba Al-Ani and Adhab, 2013
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2015). In another study, application of a combination of PGPR,
compost, and mineral fertilizer caused higher levels of soluble
sugar and proline content, which enhanced the ability to
maintain membrane stability, chlorophyll content, and water
potential in wheat during stressful conditions (Kanwal et al.,
2017). Likewise, higher plant tolerance to water scarcity reported
in cultivars of rice inoculated with PGPR consortia was associated
with the accumulation of proline (Gusain et al., 2015).

PGPR Derived Crop Biotic Stress Tolerance
Biotic stresses, such as pests and diseases, are a common problem
in agricultural production and results in significant crop loss.
Increases in global temperature and changes in precipitation,
in some parts of the world, due to climate change, has led to
new crop pests and diseases (Naamala and Smith, 2020). Tools
such as biotechnology and plant breeding have been used to
address these pressures. Although successful outcomes have been
observed, plant breeding is a long process and developed cultivars
may succumb to new pests and diseases. PGPM can act as
biocontrol agents for plant protection against various pathogens
including fungi, bacteria, viruses and insects (Mishra et al.,
2015; Myresiotis et al., 2015; Ali et al., 2020). They have several
advantages compared to chemical pesticides, including being
safe for humans and the environment, degrading more easily in
soil and having lower potential to result in the development of
resistance in the pathogens (Berg and Smalla, 2009). Previous
literature has indicated the potential for disease reduction in
major crops, such as rice, wheat, and corn by using seeds treated
with microbial biocontrol agents (Heydari et al., 2007; Karthiba
et al., 2010; Senthilraja et al., 2013). PGPM are a hopeful approach
that can complement or supplement existing integrated biotic
stress management practices, such as crop rotation, cautious
and limited use of chemicals, as well as plant breeding and
biotechnology. Research has shown a number of promising
PGPM strains for use in pathogen biocontrol (Table 2), some of
which have already been commercialized (Alizadeh et al., 2013;
Moussa et al., 2013; De Vrieze et al., 2018; Zhao et al., 2018),
as single strains or as a consortium. For instance, Trichoderma
harzianum Tr6, and Pseudomonas sp. Ps14, enhanced cucumber’s
resistance to Fusarium oxysporum f. sp. radicis cucumerinum
through induced systemic resistance (ISR) (Alizadeh et al., 2013).
Pseudomonas fluorescens and Bacillus subtilis were reported to
reduce the negative effects of Fusarium graminearum on wheat
(Moussa et al., 2013). Bacillus cepacia mitigated the effect of
Fusarium oxysporum and Fusarium culmorum in potato under
storage conditions (Recep et al., 2009). Pseudomonas migulae
Pf014 and Bacillus amyloliquefaciens Bs006 were reported to
mitigate the effects of Fusarium oxysporum in cape gooseberry
(Díaz et al., 2013). Bacillus and species, such as Bacillus subtilis
(Sneb 815), Pseudomonas putida (Sneb 821), and Pseudomonas
fluorescens have been reported to affect the growth cycle of
Meloidogyne incognita (Zhao et al., 2018; Viljoen et al., 2019).
A consortium of Fusarium oxysporum Fo162 and Rhizobium etli
induced systemic resistance to Aphis gossypii (Martinuz et al.,
2012). Bacillus subtilis slowed the growth of Bemisia tabaci in
tomato plants.

Consortia are believed to be more effective at controlling
biotic stress (Alizadeh et al., 2013; Zhao et al., 2018) than single
inoculants. Although this has been shown in some research,
others have shown the contrary. Therefore, more research is
needed to come to a sound conclusion. However, consortia have
some advantages over single strains which may lead a better
efficiency. For instance, microbial species may synergistically
interact and confer benefits to each other (De Vrieze et al.,
2018; Zhao et al., 2018). Such benefits may include production
of secondary metabolites such as exopolysaccharides that might
render the non-producing strain resistant to stress (Mehnaz,
2016), or the breakdown of substrates to forms that other
members of the consortium can use (Bender et al., 2016).
Perhaps this may explain why ineffective strains sometimes
become effective in a consortium. For instance, in an experiment
conducted by Santhanam et al. (2015), two bacterial strains with
insignificant effects on reducing mortality in tobacco due to
sudden wilt pathogens, became effective upon inclusion in a
consortium with three other bacteria (Santhanam et al., 2015).
However, some PGPM may be inefficient in a consortium but
efficient as single strains (Zhao et al., 2018). In conclusion, it is
not always true that PGPM in a consortium will perform better
than single strain.

PGPM employ a number of mechanisms to mitigate biotic
stress. They include direct mechanisms such as hyper parasitism
and the production of substances such as antibiotics, which
antagonize the pathogen (De Vrieze et al., 2018), as well as
indirect mechanisms such as ISR (Alizadeh et al., 2013; Martínez-
Medina et al., 2017; Romera et al., 2019) and competition for
nutrients and niche space (Recep et al., 2009; Vanitha and
Ramjegathesh, 2014; Tripathi et al., 2018). ISR enables the whole
plant to develop more resistance to pathogens. ISR is largely a
jasmonic acid and ethylene dependent pathway, that can function
without the pathogenesis-related (PR) gene (Romera et al., 2019)
although the signaling pathway may be PGPM and host plant
species dependent (Alizadeh et al., 2013). It can be induced by
transcription factor MYB72, hormones, and signal molecules
such as auxins and nitric oxide (Zamioudis et al., 2015; Martínez-
Medina et al., 2017; Romera et al., 2019). The process through
which PGPM elicit ISR is not yet fully understood, although
it is suggested that volatile organic compounds and microbe
associated molecular patterns (MAMPS) are some of the major
elicitors (Martínez-Medina et al., 2017; Tyagi et al., 2018).

Production of defense enzymes such as 1-
aminocyclopropane1-carboxylate (ACC) deaminase has also
been reported as a mechanism through which PGPM mitigate
biotic stress (Toklikishvili et al., 2010; Dixit et al., 2016). PGPM
may also attract natural enemies of the pathogen, thereby
indirectly controlling the biotic stress (Schausberger et al.,
2012; Alizadeh et al., 2013; Pangesti et al., 2015). There are also
incidences where a biocontrol agent did not have a significant
effect on the biotic stress response but increased crop yield in
their presence. For instance, increased yield, in the presence of
aphids was observed in bell pepper plants treated with Bacillus
subtilis and Bacillus amyloliquefaciens (Herman et al., 2008). This
may particularly be of interest in areas where the biotic stress has
become unresponsive to other control and management options.

Frontiers in Sustainable Food Systems | www.frontiersin.org 8 July 2021 | Volume 5 | Article 667546

https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles


Shah et al. Phytomicrobiome: Crop Climate Change Resiliance

A PGPM may possess one or more mechanisms of biocontrol.
For instance, species from genres Bacillus, Pseudomonas,
Alcaligenes, Rhizobium, Aeromonas, and Streptomyces have been
identified as biocontrol agents, and their ability to control plant
pathogens have been well-documented (Ahmad et al., 2008;
Alemu, 2016; Das et al., 2017; Zachow et al., 2017; Abdelmoteleb
and González-Mendoza, 2020). These biocontrol agents produce
biological compounds (secondary metabolites) that have broad
spectrum effects, which may cause beneficial activity against
plant pathogens. Among these, hydrogen cyanide (HCN)
produced by many biocontrol agents has activity against a wide
range of plant pathogens. HCN, sometimes referred to as prussic
acid, is a volatile broad-spectrum secondary metabolite produced
by many rhizobacteria; it plays a crucial role in biological
control of many pathogenic bacteria in the soil. For example,
the suppression of sunflower charcoal rot and tomato root knot
diseases caused by Macrophomina phaseolina and Meloidogyne
javanica, respectively, was attributed to the production of HCN
secreted by bacterial strains (Siddiqui et al., 2006; Reetha et al.,
2014). In addition, Vanitha and Ramjegathesh (2014) observed
siderophore, antibiotic, and HCN production in Pseudomonas
fluorescens species which affected proliferation ofMacrophomina
phaseolina (Tassi) Goid. Production of ACC- deaminase is
believed to be the mechanism by which Paenibacillus lentimorbus
B-30488 (B-30488) mitigates Scelerotium rolfsii in tomato (Dixit
et al., 2016). Recent studies show that HCN may promote plant
growth by hindering plant pathogens. The inhibition process
starts in mitochondria where HCN disrupts electron transport to
reduce energy supply to the cell, eventually leading to the death
of pathogenic organisms.

Research in biocontrol is still on going and better strains
will be discovered while existing ones may be improved. Use
of microbial compounds either together with microbial cells
or independently, is already a research area of interest. Such
researchmay be able to solve some of the shortcomings associated
with use of biocontrol technology, such as inconsistencies
observed under field conditions. With some shortcomings of
biocontrol addressed, the phytomicrobiome can be a good
resource for mitigating biotic stress, particularly amidst the threat
of climate change.

FACTORS LIMITING SOIL MICROBIAL
STABILITY AND PERFORMANCE

As climate change conditions continue to develop, we anticipate
more frequent occurrences of extreme environmental limitation,
making life stressful for living beings including microbes.
The role of the phytomicrobiome in promoting plant growth
under optimal and/or challenging environmental conditions is
considerable. The incorporation of phytomicrobiome members
into agricultural systems is an important and sustainable
climate change mitigation strategy. However, there are certain
factors that could substantially limit microbial efficiency,
particularly under field conditions. Existing studies on plants
and their associations with phytomicrobiome members, have
demonstrated one perspective regarding these relationships, for

example, the plant (host) and a specific associated microbe have
generally been the sole focus. We have rarely considered how this
association is affected by other members of the phytomicrobiome
community, and what other factors need to be considered
before incorporating biological techniques into natural growth
conditions. In this section, we discuss some of the major factors
that could adversely affect PGPR efficiency predominantly when
exposed to natural soil conditions (Figure 2).

Soil Temperature
Soil temperatures, as a consequence of developing climate
change conditions, have gradually continued to rise (Zhang
et al., 2019) making it increasingly difficult for living beings
to survive, including those living in close association with
the plants. Microbes, like all other forms of life, depend on
optimum temperature for optimal proliferation, community
diversity and physiological activities (Wu et al., 2010). Under
extreme temperatures both plants and their associated microbial
community suffer from extreme heat and cold stress (Khare
and Arora, 2015; Zhang et al., 2020), which in turn, trigger
physiological response mechanisms (Ma et al., 2018) in order
to survive non-optimal temperatures. Perhaps, the variations
in the temperature and its effects on PGPR-plant interactions
may result in positive or negative outcomes. Soil warming
significantly increases microbial respiration as well as mortality
rate (Wu et al., 2010; Schindlbacher et al., 2011) resulting in
potential ineffectiveness of PGPR. For instance, some rhizobia
are able to produce nodules while tolerating heat stress (Gray
and Smith, 2005), however, their efficiency might still be
affected by high temperatures. High temperatures are also
associated with reductions in plant root hairs. As a result,
there is reduced surface area for plant microbe interactions in
the soil.

Some PGPR thrive under low temperatures and their ability
to enhance plant performance under cold temperatures is being
more widely exploited (Pedranzani et al., 2016; Liu et al., 2017;
Ghorbanpour et al., 2018) but the overall understanding of their
potential and mechanisms is still incomplete, due to variations
related to the plant species the PGPR were isolated from. Studies
have shown that PGPR isolated from areas of high temperatures
are best adapted to high temperatures (Gray and Smith, 2005)
and vice versa. Sometimes microbes can persist at temperatures
as high as 45◦C (Ali et al., 2011) but functionality as PGPR may
be lost as it may be expending much of its energy responding
to the very challenging external environment. Similarly, at low
temperatures metabolic activities of cells are reduced, leading to
inhibition of normal activities as reported for Bradyrhizobium
japonicum at 15◦C (Antoun and Prévost, 2005). Furthermore,
low rhizosphere temperatures have been reported to inhibit
synthesis and release of plant-to-PGPR signaling compounds
(Pan and Smith, 1998) which hinders effective engagement in
the early stages of symbiotic associations. The fact that higher
and lower temperatures have shown effects on the efficacy of
PGPR (Dutta and Podile, 2010; Wu et al., 2010) suggests that
temperature has substantial impact on gene expression by these
microorganisms. This further cautions that PGPR should be
evaluated for their suitability at specific soil temperatures, and
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FIGURE 2 | Constraints to PGPR efficiency and stability.

probably other soil attributes, to achieve the intended results
after application as climate change continues to increase global
temperature fluctuation.

Varying Soil pH and PGPR Responses
In soil, the nutrient variability and availability to both plants
and microbes is strongly affected by soil pH. pH is the measure
of hydrogen cation concentration in the soil colloidal solution
(Neina, 2019), which affects most chemical reactions in the
soil. Microbial community and population dynamics have been
shaped by pH variation in the soil. As a result, acidic soils
are dominated by Acidobacteria (Shen et al., 2013), while
Actinobacteria increasingly dominate in more alkaline soils
(Jeanbille et al., 2016). The major effect of pH on the cell is
the disruption of protein functioning (Hyyryläinen et al., 2001;
Puissant et al., 2019). A very slight change in pH interferes with
amino acid functional group ionization and impairs hydrogen
bonding. This results in a change in protein folding leading to
denaturation and cessation of enzymatic activities (Booth et al.,
2002; Puissant et al., 2019).

Most rhizospheric microbes and plants share similar optimum
pHs (near 6.0) for growth and survival. Environments with lower
and higher pHs require microbes to adjust their biochemical
properties; activities allowing adaptation to more extreme pH
conditions may lead to altered microbial community structure
(Roe et al., 1998). However, the relationship between these
microbial survival mechanisms and plant growth promotion
is not well-understood, and may result in positive or negative
effects. Major functions of cells such as nutrient acquisition,
cytoplasmic pH homeostasis, and protection of DNA and
proteins are largely affected by low pH (Booth et al., 2002).

Microorganisms can produce a thin biofilm composed of
polysaccharides and proteins, which buffers the cell from changes
in the pH (Wang et al., 2018), which may lead to reduced efficacy
for PGPR.

Soil Fertility
Nutrient availability in the soil plays a major role in the
maintenance of soil health and its productivity. Inherently less
fertile soils tend to have smaller PGPR populations (Bhattarai
et al., 2015) and the introduction of new microbes through
soil inoculation results in poor microbial colonization of the
area due to a lack of nutrients. Therefore, the efficacy of PGPR
depends not only on less competition for resources (Ashman and
Puri, 2013) and lower levels of antagonistic effects from other
microbes, but also on the availability of nutrients in the soil;
hence rapid rhizosphere colonization ultimately benefits the host
plant. However, a higher diversity of microbial taxa in fertile soils
results in a more complex inter- and intraspecies interactions
which permit suppression antagonistic microbes. Furthermore,
many studies of the legume-rhizobia symbiosis indicate that BNF
efficiency tends to decrease in soils with high levels of soil N
(Guinet et al., 2018; Romanyà and Casals, 2019). This emphasizes
that sometimes scarcity of resources/stress creates more demand
for the PGPR, to increase efficiency in assisting plants.

Host Specificity and Pre-association
Signals
Plant-microbe interaction is, in many cases, dictated by
host specificity, which limits broad spectrum application of
PGPR across many plant species. In the soil, where diverse
groups of microbes exist, a lack of specificity would result in
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higher competition among microbial taxa. Host plants—PGPR
interactions, in many cases, are specific (Figueiredo et al., 2010),
in part because their initial process of association involves signal
cross talk between partners (Chagas et al., 2018). Signaling
impacts PGPR efficacy in the soil in two main ways. Signaling
between plants and microbes (Kan et al., 2017) is essential for
the overall efficacy of many PGPR. Any alteration of the exudates
produced by plant roots and signal molecules produced by
microbes reduces the recognition of potential symbiotic partners.
Factors such as rhizosphere temperature, soil pH, and fertility are
all essential in plant and microbe growth and a deviation from
optimal conditions may result in the production of altered root
exudates and signaling compounds. Population related signal
exchange within bacterial taxa is termed quorum sensing (QS)
(Ryan et al., 2015; Smith et al., 2015; Kan et al., 2017; Chagas et al.,
2018). QS shapes the behavior of the microbial populations by
allowing or restricting interactions. N-acyl homoserine lactone
(AHL) was the first QS identified from gram-negative bacteria
(Eberhard et al., 1981). QS has a wide range of influences
on microbe-to-microbe interactions such as initiating virulence
and the production of antimicrobial compounds (Clinton and
Rumbaugh, 2016; Chagas et al., 2018). Furthermore, QS is
involved in plant-microbe interactions as well as microbe inter-
and intraspecies communications, which all have the potential to
affect plant growth and development (Clinton and Rumbaugh,
2016).

Most of this limited mutualistic association between plants
and their PGPR reduces the possibility of plants benefiting from
a wide range of microbes, which are either native, or new
to a specific environment (Figueiredo et al., 2010; Wandrag
et al., 2013). There is limited knowledge regarding promiscuity
(ability to associate with a wide range of plant species) of
PGPR, except for legume-rhizobia symbiosis (Keet et al., 2017).
Promiscuous PGPR, such as some rhizobia, in most cases have
shown inconsistent results in terms of efficacy (Labuschagne
et al., 2010). Due to the specificity of interactions, it is not
surprising to find that strains within the same species of PGPR
can show differences in their effectiveness when interacting with
the same host plant species (Dwivedi et al., 2015; Keet et al.,
2017).

Soil Microbial Biodiversity; Hostility and
Antagonism
There are many challenges associated with the introduction of
specific PGPR into a new environment, such as competition
and antagonistic effects of indigenous microbes (Clinton and
Rumbaugh, 2016). In the soil, competition is high as the result
of low nutrients and energy sources providing only about 5%
of required nutrients when compared to simulated laboratory
conditions (Ashman and Puri, 2013). Only meaningfully
competitive microbes are able to survive during constant vying
for nutrients, including carbon and nitrogen (Stengel and Gelin,
1998). Most studies hold the view that PGPR, to be ecologically
competent, must be able to colonize the plant environment,
while interacting harmoniously with indigenous microbes, to
improve plant growth (Trivedi et al., 2012). Therefore, the

efficiency of introduced PGPR meaningfully depends on the
diversity of the indigenous population. The introduced PGPR
may face antagonistic effects from the native soil microbes.
This is a common defensive mechanism for most of microbes,
against invasive microbes; some reports indicate that as much
as 90% of Actinomycete sp. isolated from the rhizosphere show
this behavior against Bradyrhizobium japonicum (Pugashetti
et al., 1982). Moreover, soil microbes could alter root exudate
characteristics leading to poor or no attraction of the inoculated
PGPR, reducing rhizoshpere colonization (Gupta Sood, 2003).

PGPR-BASED PRODUCTS: AN
ALTERNATIVE TO BYPASS FACTORS
LIMITING PGPR EFFICIENCY

The effectiveness of beneficial microbes; successful association
with the host and stability in the rhizosphere, is directly
associated with varying environmental conditions and host
related factors that could drastically affect microbial growth,
stability and efficiency with regard to interactions with plants and
other phytomicrobiome members. Considering the limitations
and uncertainties associated with the use of microbial strains,
alternate techniques that could bypass such limitations have
been introduced which could improve plant health directly by
stimulating plant growth or indirectly by helping other beneficial
microbes. For instance, the use of microbial compounds and/or
signals isolated from microbial cultures has shown promising
effects on crop production with or without microbial strains
under both stressed (drought and salinity) and unstressed
environmental conditions (Nazari and Smith, 2020). These
microbe-based compounds could be of different types with
specific chemical distinctions. For instance, many of the
known secreted microbial compounds are broad-spectrum non-
ribosomal antibiotics, metabolic by-products, organic acids, lytic
agents, and bacteriocins.

Growth stimulating compounds are usually excreted in
response to externally generated stimuli, for instance, a signal
received from the host plant, indicating nutrient deficiency
or other suboptimal environmental conditions, and affecting
microbial species in the rhizosphere (Nazari and Smith,
2020). However, the secretion of certain compounds does
not necessarily require a specific environmental condition or
an external stimulus. For instance, certain bacterial strains,
when cultured in artificial media, produced compounds and/or
signals that successfully promote plant growth, even in extreme
environmental growth conditions. Perhaps such microbe-based
compounds are able to provide benefit to a wider range of crop
species as compared to microbial strains themselves, with the
benefit of being unaffected by crop environmental conditions and
without the specificities associated with microbes.

However, the isolation, identification and eventual
commercialization of such compounds follow a very technical
and complex procedure, which primarily begins by the isolation
of plant associated “ecto” or endophytic microbes, respectively,
from the rhizosphere and plant tissues, particularly from roots.
This could be achieved through bioprospecting, the sampling of
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FIGURE 3 | Roadmap to the commercialization of biobased products.

plants or soil from a range of habitats, followed by immediate
microbial isolation in the laboratory. Once rhizobacteria are
isolated from the plant or soil, they can then be subjected to
in vitro screening assays to assess their ability to enhance plant
growth and their possible role as biocontrol agents against
phytopathogens. Promising strains that show plant growth
stimulation or antagonistic activities can then be screened under
controlled environmental conditions during early plant growth,
where eventually the effective strains are chosen and validated for
further analysis under field conditions for their ability to enhance
crop growth. After successful repetitive trials, most of the firms,
after formulating the product, tend to commercialize biological
strains as biofertilizers and/or biocontrol products, and so far,
in North America more than 33 PGPR-based products have
been registered for commercial use (Nakkeeran et al., 2005). The
number of industries involved in commercial biological-based
products has increased drastically in the 21st century, due to
high demand for their application as a method of biocontrol
and crop protection. However, considering the shelf life and
unpredictable behavior of the desired biological strain, and most
importantly the limiting factors discussed above, producers or
distributors go a step ahead by isolating and identifying the
growth stimulating compounds produced by growth promoting
microbes. Thus, after successful field trials, the microbial strains
are further cultured and screened for the growth stimulating
compounds which includes isolation, identification and further
experimentation on crops under various growth conditions.

In order to commercialize these products or make it available
for local users, these products have to go through an intensive
vetting and registration processes established by the health or
food security departments of concerned regions, following much
the same pattern described above for microbial strains. After
government approval the products can be commercialized and
mad available to crop producers (Figure 3).

Potential Commercialized PGPR-Based
Products
Thuricin 17
The bacteriocin thuricin 17, a subclass IId bacteriocin with
a molecular weight of 3.162 kDa, is a single, small peptide
isolated from a bacterium found in soybean root tissue which
possesses inhibitory properties to related microbial strains. The
bacterium was identified as Bacillus thuringiensis NEB17, an
endophytic bacterium (Gray et al., 2006a,b). This kind of
bacteriocin acts either as a microbe-microbe or a microbe-
plant signaling molecule in the rhizosphere; it not only hampers
competing microorganisms sharing its niche but also physically
extends the niche by triggering plant growth, particularly when
exposed to abiotic stress. These bacteriocins benefit the growth
and development of important crops such as soybean, canola
and corn (Lee et al., 2009; Schwinghamer et al., 2016a,b;
Subramanian et al., 2016). Interestingly, thuricin 17 has no
inhibitory effect against symbiotic nitrogen fixing rhizobia or
other PGPR members (Gray and Smith, 2005). This signal
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molecule enhances plant growth through direct and indirect
mechanisms (Nazari and Smith, 2020). Induction of resistance
to disease (Mabood et al., 2014) and inhibition of pathogens
are indirect mechanisms for plant growth stimulation. In direct
stimulation, thuricin 17 binds to receptors in leaves or roots,
acting as a stress signal, causing the enhancement of metabolic
pathways such as increases in photosynthetic rates. It is well-
established that plants raise photosynthetic rates under biotic
stress to compensate for damaged tissues (Nowak and Caldwell,
1984). In this manner, thuricin 17 has activated stress responses
without a real stress necessarily being present, resulting in an
increase in net photosynthesis (Gray and Smith, 2005).

Lipochitooligosachrides
Lipochitoolicosaccharides are host specific signal compounds
that are essential for establishing legume-rhizobia symbiotic
associations. The signal exchange is crucial in facilitating
the plant endophytic association with phytomicrobiome
members. Before any physical contact, both partners begin
this mutualistic interaction by exchanging signals. In legume-
rhizobia association, isoflavonoids exuded from legume roots are
perceived by rhizobia through a NodD (LysM-RLK) receptor,
activating nod genes. However, distinct chemical signals are
secreted in legume species, and only the correct rhizobia
respond to that specific signal. In response to plant signals,
rhizobia secret a combination of Nod factors (LCOs) and
effector proteins, which are perceived by Nod factor-specific
(LysM-RLK) receptors in plants (Shah and Smith, 2020). The
receptor for the lipo-chitooligosaccharides is a LysM kinase for
the legume-rhizobia symbioses; this receptor system seems to
have initially evolved for pathogen detection almost 2 billion
years ago (Gust et al., 2012; Carotenuto et al., 2017).

Lipo-chitooligosaccharides have been shown to increase plant
growth for a wide range of plant species, including Zea mays,
Oryza sativa (Poaceae), Beta vulgaris (Chenopodaceae), Glycine
max, Phaseolus vulgaris (Fabaceae), and Gossypium hirsutum
(Malvaceae) (Prithiviraj et al., 2003), particularly when plants
are growing under stressful conditions (Subramanian and Smith,
2015; Zipfel and Oldroyd, 2017) including drought (Hu et al.,
2013) and salinity. For instance, a proteomic study on salt
stressed plants revealed that LCOs have a big impact on proteins
involved in carbon and energy metabolic pathways indicating
a promising and improved growth effect under salt stress
(Subramanian et al., 2016). Signaling plays a crucial role in
establishing successful associations but can be interrupted by
specific environmental conditions, thus utilization of inoculants
with LCO already present may compensate for the limiting effects
of stressful conditions (e.g., drought), as determined by Cerezini
et al. (2016).

CHALLENGES AND LIMITATIONS

With a growing need to sustainably increase crop productivity
and counter the effects of climate change, the phytomicrobiome
is a promising area of research (Kashyap et al., 2018). However,
to be environmentally effective, the use of microbes andmicrobe-
based compounds should be practiced on a larger scale. Despite

conducting successful trials in laboratories and/or in controlled
plant growth conditions, and having reasonable knowledge
regardingmicrobial efficiency, we have not been overly successful
in transferring these techniques to the field. In order to bridge this
substantial gap, there is a need to understand the inconsistencies,
uncertainties, issues and challenges following the use of microbes
or microbe-based compounds in the field.

Farmers’ Mindset
Since 1960, the agrochemicals (fertilizers and pesticides) and
other farm technologies, which are the main underpinnings of
the green revolution, have been the mainstay of agricultural
production. The efficiency and immediate effect of chemical
fertilizers and pesticides have developed a deep-rooted
confidence among farmers and growers, making it difficult
for novel techniques to be implemented and/or substituted
(Moser et al., 2008). Undoubtedly, the contribution of these
agro-inputs in increasing crop productivity is indispensable,
however, the increasing GHG emissions from unsustainable
agricultural practices has changed some of the thinking around
this. So far, we haven’t introduced any technologies that could
totally substitute for fertilizers and other chemical inputs,
however, sustainable techniques, for instance, organic fertilizes,
humic substances, or bio-based products (microbes and
microbe-based compounds) have been developed that could,
to at least some extent, assist in combatting climate change by
reducing the use of chemical inputs (fertilizers and pesticides).
It may be challenging to transfer these techniques; particularly
microbe-based products, to the field as it depends on farmers’
mindsets and whether or not they are willing to take risks by
implementing new strategies to their fields, especially those that
may come with uncertainties.

The first thing that prevents farmers from adopting microbe-
based techniques is the lack of practical evidence of their
effectiveness in the field (Moser et al., 2008). It is certainly difficult
for farmers to adopt technologies that lack the surety of being
effective, or to give up more efficient techniques (pesticides and
fertilizers) that have demonstrated efficacy for over 50 years.
Secondly, in comparison to PGPR strains or PGPR related
products, agro-chemicals in small doses have been found to be
more effective and immediate in terms of nutrient availability
and pathogen control, hence further limiting the likelihood of
adopting PGPR and biobased products. Thirdly, high fixed costs
of biofertilizers, biopesticides, and bio-compounds can pose a
large disadvantage, driving potential adopters to rely on agro-
chemicals. Since these products are new to the market, their
prices will go down only when they are distributed and/or
produced on a large scale.

In addition, considering the “cost to efficiency” ratios of
bioproducts, chemical additives provide better efficiency at much
lower costs. To tackle these issues and inconsistencies, more
research should be done to raise awareness among growers
and address their unique needs. We must develop economically
viable products and provide practical evidence of the product’s
efficacy. In addition, there is an ultimate need to educate farmers
regarding climate change, its consequences, and the role PGPM
based products could play in mitigating climate change.
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Crop Specificity of Microbes
One of the major challenges of using PGPMs is their
unpredictable behavior in the field compared to under
controlled environmental conditions. It is very difficult to
predict an organism’s reaction in natural environments even
after conducting successful and effective trials in laboratories.
One of the major reasons for this is plant-microbe specificity
(Mushtaq, 2020). However, another challenge usually faced by
PGPR developers is root colonization and viability of the desired
inoculant. In order to populate an inoculant and to attain an
effective response, the inoculant should colonize the host at a
certain population density (Mcnear, 2013). However, the crop
specificity of PGPR can be independent of root colonization.
Beside crop specificity, environmental factors can strongly
influence the viability and colonization of a PGPM strain, for
instance soil type, temperature, moisture, and the presence
of other competitive microbial entities in the rhizosphere.
These vary from crop to crop and field to field (Saharan and
Nehra, 2011), making it difficult and far more complex for the
PGPR developers and commercial vendors to provide separate
PGPR inoculants for different crops grown under different
environmental conditions.

In order to address the inconsistencies associated with
specificity, adaptability and colonization of single microbial
inoculants, inoculants with two or more microbial species, or
microbial consortia, constitute a potential approach (Naamala
and Smith, 2020). While, microbial consortia have their own
limitations, if well-formulated, they may be more promising than
single strains by synergistically interacting with each other and/or
helping other beneficial phytomicrobiome members in the
rhizosphere. This may indirectly benefit host plants through the
production of specific compounds that facilitate the colonization
by other microbes, or might act as a signaling compound,
further facilitating plant-microbe association (Bender et al.,
2016). In addition, as the viability of PGPR strains varies among
crop species and environmental conditions, microbial consortia
consisting of two or more members from different genera or
phyla with varying tolerance to environmental conditions have
a better chance of survival and adaptability. However, it is very
challenging to have compatible members in a consortium. It
is reasonably probable that some of the members will produce
compounds that are lethal to other members or may hinder their
growth promoting capabilities (Jha and Saraf, 2015).

Considering the limitations and uncertainties associated
with the use of microbial strains, microbial compounds
and/or products are suggested to be suitable alternatives
that could sustainably promote crop growth by successfully
circumventing some of the critical environmental limitations,
hindering microbial efficiency. For instance, the use of microbial
compounds (e.g., thuricin 17 and lipo-chitooligosaccharides) has
shown promising effects on crop production even under extreme
environmental growth conditions (drought and salinity) (Nazari
and Smith, 2020). Perhaps such microbe-based compounds
will be able to provide benefit to a wider range of crop
species as compared to microbial strains, with the benefit of
being unaffected by crop environmental conditions and without
the specificities associated with microbes. However, further

molecular experiments are still required to better understand the
metabolite-plant species-microbe combinations, and the time-
course effect of host rhizosphere chemistry following the use of
selective inoculants.

Legal and Regulatory Issues
One of the obstacles to the expansion and production of microbe-
based products are risk assessment and testing policies set by
every country, and sometimes subnational jurisdictions, to avoid
the production and distribution of lethal/damaging organisms
(Tabassum et al., 2017). Regulatory processes for biological or
biobased products follow a very complex and extensive protocol
set by the regulatory and health authorities of each country. The
most intensive constraints for registering a biological or biobased
product are the extensive time period, complex documentation
and high fees associated with the whole process of product
registration. Since, the registration and regulatory policies vary
with country; as each country, or in some cases, each sub-
jurisdiction has their own rules and norms to be addressed in
order to register biobased products, and it can be very difficult
for firms to meet the regulatory requirements, should they want
to introduce their product in multiple regions or countries.
Usually, a products registration requires a national approval with
a certification provided by the Directorate General of Health or
any other concerned regulatory authority. The product will then
undergoes extensive and critical inspections and/or reviews by
experts, supervised by the food safety authorities and national
commissions of that particular country or region (Basu et al.,
2021). Eventually, the firm will be notified with approvals and
certification, which will allow the producers to commercialize
their product under the strict policies and instructions of the
certification authority. Climate change is a global issue, and
sustainable techniques that could contribute tomitigating climate
change should have simpler regulatory and registration policies.
In addition, countries should be flexible or at least develop less
complex policies for registering and transporting native and
imported microbial technologies. Doing so might help firms or
PGPR developers to feasibly expand and distribute PGPR-based
techniques within and outside the country of origin.

CONCLUSIONS

The growing human population is causing demand of increased
food production, but under conditions of intensifying climate
change and a finite base of farmland. So far, chemical application
(e.g., fertilization and pesticides) and molecular techniques (e.g.,
gene modification) have been used to address this challenge. As
a more sustainable agricultural approach, PGPR that regularly
establish mutualistic interactions with host plants related to
nutrient absorption (N fixation, P and K solubilization and
siderophore production), enhanced stress resistance (abiotic and
biotic), regulation of plant development and physiology through
signal compound production, including phytohormones and
specific inter-organismal signal compounds. In a similar way,
root exudates, secreted by host plants into the rhizosphere as a
reduced carbon resource for phytomicrobiome members, help
provide a stable habitat for microbe growth. Thus, the application
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of PGPR is an available and under-exploited mechanism to
enhance yield and improve resilience of crop plants to the
various conditions challenging crop growth, development and
yield. However, environmental conditions, such as the soil
temperature, pH and soil fertility do not just affect plant
development, they also have influence on the efficiency of
PGPR, which in turn alters the ability of cultivated plants to
produce biomass and foodmaterials under climate change related
environmental extremes.

Because of the beneficial effects provided by beneficial
phytomicrobiome members, their utilization and
commercialization are now being much more widely considered.
Potential products, such as the exogenous application of
microbe-to-plant signal compounds (e.g., thuricin 17 and LCOs)
already show positive effects on crop growth and development,
and biomass and food production by key crops under specific
abiotic stress conditions; often those associated with climate
change. However, work still needs to be done to expand
utilization of these products and potential products on a wider
range crops, instead specific crop species. In addition, it is still
unclear if the biodiversity of the plant-associated microbial

community will be affected by the use of these products; at the
same time the abundant community of soil microbes extant at
the time PGPR technologies are applied can affect the growth
of these added microbes and their ability to provide vital effects
to the plant-microbe-soil ecosystem. Furthermore, < 1% of
soil and plant-associated microbes can currently be cultured
in vitro (Pham and Kim, 2012). Mutualistic and parasitic
relationships between microbes and plants already exist, and
have done so for several billion years; there is a considerable
amount still to be learned about and exploited regarding
these relationships.
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