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Abstract

Maize is an essential cereal crop and the third most essential food crop globally. The extensive dependence on pesticides and
chemical fertilizers to control pests and increase crop yield, respectively, has generated an injurious impact on soil and animal
health. Plant growth-promoting rhizobacteria (PGPR), which depict a broad array of bacteria inhabiting the root vicinity and root
surface, have proven to be a better alternative. These organisms expressly or by implication foster the growth and development of
plants by producing and secreting numerous regulatory compounds in the rhizosphere. Some rhizobacteria found to be in
association with Zea mays rhizosphere include Bacillus sp., Azotobacter chroococcum, Burkholderia spp., Streptomyces spp.,
Pseudomonas spp., Paenibacillus spp., and Sphingobium spp. For this review, the mechanism of action of these rhizospheric

bacteria was grouped into three, which are bioremediation, biofertilization, and biocontrol.

Key points

* Plant-microbe interaction is vital for ecosystem functioning.

* PGPR can produce volatile cues to deter ravaging insects from plants.

Keywords Biocontrol - Biofertilization - Bioremediation - Maize - Plant growth-promoting rhizobacteria

Introduction

Zea mays is the most valuable grain crop globally, accounting
for about 38.1% of all grains production, followed by wheat
with a production of 29.1% and rice with a production of
20.8% (Costa et al., 2016). The United Nations report has it
that maize accounts for about 50% of the calories and protein
intake in Southern and Eastern Africa and 20% of the calories
and protein intake in West Africa. It serves as feed and fodder
for livestock and as food for humans. Steep corn liquor, one of
its byproducts, is used to culture some microorganisms.
Plastics, fabrics, and adhesives can be made from the starch
of maize. Maize progressively serves as a primal matter re-
quired to produce ethanol, while its cobs are used as a source
of fuel. Some challenges recorded in maize cultivation include
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pest and disease invasion, lack of tolerant cultivars, poor qual-
ity seeds, low soil fertility, lack of crop rotation, and
intercropping. Classic examples of biotic stresses peculiar to
maize cultivation are maize streak virus (MSV) and maize
lethal necrosis (MLN) (Ray et al., 2013).

Over the years, different agricultural practices such as
the use of pesticides and chemical fertilizers have been
adopted to curb the challenges militating against the cul-
tivation of cereal crops. Such practices have, in the long
run, generated public health and environmental chal-
lenges. Though these challenges are not peculiar to maize
cultivation, this review however centers on maize due to
its comparative importance. More information is needed
to improve maize production to meet up with its increas-
ing demand because it is one of the most consumed food
crops in the world. Understanding the molecular interac-
tion between maize and some beneficial microbes geared
towards improving crop yield or impeding disease condi-
tions associated with maize can serve as a model for con-
trolling such diseases in other crops. Considering the un-
desirable effects of pesticides and chemical fertilizers and
the fact that they will perpetually increase as the human
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population increases, it is paramount to employ sustain-
able agricultural practices with minimal harmful environ-
mental effects that will boost the production of maize.

One alternative is to opt for bioresources such as rhizobacteria.
The word rhizobacteria describes plant root-associated bacteria
that may be beneficial, neutral, or harmful to the host plant. These
rhizobacteria occupy the rhizosphere, which is the soil with high
proximity to a plant’s root, and are usually populated by a signif-
icant amount of thizobacteria, which are economically important
and utilize the organic exudates released from plant roots during
chemical reactions (Odelade & Babalola, 2019).

Though the composition of the microbial community of the
rhizospheric soil is similar to that of the bulk soil, the total
abundance of microbes in the rhizospheric soil is higher
(Alawiye & Babalola, 2019); it is populated with microorgan-
isms and macroorganisms (including bacteria, viruses, fungi,
protozoa, algae, microarthropods, and nematodes) and is char-
acterized by a wide array of interactions, which can either be
competitive, exploitative, neutral, commensal, or mutualistic
(Jacoby et al., 2017). The low- and high-molecular-weight
carbon compounds released from the root of plants into the
surrounding soil to lubricate their root tips selectively influ-
ence the growth of microorganisms in this habitat by altering
the chemistry of soil in this zone (Hartmann et al., 2009). The
carbon derived from plants ameliorates the carbon limitation
in the soil, resulting in increased bacterial activity and growth,
with associated microbial community changes (Steinauer
et al., 2016). Yang et al. (2017) compared the bacteria com-
munity in the rhizosphere of maize and bulk soil by sequenc-
ing the V3—V, regions of the 16s rRNA gene on the Illumina
system. They collected triplicate samples after maize had
grown for 14 days, 35 days, and 63 days. Calculation of the
Shannon diversity index using mothur yielded an average of
5.645 for rhizosphere soil and 5.501 for bulk soil. On average,
the relative abundance of the genera Aeromicrobium was
0.307 for rhizospheric soil, while 0.19 was recorded for bulk
soil. An average of 0.75 was recorded for the genera
Burkholderia in the rhizospheric soil, while 0.43 was recorded
for bulk soil. For Pseudomonas, an average of 1.68 was re-
corded for rhizospheric soil and 1.37 for bulk soil.

The term “plant growth-promoting rhizobacteria” (PGPR)
describes a group of free-living bacteria present in the rhizo-
sphere that provide some benefits to the plant. These bacteria
show an adversarial or harmonious association between the
soil, plants, and other microorganisms. PGPR can generally
be categorized into two major groups: intracellular plant
growth-promoting rhizobacteria (iPGPR) and extracellular
plant growth-promoting rhizobacteria (ePGPR) (Viveros
et al., 2010). The iPGPRs predominantly inhabit the special-
ized root cells’ nodular structures, while the ePGPRs primarily
populate the rhizosphere (on the microenvironment near the
root surface) or within the spaces between the root cortex cells
(Viveros et al., 2010). The symbiotic bacteria that populate the
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rhizosphere of some maize species exhibit different favorable
effects on the maize plant, which can include defending the
health of the plant and promoting growth and productivity
without leaving deleterious environmental effects (Akhtar
et al., 2012; Raza et al., 2016). Although bacteria present in
the maize rhizosphere bequeath immensely to ecological ser-
vices such as biofertilization and biocontrol, there is insuffi-
cient information on their biotechnological prospects.
Biotechnology is a rapidly emerging and significant field in
technology due to its usefulness in food, health, and environ-
mental sustainability (Bjornberg et al., 2015). Hence, this re-
view highlights the diversity of bacteria in the maize rhizo-
sphere and their probable contributions to bioremediation,
biofertilization, and biocontrol.

Underlying mechanism employed by PGPR
in improving plant growth

PGPR residing in Zea mays rhizosphere vastly improves its
growth by enhancing nutrient availability and accessibility
(Tomer et al., 2016). It can either be through an established
natural cascade of events that directly influence physiological
processes and consequently promote growth or through indi-
rect means, which ameliorate inimical environmental condi-
tions that impede growth. Direct means include phosphates
solubilization, nitrogen fixation, production of phytohor-
mones (indole acetic acid [IAA], cytokinins, gibberellins,
etc.), and production of 1-aminocyclopropane-1-carboxylate
(ACC) deaminase. The indirect plant growth promotion
mechanism includes the production of siderophore (which
creates iron scarcity in the rhizosphere by chelating iron,
thereby inhibiting proliferation of root pathogens), biofilm
formation (exo-polysaccharides production), induced system-
ic resistance (ISR), antibiotics, and lytic enzymes production
(Gupta et al., 2015). Some PGPR present in the rhizosphere of
Zea mays and other crops have been reported to exhibit more
than one mechanism of promoting plant growth. Enterobacter
sp., for instance, produces IAA and solubilizes phosphates,
while Pseudomonas sp. produces IAA and hydrogen cyanide
and solubilizes phosphate. Furthermore, Agrobacterium sp.
produces IAA, hydrogen cyanide, and siderophore and solu-
bilizes phosphate (Chinakwe et al., 2019). In silico analysis of
soil sample obtained from maize rhizosphere using
antiSMASH v.3.0 and RAST revealed the presence of
siderophore gene clusters and genes involved in the produc-
tion of IAA, phosphate, and nitrogen metabolism (Babalola
et al., 2019). Rhizoremediation of heavy metals that can im-
pede plant growth is another benefit of PGPR; Enterobacter
cloacae, for instance, can remove Pb and Cd present in the soil
(Abedinzadeh et al., 2018). Figure 1 attempts to summarize
some of the biological processes these rhizobacteria engage in
to aid plant growth.
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Fig. 1 Mechanisms of plant
growth promotion by
rhizobacteria
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Rhizoremediation

There have been severe environmental consequences resulting
from industrialization and global increase in population
(Patnaik, 2018). Anthropogenic activities result in the emis-
sion of a broad array of chemicals that are hostile to human
and ecosystem health. Some of these chemicals are pesticides,
petroleum hydrocarbons (PHCs), polycyclic aromatic hydro-
carbons (PAHs), halogenated hydrocarbons, solvents, and
heavy metals (Abedinzadeh et al., 2018; Enagbonma &
Babalola, 2019). The symbiosis, growth, and ultimate yield
of crops can be remarkably retarded as a result of the plant’s
uptake of metals, which are bountifully present in the soil
(Ayangbenro & Babalola, 2017). These metals act as
genotoxic substances by collapsing cell organelles and upset-
ting the membranes, thereby disrupting physiological process-
es such as photosynthesis or deactivating protein synthesis,
respiration, and carbohydrate metabolism (Sharma &
Talukdar, 1987).

Remediation is the act of reversing, degrading, or outrightly
removing pollutants from the environment. It can also involve
the reversal of environmental damages the pollutants might
have caused. Bioremediation is the breakdown of organic con-
taminants and hydrocarbon by organisms in the soil such as
bacteria, fungi, and plants to enhance life (Olawale et al.,
2020). The customary methods applied to remediate soils that
are contaminated (such as routine excavation, incineration,
transportation to dedicated landfills, stabilization, and ion ex-
change or coagulation filtration) are costly and disrupt the con-
taminated sites (Haritash & Kaushik, 2009). Although the use
of plants alone in bioremediation (phytoremediation) has re-
corded a level of success, the idea of using plants in

combination with plant-associated bacteria (rhizoremediation)
offers more prospects for remediation and ecosystem sustain-
ability (Kumar et al., 2017). The rhizoremediation technique
involves the use of rhizospheric microbial communities for
the biodegradation of pollutants.

Abedinzadeh et al. (2018) reported a high concentration of
heavy metals-resistant bacteria possessing several plant
growth-promoting (PGP) qualities in the endorhiza and rhizo-
sphere of maize plants irrigated with municipal and industrial
wastewater. They conducted an assay to determine the influ-
ence of these heavy metals (Cd, Pb, Cr, Ni, Copper [Cu],
Cobalt [Co], and Zn) on the growth of selected bacteria iso-
lated from the rhizosphere soil and root of maize plant irrigat-
ed with municipal and industrial wastewater. The isolates
were cultured on mineral salt medium (MSM) streaked with
different concentrations of heavy metals. E. cloacae could get
rid 0f 88.95 % of Pb and Cd from the medium by adsorption to
its cell wall, followed by active transmembrane transport, che-
lation or sequestration of metal ions, and accumulation within
the cell. This strain further displayed a high capability to in-
habit the root surface of maize under stress conditions of
heavy metal and non-stress conditions. There was an observ-
able increase in root hairs and length in maize plants inoculat-
ed with strains of E. cloacae under heavy metal stress com-
pared to a plant that was not inoculated with E. cloacae. There
was, however, no observable sign of disease and wilting in
maize seedlings inoculated with the strain.

Arid and semiarid world regions are usually faced with the
challenge of irrigation water. This leads to weak plant growth
due to drought stress. Achromobacter xylosidans
(rhizobacteria that produce l-aminocyclopropane-1-
carboxylate ACC, deaminase), when used with biochar
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(0.75%), significantly improves carotenoid content, total chlo-
rophyll, stomata conductance, and photosynthetic rate of
maize under drought stress (Danish et al., 2020).

The efficacy of the rhizoremediation process can be en-
hanced in numerous ways such as the expression and conser-
vation of genetically modified plant microbial systems, alter-
ing the ratio of the contaminant to the actual amount of the
contaminant that enters biological receptors, and the presence
of root exudates. The selection of biosurfactant-producing
bacteria found in the rhizosphere of the plants can also facil-
itate pollutant removal efficacy (Plociniczak et al., 2011).
Kuiper et al. (2004) characterized biosurfactant-producing
bacteria (inhabiting a region contaminated with PAHs) that
facilitate the solubilization of PAHs, thereby enhancing bio-
degradation by microbes. This becomes imperative since
some bioremediation microbes exhibit positive chemotaxis
in the direction of the pollutants (Bisht et al., 2010).
Consequently, the mutual action of chemotaxis and
biosurfactant can enhance bacterial proliferation and spread
of microbes in polluted regions in such a way that additional
zones of the polluted site can be cleaned (Gerhardt et al.,
2009).

Freshly contaminated soils usually tend to be much more
responsive to rhizodegradation compared to field contaminat-
ed soil that has undergone a lengthened time of aging (Phillips
et al., 2006). It was opined by Wenzel (2009) that poor
rhizodegradation in a contaminated field and aged spiked soils
was due to low bioavailability (the extent and rate of adsorp-
tion by microbes) of the contaminant. This has a significant
influence on rhizodegradation applicability and the generation
of statistical information from freshly or shortly aged spiked
soil material. In areas where the main limitation is low bio-
availability, other strategies such as the inoculation of degrad-
er strains to enhance rhizodegradation will likely fail.
Microbial treatments of contaminated soil that appear to be
effective in laboratory experiments proved otherwise on field
trials with aged contaminated soil (Child et al., 2007). This
points out over again the significance of bioavailability and
the sample size of the experiment. In view of the previously
mentioned factors, improved rhizodegradation entails more
tactical methods. The degradation proficiency of the isolated
microbe may be enhanced by inducing a nutrition preference
for the isolated strains. Narasimhan et al. (2003) identified a
compound from root exudate (phenylpropanoids) that pro-
duced a nutrition prejudice in favor of improved degradation
of polychlorinated biphenyls (PCB). Plant roots also play the
role of tilling of the soil to improve aeration in soil and to slot
in additives (nutrients) (Kuiper et al., 2004).

Bacteria present in the environment contaminated with
heavy metals have higher resistance to the toxic effects of
the heavy metals compared to bacterial isolates from a non-
contaminated environment (Arivalagan et al., 2014). This is
because microorganisms develop physiological, structural,
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and biochemical characteristics that aid the adsorption of the
heavy metals from the rhizosphere (Fashola et al., 2016).

Biofertilizer

One common strategy to improve crop yield is to increase the
fertility of the soil, and this can be achieved through the use of
biofertilizers. Biofertilizers consist of living microbes that in-
habit the interior part of root cells or the rhizosphere of the
plant when applied to seeds, plant surfaces, or soil and support
growth by enhancing the host plant accessibility to primary
nutrients (Vessey, 2003). They are more cost effective and
environmentally safe compared to chemical fertilizers
(Reddy et al., 2020). This is in concordance with the findings
of Amogou et al., 2019; they observed that the combined use
of Serratia marcescens and Pseudomonas putida with 50% of
the recommended dose of NPK was more economical in terms
of crop yield. Rhizobacteria can heighten the nutrients avail-
able to plants by means of nitrogen fixation or solubilizing
phosphorus. Iwuagwu et al. (2013) demonstrated that
Azotobacter and Azospirillium could improve the growth of
Zea mays L. They reported that plant height, root length, stem
diameter, fresh weight, dry weight, and chlorophyll content
increased by 49%, 16%, 33%, 18%, 46%, and 39%, respec-
tively, when treated with the rhizobacteria.

In a similar study by Wahyudi et al. (2019), some groups of
Actinomycetes (Streptomyces spp.) were isolated from the
maize rhizosphere using humic acid—vitamin agar to deter-
mine their ability to promote plant growth in vitro. This test
was conducted on 30 isolates using the following parameters:
(i) IAA production, (ii) promotion of maize sprout growth,
(iii) phosphate solubilization, and (iv) growth in N-free medi-
um. It was observed that all the isolates produced IAA and
grew on an N-free medium. In contrast, only 9 (30%) of the
isolates promoted maize sprout growth, and 21 (70%) isolates
solubilized phosphate in the Pikovskaya medium.

In a bid to promote maize productivity in an area charac-
terized by accelerated climate change as a result of anarchic
exploitation of forests, Amogou et al. (2019) conducted a field
study in ferruginous soil in the north of Benin to determine the
effects of Pseudomonas cichorii, Bacillus panthothenicus,
Pseudomonas putida, Pseudomonas syringae, and Serratia
marcescens on the growth and yield of maize. The study
area is of low soil fertility and weakly acidic in nature. The
5 strains were isolated and characterized from the rhizosphere
of maize from different ecological zones of northern and
central Benin following the protocol described by Agbodjato
et al. (2015) and stored at —20°C in Muller—Hinton broth with
glycerol. Some seeds were planted without PGPR or mineral
fertilizers to serve as the control. Others were planted with a
particular strain of the test PGPR, while some were planted
with PGPR and 50% of the recommended dose of NPK fer-
tilizer. Seedlings treated with S. marcescens exhibited over
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41.09% increase in height compared to control and a 3.14%
increase in height compared to plant treated with 100% NPK.
Treatments with 100% NPK, S. marcescens + 50% NPK, and
P. putid + 50% NPK exhibited stem diameters of 2.14 cm,
2.06 cm, and 2.01 cm respectively. Observation of the effect
of PGPR on the nutritional status of maize plants revealed that
seedlings inoculated with S. marcescens had (1.239% +
0.09%) of nitrogen, while seedlings treated with 100% NPK
had (1.232% + 0.05%). Furthermore, P. putida and P. cichorii
+ 50% NPK resulted in a 25% increase in phosphorus uptake,
while treatment with P. cichorii resulted in a 12.35% and
10.85% increase in uptake of potassium (K) and magnesium
(Mg), respectively. The result of fresh biomass indicated that
treatment with S. marcescens + 50% NPK resulted in a
144.28% increase in the fresh weight of aboveground biomass
and 213.34% of the fresh weight of root compared with
controls.

Rhizobacteria that hydrolyze starch occupy a critical part in
plant nutrient uptake. In research to isolate and characterize
bacteria that possess the ability to degrade starch from the
rhizosphere of maize plants, Burkholderia cepacia, the pre-
dominant bacteria in maize of Italian agricultural fields, was
found to ferment dextrose, galactose, mannose, sucrose, and
xylose (Chatterjee et al., 2019). The research which was car-
ried out in India employed the pour plate technique on NA to
isolate bacteria from Zea mays L. soil samples. Burkholderia
ambifaria isolated from maize plants’ rhizosphere was re-
sponsible for a notable increase in shoot growth and the
growth of root and root hair (Brito et al., 2018). Strains of
Burkholderia spp. can degrade starch into a soluble form by
the production of amylase enzymes, which promotes the
growth of maize plants (Chatterjee et al., 2019).

Nitrogen fixation

Nitrogen ranks as the fourth most vital element that constitutes
the dry mass of the plant and also an imperative nutrient re-
quired for the growth of the plant (Aerts & Chapin, 2000;
Munees & Mulugeta, 2014). Plants establish endosymbiotic
associations with rhizobacteria and form root nodules where
resident rhizobacteria fix atmospheric nitrogen. This symbiot-
ic nitrogen fixation is extremely important because it im-
proves crop production and supplies a great amount of fixed
nitrogen to ecosystems (Shimoda et al., 2020). Nitrogen is a
fundamental nucleotide, amino acid, and membrane lipid con-
stituent. The most common form of this element is not readily
accessible to plants because it is in gaseous form (N,) (Pujic &
Normand, 2009). The amount of nitrogen in the atmosphere
introduced again in biorhythm yearly through the means of
biological nitrogen fixation (BNF) amounts to about 175 mil-
lion. Rhizobacteria carry out BNF by converting atmospheric
nitrogen (N,) to ammonia (NH3), which is the form plants can

access. The process of nitrogen fixation by rhizobacteria is
represented in Fig. 2.

Normally, the nitrogen-fixing microorganisms gain from
the fixed nitrogen without excreting its compounds.
However, after they die and decompose, nitrogen is made
available to plants. The nitrogen accumulated in the dead or-
ganism is first converted to ammonium and then to nitrates.
Consequently, fixing microorganisms also helps to accumu-
late nitrogen compounds over time (Vitousek et al., 2002).

Several studies have been done to identify PGPR that aids
nitrogen fixation in maize plants. Fukami et al. (2017) and
Pereg et al. (2016) highlighted the ability of Azospirillum to
fix atmospheric N, and substitute for the use of N fertilizers
when associated with grain crops such as maize (Zea mays L.),
rice (Oryza sativa L.), and wheat (Triticum aestivum L.).
Richard et al. (2018) evaluated Azospirillum sp. isolated from
the rhizosphere of maize plants for ammonia production and
nitrogen fixation using the micro-Kjeldahl method. Their re-
sults revealed that Azospirillum possesses high nitrogenase
activity indicative of the possibility of using this bacteria as
a biofertilizer to improve soil fertility for improved and effi-
cient maize cultivation.

Similarly, Bacillus pumilus, Klebsiella sp., Klebsiella
pneumoniae, and Acinetobacter sp. were evaluated for N,
fixing abilities in a greenhouse experiment with reduced
fertilizer N input (a third of recommended fertilizer N rate);
the N, fixation abilities of PGPR in association with maize
were determined by "N isotope dilution technique at two
harvests. The results showed that dry biomass of top, root,
and ear; total N content; and bacterial colonization in non-
rhizosphere, rhizosphere, and endosphere of maize roots
were influenced by PGPR inoculation, with the plants in-
oculated with B. pumilus giving the highest N, fixing abil-
ity of 30.5%. Beyond fixing N, these isolates were also
reported to be engaged in N remobilization and delayed
plant senescence in maize which results in greater grain
production (Kuan et al., 2016).

Relatedly, Shimoda et al. (2020) testified that successful
symbiotic nitrogen fixation (SNF) could substitute for nitro-
gen fertilizers in agricultural lands. A similar study done in
nitrogen-depleted fields of Oaxaca, Mexico, proved that the
mucilage associated with the aerial roots of Sierra Mixe maize
can aid a complex diazotrophic microbiome that can encode
active nitrogenase, and the fixed nitrogen (29 to 82% of the
plant nitrogen) can efficiently travel from the nitrogen-fixing
microbiota to host plants (Deynze et al. 2018). Furthermore,
biologically fixed nitrogen consumes about 25 to 30% less
energy than chemical fertilizers (Iwuagwu et al., 2013). Ali
et al. 2012 also reported that the application of plant growth-
promoting rhizobacteria in place of chemical fertilizers in
maize increased plant height and biological yield. Following
field research in southern Benin, Adjanohourn et al. (2011)
opined that there are PGPRs that are crop species specific and
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Fig. 2 Nitrogen fixation process
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suitable for species-dependent enhancement. They observed
that Azospirillium lipoferum, Pseudomonas putida, and
Pseudomonas fluorescens are the most suitable maize crop-
specific PGPRs that can be applied to advance field maize
crop yield. This is also in concordance with the findings of
Shaharoona et al. (2006) and Biari et al. (2008). They ob-
served that Pseudomonas aeruginosa and P. fluorescens im-
prove shoot fresh biomass by 23.40% and 59.57%, respective-
ly, under field soil conditions.

Phosphate solubilization

After nitrogen, the second mineral element, whose defi-
ciency significantly retards plant growth, is Phosphorus
(Nisha et al., 2014). This element constitutes approximately
0.2% of plant dry weight and is a cardinal building block of
phospholipids, phytin, and nucleic acids. It is also very
important in respiration, transfer and storage of energy,
photosynthesis, seed formation, and division and elonga-
tion of the cell (Sagervanshi et al., 2012). Phosphorus is
absorbed by plants in soluble forms that are mono and di-
basic (H,PO4-, HPO,) (Razaq et al., 2017). Regrettably,
about 95-99% of soil phosphorus are present as insoluble
organic phosphates (phosphomonesters, phosphotriesters,
and inositol phosphate) or insoluble inorganic phosphates
(apatite) that the plants are unable to assimilate (Khan et al.
2008; Perez-Montano et al., 2014). Precipitation with cat-
ions Ca®* and Mg** in basic soils and with Fe>* and AI** in
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acidic soils immobilizes phosphorus (EI-Komy 2005).
Consequently, on applying this soluble inorganic phosphate
to cultivated soil, a large percentage is speedily immobilized
and turns out to be inaccessible by the plant (Vikram &
Hamzehzarghani, 2008). However, some PGPR can solubi-
lize the insoluble soil phosphate to a form plants can utilize.
This group of PGPR is known as “phosphate solubilizing
bacteria, PSB.” Examples of PSB associated with Zea mays
are Paenibacillus sp., Pseudomonas sp., Bacillus subtilis, and
Sphingobium sp. These strains can solubilize AIPOy,
Ca3(POy),, and FePO, to release soluble phosphorus that
can be assimilated by plants (Li et al., 2017; Olanrewaju &
Babalola, 2019). Mosimann et al. (2017) reported that treat-
ment of maize seedling with Pseudomonas sp. yielded an
increase in the biomass of maize plants grown on acid soil
with the low phosphorus content.

PSB can also excrete extracellular enzymes to mineralize
the organic phosphate that is insoluble. Examples of such
enzymes are phosphatases (which catalyze phosphoric esters
hydrolysis), C-P lyases, and phytases (Panhwar et al., 2012).
Worthy of note is the fact that mineralization and solubiliza-
tion can co-occur within the same PSB (Tao et al., 2008).
Yazdani et al. (2009) stated that the use of PSB could reduce
the application of phosphorus to 50% without having an effect
on the seed yield of maize. Therefore, the availability and
absorption rate of phosphorus in the rhizosphere is increased
by the plants’ inoculation with PSB. The procedure for phos-
phate solubilization is illustrated in Fig. 3.
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Fig. 3 Phosphate solubilization
process
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Extracellular polysaccharides production

The production of extracellular (exopolysaccharides [EPS]),
intracellular, and structural polysaccharides is one of the ways
Zea mays thizobacteria promote its growth. These polysac-
charides form hydrated gels around the cells, constituting the
boundary between the rhizobacteria and their direct environ-
ment. The exopolysaccharides aggregate soil and change its
porosity, thereby controlling the soil water transported to the
roots, soil aeration, and root growth (Redmile-Gordon et al.,
2020). EPS envelop and safeguard the roots against infection
by pathogenic microorganisms. In the condition of salt stress,
the EPS contribute to reducing the salinity of the rhizosphere
by chelating cations available in the root zone (Khana, 2015).

Other means rhizobacteria aid biofertilization are by
phytostimulation, indole acetic acid production, and ethylene
regulation.

Biocontrol

Biocontrol agents (BCAs) aid the control of phytopathogenic
microbes inhabiting the soil via secretion of metabolites that
are antagonistic (lytic enzymes, siderophores, volatile com-
pounds, hydrogen cyanide, and antibiotics), induction of sys-
temic resistance, and by competition for nutrients and space
(Tariq et al., 2014). Ectocarpus fasciculatus, Streptomyces
hygroscopicus, Pseudomonas fluorescens, P. putida, P.
aeruginosa, and Azospirillum lipoferum inhibit the growth
of the mycelial of Aspergillus ochraceus and Fusarium
verticillioides that are pathogens of maize (Noumavo ef al.
2015). P. aeruginosa and P. fluorescens are extremely

antagonistic against F. verticillioides (responsible for
52.24% of the inhibition of mycelial growth) and A.
ochraceus (responsible for 58.33% of the inhibition of myce-
lial growth) (Noumavo et al., 2016). Furthermore, Akhtar et al.
(2018) reported that the pathogen Fusarium oxysporum could
be controlled by inoculation of maize seeds (grown in soil
infested with the pathogen and fertilized with NPK) with
Serratia sp.

The most common fungal pathogen of maize is Fusarium
verticillioides (Fv) (Sacc.) Nirenb. It causes a disease condi-
tion in maize known as stalk, ear, and root rot (SERR) and is
accountable for enormous global fiscal losses (Hernandez-
Rodriguez et al., 2008). Farming practices such as
monocultivation of maize have led to a high prevalence of this
disease along with crop fatalities as a result of Fv in the
Sinaloa state of Mexico (Figueroa-Lopez et al., 2016).
Besides the effect of this infection on grain yield, it can also
be responsible for poor grain quality (Figueroa-Lopez et al.,
2016).

Beneficial microbes can also influence plant—insect inter-
action. Females of Ostrinia nubilalis (Hubner) rely on volatile
cues to locate and oviposit on maize plants. Larvae of this
insect have been reported to cause significant damage to
maize ears and result in a drastic economic loss of fresh
sweet corn. Disi et al. (2018) opined that treatment of maize
with PGPR could alter the production of volatile organic com-
pounds that serve as a signal to the insect. They investigated
the production of the volatile cue by inoculating maize seed-
lings with the following PGPR strains that were isolated from
the maize rhizosphere: Bacillus velezensis, B. pumilus,
Fictibacillus solisalsi, and Bacillus mojavensis. They
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observed that O. nubilalis females differentiated between
PGPR-treated and untreated maize plants and laid significant-
ly fewer eggs on PGPR-treated plants.

Comprehensive insight into the microbial ecology and di-
versity present in the rhizosphere of maize would aid the im-
provement of the health of field crops and develop efficient
biological control strategies to lessen our dependency on
chemical pesticides (Filion et al., 2004). The practice of using
biological antagonists to control pathogens has proven to be a
more sustainable agronomic practice. This has been adopted
recently on a commercial scale, while numerous experimental
approaches are being developed to optimize the efficacy of the
process (Souza et al., 2015).

Antibiotic production

The production of antibiotics is a very efficient and well-
studied biological control mechanism of PGPR against phy-
topathogens. The mode of action is usually by preventing the
proliferation of plant pathogens (Shilev, 2013). Examples of
identified antibiotics are oomycin A, amphisin, pyoluteorin,
2,4-diacetylphloroglucinol (DAPG), pyrrolitrin, tropolone,
cyclic lipopeptides, phenazine, and tensin produced by
Pseudomonads (Loper & Gross, 2007). Other examples are
kanosamine, oligomycin A, xanthobaccin, and zwittermicin A
taken from Bacillus spp., Stenotrophomonas spp., and
Streptomyces spp. to inhibit proliferation of phytopathogens
of fungal origin (Compant et al., 2005). Furthermore, Bacillus
subtilis A1, Bacillus velezensis A3, and Bacillus subtilis A29
have been reported to synthesize antifungal and antimicrobial
compounds, such as bacillaene, bacilysin, bacillibactin,
difficidin, fengycin, subtilosin A, surfactin, and macrolactin
(Babalola et al., 2019). The structure, mode of action, and
specificity of most of the antibiotics have been well studied
with some of the biocontrol strains commercially available.
However, a major challenge with depending on antibiotic-
producing bacteria as BCAs is that a good number of phyto-
pathogens can become resistant to specific antibiotics with
frequent use. To surmount this challenge, a few researchers
recommend the utilization of biocontrol strains that synthesize
antibiotics and hydrogen cyanide (HCN). Some biocontrol
agents secrete enzymes such as proteases, cellulases,
chitinases, lipases, and 3-1,3-glucanases which can lyse part
of some pathogenic fungi cell walls (Hayat et al., 2010). These
enzymes can control the proliferation of an array of disease-
causing fungi, including Fusarium oxysporum, Phytophthora
Spp., Botrytis cinerea, Pythium ultimum, Sclerotium rolfsii,
and Rhizoctonia solani (Nadeem et al., 2013).

Iron chelation (siderophores production)

Some bacterial strains produce siderophores as a means of
biocontrol to prevent fungal pathogens from gaining access
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to available iron. Iron is vital to living organisms; it is involved
in different vital biological activities. Most enzymes
employed in oxygen transfer (hemoglobin) or electron transfer
(mitochondrial respiration) engage iron as the cofactor
(Thomine & Languar, 2011). Although it has been observed
that iron is present in large amounts in ground rock, this enor-
mous amount of iron, however, is present as ferric ions (Fe3 ).
Consequently, living organisms (bacteria, plants, etc.) can as-
similate only a very little quantity (Ammari & Mengel, 2006).
Rhizobacteria have come up with various iron uptake strate-
gies including the production of siderophores to adapt to their
environment and overall survival. The molecular weight of
siderophores is low (400 to 1500 Da), with a unique affinity
for Fe3+ (Ka between 1023 and 1052) and able to bind the
complex Fe siderophores with membrane receptors to support
the absorption of iron by plants and microorganisms (Hider &
Kong, 2010). Siderophores are also useful in the preparation
of fertilizer to facilitate the growth of plants by regulating iron
intake. Sah et al. (2017) planted maize seeds and treated them
with Pseudomonas aeruginosa to observe how these
rhizobacteria can influence iron acquisition in maize. The
number of seeds, root, and shoot and cob length of maize
plants were analyzed after 70 days of planting. The results
showed that the plants treated with Pseudomonas aeruginosa
were taller and sturdier than the control. The shoot length of
the control was 103 cm, while the root length was 7 cm. When
there is iron deficiency, Pseudomonas produces siderophore,
which helps to chelate and transport Fe into the roots of the
plant and aids plant growth (Sharma & John, 2003).

Production of lytic enzymes

The cell walls of fungi can be degraded by a number of PGPR
by the secretion of hydrolytic enzymes, which include {3-
glucanases, dehydrogenases, chitinases, lipases, proteases,
phosphatases, pectinolyases, hydrolases, cellulases, and exo-
and endo-polygalacturonases (Jadhav & Sayyed, 2016). In an
in vitro experiment conducted by Sharma ez al. (2009), several
strains of Pseudomonas displayed antifungal activity against
three fungi zoospores. The researchers ascertained that the
antifungal activity was a result of the production of
rhamnolipid, which lysed the plasma membrane of the zoo-
spores fungi. This lytic property of PGPR helps to eliminate
the pathogen, thereby protecting the plant against biotic stress
(Noumavo et al., 2016).

Pseudomonas spp. produce a wide range of lytic enzymes,
siderophores, cyanide, and antibiotics (Weller et al., 2007)
that displays inhibitory effects on pathogens, including Fv.
A good number of secondary metabolites that display antifun-
gal effects on different plant pathogens are produced by the
Bacillus genus (Raaijmakers & Mazzola, 2012). Bacillus spp.
employ different mechanisms to inhibit this fungal pathogen
(Shafi et al., 2017). Examples of such are nutrient antagonism
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(Kamilova et al. 2005), antifungal lipopeptides production
(Hazarika et al., 2019), and lytic enzyme production such as
chitinases that can prevent fungal hyphal extension by cell
wall degradation (Kishore et al. 2005).

In a study by Olanrewaju and Babalola (2019), Bacillus
subtilis, Streptomyces heliomycini, Pseudomonas sp.,
Streptomyces griseoflavus, and Streptomyces globisporus
were shown to exhibit antagonistic effect against Fusarium
graminearum, a phytopathogen.

Dressing seed with biocontrol agents is a suitable tech-
nique to restrain phytopathogens in the rhizosphere and
spermosphere (Pereira et al., 2007). Bacterial inoculants
have been proven to promote plant growth by antagonizing
soil-borne phytopathogens such as Fv. In Argentina, root
rot caused by Fv has been controlled by Bacillus subtilis
and Pseudomonas cepacia (Cavaglieri et al., 2005).
Burkholderia spp. encourage the growth of the plant and
repress disease conditions triggered by Fv in maize plant
(Hernandez-Rodriguez et al., 2008), while species such as
Enterobacter hormaechei and Bacillus amyloliquefaciens
lessen the fumonisin accumulation and Fv infection in
maize kernels (Pereira et al., 2010). For efficiency in bio-
control, there is the need to develop control microbes that
are normal flora of the soils where the plant of interest is
grown. Augmentation of an ecosystem with a huge quantity
of “exotic” microorganisms can upset a native ecosystem
and lead to negative ecological effects on the overall micro-
biota of the rhizosphere (David et al., 2017). Additionally,
once microbiological control agents are released, they may
not only suppress phytopathogens. Still, they may also have
a deleterious effect on other rhizobacteria that hitherto are
of importance to the host plant. Figueroa-Lopez et al.
(2016) demonstrated that some bacterial strains inhibit
plant pathogens that affect rhizospheric and endophytic
bacteria populations.

Production of hydrogen cyanide and volatile compounds

Volatile compounds such as hydrogen cyanide (HCN) are also
generated by PGPR to antagonize plant pathogens. Noumavo
et al. (2016) reported the secretion of HCN by rhizospheric
organisms. P. corrugata displayed antagonistic action against
Fusarium oxysporum and Alternaria alternata pathogens of
maize and some other plants (Trivedi and Pandey 2008). The
antagonism was a result of the volatile compounds produced,
even though P. corrugata also can produce hydrolytic en-
zymes under in vitro culture conditions. Bacillus megaterium
antagonized two test plant pathogens, A. alternata and F.
oxysporum, by producing volatile compounds (Trivedi and
Pandey 2008). Olanrewaju and Babalola (2019) also reported
that Streptomyces globisporus present in Zea mays rhizo-
sphere also produces hydrogen cyanide.

Induction of systemic resistance

Plants’ defense mechanism can be triggered by PGPR in a
phenotypical manner, which is akin to plants’ usual defense
response when exposed to a pathogenic organism (Pieterse
et al., 2009). This phenomenon, which is known as induced
systemic resistance (ISR), makes the plant resilient and readily
prepared against an imminent attack by any pathogen (Van
Loon, 2007). Rhizobacteria induction of systemic resistance
is seen as a favorable biocontrol mechanism against plant dis-
eases (Razaq et al., 2017). The ISR can be triggered by several
microorganisms, including gram-positive bacteria such as B.
pumilus or gram-negative bacteria such as Pseudomonas
fluorescens, P. aeruginosa, and P. putida and enterobacteria
such as Serratia (Serratia plymuthica, Serratia marcesens) or
Pantoea agglomerans (Beneduzi et al., 2012). The ISR does
not only protect the plants against several pathogens, including
viral, bacterial, and fungal pathogens, but also protects the plant
against some diseases caused by nematodes and insects
(Choudhary et al. 2007). Several bacterial metabolites, includ-
ing lipopolysaccharides (LPS), cyclic lipopeptides,
siderophores, homoserine lactones, 2,4-diacetylphloroglucinol,
and some volatile compounds such as 2,3-butanediol and
acetoin, can trigger ISR (Doornbos et al. 2012).

Competition for nutrients, space, and iron

It may be intricate to expressly validate how the competition for
nutrients, space, and iron can control pathogenic attacks.
However, the indirect pieces of evidence reveal that the perpet-
ual competition between PGPR and pathogens might lessen the
prevalence and level of damage caused as a result of the plant
disease condition. The swift and overwhelming colonization of
plant roots by PGPR (which populates the plant pathogens’
infection sites) and consumption of the bulk of the nutrients
available retard the spread of pathogens. It is, therefore, evident
that competition for nutrients is an important means of biolog-
ical control because high rhizobacteria biomass mounts pres-
sure on the available nutrients. The presence of flagella for
mobility, lipopolysaccharide (LPS), chemotaxis, synthesis of
macromolecules and vitamins, and usage of root exudates com-
paratively place PGPR at an advantage on plant root coloniza-
tion (Lugtenberg & Kamilova, 2009). Table 1 enumerates
PGPR associated with Zea mays and how they aid plant
growth.

Molecular mechanisms of the interaction between
PGPR and maize plant

The scientific study of the set of metabolites and the small
molecule substrates, intermediates, and products of cell me-
tabolism involved in the interaction between maize and its
associated PGPR can aid our understanding of how these
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Table 1 Physiological processes and associated Zea mays rthizobacteria

S/ Process Associated rhizobacteria References

N

1. Rhizoremediation Enterobacter cloacae

2. Drought stress
lipoferum

3. Biocontrol
Production of antibiotics

Achromobacter xylosidansPseudomonas, Bacillus, and Azospirillum

Streptomyces hygroscopicus, Ectocarpus fasciculatus, Pseudomonas
putida, P. aeruginosa, P. fluorescens, and Azospirillum lipoferum
inhibit mycelial growth of Aspergillus ochraceus and Fusarium
verticillioides pathogens

P. aeruginosa and P. fluorescens antagonistic against F.

Abedinzadeh et al., 2018

Danish et al., 2020Hussain &
Hasnain, 2009 and Cohen
et al., 2009

Noumavo et al. 2015
Noumavo et al. 2015
Loper & Gross, 2007
Compant et al., 2005.
Babalola et al., 2019

verticillioides (responsible for 52.24% inhibition of mycelial

growth)

Amphisin, 2,4-diacetylphloroglucinol (DAPG), oomycin A,
phenazine, pyoluteorin, pyrrolnitrin, tensin, tropolone, and cyclic
lipopeptides produced by Pseudomonads

Oligomycin A, zwittermicin A, kanosamine, and xanthobaccin
produced by Bacillus spp., Stenotrophomonas spp., and
Streptomyces spp. to inhibit the growth of fungal pathogens

Bacillus subtilis A1, Bacillus velezensis A3, and Bacillus subtilis A29
synthesize antifungal and antimicrobial compounds, such as
bacillaene, bacilysin, bacillibactin, difficidin, fengycin, subtilosin
A, surfactin, and macrolactin

4. Iron chelation Pseudomonas aeruginosa

5. Lytic enzymes production Pseudomonas spp.

Pseudomonas sp., Bacillus subtilis, Streptomyces heliomycini,
Streptomyces griseoflavus, and Streptomyces globisporus

Burkholderia spp.

Bacillus amyloliquefaciens and Enterobacter hormaechei

6. Hydrogen cyanide and volatile compounds
production

7. Modulation of metabolic signaling and
stress-responsive genes to mediate
drought tolerance

P. corrugate
B. megaterium

Pseudomonas putida strain FBKV2

Sharma & John, 2003

Noumavo et al., 2016

Olanrewaju & Babalola, 2019

Hernandez-Rodriguez et al.,
2008

Pereira et al., 2010

Trivedi and Pandey 2008

SkZ et al., 2018

rhizobacteria support plant growth or serve as phytopathogen
biocontrollers. Detailed information on the interactions be-
tween plant, toxicogenic microbes, and beneficial microbes
could serve as a reference point in the formulation of new
strategies to improve crop protection, quality, and yields
(Adeniji et al., 2019). Most fungal and bacterial plant-borne
pathogens produce bioactive metabolites that undermine the
availability of healthy harvested crops for human and animal
consumption. Examples of such metabolites are albicidin,
alternariol, citrinin, coronatine, fumonisin, RS-toxin, and
toxoflavin produced by Xanthomonas sp., Alternaria sp.,
Penicillium sp., Pseudomonas sp., Fusarium sp.,
Rhizoctonia sp., and Burkholderia sp., respectively. These
phytopathogens are known to be responsible for cereal mil-
dews, and fusariosis or smuts/spots, and consequently have a
global impact on the human population, especially those who
rely on cereals, such as maize, as a staple food source (Franco
etal., 2019).

@ Springer

Benzoxazinoids (BXs), a tryptophan-derived
heteroaromatic metabolite, influence the metabolic regu-
lation and differentiation of maize roots and a vast group
of secondary root metabolites (Adeniji et al., 2020;
Meihls et al., 2013). The effects of BX-regulated root
metabolites with BX-dependent rhizosphere microbiota
were studied by Cotton et al. (2019), using an untargeted
ultra-high performance liquid chromatography with quad-
rupole time-of-flight mass spectrometry metabolomics
analysis, to evaluate the influence of the BXs metabolites
on the maize root metabolome. They compared the me-
tabolome of wild-type (WT) BX-regulated maize (Zea
mays cv. W22) root and a BX-deficient W22 mutant
(the mutation brought about by inserting transposons at
three different steps [BX1, BX2, and BX6] of the BX
biosynthesis pathway). It was observed from the results
of the WT and BX root profiling that the BX1 and BX2
mutations significantly impacted the root metabolome.
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Metabolomics creates an opportunity to identify
phytopathogen-specific metabolic biomarkers or plant
disease/defense biomarkers and then use them to monitor dis-
ease progression or the infectivity of phytopathogens.
Additionally, phytopathogen control can be achieved by isolat-
ing or synthesizing functional biomolecules associated with the
biocontrol organisms, which can be used to arouse
antiphytopathogenic mechanisms in plants. For example, spe-
cific biomarkers and or biochemical processes identified during
maize—Fusarium graminearum—Bacillus amyloliquefaciens in-
teraction would most likely contribute to a better understanding
of the metabolic regulation of all the interacting living systems,
providing valuable insights potentially useful in plant breeding,
metabolic bioengineering, robust secondary metabolite-
producing beneficial microbes, and cultivation/production of
biofungicides which can be used in maize cultivation.

Plant growth-promoting rhizobacteria can mediate drought
tolerance by modulating metabolic signaling and stress-
responsive genes. The molecular pathways engaged in
PGPR-mediated drought stress tolerance in maize plant was
studied by SkZ et al. (2018). They observed the differential
gene response between Pseudomonas putida strain FBKV2
and maize interaction under drought stress using Illumina se-
quencing. This was done by generating RNA Seq libraries
from leaf tissue of maize seedlings treated with P. putida
strain FBKV2 and subjected to drought stress. They also col-
lected the same from leaf tissue of maize seedlings not treated
with the strain and subjected to drought stress to serve as the
control. On mapping the libraries with the maize genome da-
tabase to identify the differentially expressed genes (DEGs),
the expression studies revealed downregulation of ethylene
biosynthesis (ET), superoxide dismutase, abscisic acid
(ABA) and auxin signaling, catalase, and peroxidase in seed-
lings treated with FBKV2. On the contrary, genes conferred
by P. putida strain FBKV2, which could act as key elements
in drought tolerance, were observed to be upregulated.
Examples included genes involved in (3-alanine and choline
biosynthesis, heat shock proteins, and late embryogenesis
abundant (LEA) proteins. Also noteworthy was the expression
of genes encoding benzoxazinoid (BX) biosynthesis which
acts as the chemoattractant P. putida strain FBKV2. This
was further confirmed by green fluorescent protein-labeled
P. putida strain root colonization studies.

Conclusion

One readily available key for the sustainable promotion of
maize production and global food security is the exploitation
of rhizobacteria. Soil microbial community offers an unlimit-
ed potential to resolve myriads of challenges militating against
crop production. The major requirements for improved maize
production are nutrient availability (N and P) and disease

control. Fortunately, P solubilizing and N, fixing bacteria in-
habit the natural population of Zea mays rhizobacteria. These
attributes are pertinent growth-promoting traits for Zea mays
growing in areas facing incessant erosion and soil degrada-
tion. The control of phytopathogens can be achieved effective-
ly by the use of biocontrol agents (BCAs) producing hydro-
lytic enzymes, antibiotics, siderophores; induction of systemic
resistance or by the production of hydrogen cyanide; and com-
petition for space, iron, and nutrients. Hydrolytic enzymes, for
instance, can selectively lyse the cell wall of phytopathogens
without harming the plant tissues. This makes BCAs more
eco-friendly, sustainable, and safer than chemical agents. All
of these potentials can be harnessed in an economical and eco-
friendly manner to get desired results without negatively
disrupting the ecosystem. Consequently, there is a need for
significant research efforts to boost the practical use of
rhizobacteria in combating agricultural challenges.
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