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Increased environmental stresses are among the most limiting factors for
agricultural productivity across the world. Reliable and environmentally
friendly techniques are needed to sustainably meet growing global food
demands. Plant-microbe interactions can alleviate stress, with the
application of plant growth-promoting rhizobacteria (PGPRs) that is now
widely in use. It has been known that PGPRs enhance plant growth and
tolerance to heavy metals by different action mechanisms. Application of
silicon (Si) can also stimulate plant growth and heavy metal stress tolerance
in plants. Here, we compare the mechanisms, as far as they are known,
through which Si and PGPRs can alleviate heavy metal stress in plants. Both
alleviate a similar suite of abiotic and biotic stresses, with a few interesting
exceptions, though mechanisms differ. The review paper suggests that the
combined use of Si and PGPRs can be a powerful and sustainable strategy to
enhance plant growth in sub-optimal conditions, and hence, experiments
assessing the combined use of Si and PGPRs on plants suffering abiotic and
biotic stress can be fruitful in the future.

1. Introduction

2023b; Tsoraeva et al., 2020). Increased industrial activities
have led to the uncontrolled release of metals into the

Agriculture is the mainstay of growing economies,
supplying food and consequently improving the overall
quality of life. Different areas of agriculture are confronted
with a wide range of challenges, such as climate change, soil
pollution from dangerous environmental pollutants like
pesticides, heavy metals, and fertilizers, and significantly
increased food demand due to a growing world population
(Kumar and Sharma, 2022; Liu et al., 2023a; Liu et al,

environment, resulting in a global increase in metal pollution.
Heavy metal accumulation has been reported in the
atmosphere, the marine environment, and the soil while
impacting drinking water sources and raising the hazardous
concentration of metal pollutants in foods (Siddiquee et al.,
2015). Most of these metal pollutants are easily stored in
plants, through which they enter the food chain, and are
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passed to humans, causing catastrophic illnesses and diseases
(Nedjimi, 2021).

These toxic pollutants are mainly heavy metals and
metalloids such as arsenic (As), lead (Pb), cadmium (Cd),
chromium (Cr), mercury (Hg), copper (Cu), and antimony
(Sb) (Feng et al., 2021). The uptake of these contaminants by
plants leads to serious threats to human health living in the
contaminated areas, primarily via the food chain (Feng et al.,
2021). The occurrence of heavy metals in the soil adversely
affects the growth, photosynthesis, biomass, and productivity
of various crops and restricts the uptake and translocation of
essential nutrients to plants (Adrees ef al., 2015; Awan et al.,
2020). Hence, there is an urgency to find methods to alleviate
the impacts of environmental stresses on agricultural systems
to sustainably feed the world’s growing population, while
decreasing environmental damage (Figure 1).

Manipulating soil microorganisms is one sustainable
agricultural practice that can improve crop productivity and

Rainfall Runofp

Weathering of rocks

Review Article

soil health by facilitating interactions of plant roots and
beneficial soil microorganisms (Lugtenberg et al., 2002).
Some of the beneficial soil bacteria, PGPRs (plant growth-
promoting rhizobacteria), can plant roots
(rhizosphere) and considerably increase plant growth and
yield (Kloepper et al., 1989) (Figure 2). These bacteria can
help plants maintain productivity under stressful conditions
(Etesami and Beattie, 2017). Since PGPRs are effective in
understanding stress tolerance, adaptation, and response
mechanisms, they can be used as excellent models to be
engineered into crop plants to cope with the climate change-
induced stresses (Grover et al., 2011).

colonize

2. Silicon

Application of silicon (Si) fertilizer in agriculture is
another potentially sustainable option for the alleviation of
biotic and abiotic stresses in various plants (Etesami and
Jeong, 2018). Silicon (Si) makes up around 70 % of the mass
of soil and is one of the most prevalent elements in the Earth’s

Volcanic eruption

Figure 1. Natural and anthropogenic pathways of potentially toxic elements (PTEs) into the agroecosystem

Volcanic eruptions, rock weathering, and rainfall runoff represent natural sources of PTEs entering agricultural soils. Anthropogenic sources
include agrochemicals, wastewater irrigation, traffic emissions, domestic wastes, and industrial activities such as mining, smelting, and
factory emissions. These combined routes contribute to the accumulation of heavy metals in the soil-plant system, posing environmental

and food safety risks.
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Heavy Metal Toxicity

PTEs in
soil fauna

PTEs in
soil flora

Heavy metals (Pb, Cd, Hg, As, Ni)
harm soil fauna by reducing their
activity, diversity, and survival.

Heavy metals (Pb, Cd, Hg, As, Ni)
impair plant growth by disrupting
photosynthesis, nutrient uptake, and
root development.

Heavy metals (Pb, Cd, Hg, As,
Ni) cause health issues in
humans, including organ
damage, cancer, and
neurological disorders.

Figure 2. Ecotoxicological impacts of PTEs on soil fauna, flora, and humans within the agroecosystem
Accumulation of heavy metals such as As, Cu, Pb, Zn, Cd, and Hg disrupt soil microbial diversity and biogeochemical cycling, leading

to nutrient deficiencies and physiological stress in plants. These disruptions impair germination, pollination, and overall crop
productivity, thereby threatening food security. In humans, exposure through ingestion, dermal contact, or inhalation causes severe

health issues, including cancers and organ-related diseases.

crust (Siddiqui et al., 2020). Si constitutes a major portion of
soil as silicate or aluminum silicate, but despite its
abundance, most cannot be absorbed directly by plants (Zhu
and Gong, 2014) (Figure 3). It occurs as silicic acid, Si (OH)s,
at concentrations between 0.1 mM and 2.0 mM (pH < 9) and
is readily absorbed into the root system. Si concentration in
plant aboveground parts ranges from 0.1 to 10.0% dry weight
(Epstein, 1994).

3. PGPRs and Si-mediated alleviation of metal heavy
toxicity in plants

Si and PGPR have been shown to alleviate the deleterious
effects of heavy metals in plants grown on contaminated soils
(Adrees et al., 2015; Etesami, 2018). Some of the known
mechanisms by which Si and PGPRs alleviate heavy metal
stress in plants are shown in the Figure. 3. In this section, the
recent progress in understanding the mechanisms of PGPRs
and Si-mediated heavy metal tolerance in plants is
summarized.

Anwar et al. | June 2024 | VOLUME 2 | ISSUE 1

3.1. Decrease in heavy metal toxicity (detoxification)

It was found that PGPRs could reduce heavy metal
toxicity by multiple mechanisms. For example, metal-
resistant siderophore-producing PGPRs can alleviate metal
toxicity by supplying nutrients for plants and binding metals
other than iron (chelation reaction), which may be the reason
why PGPRs can survive in the mine tailing soil contaminated
by multiple metals (Etesami, 2018). The ability to produce
the enzyme ACC deaminase is one of the most widely
accepted mechanisms of PGPRs under heavy metal stress.
This enzyme can lower growth-inhibitory levels of stress
ethylene produced in plants exposed to metal stress and
subsequently help alleviate the heavy metals' toxicity and
confer tolerance to plants (Sessitsch et al, 2013). By
producing low molecular weight organic acids (e.g., citric,
oxalic, gluconic, succinic, etc.), heavy metal-tolerant PGPRs
form complexes with heavy metals (chelation), which result
in metal ion detoxification. It is known that these organic
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acids have a higher affinity to form complexes with heavy
metals than with essential nutrient elements. In addition,
organic acids (e.g., citrate and oxalate) can reduce heavy
metal toxicity (e.g., Cd) to plants by modulating the
antioxidant enzyme response of plants (Etesami, 2018).

By solubilizing mineral phosphate complexes (e.g.,
calcium phosphate, iron(III) phosphate, and aluminium
phosphate) (Gyaneshwar et al., 2002) and subsequently
enhancing the P availability to plants, phosphate solubilizing-
PGPRs reduce the uptake and translocation of heavy metals
via (i) the processes involved in binding heavy metals to cell

Review Article

wall fraction, (ii) forming heavy metals-phosphate
complexes (e.g., formation of pyromorphite and formation of
insoluble Cd phosphate precipitates); and (iii) sorption of
metals to exopolysacharide polymers (Etesami, 2018). The
biosurfactants produced by PGPRs can also alleviate metal
toxicity by preferentially binding toxic metals with stronger
affinity than the normal soil metal cations (Pacwa-
Plociniczak ef al., 2011). By inducing physiological changes
and promoting the absorption of essential nutrients as a result
of proliferating plant roots, phytohormones (e.g., auxins,
gibberellins, and cytokinins) produced by PGPRs can

Impact of Silicon and PGPRs
against abiotic stresses

r k4

A

Drought Salinity

Nutritional deficiency

Heavy metals

N/

‘, |

*Activate antioxidant enzymes
(SOD, CAT, POD).

*Minimize heavy metal
uptake and movement to

*Strengthen cell walls and
reduce water loss.

*Maintain ion balance (| Na“,
1K),

*Promote root growth and
nutrient uptake.

*Enhance photosynthesis and
chlorophyll stability.

*Produce osmolytes for osmotic
balance.

*Improve soil moisture through
EPS secretion.

*Lower stress ethylene via ACC
deaminase,

*Induce stress-resistance genes.
*Boost overall plant tolerance
and yield.

+Nutrient solubilization (P,
Fe, Zn)

*Root growth enhancement
*Nutrient uptake efficiency
«Ion transport regulation
*Organic acids &
siderophore production
*Photosynthesis
improvement

*Enzyme activity
stimulation
*Phytohormone modulation
*Antioxidant defense
activation

*Mycorrhizal association
promotion

shoots

*Reinforce cell walls and
immobilize metals
*Enhance antioxidant
defense to reduce
oxidative damage
*Maintain ion homeostasis
(1 Ca*, |toxic metals)
*Regulate stress hormones
and reduce ethylene
toxicity

*Stimulate root growth
and overall plant
development

«Improve nutrient
absorption,
photosynthesis, and stress
tolerance

Figure 3. Comparison of the mechanisms through which silicon (Si) fertilizers and plant growth-promoting
rhizobacteria (PGPRs) mitigate various abiotic and biotic stresses in plants.

Si and PGPRs enhance plant resilience through multiple physiological and biochemical pathways, including root system development,
osmolyte accumulation, ion homeostasis, requlation of phytohormones, and induction of antioxidative and stress-resistance genes. These
mechanisms collectively alleviate salinity, drought, heavy metal toxicity, nutrient imbalance, and plant diseases. (Compant et al. (2005);
Liang et al. (2007); Dimkpa et al. (2009); Rajkumar et al. (2012); Miransari (2013); Egamberdieva and Lugtenberg (2014); Hernandez-
Apaolaza (2014); Zhu and Gong (2014); Adrees et al. (2015); Exley (2015); Pozza et al. (2015); Rizwan et al. (2015); Kaushal and Wani
(2016b); Qin et al. (2016); Luyckx et al. (2017); Etesami et al. (2017); Etesami (2018); Etesami and Jeong (2018)).
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alleviate metal-induced stress in plants and facilitate
adaptation and tolerance to metals, subsequently enhancing
plant growth. For example, auxins (e.g., [AA) are implicated
in alleviation of Cd toxicity in plants by reducing Cd sorption
and translocation or stimulating antioxidant enzymes
(Chmielowska-Bak et al., 2014).

The exopolysaccharides (i.e., polysaccharides, muco-
polysaccharides, humic substances, and proteins) produced
by PGPRs can strongly bind to toxic trace elements and
entrap precipitated metal sulfides and oxides, leading to the
formation of organic metal complexes and subsequently
alleviating heavy metal toxicity (Etesami, 2018). Similar to
PGPRs, Si can also decrease heavy metal toxicity and
subsequently mitigate heavy metal stress in heavy metal-
stressed plants (Etesami and Jeong, 2018). In previous
studies, it was reported that Si reduced the toxic effects of
metals in plants by stimulating the production of root
exudates (e.g., increase in the concentration of chelates such
as flavonoid-phenolics or organic acids such as citrate,
malate, and aconitate) (Adrees et al, 2015; Imtiaz et al.,
2016). Numerous studies found the co-precipitation of Si
with metals in the leaves and roots of varied plant forms
(Etesami and Jeong, 2018). It was found that the
coprecipitation of Si with heavy metals reduced the cell wall
porosity of inner root tissues and free heavy metals (Shi et
al., 2005). Si can reduce metal toxicity in plants by increasing
the content and accumulation of macronutrients (e.g., Ca,
Mg, P, and K) and micronutrients (e.g., Zn, Fe, and Mn) in
plants (Etesami and Jeong, 2018). In addition, Si can reduce
the metal toxicity as a result of the dilution effect by
enhancing the xylem sap and growth and biomass of heavy
metal-stressed plants (with larger biomass but similar uptake)
(Adrees et al., 2015; Gu et al., 2012; Liang et al., 2005a).

Some of other mechanisms by which Si could detoxify
metal heavy in metal- stressed plants include: (i) influencing
metal compartmentation in leaves and roots and sequestrating
these metals in non-photosynthetically active leaf epidermal
cells or on cell walls (metabolically less active cell
compartments); (ii) accelerating suberin lamellae, Casparian
bands, root vascular tissues development, and lignification;
(iii) enhancing the activity of gas exchange characteristics
(e.g., net photosynthetic rate, stomatal conductance,
transpiration rate, and water use efficiency); (iv) changing
some of the plant morphological traits (e.g., increase in length
of leaves, in leaf area, in number of leaves per plant, in root

Anwar et al. | June 2024 | VOLUME 2 | ISSUE 1

volume and number of root tips and length of primary
seminal root, in total root length, and in total root surface
area); (v) regulating plant phytohormones (e.g., decrease in
abscisic acid levels); (vi) helping the formation of the tertiary
endodermal cell walls; and (vii) localizing in root
endodermis, which serve as a barrier to block heavy metal
entrance into cells (Adrees et al., 2015; Imtiaz et al., 2016).
Based on these studies, it can be concluded that Si and PGPRs
increase heavy metal resistance in plants by reducing heavy
metal toxicity.

3.2. Decreasing metal uptake and blocking metal transfer
in plants

It has been well known that heavy metals adversely
influence the growth, biomass, and photosynthesis of heavy
plants  (Adrees et al, 2015).
Biotransformation of toxic soluble heavy metals has been
reported as a crucial step for reducing the uptake of these
metals by plants. PGPRs protect the plants from the
phytotoxicity of excessive metals by changing the speciation
from bioavailable forms to the non-bioavailable forms in
soils (Sessitsch et al, 2013). Heavy metal torelant-PGPRs
can decrease the availability of heavy metals to plants,
immobilize the metal and subsequently prevent its entry into

metal-stressed

the plant root by different action mechanisms (Etesami, 2018)
including (i) precipitation of heavy metals with microbially
produced anions (e.g., sulfides, phosphates, etc.); (ii)
acidification and oxidation-reduction; (iii) complexation by
producing numerous organic substances; (iv) biosorption or
sequestration of heavy metals by bacterial cells; and (v)
bioaccumulation of heavy metals. In addition, siderophore-
producing PGPRs also result in reduced uptake of heavy
metals (e.g., Cd) by improving iron availability, thus
conferring heavy metal tolerance, as well as improving plant
growth.

It was found that Si could enhance tolerance to toxic
metals in many plant species by reducing the uptake and
translocation of metals (Adrees et al., 2015; Etesami and
Jeong, 2018; Imtiaz et al, 2016). Si can reduce the metal
uptake by many ways including (i) increasing the uptake of
calcium ion (Ca*") and decreasing the uptake of aluminum
ion (AI*") by plants (Hammond et al., 1995); (ii) reducing the
apoplasmic transport of heavy metals by decreasing free
metal concentration in the apoplasm (Iwasaki et al., 2002;
Rogalla and Rémbheld, 2002); (iii) forming the physical
barrier by deposition in the vicinity of the endoderm, which
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reduces the cell wall porosity of inner root and subsequently
decreases the metal concentration in the xylem (da Cunha and
do Nascimento, 2009; Keller et al., 2015); (iv) decreasing the
contents of heavy metals in shoots relative to the roots of
plant (Naeem et al., 2015; Rizwan et al., 2012; Srivastava et
al., 2015); (v) stimulating the production of root exudates and
releasing organic acids, which chelate metals and
subsequently reduce uptake of heavy metals by roots or
translocation of metals to shoots (Kidd et al, 2001); (vi)
developing the apoplasmic barriers and maturation of
vascular tissues root (Greger et al., 2011; Vaculik et al.,
2012); (vii) increasing the adsorption of metals on the cell
walls (Ye et al., 2012), (viii) reducing the mobility of heavy
metals by accumulation in the root endodermis (Keller ef al.,
2015); and (ix) reducing the net influx of heavy metals in
cells (Liu et al., 2013).

Si immobilizes toxic metals by increasing soil pH and
altering metal speciation, thereby reducing their availability
and plant uptake by (i) forming the insoluble metal silicates,
silicate complexes and Si polyphenol complexes in soil; (ii)
decreasing the proportion of exchangeable heavy metals in
metals-contaminated soil; (iii) increasing the precipitation-
bound proportion and the fraction of organic matter bound
metals in soil (Adrees et al., 2015; Imtiaz et al., 2016); and
(iv) changing the chemical forms of Al in the solution by
forming hydroxy aluminosilicate (HAS) species (Hammond
et al., 1995). Based on these studies, it can be concluded that
Si and PGPRs reduce the heavy metal toxicity in plants by
obstructing metal transfer in plants and decreasing metal
uptake by plants (Figure 4).

3.3. Improvement in the uptake of nutrient elements by
the plant

Minerals’ nutritive substances are the major components
in the structural body of plants, providing mechanical,
biochemical, and physical strength to them. Toxic heavy
metals interfere with the uptake and distribution of essential
nutrients in the plant, causing deficiencies and nutrient
imbalance (Barcel6 and Poschenrieder, 1990). For example,
Cd?" competes with several mineral nutrients having almost
similar chemical properties like Ca?" and Mg*", Zn*" and
Fe?*, therefore, causing a mineral deficiency in the plant
(Barcel6 and Poschenrieder, 1990). It was found that the
PGPRs with the ability of production of IAA, organic acids,
and siderophore enhanced plant growth and plant resistance
to metal stress in metal contaminated soils by inducing

Agricultural Research Reports
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physiological changes in plant, reducing heavy metal toxicity
partially to the plants, and improving the uptake of nutrient
elements (e.g., P, Mg, Ca, N, S, Fe, Zn, Mn, etc.) (Etesami,
2018).

Si can also reduce metal toxicity in plants via improving
(interaction with other elements) the absorption of essential
nutrients (e.g., Zn, Fe, Mn, Ca, Mg, P, and K) by the plants
under metal stress (Adrees et al., 2015; Etesami and Jeong,
2018). Based on these studies, it can be concluded that Si and
PGPRs reduce heavy metal toxicity in plants by improving
the uptake of nutrient elements in plants.

3.4. Induced plant synthesis of antioxidative enzymes

Oxidative stress may also occur in plants when they are
exposed to heavy metal stress (Adrees et al., 2015). It has
been well known that PGPRs induce plant synthesis of
antioxidant enzymes in response to abiotic stresses, including
heavy metal stress (Etesami, 2018). In many previous studies
(Kim et al., 2017), it was found that Si could reduce oxidative
stress in the plants fertilized with Si by reducing the
production of reactive oxygen species and enhancing the
activities of antioxidant enzymes (e.g., superoxide dismutase,
peroxidase, catalase, and ascorbate peroxidase). Based on
these studies, it can be concluded that Si and PGPRs reduce
the heavy metal toxicity in plants by inducing plant synthesis
of antioxidative enzymes in plants.

3.5. Activation/Regulation of heavy metal resistance
genes

PGPRs can induce heavy metal resistance genes (e.g.,
genes of PaADC, PaSPDS,, PaSPDS,, Lemt;, and
LeNramp;) and the expression of more general stress
response mechanisms such as ethylene and stress proteins
under different stresses, including heavy metal toxicity in
plants (Dimkpa et al., 2009; Rajkumar et al., 2012; Sessitsch
et al., 2013; Vannini ef al., 2006). It was also reported that Si
application activated the important genes (e.g., OsHMA3 and
OsLsi genes in rice under Cu/Cd stress and genes of
0509226810, 0s08g02630 (PsbY), 0s03g57120 (PetH),
0505248630 (PsaH), 0s07g37030 (PetC), and Os04g38410
in rice Zn under stress) associated with heavy metal
responses, in heavy metal stressed plant responsible for heavy
metal tolerance (Adrees et al., 2015; Bokor et al., 2014; Kim
etal., 2014; Ma et al., 2015; Nwugo and Huerta, 2010; Song
etal., 2014).
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In addition, Si also inactivated some transporter genes,
e.g., COPT1 and HMAS in Arabidopsis thaliana under Cu
stress and Nramp5 in rice under Cd stress, which were
involved in transferring heavy metals in heavy metal-stressed
plants (Ma et al., 2015; Ping et al., 2008), genes of PAL
(phenylalanine ammonia-lyase) under Cu stress, and genes of
ZmLsi; and ZmLsi; in maize roots under Zn stress (Bokor et
al., 2014; Khandekar and Leisner, 2011). Based on these
studies, it can be concluded that Si and PGPRs reduce the
heavy metal toxicity in plants by inducing heavy metal
resistance genes in plants. The above studies clearly show
that PGPRs and Si could separately alleviate heavy metal
stress in stressed plants through different mechanisms.

and Si to reduce the stress of heavy metals in plants, which is
recommended for future studies.

4. Which one is the best in alleviating abiotic and biotic
stress? PGPRs or Si or both

The successful use of PGPRs in applications, such as
phytoremediation, bioremediation, biofertilization,
biocontrol, etc., relies much on the ability to establish the
desired PGPRs in the already existing community of soil
microorganisms (native microorganisms). It was reported
that PGPRs were not able to increase the growth and yield of
the plant or the plant’s tolerance to biotic or abiotic stresses
under field conditions, although they were effective in the

[Sir’PGPRs alleviate heavy metal stresa

X

H4Si04,available
form to plants

Soil solution
H4Si04

Rhizosphere
zone

Free living \
rhizobacterla "

Figure 4. Mechanisms by which silicon (Si) and plant growth-promoting rhizobacteria (PGPRs) alleviate heavy

metal stress in plants

Si mitigates heavy metal toxicity by decreasing metal uptake, enhancing plant growth and photosynthetic efficiency, improving nutrient
balance, and promoting detoxification processes. PGPRs alleviate heavy metal stress through mechanisms such as siderophore production,
ACC deaminase synthesis, organic acid and biosurfactant secretion, phosphate solubilization, and induction of metal resistance genes.
Collectively, Si and PGPRs reduce the bioavailability and uptake of heavy metals, thereby enhancing plant tolerance and growth under

contaminated conditions.

Accordingly, it can be predicted that if PGPRs and Si are used
together, they will be more effective in reducing the stress of
heavy metals compared with their use separately. So far, no
research has been conducted on the compound use of PGPRs

Anwar et al. | June 2024 | VOLUME 2 | ISSUE 1

greenhouse and controlled (in vitro) conditions. There is, for
instance, a great deal of evidence that in vitro solubilization
of P by phosphate-solubilizing PGPRs was not effective
under field conditions (Gyaneshwar et al., 2002). Among the
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influential factors impacting colonization with pre-selected
PGPRs, variables such as soil type and chemical properties,
natural selection, as well as agricultural management
practices (e.g., crop rotation or application of pesticides) are
of great importance. Therefore, there are many factors that
PGPRs can apply to their effect on the plant of interest. For
example, to protect the plants from Cd stress, these bacteria
must be (i) resistant to Cd, (ii) capable of binding to free Cd>",
(iii) actively colonizing rhizoplane, rhizosphere, and/or
endorhiza, and (iv) a PGPR with multiple plant growth-
promoting traits (Pishchik et al., 2002).

Successful establishment of PGPRs might pursue the
first-come-first-served principle. To begin with, in the plant’s
development, a bacterium can be established, the better the
chances that it might out-compete others; however, it has
been found that there are bacteria within the embryo or under
the seed coat of some plant species. Such bacteria will still
have to compete with beneficial bacteria, even when the latter
are applied as early as the seed stage. In fact, the prerequisite
for a successful establishment of the beneficial bacteria is a
continuous supply of carbon and energy sources (Zahir et al.,
2003). Hence, in addition to the attraction of neutral and
beneficial bacteria, fungi, and other soil microorganisms,
mucilage-derived nutrients and root exudates attract
deleterious rhizobacteria as well (Walker er al, 2003).
Consequently, PGPRs have to be highly competitive to
successfully establish in the root zone, and this factor has yet
to be improved in the near future.

As mentioned above, Si has been known as the only
element that can increase plant resistance to manifold
stresses. Although there is a bacterial isolate possessing
multiple PGP traits, it is not known whether all the traits of
promoting plant growth are expressed concurrently or at
different phases of growth of the bacteria. When present
excessively, Si does not pose any harm to plants (Epstein,
1994) since Si is noncorrosive and pollution-free. Si
fertilizers are, therefore, high-quality fertilizers that can be
used for cultivating an ecologically sound agronomy (Zhu
and Gong, 2014). From an economic perspective, Si
fertilizers are also relatively affordable, assuming 10-20% of
the cost of other fertilizers (Yuangi, 2000). Therefore, to reap
the economic and ecological benefits of Si, it is necessary to
apply Si-fertilizer in Si-lacking areas. Taken together, it
seems that PGPRs and Si can synergistically enhance
tolerance to abiotic and biotic stresses in plants. For the first

Agricultural Research Reports
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time, an additive effect and an improved strategy for the
amelioration of salinity stress in mung bean upon the
combined use of Si and PGPRs were reported (Mahmood et
al, 2016, 2017).

5. Conclusions and prospects

Many plant-associated bacteria are well known for their
capacity to confer plant growth promotion and increase
resistance to stresses. However, when applied in the field,
these PGPRs frequently are unsuccessful in conferring their
beneficial effects, which is often because of inadequate rhizo-
and/or endosphere colonization (Compant et al, 2010). Si
can also stimulate plant growth and alleviate various biotic
and abiotic stresses in plants. Both have almost the same
propensity to alleviate abiotic and biotic stresses in plants.
Hence, I suggest that the combined use of Si and PGPRs may
have synergistic benefits in alleviating stresses. Currently,
only a single study (Mahmood ef al., 2016) has explored the
potential for the combined application of Si and PGPRs to
benefit plant growth. Additional study is necessary to
comprehend the mechanisms by which Si and PGPRs
alleviate environmental stresses in tandem.

Based on current knowledge, suggest several future
avenues of research: (i) additional research is necessary to
investigate the influences of Si on plant biochemistry and on
the articulation of microbial genes. In addition, it should be
determined that whether the combined use of Si and PGPRs
might be a general strategy to improve stress tolerance of
crop plants under different stressful conditions (e.g., drought,
heavy metals, organic pollutants, nutritional imbalance, etc.)
(Mahmood et al, 2016); (ii)) comparative studies of
interactions between Si and PGPRs, now lacking, would shed
light on the mechanisms governing biotic and abiotic
stresses; (iii) the most important aspect for further studies on
Si in plant biology should be focused on making full use of
the role of Si along with PGPRs and even fungi in conferring
tolerance in plants against abiotic stresses, and thus their roles
in environmental remediation; (iv) since most of the PGPRs
are heterotrophic and susceptible to environmental stressors
and, on the other hand, competition for limited resources by
these PGPRs is also crucial, prominent beneficial effects of
inoculation with potential PGPRs are to be investigated in
poor soils; (v) there is no information on the metabolically
active roles of Si and PGPRs in plants under biotic and abiotic
stress conditions, particularly on the molecular aspects of
plants and PGPRs and Si-mediated nutrient; (vi) mechanisms
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of PGPRs and Si-mediated alleviation of abiotic stresses
(e.g., drought, salt stress and heavy metals) in plants
(monocots and dicots) are poorly comprehend at the
molecular and genetic levels; more genetic research is
necessitated to determine relationships between these stresses
and Si and PGPRs; and (vii) it is needed to study the
compound use of Si and silica solubilizing bacteria to
alleviate different environmental stresses (abiotic and biotic)
and compare their effects on plant.

In general, developing more detailed fundamental
knowledge about the interactions between PGPRs and Si
would facilitate a better understanding of alleviating abiotic
and biotic stresses and perhaps would allow better predictions
regarding the plant response. It was foreseen that increasing
curiosity to explore the mechanisms of PGPRs and influence
stress tolerance among plants is about to come. On the whole,
well-crafted, large-scale, and long-term field trials are called
for in order to assess the viability of PGPRs and Si
application in mitigating biotic and abiotic stresses, along
with an investigation into the economic feasibility of
different Si bases.
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