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Abstract

Background and aims It is known that the single
and combined use of phosphate-solubilizing bacteria
(PSB) and silicon (Si) have the potential to improve
the uptake of phosphorus (P) by plants in calcareous
soils. However, it was unclear which form of Si in soil
would have the most profound effects on the uptake of
P by wheat plant inoculated with PSB. Here we inves-
tigated the effect of Si fertilizer on chemical forms of
Si and P uptake by wheat plant inoculated with PSB
in a calcareous soil. Determining different forms of Si
in calcareous soils with a low P supply is essential to
better understand the capacity of these forms to sup-
ply wheat plant with P in the presence of PSB.
Methods A pot trial in a completely randomized
design with factorial arrangement in 3 repetitions
under greenhouse conditions was adopted to investi-
gate the effect of Si fertilizer alone or in combination
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with PSB on the uptake of P and Si by wheat plant
grown on a calcareous soil with low available P.
Experimental treatments included: Si factor at four
levels of 0, 150, 300, and 600 mg Si kg_1 from silicic
acid source and PSB strains factor at three levels of
BO (control), Pseudomonas sp. FAl, and Bacillus
simplex UT1. The impacts of Si levels and PSB on
shoot and root dry weight and the wheat shoot uptake
of Si and P were measured. Also, the chemical forms
of Si in wheat rhizosphere and non-rhizosphere soil
and the regression models of the variables were
studied to better understand the mechanisms of this
process.

Results With increasing the levels of Si, the plant
available Si with the lowest level, adsorbed Si, and
amorphous Si with the highest level in both the
rhizosphere and non-rhizosphere soil increased. In
addition, Si fertilization-mediated increase at level
of the soil Si fractions was intensified in the pres-
ence of PSB strains. The highest plant available Si
(75.50 mg Si kg™! soil) was obtained from the treat-
ment of 600 mg Si kg™! soil in the presence of Pseu-
domonas sp. FA1l. The combined application of Si
and PSB strains also increased the wheat shoot dry
weight by 3.5 times compared to the control treat-
ments. The use of Si alone at level of 300 mg Si kg™
also increased the wheat shoot content of P by 2.3
times compared to the control treatment. However,
the combined application of Pseudomonas sp. FAl
and Si at level of 600 mg Si kg~! increased the wheat
shoot content of P by 4 times compared to the control
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treatment. According to the correlations among the
studied parameters, in addition to the expected posi-
tive correlation between plant available Si of wheat
rhizosphere soil and the measured parameters, a posi-
tive and significant correlation between adsorbed Si
of wheat rhizosphere soil and the shoot uptake of
Si (r?=0.84, P<0.01) and the shoot uptake of P
(r2=0.58, P <0.05) was also observed in this study.
Conclusions The information on the distribution
of different forms of Si and the availability of P fol-
lowing the combined use of PSB strains and Si in
this study (e.g., the role of rhizosphere adsorbed Si
in increasing the wheat shoot uptake of P) may help
in better management of P-fertilization in calcareous
soils.

Keywords Silicic acid - Plant growth-promoting
bacteria - Plant available Si - Sequential extraction
of silicon - Available phosphorus - Rhizosphere and
non-rhizosphere soil

Introduction

Phosphorus (P) is an essential nutrient of the plant
and plays a main role in plant growth and develop-
ment. Phosphorus in plants is the second essential
nutrient after nitrogen that is required for various bio-
chemical processes and completing the reproductive
growth of the plant. On average, soils contain an aver-
age of 400 to 1000 mg kg~! of total P, of which only
1.00-2.50% is available to plants for uptake (Chen
et al. 2008). Phosphorus is found in soil in both min-
eral and organic forms. Most of the organic P (20 to
80%) has been found to be inert (Abdi et al. 2014).
Mineral P in soils may become unavailable through
fixation or adsorption. For example, mineral P may
become unavailable because of precipitation reac-
tions with cations such as Ca-P and Mg-P in alka-
line soil or Fe-P and Al-P in acidic soil (Yadav et al.
2017; Bayer et al. 2001). As a result, the concentra-
tion of mineral P in the soil solution is rarely more
than 0.10 mg kg~!. In most calcareous soils, which
are most abundant in arid and semi-arid zones of the
world such as Iran, the available P concentration is
usually less than the critical level (10-12 mg P kg™!)
and a large amount of chemical P fertilizers is added
to the arable lands annually to supply the P needed
by crops (Golmohammad et al. 2016). In addition, it
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has been reported that only 15-20% of the applied P
to calcareous soils becomes available to plants (Sharif
et al. 2002). However, the use of large amounts of the
fertilizers in calcareous soils leads to the accumula-
tion of P in the soil and causes environmental pollu-
tion as well as nutrient imbalance in these soils (Jalali
and Sajadi Tabar 2011). It means that it is necessary
to study how to optimize better management of P
fertilization in calcareous soils (the soils with a high
concentration of Ca and an alkaline pH).

It has been well proven that phosphate-solubilizing
bacteria (PSB) can improve P supply to plants by
organic P mineralization and dissolution of insoluble
mineral phosphates (Sharma et al. 2013). Decrease
in soil pH, production of organic acids, and phos-
phatases are the main mechanisms of PSB in improv-
ing P availability to plants (Sharma et al. 2013;
Etesami 2020). The use of PSB can increase the avail-
ability of P to plant in calcareous soils and improve
P uptake by the plant and as a result increase crop
yield (Ghorchiani et al. 2018; Shirmohammadi et al.
2020). Many studies have reported the use of PSB
as an alternative to chemical P fertilizers (Beheshti
et al. 2021; Alori et al. 2017; Etesami 2020; Kaur and
Reddy 2015). According to previous studies, the bac-
teria of the genus Pseudomonas and Bacillus are the
most potent insoluble phosphate solubilizers (Sharma
et al. 2013; Etesami 2020; Shirmohammadi et al.
2020).

Application of silicon (Si) is also known as an
ecologically compatible and environmentally amica-
ble way to improve the level of plant-available P in
agro-ecosystems, alleviate environmental stresses,
and stimulate plant growth (Etesami and Jeong 2020,
2018; Etesami et al. 2021). Silicon has been shown to
improve plant growth under low P conditions by vari-
ous mechanisms (e.g., by improvement of exudation
of organic acids, up-regulation of P transporters in
P-deficient plant roots, and weakening the ability of P
to bind the surface of iron/aluminum-oxides, and con-
sequently enhancing P bioavailability)(Etesami et al.
2021; Kostic et al. 2017; Koski-Vihili et al. 2001).

Although Si is one of the major soil constituents,
which is naturally available to plants in soil, the natu-
ral soil Si depletion, cultivation of Si high-accumula-
tor plants, and removal of the residues of these plants
can reduce the pool of plant available Si (Li et al.
2020a). This, thus, points out that Si fertilizers are
encouraged to boost the cultivation safety of plants
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and crop productivity (Epstein 2009; Li and Delvaux
2019). The primary source of Si for plant uptake is
the reserve of weatherable lithogenic silicates (Alex-
andre et al. 1997; Henriet et al. 2008). Their disso-
lution delivers monosilicic acid (plant available Si),
aluminum, iron and other solutes, which may form
pedogenic alumino-silicates, aluminum and iron
oxides, which mostly accumulate in highly weathered
soils with advanced desilication and Si depletion.
These pedogenic aluminosilicates can be in turn dis-
solved depending on monosilicic acid activity (Rai
and Kittrick 1989).

The largest proportion of amorphous silica in most
soils is represented by bio-opal (Richard Drees et al.
1989). Amorphous silica consists mainly of biogenic
silica, produced by plants as phytoliths (monosi-
licic acid polymerized in transpiration sites of plant
shoots) (Jones and Handreck 1965), with a variable
contribution of a non-crystalline inorganic fraction,
such as Si included in iron oxides/hydroxides and Si
in inorganic alumino-silica coatings (Saccone et al.
2007). It is known that the amorphous biogenic Si
(phytolith) returns to soil within plant residues (Li
and Delvaux 2019), readily dissolves at common soil
solution pH (Fraysse et al. 2009), replenishes dis-
solved Si pool (Li et al. 2020a), and acts as a major
source of dissolved Si in soil solution (Matichenkov
and Bocharnikova 2001). For example, in a study,
Alexandre et al. (1997) estimated that Si release from
bio-opal is two to three times as great as that from
silicate weathering. In a resent study, Li et al. (2020a)
also demonstrated that with increasing soil weather-
ing stage, the biological Si feedback loop takes over
the mineral contribution to plant available Si. This
implicates a high turnover of this fraction.

Due to the physical and chemical properties of
soils in different regions, Si can be observed as a
variety of chemical compounds in the soil (e.g., plant
available Si, Si adsorbed or precipitated with iron and
aluminum oxides, and Si as a component of crystal-
line or amorphous silicate minerals) (Haynes 2014;
Crusciol et al. 2018). Despite the abundance of Si
in the Earth’s crust, most of its forms are not avail-
able by plants. Amounts of Si in soils depend on
parent material and soil type, reflecting pedogenic
processes at pedon and landscape scale (Georgiadis
et al. 2013). Monosilicic acid in soil solution is part
of a dynamic system; its amount depends on soil
properties such as mineral composition, adsorption

and desorption effects, water balance, temperature,
various organic compounds, and biochemical activ-
ity (Milnes and Twidale 1983), which are different
in various soils. For example, organic compounds
such as low molecular weight organic acids contrib-
ute to the weathering of soil minerals through acidi-
fication and complexation and increase silica solubil-
ity (Bennett et al. 2001). Adsorption of monosilicic
acid in various soils also depends on soil reaction,
soil composition and the specific surface of sorbents
and increases with increasing pH and specific surface
area of the soil particles (Gehlen and Van Raaphorst
2002; Georgiadis et al. 2013). For example, pedo-
genic oxides and hydroxides that are abundant in soils
(Schwertmann and Taylor 1989) play an important
role in adsorption, occlusion and release of silicic
acid in soils (Cornelis et al. 2011). The amplitude of
plant Si uptake and mineralomass depends on plant
species, soil weathering stage, pH and buffer capacity
(Lietal. 2019).

In addition to the physical and chemical proper-
ties of soils, the biological properties of soils such as
microorganisms (bacteria and fungi) are also known
to affect Si-release from litter or minerals. Some
microorganisms have developed mechanisms for Si-
storage (biomineralization) in their bodies (Sommer
et al. 2006) and converting silicate forms to available
forms for plants (Etesami et al. 2021). For example,
in a previous study, the use of plant growth-promot-
ing-bacteria (PGPB) positively affected the available,
adsorbed, and amorphous fractions of Si under water-
deficit stress conditions (Valizadeh-rad et al. 2021). It
has also been reported that Si also interacts with the
growth of beneficial soil microorganisms and alters
their structure and diversity (Song et al. 2021a, b).

Recently, the study on interaction of Si and
PGPB in the combination has been proposed as a
novel research field (Etesami 2018; Etesami and Adl
2020a). In our previous studies, it was found that PSB
and Si can synergistically improve P uptake by wheat
(Rezakhani et al. 2019) and sorghum (Rezakhani
et al. 2020) fertilized with soluble or insoluble P
source under controlled conditions (soilless). How-
ever, these studies did not determine which form of
Si would have the greatest effect on P uptake and
improving growth indices of the plant under soil con-
ditions. In addition, so far, no documentary study
has been conducted on the effect of chemical forms
of Si on P availability in the presence of PSB in a
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calcareous soil. It is also known that PSB can also
affect the availability of Si and increase the uptake of
this element by plants (Etesami et al. 2021). Informa-
tion on the status of Si and the determination of its
most important form(s) in increasing the availabil-
ity and uptake of P by the plant in calcareous soils
is of special importance and PSB can be effective in
this regard. Due to the different solubility of various
forms of Si, the determination of their frequency and
distribution will provide more knowledge of the abil-
ity of plants to use more soil Si. Quantification of
Si pools in soils is needed for improving our under-
standing of biogeochemical processes involving Si in
the plant—soil-water system which has represented a
black box in global Si-cycling models so far (Geor-
giadis et al. 2013). Such quantification requires a
sequential extraction method for the various Si frac-
tions in soils. Some studies have been done to identify
the different forms of Si to determine the relationship
between plant uptake of Si with soil Si by using dif-
ferent extractors (Babu et al. 2016; Crusciol et al.
2018; Georgiadis et al. 2013, 2017). However, none
of these extractants have been practicable in all types
of soils because the contents of Si extracted vary
considerably depending on the solution used in the
extraction process (Snyder 2001; Babu et al. 2016).
Keeping above in view, the objective of this study
was to investigate the effect of Si fertilizer and PSB
strains on various chemical forms of Si (plant avail-
able Si, adsorbed Si, and amorphous Si), determined
by modifying the current method of Si extraction
(Georgiadis et al. 2017), the shoot uptake of P and Si,
and biomass of wheat plant, as a major cereal crop in
many countries, grown on a calcareous soil with low
available P under greenhouse conditions.

Materials and methods
Sampling and analysis of soil

Due to the need for a soil with low available P
(lower than the critical level, 12 mg kg™!) in this
experiment, a calcareous soil was sampled at a depth
of 0-30 cm from the research farm of Soil and Water
Research Institute (SWRI), located in Karaj, Iran.
After being air-dried and passed through two-mm
sieve, the soil samples were analyzed according to
standardized procedures and used in pots. The soil
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had a clay loam texture (31% sand, 44% silt, and
25% clay); total P (Bowman 1988; Murphy and Riley
1962), 1186 mg kg™'; organic C (Walkley and Black
1934), 0.60%; pH (Haluschak 2006), 7.80; electri-
cal conductivity (Haluschak 2006), 1.03 dS m;
moisture content at field capacity (FC), 22.70%;
available P (Olsen-P) (Olsen and Sommers 1982),
5.50 mg kg'; available K, 258 mg kg~! (Swift and
Sparks 1996); micronutrients (Swift and Sparks
1996), e.g., DTPA-extractable Fe, 4.51 mg kg;
DTPA-extractable Cu, 1.12 mg kg_l; DTPA-extract-
able Zn, 0.93 mg kg'l; and DTPA-extractable Mn,
8.05 mg kg~!; available Si (Narayanaswamy and
Prakash 2009), 34.22 mg kg~!; cation exchange
capacity (Haluschak 2006), 14.52 cmol, Kg™'; and
calcium carbonate equivalent (Loeppert and Suarez
1996), 10.96%.

Experimental set up and treatments

To study the impact of various concentrations of Si
and PSB strains on chemical forms of Si and growth
parameters of wheat plant (cv., Sirvan), an experiment
was carried out in a completely randomized design in
factorial arrangement in 3 replications under green-
house conditions. Experimental treatments included:
(i) phosphate-solubilizing bacterial strain factor at 3
levels: non-inoculated seedlings (BO), Bacillus sim-
plex UTl1-inoculated seedlings, and Pseudomonas sp.
FAl-inoculated seedlings; and (i) silicon factor at 4
levels, soil non-fertilized with silicic acid (H,SiOy;
96.113 g mol™), soil fertilized with 150 mg Si kg™
soil as silicic acid, soil fertilized with 300 mg Si kg~!
soil as silicic acid, and soil fertilized with 600 mg Si
kg~! soil as silicic acid. A total of 12 various treat-
ments (3x4) were obtained from combination of
various factors aforesaid. A total of 36 pots (12X 3)
were used in this experiment. This experiment was
also performed twice under greenhouse conditions.
Colonization assay, plant growth promoting traits,
and how to prepare inoculants for PSB strains were
well described in our previous study (Rezakhani et al.
2019). Strains UT1 and FA1 solubilized tricalcium
phosphate (220 and 239.68 mg P L', respectively)
and rock phosphate (94.90 and 164 mg P L™}, respec-
tively) (Rezakhani et al. 2019). Since different plant
species have indicated various needs for Si addition
(Etesami et al. 2020), different Si levels were used
in this study to obtain the optimized content of Si.
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In addition, the Si levels used here were equivalent
to those extensively used in other studies (Rezakhani
et al. 2020, 2019; Bahari et al. 2012).

In this study, rhizobag system was used to sepa-
rate the rhizosphere soil from non-rhizosphere soil in
pots. Each experimental-unit consisted of plastic-pots
(15.5 cm in diameter and 14 cm high) with two holes
for drainage containing 3 kg of soil passed through a
4 mm-mesh sieve. Silicon treatments were added to
the potting soil about 28 days before planting. The
pots were incubated at 25 °C to balance soil biologi-
cal and chemical reactions for four weeks. During
the incubation period, the soil moisture of the pots
was maintained with distilled water at FC as deter-
mined by gravimetric water content by weight. The
seeds of wheat were obtained from Seed and Plant
Breeding Research Institute (SPBRI), Karaj, Iran.
Surface-disinfected seeds were germinated on agar-
water (0.8%) plates in the dark for 48 at 28 °C. Five
healthy-germinated same-sized seeds were planted in
each pot and later thinned to three uniform seedlings
per pot. These seedlings were then inoculated with
1 mL of the suspensions of PSB strains (5 x 10% cells
mL™!) according to the experimental design. Green-
house conditions included: temperature, 25 °C; light
intensity, 20,000 lx; and relative humidity content,
70%. To ensure that the greenhouse conditions are
the same, the treatments and repetitions related to
each treatment were alternated to eliminate possible
errors due to differences in transpiration, temperature,
evaporation, light, and other factors as much as pos-
sible. Daily irrigation with Hoagland nutrient solu-
tion (Hoagland and Arnon 1950) and distilled water
was done by weight to provide 80% moisture of FC.
Potassium dihydrogen phosphate (KH,PO,) as a
source of P was removed from the nutrient solution
and the amount of K removed was supplied by potas-
sium sulfate.

Measurement of plant biomass

Before entering the reproductive stage (60 days
of growth period), wheat plants were cut from the
crown. After rinsing with distilled water, they were
dried in a ventilated oven at 70 °C for 48 h and then
their dry weight was measured. In addition, the roots
of wheat were carefully removed from the pot and
gently separated from the soil by rinsing with water

and then washed with distilled water, dried at 70 °C
for 48 h and weighed.

Measurement of shoot Si and P concentration

The concentration of Si in the shoot (0.2 g ground
samples) digested with 2 mL of 50% H,0, in 100 mL
polyethylene tubes (previously rinsed with 0.1 M
NaOH and demineralized water) was determined
using colorimetric amino-molybdate blue color
method (Elliott and Snyder 1991) by a UV visible
spectrophotometer (Shimdzu, Spectronic 100, Japan)
at 650 nm. Dry-ashing method and the digestion with
hydrochloric acid were used to determine shoot P
concentration (Waling et al. 1989). Extraction was
carried out based on the method described by Ryan
et al. (2001). Phosphorus concentration in the extract
was read by spectrophotometer (Novaspec II-Eng-
land) at 430 nm. Wheat shoot uptake of Si and P was
calculated by multiplying the Si and P concentration
of wheat shoot by the shoot dry weight, respectively.

Measurement of chemical forms of Si in rhizosphere
and non-rhizosphere soil

In this assay, plant available Si, adsorbed Si, and
amorphous Si of the soil after harvesting wheat plant,
both soil inside rhizobag (rhizosphere soil) and soil
outside rhizobag (non-rhizosphere soil), were deter-
mined. To measure these forms, we modified the
method proposed by Georgiadis et al. (2017), which
is proper for acidic soils, for calcareous soil in this
study. For this purpose, first the extract solutions for
plant available Si and adsorbed Si and amorphous Si
were prepared according to Korndorfer et al. (1999)
and Breuer and Herrmann (1999), respectively, then
these forms were measured by sequential extraction
method. To prepare the samples, the soil was passed
through a 2-mm sieve after drying. Two g of the soil
was poured into 50-mL centrifuge tube. At the first
step, 20 mL of 0.01 M calcium chloride was added
to the tube. The resulting suspension was shaken
with an electric shaker at 180 rpm for 60 min and
then centrifuged at 3000 rpm for 5 min. The obtained
mixture was immediately filtered and the content of
plant available Si in the resulting solution was read by
using ICP (Perkin Elmer ICP-Optima 2100 DV). At
the second step, 20 mL of 0.5 M acetic acid extrac-
tor was added to the centrifuge tube at the first step.
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The resulting suspension was shaken with an elec-
tric shaker at 180 rpm for 60 min and then centri-
fuged at 3000 rpm for 5 min. The obtained mixture
was immediately filtered and the content of adsorbed
Si in the resulting solution was read by using ICP
(Perkin Elmer ICP-Optima 2100 DV). At the third
stage, 40 mL of 0.5 M sodium carbonate extractor
was added to the centrifuge tube at the second step.
The resulting suspension was shaken with an electric
shaker at 180 rpm for 16 h and then centrifuged at
3000 rpm for 5 min. The obtained mixture was imme-
diately filtered and the content of amorphous Si in
the resulting solution was read by using ICP (Perkin
Elmer ICP-Optima 2100 DV).

Statistical analysis

All statistical calculations (two-way analysis of vari-
ance) were analyzed using SAS software (v.9.4). By
using Shapiro—Wilk test for normality, and Levene”s
test for homogeneity of variances, the assumptions for
analysis of variance were checked. Tukey’s multiple
comparison test was used at the level of 5% probabil-
ity to detect the means that were significantly differ-
ent from each other. Backward test was also used for
regression equations and the correlation was analyzed
with the Pearson test (two-tailed) at P <0.05.

Results
Morphological responses of wheat to PSB and Si

Interactions between various levels of Si and PSB
strains on shoot and root dry weight of wheat plant
were significant (P<0.05) (Table S1). The dry
weights of shoot and root for wheat plants treated
with Si and inoculated with PSB strains were greater
than those grown in the absence of these treatments
(Fig. 1). Both Si and PSB strains indicated a role in
improving wheat plant root and shoot biomass. How-
ever, the ability of the PSB strains to improve shoot
and root dry weight of wheat plant varied depend-
ing on the concentration of Si applied. The highest
amount of the shoot dry weight (5.0 g pot™!) and root
dry weight (2.6 g pot™') was recorded in the plants
treated with 300 mg Si kg~! and 600 mg Si kg~! and
inoculated with Pseudomonas sp. FA1, respectively
(Fig. 1A and B). In general, the combined use of Si
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and PSB, especially Pseudomonas sp. FA1, led to the
greatest enhancement of wheat plant shoot and root
dry weight under calcareous soil conditions.

Nutritional responses of wheat to PSB and Si

Interactions between various concentrations of Si and
phosphate-solubilizing bacterial strains on Si and P
uptake by wheat plant were significant (P<0.01)
(Table S1). With increasing Si levels, the wheat shoot
uptake of Si increased and this effect was intensi-
fied in the presence of PSB. The highest wheat shoot
uptake of Si (77 mg pot™!) was obtained from the
wheats treated with Si at level of 600 mg Si kg™ in
the presence of B. simplex UT1 (Fig. 2A). The high-
est amount of wheat shoot uptake of P (17.3 mg
pot™') was obtained from the treatment of 600 mg
Si kg7'+B. simplex UT1 (Fig. 2B), although there
was no significant difference between this treat-
ment and treatments of 600 mg kg~ + Pseudomonas
sp. FA1 and 300 mg Si kg~!+bacterial strain FA1.
With enhancing Si levels, the wheat shoot uptake of
P increased in all treatments on a regular basis. How-
ever, with increasing application of Si more than the
level of 300 mg Si kg™!, the wheat shoot uptake of
P decreased in the treatments of no bacterial inocula-
tion. Inoculation of PSB strains increased P uptake at
all levels of Si compared to the control treatment (no
bacterial inoculation). According to Fig. 2A, there
was a synergistic effect between Si and P, so that with
increasing Si concentration, P uptake by wheat plant
increased and this impact was intensified in the pres-
ence of phosphate solubilizing-bacterial strains (prob-
ably due to enhanced availability of P by the PSB
strains).

Effect of treatments on chemical forms of soil Si

Interactions between various levels of Si and PSB
strains on plant available Si, adsorbed Si, and amor-
phous Si in rhizosphere soil were not significant.
But these interactions were significant only on plant
available Si in non-rhizosphere soil (Table S1). As
the level of Si increased to 600 mg Si kg™' level
(main effects of Si treatment), the plant available Si,
adsorbed Si, and amorphous Si in the rhizosphere and
non-rhizosphere soil also increased (Data not shown).
According to the results (Fig. 3), with increasing
Si levels, the plant available Si in non-rhizosphere
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Fig. 1 Dual effects of
various treatments (silicon
and PSB strains) on shoot
dry weight (a) and root
dry weight (b) of wheat
plant grown on a calcare-
ous soil under greenhouse
conditions for 60 days.
Means +SD (n=23) fol-
lowed by the same letters
are not significantly differ-
ent according to Tukey’s
multiple range test at
P<0.05
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soil also increased. The highest plant available Si
(75.50 mg Si kg™ soil) was obtained from the treat-
ment of 600 mg Si kg™! soil in the presence of Pseu-

domonas sp. FA1.

Si levels (mg kg™)

In both rhizosphere and non-rhizosphere soil, the
highest level of Si fraction was observed in amor-
phous Si form and there was also a significant dif-
ference between the level of this Si form and the
level of plant available Si and adsorbed Si (Fig. 4A).
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Fig. 2 Dual effects of ® Control (B0) M B. simplex UT1 A Pseudomonas sp. FAl

various treatments (silicon
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Si uptake (A) and shoot

P uptake (B) of wheat
plant grown on a calcare-
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conditions for 60 days.
Means +SD (n=23) fol-
lowed by the same letters
are not significantly differ-
ent according to Tukey’s
multiple range test at
P<0.05
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With increasing Si levels, the level of soil Si frac-
tions increased significantly (Fig. 4B). The highest
level of chemical forms of Si, in both rhizosphere
and non-rhizosphere soil of wheat, was assigned to
soil amorphous Si and followed in order: amorphous
Si>adsorbed Si>plant available Si. In addition,
no significant difference was observed between the
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Si levels (mg kg™')

rhizosphere and non-rhizosphere soil Si fractions.
Due to the low concentration of plant available Si
in the control treatment (no application of Si) in the
rhizosphere soil and also the stability of Si, it seems
that the amount of Si harvested by the wheat plant
was more than the availability of Si in rhizosphere
soil. However, with the addition of each level of Si,
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the amount of Si in the rhizosphere soil solution was
at an almost constant level (Fig. 4B).

With increasing Si levels, the level of soil Si frac-
tions increased with or without bacterial inoculation.
However, this increase did not show a significant dif-
ference between the use of bacterial strains and con-
trol (no use of bacterial strain) and this result was
observed in all three components of the Si fractions.
The highest level of plant available, adsorbed and
amorphous Si was observed at the level of 600 mg Si
kg~! soil (Fig. 5A). With increasing levels of Si in the
non-rhizosphere soil, the level of soil Si fractions also
increased with or without bacterial inoculation. There
was a significant difference in the plant available Si
fraction between bacterial treatment and control (no
bacterial application) at the levels of 300 and 600 mg
Si kg~! (Fig. 5B).

Correlation analysis

The results of linear multivariate regression analysis
between the measured indices in wheat and the chemi-
cal forms of Si in the soil are shown in Table 1. Accord-
ing to regression models, shoot and root dry weight,
shoot P concentration, and shoot P and Si uptake were
affected by the adsorbed Si in the wheat rhizosphere
soil and had an increasing effect on these variables.
However, the amount of shoot Si concentration was
affected by the plant available Si in the wheat rhizos-
phere soil. Silicon fractions also had no significant

Si levels (mgkg™)

correlation with shoot dry weight but had a positive and
significant correlation with root dry weight (Table 2).
Silicon fractions had a positive and significant correla-
tion with the shoot and root uptake of Si as well as with
root uptake of P. However, they did not have a signifi-
cant correlation with the shoot uptake of P, except for
the adsorbed Si in the rhizosphere soil, which had a sig-
nificant correlation (P <0.05). The plant available Si of
rhizospheric soil had a positive and significant correla-
tion with the Si fractions of rhizosphere and non-rhizo-
sphere soil and had the highest correlation with the
amorphous Si of non-rhizosphere soil. The adsorbed Si
of rhizospheric soil had a positive and significant cor-
relation with the Si fractions of rhizosphere and non-
rhizosphere soil and had the highest correlation with
the adsorbed Si of non-rhizosphere soil (Table 2). The
amorphous Si of rhizosphere soil had a positive and
significant correlation with the Si fractions of rhizos-
phere and non-rhizosphere soil and had the highest cor-
relation with the plant available Si of non-rhizosphere
soil. In general, according to the correlations among the
studied traits (Table 2), it can be concluded that with
increasing the plant available Si and adsorbed Si in
the rhizosphere and non-rhizosphere soil, the root dry
weight, shoot and root uptake of Si and also the root
uptake of P increase. In addition, with increasing the
adsorbed Si of rhizosphere soil, the shoot uptake of P
also increases.
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Fig. 4 Percentage of chem-
ical forms of Si in non-
rhizosphere and rhizosphere
soil (A) and percentage of
chemical forms of Si in soil
after wheat cultivation at
applied Si levels (B)
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Table 1 Linear multivariate regression analysis between dependent and independent variables in wheat plant

Dependent variable Mean square regression

Regression model

Degrees of free- Determina-

dom for error tion coef-

ficient
Shoot dry weight (SDW) 13.85%* SDW =-0.227+0.052 R-Adsorbed 34 0.303
Root dry weight (RDW) 4.24%:% EDW=-0.015+0.029 R-Adsorbed 34 0.596
Shoot Si concentration (SSC) 9.70%* SSC=-0.730+0.038 R-Available 34 0.879
Shoot P concentration (SPC) 0.075%%* SPC=-0.002 +0.004 R-Adsorbed 34 0.278
Shoot Si uptake (SSU) 17,476.59%* SSU=-89.652+ 1.840 R-Adsorbed 34 0.689
Shoot P uptake (SPU) 349,335 SPU=-89.652 +1.840 R-Adsorbed 34 0.328

R-Adsorbed Adsorbed silicon of rhizosphere soil, R-Available Plant available silicon of rhizosphere soil

“Indicates significant at p <0.01

Discussion
Effect of Si and PSB on wheat biomass

The potential of Si at a lower level and PSB at a wider
level in improving P uptake by various plants under
P poor conditions has been studied in previous stud-
ies (Etesami and Jeong 2018; Sharma et al. 2013).
Recently the combined use of Si and PSB has been
proposed as a practical strategy for boosting P use
efficiency in sustainable agriculture (Etesami et al.
2021; Etesami 2018). Some known mechanisms by
which PSB and Si can improve the uptake of P by
plants have been well reviewed (Etesami et al. 2021).
In the research, we also indicated that the combined
use of Si and phosphate solubilizing bacterial strains
could synergistically improve the uptake of P and
Si by wheat plant and as a result increase plant bio-
mass. Various levels of Si used in this study improved
wheat biomass (root and shoot dry weight) in the
presence and absence of the PSB. In previous stud-
ies, Si application to soil depleted of bioavailable Si
also increased the plant height and shoot dry weight
in plants (Yan et al. 2018; Guntzer et al. 2012). For
example, it was reported that the application of Si
from the source of potassium silicate (Ranjbar et al.
2019) and monosilicic acid (Kowalska et al. 2020)
increased the biomass of wheat shoot.

Roots of plants provide essential functions includ-
ing the uptake of water and nutrients for plant growth.
An increase in the root’s surface area provides sup-
plementary exposed sites for the uptake of diffus-
ible ions (Barber 1995). It has been found that Si
increases not only root growth (positive changes
in morphological traits such as diameter, root dry
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bulk, area, volume, and total and main root lengths)
but also the shoot dry weight of plants (Etesami and
Jeong 2018; Kim et al. 2014). According to a previ-
ous study (Hattori et al. 2005), the effect of Si stimu-
lation on plant root growth may be due to the increase
in root length resulting from the increased ability of
the cell wall to expand in the growth area. Increased
root growth caused by Si supplement has also been
reported in some studies (Etesami and Jeong 2018;
Wang et al. 2015; Hameed et al. 2013). Therefore,
this increase in wheat biomass in the presence of Si
might be correlated with the Si-mediated increase
of root system (i.e., modifications of root morphol-
ogy) and as a consequence the greater absorption of
nutrients (e.g., P) by the wheat plants (an increase in
shoot dry weight). We also found a significant corre-
lation between plant available Si and root uptake of
Si (1?=0.90, P <0.01), root uptake of Si and root dry
weight (r°=0.86, P<0.01), root dry weight and root
uptake of P (*=0.95, P<0.01), and root dry weight
and shoot dry weight (r>=0.83, P <0.01) (Table 2).
Increase in root and shoot growth due to PGPB
inoculation has also been reported in previous
research (Etesami and Maheshwari 2018; Glick
2012). Increased shoot and root dry weight by the
PSB used in this study can be attributed to the solu-
bilization of phosphate, the production of bacterial
TAA and 1-aminociclopropane-1-carboxylase (ACC)
deaminase (e.g., by an increase in plant root system
and greater uptake of nutrients by wheat plant) (Ete-
sami and Maheshwari 2018). According to our previ-
ous study, strains UT1 and FA1 produced ACC deam-
inase (380 and 294 nmol o—ketobutyrate mg~' h7!,
respectively) and TAA (10.72 and 24.70 pg mL~!,
respectively) (Rezakhani et al. 2019). It is known



271

Plant Soil (2022) 477:259-280

880

060

E

660

ke

L60

S6'0

sk

S6°0

sk

S6°0

E

¥6°0

sk

$6°0

sk

960

£

L0

1.0

690

vL0

Lo

£6°0

E

160

ok

68°0

ok

96°0

E

060

E

18°0

ok

8L0

L0

ok

€L’0

sk

080

L0

$6°0

ok

980

o

[y

gso

1220

8¢°0

50
L8O

9°0

18°0

080

080

ok

6L°0

ok

80

180

160

sk

980

ok

88°0

680

sk

IS0

6v°0

87°0

30

870

¢80

sk

[10s
aroyds
-0ZIYI-uou
JoIs
Ppaqlospy
[ros axayd
-S0ZIy1
-uou Jo
IS 2Iqe
-[reae jue[d
[tos axoyd
-s0ZIy1
Jor1g
snoydiowy
[tos axoyd
-S0ZIYl JO
IS pPaqiospy
[ros axayd
-s0ZIy1
Jo IS alqe
-[reae jue[d
djo
oyerdn 100y
ISJo
ayeidn jooy
JySrom
K1p 100y
djo
oyeidn
Jo0ys
ISJo
oyeydn
jooys
JySrom
K1p jooys

[10s
aroydsoziyx
-uou Jo 1§
snoydiowry

[1os
aroydsoziyx
-uou Jo 1§
Paqlospy

[1os axoyd
-SOZIYI -uou
Jo 1§ 9[qe

[1os axoyds
-0ZIY1Jo 1§

-[reae jueld  snoydiowy

[ros axayds
-0ZIy1jo I
Paqlospy

[1os
aroydsozryx
Jo 1§ 91qe
-[reae Jue[d

IS jo

JySom  { jo oyeydn
KI1p 1009 jooys

oyeydn
Jooys

djo ISJo
yeidn 100y  oyeidn Jooy

JyIrom
A1p j00ys

Juowrrradxa s1yy ur s1ejoweIed paInseau ay) SUOWE UONE[AIIO) T AR,

pringer

H's



272 Plant Soil (2022) 477:259-280

s o that PSB such as Pseudomonas and Bacillus can also
E & 3 improve the plant growth by producing IAA and ACC
e z deaminase, which are mostly involved in improved
EEE E - plant root system and as a result greater amounts
© of water and nutrient (e.g., Si and P) uptake by the
E § _E‘:; wheat plant (Karimzadeh et al. 2020; Sharma et al.
2= 8_ o 2013). It has also been reported that the use of PSB
25E£3 (3 can also promote the growth of plant in other way
L such as by speeding up seed germination, improving
g“j}gg I seedling emergence, and improving root morphol-
E 2 £ E *g ogy .(Lu.gtenberg et al. 2002). In a recent stu.dy, the
Aw TS application of PSB such as Pseudomonas baetica and
2 &= Pseudomonas helmanticensis also improved P nutri-
B E ; " tion of wheat plants under P-deficit conditions and as
g L§ _“é *% result increased the root and shoot dry weight of the
<22 < plants (Shirmohammadi et al. 2020). It is known that
g _g E PSB can also increase the availability of Si to plants
5 f e k. by the same mechanisms used for P availability (Ete-
ﬁ ;3) R sami et al. 2021). For example, in the study of Valiza-
. ° deh-rad et al. (2021), the use of PGPB (Pseudomonas
T§ 5 3 sp. and Bacillus sp.) increased plant available Si to
2 ‘f: %_ i 2 wheat and canola treated with Si nano-particles (Si-
=S E3 |2 B NPs) under water-deficit stress. We also found a sig-
3 2. nificant correlation between root dry weight and root
g E uptake of P (*=0.95, P <0.01), root dry weight and
% o o E root uptake of Si (?=0.86, P<0.01), and shoot dry
& S S 2 weight and shoot uptake of P (*=0.96, P<0.01)
% SU’ (Table 2). In this study, the effect of PSB on wheat
& A 3 plant biomass was dependent on the concentration
Rz *g § of Si (Fig. 1A). The reason for the less effect of the
Mo e 2 Pseudomonas sp. FA1 on the wheat shoot dry weight
. -é at higher levels of Si (600 mg kg~' Si) is unclear and
S = " _% needs to be further perused.
5 .20 I 5
it B E . .
. & Effect of Si and PSB on shoot uptake of Si
Gy 2]
= é _ % There are numerous reports of substantial yield
§°) = pa 2 responses following applications of Si to crops when
£ grown on Si-depleted soils (Berthelsen et al. 2003;
T : Li and Delvaux 2019). According to Fig. 2A, as the
5") ’g;i”s 5 E concentration of Si increased, the shoot uptake of Si
'go also increased, and this effect was intensified in the
z ; presence of PSB, Pseudomonas sp. FA1 and B. sim-
Sz % - g plex UT1 (probably due to increased availability of
2|83 3 E Si by the PSB). The effect of Pseudomonas sp. FA1
§ s ¢ % and B. simplex UT1 on Si uptake by wheat plant was
: % ~ E o . also not similar, and their difference in the availability
= ‘g Sez g of Si did not follow the special trend. At the concen-
& 22 FT7 tration higher than 300 mg kg™! Si, increase in shoot
@ Springer
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uptake of Si in Pseudomonas sp. FA1 bacterial treat-
ment was lower than B. simplex UT1 bacterial treat-
ment. However, at lower concentrations of Si (150
and 300 mg kg~! Si), the effect of Pseudomonas sp.
FA1 on shoot uptake of Si was greater than that of
B. simplex UT1. Some of the possible reasons for the
difference were mentioned above (e.g., their different
ability to increase Si availability in soil). In the study
of Valizadeh-rad et al. (2021), Pseudomonas sp. com-
pared to Bacillus sp. had greater effect on plant avail-
able Si in rhizosphere soil of canola. The research-
ers attributed the difference to the different ability of
these bacteria to dissolve silicate minerals.

Increase in the uptake of Si by wheat plant in this
study can be attributed to increasing the availability
of Si in the soil and improving the root system, which
stimulates the plant to absorb the greater amount of Si
from the soil (Pati et al. 2016). In a previous review
study, it was reported that PSB can also increase the
availability of Si to plants through similar mecha-
nisms involved in P solubilization (Etesami et al.
2021). The results of a study (El-Leboudi et al. 2019)
in a clay soil showed that following increased applica-
tion of Si levels from 0 to 400 mg Si kg™, plant avail-
able Si (up to 168 mg Si kg™!) also increased. In the
study of these researchers, with increasing application
of Si levels, the Si concentration of wheat shoot, from
3.5 mg g~! in the control treatment to 7.3 mg g~! in
the treatment 400 mg Si kg™, increased. We also
found a significant correlation between root dry
weight and plant available Si (*=0.74, P<0.01),
plant available Si and root uptake of Si (r*=0.90,
P <0.01), plant available Si and shoot uptake of Si
(12=0.86, p<0.01), root dry weight and root uptake
of Si (r2:0.90, P <0.01), and shoot dry weight and
shoot uptake of Si (1?=0.84, P<0.01) (Table 2).

Effect of Si and PSB on shoot uptake of P

In this study, wheat shoot uptake of P increased by
increasing the level of Si to the level of 300 mg Si
kg~! in the absence of bacterial strains (Fig. 2B). In
previous studies, with increasing Si levels, an increase
in the amount of P absorbed by plant (Tavakkoli et al.
2011; Alovisi et al. 2014; Song et al. 2021b; Schaller
et al. 2019) and in crop growth and yield (Carey and
Fulweiler 2016; Li et al. 2019) was also observed.
The results of El-Leboudi et al. (2019) showed that
the application of Si increased the P availability to

wheat, which is consistent with the results of this
study. According to a recent study, combined Si-P fer-
tilization also substantially influenced Si and P biocy-
cling in the soil-plant system (Li et al. 2020b). Some
of the known mechanisms by which Si improves the
availability of P and thus its uptake by wheat plants
are by (i) up-regulating the expression of transporter
genes for inorganic P uptake; (i7) increasing exudation
of malate and citrate; (iii) weakening the ability of P
to bind the surface of iron/aluminum-oxides, and con-
sequently enhancing P bioavailability; and (iv) alter-
ing root morphology. Root morphological alterations
increase the soil volume available to the root, improve
the root’s absorptive surface area and root exudates,
and finally increase the absorption of nutrients such
as Si and P (and other nutrients) (Etesami et al.
2021; Kostic et al. 2017; Koski-Vihila et al. 2001).
For example, it was found that Si application ben-
eficially altered the root morphology of alfalfa seed-
lings, which enhanced the uptake ability of the roots
to nutrients and moisture, and significantly increased
root dry weight (Liu et al. 2018). These researchers
also reported that Si-mediated increase of P uptake
was due to increased root growth and hence enhanced
P availability of soil, which eventually led to improv-
ing the efficiency of phosphate fertilizer application.
In this study, the reason for the decrease in the
lower uptake of shoot P at a concentration of 600 mg
Si kg™!' compared to 300 mg Si kg~ is unclear and
needs to be further perused. In some previous studies
(Mali et al. 2008; Shamshiripour et al. 2021), the high
concentrations of Si also decreased root length and
root dry weight of Si-treated plants. However, in this
study the higher concentration of Si (600 mg Si kg™!)
also caused the highest shoot uptake of P in the pres-
ence of PSB strains. In general, in this study, phos-
phate-solubilizing bacterial strains increased P uptake
by wheat plant in all Si concentrations. Phosphorous
uptake by crop can be improved by enhancing P solu-
bility in soil solution and/or decreasing P fixation in
soil. PSB-mediated increase in P uptake by the wheat
in this study can be attributed to the ability of these
bacteria to solubilize insoluble phosphates (e.g.,
rock phosphate and tricalcium phosphate) as con-
firmed in our previous studies (Rezakhani et al. 2019,
2020). It is well known that PSB present in rhizos-
phere soil play an important function in determin-
ing the impact of rhizosphere on the availability and
uptake of P by wheat plant (Shirmohammadi et al.
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2020; Karimzadeh et al. 2020) through many process
such as a decrease in the pH of the soil by producing
organic and mineral acids (e.g., through complexa-
tion of carboxylic and hydroxyl groups to metal cati-
ons such as Al, Fe, and Ca), alkaline phosphatases,
phytohormones and H' protonation, which causes
dissolution since the dissolution of silicates and apa-
tites is largely dependent on pH (Wang et al. 2016),
anion exchange (e.g., exchange of organic compounds
and sorbed P), chelation and siderophores production
(Etesami 2020).

The PSB strains used in this study also showed dif-
ferent ability to improve shoot uptake of P by wheat
plant (e.g., higher ability of Pseudomonas sp. FA1
vs. B. simplex UT1) (Fig. 2B), which can be due to
the different abilities of these strains to solubilize
phosphate insoluble sources. As assayed in our previ-
ous study, the amount of P obtained from the solu-
bilization of tricalcium phosphate and rock phos-
phate by B. simplex UT1 and Pseudomonas sp. FA1
was 220 and 94.90 mg L' and 239.68 and 164 mg
L~!, respectively (Rezakhani et al. 2019). The gen-
era Pseudomonas and Bacillus are also known as
the active genera of PSB involved in this conver-
sion (Sharma et al. 2013). According to Alzoubi
and Gaibore (2012), the use of PSB such as Bacillus
increased the availability of P to plant by about 30%.
Also, the results of a previous study (Elhaissoufi et al.
2020) showed that the use of PSB increased the avail-
ability of P in the rhizosphere of wheat plant. In this
study, the combined application of the various levels
of Si (150, 300, and 600 mg kg~' Si) in the presence
of B. simplex UT1 and Pseudomonas sp. FA1 could
improve the wheat shoot P concentration (data not
shown) to a sufficient level (>0.3%) (Fischer 1992).
In a previous study by Mahmood et al. (2016), the
dual application of Si and PGPB also showed an addi-
tional effect on improving the growth of mung bean.
It is also known that Si can affect bacteria including
PSB (Etesami et al. 2021). For example, in previous
studies, Rangaraj et al. (2014) and Shamshiripour
et al. (2021) reported the positive effect of Si from
various sources on beneficial soil microbial popula-
tion including PSB, nitrogen-fixing bacteria, silicate-
solubilizing bacteria as well as microbial biomass
carbon and nitrogen in the rhizosphere of plants.
Recently, it has been also observed that soil micro-
organisms drive Si and P release from soil miner-
als (Brucker et al. 2020). In a previous study, for
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bacteria at the genus level, Pseudomonas abundance
significantly increased with Si fertilizer (Song et al.
2021b). According to the researchers, the reason for
the greater effect of Pseudomonas sp. FA1 than B.
simplex UT1 on increasing plant available Si (Fig. 3)
may be due to Si-induced abundance of Pseudomonas
sp. FA1 in wheat non-rhizosphere soil. Furthermore,
many Pseudomonas and Bacillus species includ-
ing PSB strains used in this study have the ability to
produce IAA, synthesize ACC deaminase, and solu-
bilize P (Etesami and Maheshwari 2018). Thus, this
might be the main mechanism by which Si fertilizer
enhanced plant growth and increased soil available P
(synergistic effects between Si and PSB on improving
P availability).

Effect of Si and PSB on chemical forms of Si

Research concerning the effect of soil microbes and
their interaction with Si fertilizers on chemical forms
of Si in soils, especially in calcareous soils, is still
limited. In this study, our results showed an increase
in the levels of available, adsorbed, and amorphous
fractions of Si with increasing the level of Si in both
rhizosphere and non-rhizosphere soil (Fig. 5). These
results are in agreement with the results of Valizadeh-
rad et al. (2021), who noted that the application of
Si (100 mg kg~! Si-NPs, 200 mg kg~' Si-NPs, and
200 mg kg™! potassium silicate) to soil under cultiva-
tion of canola also increased available and adsorbed
fractions of Si in rhizosphere soil of this plant. In this
study, it was found that amorphous Si in the soil was
higher than other Si forms. The results of Georgi-
adis et al. (2017) and Valizadeh-rad et al. (2021) also
showed that the highest amount of Si obtained from
sequential extraction was allocated to amorphous Si
(more than 5.6% of total Si) while plant available Si
was the lowest amount of Si form (about 0.01% of
total Si), which might be released into the soil solu-
tion by dissolving iron and manganese oxides. Higher
levels of Si in amorphous fraction (between 280.45
and 15,611.86 mg kg™' soil, with its highest values
in fine textured soils) in soil were also reported by
Morsy (2008). In a previous study (Danilova et al.
2010), the amounts of Si in the available and adsorbed
fractions were also very small in the profiles of three
studied soils. In this study, Si from minerogenic
amorphous silica and organically bound silicon made
up the highest proportion of extractable silicon in the
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soils analyzed in this study (Danilova et al. 2010).
However, in a previous study (A Argeaa et al. 2016),
the amounts of Si in the available and adsorbed frac-
tions were the higher than the other fractions (e.g.,
the amounts of amorphous Si were the lower in all
soil samples in this study). It seems that the nature of
parent materials in various soils can explain the vari-
ous Si levels in the soils (A Argeaa et al. 2016).

Dissolved (plant available Si) Si concentration
in the soil solution can be lowered by plant uptake
(Riotte et al. 2018), uptake by silica-shelled micro-
organisms (Puppe et al. 2014) and Si adsorption to
mineral surfaces (Hiemstra et al. 2007). Soil particles
can adsorb dissolved silicic acid from the soil solu-
tion. Silica can also be included in sesquioxides or
bound to organic matter (Danilova et al. 2010). The
soil parameters that control the pool of plant available
Si are still poorly documented (Caubet et al. 2020),
particularly in calcareous soils. The biological prop-
erties of soils such as microorganisms (bacteria and
fungi) are also known to affect Si-release from litter
or minerals (Bennett et al. 2001). A recent study indi-
cated that soil microbes could interact with Si mobil-
ity, especially soil bioavailable Si (Song et al. 2021a).
In the present study, PSB strains increased the level
of available Si fraction in wheat non-rhizosphere soil
compared to the control (no bacterial treatment). But
this increase was significant only at higher concentra-
tions of Si (300 and 600 mg Si kg™") compared to the
controls (Fig. 5B). These findings indicate that PSB
positively interact with the mobility of Si and P under
higher levels of Si. In the study of Valizadeh-rad et al.
(2021), PGPB significantly (P <0.01) also increased
the available and adsorbed fractions of Si in the soil
under canola-wheat cultivation compared to the con-
trol. These authors attributed the PGPB-mediated
increase in the Si fractions to the ability of PGPB to
dissolve silicate minerals. It has been reported that
biogenic silicate weathering by PSB can be caused by
the same mechanisms as the weathering of phosphate
minerals (Brucker et al. 2020; Uroz et al. 2009).

In this study, one of the interesting results of this
study was the lack of significant effect of PSB strains
in improving the available fraction of Si in wheat
rhizosphere soil compared to controls (no bacterial
treatment) (Fig. 5A). It is known that plant avail-
able Si concentration in soil solution is affected by
Si sorption/desorption (Haynes and Zhou 2020). It
is well documented that Si adsorption also increases

with soil pH (Miles et al. 2014). Therefore, the lower
the pH (the higher the presence of protons) is, the
higher the chance to desorb Si (Meunier et al. 2018).
Since wheat rhizosphere soil has a lower pH (due
to the release of root exudates, microbial activity,
etc.) compared to wheat non-rhizosphere soil and this
causes greater release of Si from the surfaces of soil
material into soil solution. This rhizosphere deposits-
mediated increase in Si availability seems to be a pos-
sible reason for the ineffectiveness of PSB strains in
increasing the plant available fraction of Si in wheat
rhizosphere soil compared to the controls (Fig. SA).
Although the statement needs further study, it is well
documented that the lower the availability of nutri-
ents in soil is, the higher the microbial solubilization
of nutrients in soil (Etesami and Adl 2020b). In addi-
tion, improved wheat plant growth can induce rhizos-
pheric mineral weathering through silicate dissolution
(Hinsinger 1998) that this can also be another reason
for the ineffectiveness of PSB strains in increasing the
plant available fraction of Si in wheat rhizosphere soil
compared to the controls (Fig. SA).

According to previous studies (Miles et al. 2014;
Meunier et al. 2018; Valizadeh-rad et al. 2021), the
availability of soil Si to plant during the growing sea-
son can be a function of the solubility and amounts
of all or of certain fractions of the Si present in the
soil especially adsorbed Si fraction. In this study, we
also found a significant correlation between plant
available Si and adsorbed Si of wheat rhizosphere
soil (7=0.96, P<0.01) and between plant available
Si and adsorbed Si of wheat non-rhizosphere soil
(*=0.88, P<0.01) (Table 2). A Argeaa et al. (2016)
also found a positive correlation between the avail-
ability of soil Si to plant and adsorbed Si (R?=0.702)
in calcareous soils.

In general, the results of this study, in confirma-
tion of the results of our previous studies done under
controlled conditions (Rezakhani et al. 2019, 2020),
showed that the combined use of Si (adsorbed Si
and plant available Si of non-rhizosphere and rhizo-
sphere soil) and PSB can synergistically increase
the uptake of P by the wheat plant (root and shoot)
and thus lead to an increase in wheat biomass in
calcareous soil conditions. In addition, it was found
that the bacteria of the genus Pseudomonas and
Bacillus used in this study have the potential to be
used in biofertilizers because their plant growth-
promoting effects were constant both under soilless
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conditions (Rezakhani et al. 2019, 2020) and the
soil conditions used in this study. They were able to
improve plant growth and supply P for wheat plant
under P-deficiency conditions. The information
on the distribution of different forms of Si and the
availability of P following the combined use of PSB
strains and Si in this study may help in better man-
agement of P fertilization in calcareous soils.

Conclusions

In the research, Si fertilization alone and in combi-
nation with the PSB strains, Pseudomonas sp. FA1
and B. simplex UT1, increased available, adsorbed,
and amorphous fractions of Si in both wheat non-
rhizosphere and rhizosphere soil. However, the
beneficial effect of the PSB strains on plant avail-
able Si in non-rhizosphere and rhizosphere soil var-
ied. These PSB strains showed a significant effect
on improving the available fraction of Si in wheat
non-rhizosphere soil compared to controls (no bac-
terial treatment). The dual application of Si at all
levels and PSB strains increased the shoot uptake
of Si and P and wheat biomass compared to con-
trol and the use of Si and PSB alone. In addition to
the expected positive correlation between the plant
available Si of rhizosphere soil and the measured
parameters, a positive and significant correlation
between adsorbed Si of wheat rhizosphere soil and
the shoot uptake of P and Si (and shoot dry weight)
was also observed in this study. These close rela-
tionships between extractable Si levels and P uptake
by plant point to the importance of applying Si fer-
tilizer to calcareous soils in regulating P supply for
crop uptake. In general, this study concludes that
supplying Si source to calcareous soils has a posi-
tive relationship with Si bioavailability, increasing
the uptake of P by wheat plant inoculated with PSB
to improve the growth of this plant under avail-
able P-poor conditions. However, their interaction
mechanism requires further investigation in future.
Nevertheless, this study provides valuable informa-
tion regarding better management of P fertilization
in calcareous soils.
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