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Abstract
The present study was done to isolate and characterize two strains of phosphate solubilizing bacteria from rhizospheres of acacia,
sugar beet, and wheat, then determine synergic effects of nanosilica and these strains on the vegetative growth of land cress plant.
Isolates identification was performed using physiological, morphological, biochemical tests, and 16S ribosomal ribonucleic acid
sequencing. Nanosilica was extracted from Equisetum telmateia and characterized via X-ray diffraction, scanning electron
microscopy, dynamic light scattering, Brunauer–Emmett–Teller, and X-ray fluorescence techniques. The size and the purity of
extracted silica powder were about 30 nm, 97.5 %, respectively. Two strains, namely, Pseudomonas stutzeri andMesorhizobium
sp. were the most efficient strains to grow and solubilize phosphorus in the presence of 860mMNaCl and various pH conditions.
The highest growth of these two strains was observed at 0.05 and 0.07 ppm of nanosilica. The highest amount of dry weight of
shoot and root of land cress plant was recorded with the simultaneous application of these strains in combination with nanosilica.
The combination of nanosilica and these strains enhanced the soil nitrogen and phosphorus content and the vegetative growth of
land cress plant.
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1 Introduction

Recently, in the agricultural sector, the application of plant
growth-promoting rhizobacteria (PGPR) as an alternative
method for improving plant growth and productivity as well
as reducing environmental pollution was increased (Saharan
and Nehra 2011). PGPR can increase plant growth by various
mechanisms such as phosphate solubilization, phytohormone
production, nitrogen fixation, and biocontrol of plant patho-
gens (Bhattacharyya and Jha 2012; Vessey 2003). Phosphorus
(P) is considered as an essential macronutrient for plant devel-
opment, and it improves some metabolic pathways such as
cell growth, respiration, photosynthesis, cell division, and nu-
trient uptake (Khan et al. 2014; Bhat et al. 2018).

It has been reported that the most common forms of phos-
phorus found in chemical fertilizers become insoluble due to
the formation of strong bonds between phosphorus and calci-
um in alkaline soils (Rodríguez and Fraga 1999; Kochian
2012). On the other hand, soil microorganisms play an essen-
tial role in converting insoluble forms of phosphorus to avail-
able forms by alkaline phosphatases and organic acids (Park
et al. 2009; Gulati et al. 2010; Sharma et al. 2013). The phos-
phate solubilizing activity has been already shown in some
bacteria including Pseudomonas, Bacillus, Enterobacter,
Rhizobium, Mesorhizobium, Burkholderia, Azotobacter,
Azospirillum, and Erwinia genera (Rodríguez and Fraga
1999; Vazquez et al. 2000; Vessey 2003; Hu et al. 2006;
Perrig et al. 2007; Saharan and Nehra 2011; Bhattacharyya
and Jha 2012; Goes et al. 2012). It should be noted that this
activity depends on the physical and chemical properties of
soil, which are influenced by factors such as the salinity, tem-
perature, and available elements.

Micronutrients (such as Zn, Mn, Fe, and B) and macronu-
trients (such as N, Ca, P, S, and Mg) are essential constituents
for a plant to support its growth, life cycle, and biological
functions; however increasing evidences in the literature have
demonstrated the effects of non- or quasi-essential elements
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on plant growth and development. For example, over 150
years passed before, plant scientists have reported the advan-
tages of silicon (Si) in improving plant resistance/tolerance
against different biotic and abiotic stresses (Haynes 2014;
Liang et al. 2015; Tubana et al. 2016; Deshmukh et al.
2017; Farouk and EL-Metwally 2019; Farouk and Al-
Sanoussi 2019). Despite the progress in discovery and char-
acterization of genes responsible for the molecular mecha-
nisms of Si uptake and transport in plants over the past decade
(Tubana et al. 2016; Sahebi et al. 2015; Deshmukh et al.
2017), these mechanisms still remain poorly understood and
in need of further research.

While, Si as a quasi-essential element, is the second most
abundant element in the earth’s crust (the Si content of soils is
about 45 wt. %), but the vast majority of this content is not
available to plants. Generally, it is believed that Si is taken up
from the soil as monosilicic acid [Si(OH)4] by plant roots,
transported to leaves and deposited as phytoliths, amorphous
silica (SiO2) bodies. Finally, Si transfer takes place between
the biomass and the soil solution (Tubana et al. 2016;
Deshmukh et al. 2017). It should be noted that the weathering
of silicate minerals is an excellent source of dissolved Si
(Basile-Doelsch et al. 2005). However, the dissolution rates
of silicate minerals are rather slow and governed by several
conditions or parameters. Generally, soils are capable to im-
mediately replenishing lost Si in soil solution, but certain
types of soil may take some time to replace lost Si even under
accelerated mineral weathering. Consequently, fertilization
using different sources rich in Si becomes a logical approach.
Therefore, research activities are currently focused on improv-
ing Si fertilization and Si sources for crop cultivation.
Application of Si fertilizers has been shown to enhance plant
resistance to diseases and pests significantly, thus contributing
to increased food safety, higher production with lower input
costs, and reduced negative impacts on environmental health
(Haynes 2014; Tubana et al. 2016).

The use of nanotechnology in agriculture has become
important because it introduces new sustainable strategies
under normal or stress conditions (Iavicoli et al. 2017;
Rizwan et al. 2017; Ali et al. 2019). Several papers in
the literature have studied the effects of nanosilica on
plant growth (Siddiqui and Al-Whaibi 2014; Tripathi
et al. 2016; Rastogi et al. 2019; Farouk and EL-
Metwally 2019). Nanosilica was found to improve germi-
nation as well as fresh and dry weight in a known Si-
excluder tomato (Siddiqui and Al-Whaibi 2014). Also,
silica nanoparticles were shown to protect wheat seedlings
against ultraviolet stress by stimulating the antioxidant
defense system (Tripathi et al. 2016). Moreover, mesopo-
rous silica nanoparticles were shown to boost the growth,
total protein content, and photosynthesis of lupin and
wheat seedlings and to induce no changes in the activity
of antioxidant enzymes (Sun et al. 2016).

Nanosilica used in agriculture can be synthesized using
different methods. Biological methods are valuable compared
to other synthetic methods because produced powders by
these methods are more stable and more varied in shape and
size (Mittal et al. 2013). Also, biological methods are more
compatible with the environment and don’t use toxic
chemicals (Karunakaran et al. 2013). The production cost of
these powders could be lower than the commercial ones avail-
able in view of used raw materials (e.g., plant materials) and
low energy requirement of the process. Also, nanosilica can be
easily produced from different biological sources. Among the
creatures, plants are the best choice because they are readily
available and are more suitable for large-scale production. So,
the biosynthesize of nanoparticles is of interest with the use of
plants, e.g., inactivated plant tissues, plant extracts, and live
plants (Mittal et al. 2013).

Besides the evidence of nanosilica can be useful for biotic
and abiotic stress tolerance of plants, there is a great passion in
recent studies for the use of phosphate solubilizing bacteria
(PSB) along with nanosilica to improve plant growth and
quality of soil (Rangaraj et al. 2014). Some studies have
shown that the nanosilica has a better effect than conventional
Si sources on the bacterial population and the amount of nu-
trient in the soil (Karunakaran et al. 2013). These researches
have established that both PBS and nanosilica play a key role
in plant growth and development; however, the interactions
between bacteria and nanosilica in soil need more studies.
Based on this hypothesis, the combined effects of applying
nanosilica and PBS on the growth of land cress plant were
investigated. Therefore, the objectives of the present study
were to (i) extract nanosilica from Equisetum telmateia; (ii)
isolate PSB from rhizospheres of acacia, sugar beet, and
wheat; and (iii) determine the amount of nitrogen and phos-
phorus content in the soil and the growth of land cress plant.

2 Materials and Methods

2.1 Isolation of PSB

Thirty-seven bacterial strains were isolated from the rhizo-
spheres of Acacia victoriae, sugar beet, and wheat in different
zones of Isfahan province, Iran. The isolation was done ac-
cording to the method described by Behbahani (2011). To
isolate rhizosphere bacteria, adhering soils on roots were shak-
en to collect the rhizosphere soils. Serially diluted soil samples
were plated on a Pikovskaya’s (PVK) agar medium (pH 6.8–
7.0) containing tricalcium phosphate (TCP) as a sole phospho-
rus source for selectively screening bacteria, which can release
inorganic phosphate from TCP (Nautiyal et al. 2000). After
seven days of incubation at 28 °C ± 2 °C, PSB developed clear
zones around colonies. Seven strains with potent activity were
selected for further analyses.
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2.2 Determination of Phosphate Solubilization
Potential

The quantitative and qualitative activities of these seven
strains of phosphate solubilization isolates were determined.
The quantitative determination was performed based on the
solubilization index (SI) in a PVK agar medium. To calculate
the value of SI, each isolate was spotted on the PVK agar
medium and incubated at 28 °C ± 2 °C for 7 days (Pande
et al. 2017). This index was calculated from the ratio of the
total diameter (colony + halo zone) to the colony diameter
according to the study of Pande et al. (2017). The qualitative
analysis of the phosphate solubilization potential of these
strains was conducted by determining the available soluble
phosphate in a PVK broth medium supplemented with 0.5
vol.% of TCP. Briefly, flasks containing 100 ml of sterilized
PVK broth medium were inoculated in triplicate with 1 ml of
each bacterial solution at a concentration of 107 CFU ml−1.
The flasks were incubated at 37 °C on a rotary shaker at 120
rpm. An un-inoculated medium served as the control. After 2
days, the bacterial cell suspensions were centrifuged at about
11,200 xg for 10 min. The phosphorus content of the super-
natants was determined using the phosphomolybdate method
(Watanabe and Olsen 1965). Finally, based on the value of SI
on the PVK agar medium, and the amount of the soluble
phosphate in the PVK broth, two isolates were selected as
potent phosphate solubilizers to identify and apply in a
greenhouse.

2.3 Characterization and Identification of Bacterial
Isolates

Two selected PSB isolates with the highest phosphate sol-
ubility were identified based on different morphological,
biochemical, and genetical tests such as Gram staining,
motility, oxidase, catalase, levan, indole, urease,
gelatinase, starch hydrolysis, different carbohydrate fer-
mentation, and 16S ribosomal ribonucleic acid (rRNA)
(Richardson 2001). For determination of the 16S rRNA
sequences of the PSB isolates, the genomic deoxyribonu-
cleic acid (DNA) was extracted according to the study of
Moore et al. (1999) using the phenol/chloroform/isoamyl
alcohol method, and quantified by electrophoresis with a
1 % wt./vol. Agarose gel (Cinna-Gene, Iran).

Un ive r s a l p r imer s 27F -YM (5 ' -AGAGTTGA
TYMTGGCTCA-3') and 1429R (5'-CGGTTACCTTGTTG
TFACGACTT-3') were used for the amplification of 16S
rRNA gene by the polymerase chain reaction (PCR) method
(Mao et al. 2012). Then, the amplified PCR products of two
isolates 16S rRNA gene were sent to Macrogen™ Company
(Seoul, South Korea), for sequencing using forward and re-
verse 27F and 1429R universal primers. The sequences were
analyzed, cut, and aligned to establish the consensus

sequences with the Vector NTI AdvanceTM 10 software (Lu
and Moriyama 2004). In that line, these consensus sequences
were compared with the available standard sequences of bac-
terial lineage in the National Center for Biotechnology
Information (NCBI) GenBank using the Basic Local
Alignment Search Tool (BLAST 2019).

2.4 Effects of Salt and pH on Phosphate Solubilization
Capacity and Bacterial Growth

The effects of salt (NaCl) and pH on phosphate solubili-
zation and bacterial growth were tested for each strain on
nutrient broth (NB, Merck) media containing various con-
centrations of NaCl (0, 180, 350, 530, 600, 700, 780, 860,
950, and 1030 mM) and pH tolerance (3–12). The flasks
were incubated for 3 days at 30 °C on an orbital shaker at
180 rpm. Sampling was done at 3, 6, 9, 12, 18, 24, 48,
and 72 h for the estimation of bacterial growth. This was
carried out by taking a 100 ml sample from each
Erlenmeyer flask and transferring to an NB medium to
perform colony counting after serial dilution. For the
quantitative estimation of phosphate solubilizing ability,
the strains were harvested by centrifugation at about
20,000 xg for 10 min.

2.5 Extraction of Silica From Equisetum telmateia

Stems of Equisetum telmateia as the source of silica used in
this study were obtained from Tonekabon city, Iran, and cut to
small pieces. The pieces were washed with deionized (DI)
water to remove adhering soil and dust. An acid-leaching step
with a hot hydrochloric acid (0.1M HCl, Merck) solution was
used to remove metallic impurities from the dried stems in an
oven at 110 °C for 24 h. Then, the stems were cooled, washed,
and dried at 100 °C for 24 h, and converted to powder by
calcination at 500 °C for 48 h. The obtained powder was
executed using an alkali leaching method. For this reason,
20 g of this powder was mixed with 160 ml of sodium hy-
droxide (2.5M NaOH, Merck) solution to convert silica into a
sodium silicate solution. To remove metal and carbon resi-
dues, the solution was filtered. Sulfuric acid (2.5 M H2SO4,
Merck) was added to the filtered solution with constant stir-
ring until getting a pH of 2. Then, ammonium hydroxide
(NH4OH, Merck) was used to reach pH 8.5 and left for
3.5 h at room temperature. Silica powder with transparent
and colorless appearance was refluxed with HCl (6 M) for
further purification after 4 h. The powder was washed repeat-
edly using DI water to make it acid-free. It was then dissolved
in NaOH (2.5M) by continuous stirring and then concentrated
H2SO4 was added to adjust pH in the range of 7.5–8.5. The
precipitated silica was washed repeatedly with warm DI water
until the filtrate becomes completely alkali-free. After the
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washing process, the silica powder was dried at 50 °C for 48 h
in an oven (Assefi et al. 2015).

2.6 Characterization of Extracted Silica

Morphological characteristics of extracted silica were de-
termined by a scanning electron microscope (SEM, ZEISS
SIGMA 500 VP). The phase structure of the powder was
determined by X-ray diffraction (XRD) method using a
Bruker D8 Advance diffractometer. The X-ray fluores-
cence (XRF, Bruker S4 Pioneer) semiquantitative analysis
was used to estimate the presence of different elements in
the sample. The Brunauer–Emmett–Teller (BET,
BELSORP-mini ) method was used to calculate the spe-
cific surface area of the powder. Also, the particle size
distribution of silica powder was measured by a Horiba
SZ-100 series analyzer based on the dynamic light scat-
tering (DLS) method.

2.7 Effect of Different Concentrations of Nanosilica
on the Bacterial Growth

The effect of different concentrations of nanosilica (0,
0.01, 0.03, 0.05, 0.07, and 0.1 ppm) on the bacterial
growth was studied. Firstly, 50 ml of NB medium was
mixed with different concentrations of nanosilica powder.
Fifty microliters of each isolate with a concentration of
107 CFU ml−1 were added to NB media, separately. Then,
the tubes were incubated in a rotary shaker at 200 rpm
and 37 °C. Every three hours, 100 μl of eightfold serial
dilution culture was grown onto the surface of poured
agar plates with a sterile glass rod, and the colonies which
developed upon incubation of the plates at 37 °C were
counted using the surface plate count method.

2.8 Measurement of Nitrogen and Phosphorus (NP)
Content in Soils Treated with Strains and Nanosilica

To investigate the effect of two strains and nanosilica on
the soil NP level, some pots containing the silty loam
were provided without sterilization to prepare a competi-
tive condition for inoculated strains. The results of the soil
analysis used in the experiment are presented in Table 1.
Firstly, nine pots containing 500 g soil were uniformly
mixed with different concentrations of nanosilica (0, 20,

Table 1 The chemical and physical characteristics of clay loam tested
soil

Clay
(wt.%)

Silt
(wt.%)

Sand
(wt.%)

P
(kg ha−1)

N
(kg ha−1)

pH

38 ± 1* 37 ± 2* 25 ± 1* 49.1 ± 0.3* 81.9 ± 0.2* 7.9 ± 0.2*

*Mean ± standard error (n = 3)

NaCl=0 mM NaCl=180 mM NaCl=350 mM NaCl=530 mM NaCl=600 mM

NaCl=700 mM NaCl=780 mM NaCl=860 mM NaCl=950 mM NaCl=1030 mM
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Fig. 1 The effect of NaCl
concentration on (a, b) the
bacterial growth, and (c, d) the
solubilized P of media containing
P. stutzeri andMesorhizobium sp.,
respectively. Error bars are
standard errors (n = 3)
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40, 60, 80, 100, and 120 ppm), and two strains in tripli-
cate, separately. In the next step, each strain separately
and in combination were added to nineteen pots contain-
ing nanosilica in triplicate (fifty-four pots) to study syn-
ergic effects of them on the NP content.

2.9 Effect of Nanosilica and Bacterial Isolates
on the Growth of Land Cress Plant

Seeds of land cress plant were sterilized with a sodium hypo-
chlorite solution (0.5 vol. %) and washed with DI water. The
sterilized seeds were germinated at 25 ° under 16 h light and
8 h dark conditions. Eight uniform germinated seeds were
planted into each pot. The pot soils were mixed thoroughly

with nanosilica and bacterial suspensions, as mentioned in
Section 2.8. During the study, no organic fertilizer was added
to any of the treatment pots, and the pots were regularly irri-
gated with tap water. The experiment was done with 28 treat-
ments in 3 replicates. After 1 month, aerial and root parts were
washed, separated and dried in an oven at 70 ° for 48 h, and
powdered. Dry weights were measured as g pot−1 (four plants)
using a sensitive balance.

2.10 Statistical Analysis

The experimental data were subjected to analysis of variance
(ANOVA) using SAS ver. 9.1.3 package. The least significant
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Fig. 2 The effect of pH value on
(a, b) the bacterial growth, and (c,
d) the solubilized P of media
containing P. stutzeri and
Mesorhizobium sp., respectively.
Error bars are standard errors (n =
3)
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Fig. 3 The XRD pattern of silica powder extracted from Equisetum
telmateia

Table 2 The chemical composition of the Equisetum telmateia ash

Compound Content (wt./wt. %)*

SiO2 97.5

Al2O3 0.8

Na2O 0.6

P2O5 0.4

Cr2O3 0.2

Fe2O3 0.2

CaO 0.2

MgO 0.1

*Semiquantitative values
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difference (LSD) means comparison was performed to further
explore the differences with significant (P ≤ 0.05) ANOVA
results.

3 Results

3.1 Molecular Identification of Bacteria

Among seven potent isolates, the highest values of SI
were recorded from isolates 1 and 3 (SI = 2.9 and 3.0).
The identification of these two strains was confirmed by
16S rRNA sequence analysis with the comparison of ref-
erence strains in the NCBI gene database. The sequence
analysis data of the 16S rRNA gene showed 99 % se-
quence similarity of strains 1 and 3 with Pseudomonas
stutzeri DSM 10701 and Mesorhizobium sp. strain S1B,
respectively. The 16S rRNA gene sequences obtained in
this study were deposited in GenBank under accession
numbers MK045742 and MK071654.

3.2 Phosphate Solubilization Activity and Bacterial
Growth Estimation

The quantitative approximation of phosphate solubilization
was considered based on bacterial growth under different
stress conditions. The two strains could grow well in media
containing 0 to 780 mM NaCl (Fig. 1). However, both the
bacterial growth and the solubilized phosphorus (P) were de-
creased when cultured in media with increased salt concentra-
tion. It became more apparent in media containing 860 mM
NaCl. Mesorhizobium sp. was a salt-tolerant strain and grew
well in a medium containing 950 mM of NaCl, while the
isolate Pseudomonas stutzeri was salt-sensitive. Also, these
two strains were able to grow under different simulated pH
conditions (pH in the range of 6 to 11), but the optimal range
of pH for the bacterial growth was between 7 and 9. Figure 2
shows that Pseudomonas stutzeri has a high ability for solu-
bilizing P at alkaline pH, butMesorhizobium sp. is sensitive to
alkaline pH and has no significant influence on the solubilized
P.

3.3 Extracted Nanosilica

The results of the XRF analysis showing the chemical com-
position of ash obtained from the Equisetum telmateia plant
are given in Table 2. From this table, it can be seen that the
main compound of the Equisetum telmateia ash after the acid
treatment and several washing steps is silica (97.5 wt. %).
However, other elements remained, and their total content is
about 2.5 wt.%. Another study on Equisetum arvenses cal-
cined at 500 °C showed that the obtained ash before acid
treatment contained 59.6 wt.% of silica, and this value in-
creased to 93.5 wt.% after acid treatment (Carneiro 2012).

Figure 3 shows the XRD pattern of the silica powder ex-
tracted from the Equisetum telmateia ash. As seen from this
figure, there is only a very broad peak in the range of 15 to 30
degrees which indicates the amorphous silica structure. In
other words, the absence of high-intensity narrow peaks indi-
cates the absence of silica crystalline structures such as quartz
or cristobalite. This result is consistent with the results of the
silica powder obtained from the rice husk and the coconut
endocrine (Freitas et al. 2000). Other researchers also ob-
served the same XRD pattern for the nanosilica obtained from
the rice husk after the acid treatment and washing process
(Liou and Wu 2010).

Figure 4 shows the DLS curve of silica powder extracted
from the Equisetum telmateia ash after the acid treatment and
washing steps. From this figure, the silica powder shows a
single population of particles with an average hydrodynamic
diameter of about 150 nm.

The size and the morphology of the extracted silica
powder were also investigated by the SEM analysis, as
shown in Fig. 5. This micrograph illustrates that the silica
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Fig. 4 The DLS results of silica powder extracted from Equisetum
telmateia

Fig. 5 The SEM micrograph of silica powder extracted from Equisetum
telmateia
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particles have a spherical shape and a narrow size distri-
bution with an average diameter of about 30 nm.
Interestingly, the average particle size obtained from the
SEM analysis as a direct method is much smaller than the
DLS method, which measures the hydrodynamic size of
particles. However, the silica nanoparticles are in the ag-
glomerated form. Another study on the silica nanoparti-
cles obtained from the Equisetum arvenses ash showed
that the average size of the agglomerated particles was
about 300 nm (Carneiro et al. 2015).

Also, the results of the BET analysis of the extracted silica
powder show that the silica powder has a specific surface area
of about 410 m2/g with an average pore diameter of about 12
nm. In comparison, the value of the specific surface area for
the extracted silica powder in this study is relatively high. For
example, this value for Equisetum arvenses calcined at 500 °C
before and after the acid treatment was reported as 54, and 330
m2/g, respectively (Carneiro 2012). The high value of the
specific surface area for the extracted silica powder in this
work could be related to the utilized acid treatment and the
several washing steps which led to the significantly leaching
of impurities from the silica structure, and forming of the
porosity.

3.4 Effect of Nanosilica Concentration on the Bacterial
Growth

Figure 6a shows the effect of different concentrations of
nanosilica on the total Pseudomonas stutzeri and
Mesorhizobium sp. count. The increasing trend of
Pseudomonas stutzeri count with an increase in the dosage
of nanosilica was observed. The growth observed was time
and concentration dependent. Among the different concentra-
tions of nanosilica, the highest Pseudomonas stutzeri popula-
tion was obtained at 0.07 ppm treatment and followed by 0.05
ppm. However, the 0.1 ppm concentration resulted in a decline
in Pseudomonas stutzeri population. A similar trend in media
containing Mesorhizobium sp. populations with the different

concentrations of nanosilica was also observed with respect to
the control sample (Fig. 6b). However, the effect of nanosilica
on the Pseudomonas stutzeri growth was significantly more
than Mesorhizobium sp.

3.5 Effect of Nanosilica and Phosphate Solubilizing
Isolates on Soil NP Level

The results demonstrated that both nanosilica and strains
could significantly (P < 0.05) increase the amount of solubi-
lized nitrogen and phosphorus in the soil (Fig. 7a to d). The
comparison study using the independent effect of the bacterial
isolates showed that the bacteria application resulted in an
increase in the soil NP content compared to the control (Fig.
7a and b). Also, the NP content of soils inoculates with
Pseudomonas stutzeri alone or in conjunction with the inocu-
lation of Mesorhizobium sp. was significantly higher than
soils containing Mesorhizobium sp. alone (Fig. 7a and b).
The comparison study of the different concentrations of
nanosilica demonstrated that the application of nanosilica
could increase NP levels in the soil. The highest NP content
was obtained at 100 ppm nanosilica (Fig. 7c and d). The re-
sults of the interaction of nanosilica and strains indicated that
the soil inoculates with Pseudomonas stutzeri alone or in con-
junction with the inoculation of Mesorhizobium sp. had the
highest NP content in all treatments at 100 ppm nanosilica
concentration (Fig. 7e and f).

3.6 Effect of Nanosilica and Phosphate Solubilizing
Isolates on the Growth of Land Cress Plant

The effects of the bacterial strains and different concen-
trations of nanosilica on the dry weight of the shoot and
root of land cress plant are shown in Fig. 8a to d. The
results demonstrated that the inoculation of soil with these
strains could improve the plant growth compared to non-
inoculated control (Fig. 8a and b). Analysis of variance
showed that the effect of treatments on the dry weight of
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Fig. 6 The effect of nanosilica concentration on bacterial growth, (a) P. stutzeri, and (b) Mesorhizobium sp. Error bars are standard errors (n = 3)
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the shoot and root at 5 % level was significant. The
highest dry weights of shoot and root were recorded in
soils inoculated with Pseudomonas stutzeri in combina-
tion with Mesorhizobium sp. In the case of a single strain,
the highest dry weights of shoot and root were achieved
in a soil inoculated with Pseudomonas stutzeri.

The effect of nanosilica on the plant growth (Fig. 8c
and c) showed that the nanosilica at different concentra-
tions led to an increase in plant growth in a dose-

dependent manner. The highest plant dry weight was
achieved at a concentration of 100 ppm and followed by
80 and 120 ppm. The synergistic effect of the strains in
combination with nanosilica has been shown (Fig. 8e and
f). The highest amount of shoot and root dry weight was
recorded with simultaneous application of Pseudomonas
stutzeri and Mesorhizobium sp. Since the root growth in-
creases the plant nutrition and growth of shoot, these re-
sults were nearly correlated with each other.
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Fig. 7 The effects of bacterial isolates (a, b), nanosilica concentrations (c,
d), and the interaction of nanosilica and bacteria (e, f) on the amount of
solubilized nitrogen and phosphorus in the soil. Mean values for bars with

the same letter above them are not significantly different (the LSD test, P
≤ 0.05). Error bars are standard errors (n = 3)
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4 Discussion

Although phosphorus is a key limiting factor in agriculture
production, it is almost insoluble in soil. The microbial acti-
vation seems to be an effective way to solve the solidified
phosphorus in soil. The inoculation of phosphate solubilizers
in P-deficient soil has been reported to increase the available P
content in soil and P uptake in plants (Kumar and Narula
1999). The PSB can be regarded as one kind of PGPR, which

are usually considered as alternatives to conventional fertil-
izers (Adesemoye et al. 2009; Yu et al. 2011; Majeed et al.
2015).

In this study, Pseudomonas stutzeri andMesorhizobium sp.
were isolated using the PVK medium. The PSB solubilize
inorganic phosphates by several mechanisms, including the
production of organic acids, polysaccharides, and phosphatase
enzymes (Rodríguez et al. 2000). The acidification of culture
indicated the production of organic acid that seemed to be the
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Fig. 8 The effects of bacterial isolates (a, b), nanosilica concentrations (c,
d), and the interaction of nanosilica and bacteria (e, f) on the dry weight of
shoot and root of land cress. Mean values for bars with the same letter

above them are not significantly different (the LSD test, P ≤ 0.05). Error
bars are standard errors (n = 3)
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primary mechanism for phosphate solubilization (Vassilev
et al. 2006; Ma et al. 2009). In this work, the decline in pH
was also occurred during phosphate solubilization by the PSB
that confirmed the production of organic acid.

In general, the investigated Pseudomonas stutzeri and
Mesorhizobium sp. had good growth performance at various
concentrations of NaCl. These bacteria showed a similar pat-
tern of pH tolerance. Also, these strains tolerated high salt
concentrations. The high concentration of NaCl solution can
give high competitive value in the rhizosphere to survive in
harsh environmental conditions. This result was somewhat
according to the studies of Zhu et al. (2011) and Haile et al.
(2016). The sensitive isolate for salt tolerance was
Pseudomonas stutzeri, which was able to grow up to 780
mM salt concentration. Mesorhizobium sp. were able to grow
well up to 1030 mM NaCl, which was similar to the work of
Amardip and Ghosh (2011), who found that isolates could
tolerate the high salt concentration.

The effect of the application of different concentrations of
nanosilica showed an increase in the bacterial count with an
increase in the concentration of the nanosilica up to applied
in comparison to the control treatment. The increase in the
population of microorganisms due to the effect of nanosilica
(0.07 ppm) was in accordance with an earlier study
(Rangaraj et al. 2014). These observations reveal that the
nanosilica may either act as a substrate for microorganisms
or a stimulant that resulted in an increased microbial popu-
lation. It has been reported that the application of nanosilica
doubled the colony forming unit, favoring the beneficial ef-
fect on the bacterial population (Karunakaran et al. 2013).
The increase in the NP content was observed with the appli-
cation of nanosilica with respect to control, which may be
either due to an enhanced population of nitrogen fixers and
other P-solubilizing microbes in the soil. This increase was
more observed at a concentration of 100 ppm nanosilica. The
plants treated with nanosilica and bacterial isolates showed a
significant increase in the dry weight of shoot and root, as
compared to the control. The highest plant dry weight was
observed in nanosilica at 100 ppm concentration, which in-
dicates a lower dosage of nanosilica could promote the ben-
eficial growth of land cress plant. It should be noted that at in
a high concentration of nanosilica in a culture medium, the
possibility of direct contact of silica particles with the bacte-
rial cell wall increases, and hence, the bacterial growth is
reduced; however, the soil conditions are quite different,
and all of the silica particles are not in direct contact with
the cell wall. Therefore, they can be used in the soli at much
higher concentrations than in the culture medium. It also
appears that nanosilica at a concentration of 120 ppm has
no toxic effects on plant growth and only reduces it.

Some researchers reported that nanosilica improved leaf
fresh and dry weight and chlorophyll content under salinity
stress (Siddiqui and Al-Whaibi 2014; Kalteh et al. 2018).

Similar results demonstrated that the treatment of coriander
and wheat plants with Si fertilizer could improve plant growth
and photosynthetic pigments (Al-Garni et al. 2019). Another
study showed that nanosilica could enhance seed germination
of cucumber and the development of seedlings under elevated
concentrations of Na+ (Na+-derived salinity) (Alsaeedi et al.
2018). Silicon supply was also used to increase inorganic P in
the leaves and tubers under low soil P conditions (Soratto et al.
2018). Our results also demonstrated that the highest growth
of land cress plant was obtained in pots containing nanosilica
and PSB in combination.

5 Conclusions

The results demonstrated that nanosilica significantly en-
hanced the nitrogen and phosphorus content of the soil. By
inoculation, nanosilica of 100 ppm showed the best growth
enhancement of land cress plant in terms of the increase of dry
weight. Thus, nanosilica extracted from Equisetum telmateia
is promising to apply as a growth promoter and elicitor for
plants as well as an environmentally friendly agrochemical for
sustainable development of agriculture. The combined appli-
cation of nanosilica and phosphate solubilizing bacteria iso-
lates at the same concentration showed a higher effect as com-
pared to the control and can be used as efficient inoculants for
integrated nutrient management for plant production under
sustainable agriculture.
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