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ingensis AM11 isolate that separated from distribution systems of the potable water. A twoyear field trial was conducted to compare the protective effects of Bio-Si-NPs (2.5 and 5.0
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garis L. grown on saline soil contaminated with heavy metals. Our findings showed that all
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sugars, N, P, K, Ca2+ , K+ /Na+ , and the activities of peroxidase, catalase, ascorbic peroxidase
and superoxide oxide dismutase. Application of Bio-Si-NPs and potassium silicate significantly decreased electrolyte leakage, malondialdehyde, H2 O2 , O2 •− , Na+ , Pb, Cd, and Ni in
leaves and pods of Phaseolus vulgaris L. compared to control. Bio-Si-NPs were more effective
compared to potassium silicate. Application of Bio-Si-NPs at the rate of 5 mmol/L was the
recommended treatment to enhance the performance and reduce heavy metals content on
plants grown on contaminated saline soils.
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Introduction
Legume crops are expected to be the most appropriate
food for human health in the coming decades due to
the dramatic increase in the world’s population. Recently,
Elrys et al. (2021) found that legumes would be a more nitrogen
(N)-efficient source of protein in Africa by 2050 and probably
a perfect alternative to meat, so their consumption should be
promoted. Moreover, Elrys et al. (2019) reported that legumes
have the lowest food N footprint because of their ability to fix
atmospheric N2 . Common bean (Phaseolus vulgaris L.) is important legumes in human and animal nutrition all over the
world. Although, beans are sensitive to salt stress, 5%-10% of
beans in Latin America and 20%-30% in the Middle East (including Egypt) were grown on saline soils. Moreover, common
bean in Egypt is sometimes planted on soils near factories or
industrial cities that polluted with heavy metals (Desoky et al.,
2019). Hence, conducting new research to understand the biology of this crop under heavy metals contaminated saline soil
conditions is a very important issue.
Salinity is one of the main abiotic stresses that limit
plant growth in arid and semi-arid regions including Egypt.
It reduced about 20% of crop production in irrigated regions
(Munns and Tester, 2008). High salt concentrations cause ion
disorder, oxidative stresses and osmotic in plant tissues, inhibiting photosynthetic processes (Desoky et al., 2019). Salt
stress causes a decrement in photosynthesis level and, consequently, the reaction centers in the photosystem II can be reduced. Thus, the photosynthesis mechanism may destruct if
the plant is unable to consume the extra energy (Baker, 2008).
On the other hand, specific metal-responsive genes induce
the response to heavy metal stress. These genes translated
to stress related proteins and signaling molecules to counteract the stress (Rady et al., 2019b). The result of stress, whether
saline or heavy metals, is reactive oxygen species (ROS) production such as O2 •− , H2 O2 , and OH˙, which causes the destruction of proteins, DNA and chlorophyll (Desoky et al.,
2019). Plant is equipped with a defense system represented by
enzymes (superoxide dismutase, glutathione reductase, peroxidase, and catalase) and other active compounds such as
(proline, carotenoids, glutathione, tocopherols, and ascorbic
acid) (Apel and Hirt, 2004). However, this defense system is
not sufficient to cope with stress, therefore, external support
is needed.
Silicon (Si) nano-particles (Si-NPs) exhibit great potential
in agriculture and may work better in mitigating various
abiotic stresses through their utilization as nano-herbicides,
nano-fertilizers, and nano-pesticides (Rastogi et al., 2019). Si
can improve the plant’s potential to survive against stresses,
along with stimulating physic-mechanical functions in plants
(Elrys et al., 2018). Si can enhance abiotic stress tolerance, improve activity of photosynthetic, adjust nutrient imbalance,
and reduce elements toxicity effect (Merwad et al., 2018). Si
has high potential to chelate soluble elements. Therefore, Si
may control heavy metal route in various plant parts that
can assistance the plants grown in higher heavy metal stress
to remain alive (Elrys et al., 2018). The enhanced effect of Si
bulk materials fluctuates genotypically among particle size
and plant species. However, Si-NPs have gained greater at-

tention compared to bulk material because of its surface
area compared to volume, chemical and physical stability, low
toxicity and straight surface chemistry (Yorseng et al., 2020;
Ashok et al., 2020). Therefore, it is important to study the difference between the interaction of both Si-NPs and bulk material within the environment.
There are different methods for preparing nano-particles
(NPs) such as physical, chemical and biological methods (ElSaadony et al., 2020). However, the physical methods produce
low yields (Reda et al., 2020), while the chemical methods produce non-preferred byproducts (El-Saadony et al., 2019). Accordingly, there is general trend to use ecofriendly, safe and
clean methods for NPs preparation such as the use of biological methods that rely on the use of plants and microorganisms (El-Saadony et al., 2020; Reda et al., 2020). In this study,
an attempt was made to synthesis Si-NPs using eco-friendly,
rapid, and low-cost method by challenging Aspergillus tubingensis AM11 with the aqueous solution of potassium silica
florid (K2 SiF6 ).
Many previous studies investigated the effect of Si-NPs
compared to bulk material on plant growth and production
under saline conditions. However, the effect of Si-NPs compared to bulk material on the accumulation of heavy metals
in plant edible parts rarely reported. Furthermore, to our best
knowledge, there is no study focusing on the effect of Si-NPs
compared to bulk material on the common bean crop grown
on saline soil contaminated with heavy metals. Our study
aimed to compare the defensive effects of Si-NPs and potassium silicate on plant growth, physio-chemical attributes and
common bean production under heavy metals contaminated
saline soil. We hypothesize that using Si-NPs and potassium
silicate could reduce the damaging effects of salinity stress
and heavy metals toxicity on common bean plant, however
Si-NPs would be more effective compared to potassium silicate.

1.

Materials and methods

1.1.

Preparation of nano silicon

1.1.1.

Isolation of fungi from water samples

Eleven samples from the plants treatment and distribution
systems of the potable water in Al-Sharkia Governorate, Egypt,
were collected and analyzed (Appendix A Fig. S1). Tap water from pipes was collected after sterilization of the tap using ethyl alcohol (70%), flamed and was then left to flash
for five minutes. The water samples were kept in sterilized
plastic bottles with screw-on caps sealed, transferred to the
laboratory in ice box, and then kept at 4°C. Examination of
these water samples was carried out within 6-8 hr after sampling. Sodium-thiosulphate (4.7%, W/W) was added to the water samples to deactivate the residual free chlorine. The water samples were filtered and then analyzed according to the
standard method (WHO, 2017). Briefly, 100 mL of each sample
was filtered through a sterile 0.45 μm membrane cellulose nitrate filters under sterilized conditions. With the aid of a sterile forceps, the filtrate was transferred to a sterilized solidified Sabouraud Dextrose agar (SDA) plates accompanied with
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Gentamycin (25 mg/L) after autoclaving (Mbata et al., 2008).
Three replicates were used for each water sample. The plates
were incubated at 25-28°C for 5-7 days, and appearance of fungal colonies were monitored daily. The number of developing
colonies was recorded, and the single spore fungal isolates
were sub-cultured separately for identification.

1.1.2.

Metal tolerance profiles of the fungal isolates

The maximum tolerable concentration (MTC) assay was conducted to estimate the silicon metal tolerance ability of the
fungal isolates (Ahmad et al., 2006). SDA plates containing different concentrations of K2 SiF6 (15-240 mg/L) were prepared,
and then inoculum of tested fungi were spotted individually
on the surface of the media, while the control plates were free
of the metal. The plates were incubated at 28°C for at least 6
days, and were examined daily for fungal growth. Maximum
concentration of metal ions in the medium, which allowed
fungal growth, was considered as MTC.

1.1.3.

Identification of fungal isolate by MALDI-TOF

The selected fungal isolate was identified by the MALDIBiotyper system (Maier et al., 2006; Schumaker et al., 2012).
Data were processed by AutoFlex program. The obtained spectra were performed by Biotyper Compass Explorer (Bruker Daltonics, Germany, Version 4.1.14) (Vithanage et al., 2017).

1.1.4. Extracellular biosynthesis of Si-NPs by the promising
fungal isolate
The fungal isolate showing the highest MTC value was selected for extracellular synthesis of SiO2 NPs in reference
to Vipul et al. (2005). For this fungal isolate, conidia were
scrapped from cultures, which were grown on SDA slants for
six days at 30°C, and then suspended in sterile distilled water. An aliquot of 3 mL of this suspension were used to inoculate 250 mL Erlenmeyer flasks each containing 100 mL
of malt extract glucose yeast extract peptone (MGYP) media, composed of malt extract (0.3%), glucose (1.0%), yeast
extract (0.3%) and peptone (0.5%). They were then protected
at 28°C, under shaking (200 r/min) for three days. The culture broth was centrifuged at 5000 r/min undercooling for
20 min. To separate mycelia mass, the obtained mycelia was
washed thrice with sterile distilled water. 25 g of mycelia mass
was homogenized in 100 mL aqueous solutions of K2 SiF6 (120
mg/L) at pH 5, and kept at 30°C under agitation (200 r/min)
for four days. After incubation, the reaction mixture was filtered inside laminar flow through Whatman No. 1. The control
treatment was only metal ions without the fungal biomass.
The bio-transformed product was collected periodically for
characterization.

1.1.5. Optimization of the physiochemical parameters for NPs
biosynthesis
The size of SiO2 -NPs was optimized by varying the biosynthesis parameters one at a time, such as temperature (10, 20, 30,
40, and 50°C), pH (1, 3, 5, 7, and 9), salt concentration (15, 30, 60,
120, and 240 mg/L K2 SiF6 ), and reaction time (1, 2, 3, 4, 5, and 6
days). Besides, broth media kind (Potato Dextrose broth (PDB),
Sabouraud’s broth (SB), Czapeck Dox medium (CDM), Richard
medium (RM), and Malt extract Glucose-Yeast Extract-Peptone
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(MGYP)), fungal biomass (5, 10, 15, 20, 25, and 30 g), movement (static, and shacking), and agitation speed (100, 150, 200,
250, and 300 r/min). The particle size of the biosynthesized
SiO2 NPs was determined using the Dynamic light scattering
(DLS) technique.

1.1.6. Physicochemical characterization of the biosynthesized
Si-NPs
The particle size distribution of the SiO2 -NPs was evaluated using dynamic light scattering (DLS) measurements
(Yang et al., 2014). This technique was also used to measure Zeta potential (ZP), the surface charge of the particles
through a Zeta sizer NANO-ZS (Malvern Instruments Ltd.,
United Kingdom). Zeta potential determines whether the particle within a liquid will tend to flocculate or not. The transmission electron microscope (TEM) was used to confirm the
size and shape of SiO2 NPs using the drop coating method
(Su, 2017). The NPs sample was irradiated by an electron beam
of equal prevailing density, and then TEM micrographs was
taken using JEOL Transmission Electron Microscope (JEM-1230,
Japan). The elemental analysis of the NPs was carried out using Thermo-Noran Energy Dispersive X-Ray (EDX) attachment
(Scimeca et al., 2018), equipped with SEM (Inspect FEI Ltd, Holland).

1.2.

Field experiment

1.2.1.

Experimental layout

Field trial was conducted in 2019 and 2020 seasons on special
farm at Al-Husayniyah City (31°.914194 longitude, 30°.859271
latitude), Sharkia Governorate, Egypt. The site has an annual
mean temperature of 21±2°C and 14±3°C, day and night, respectively, and annual mean precipitation of 10 mm. Daylength was in the range of 12-13 hr. The relative humidity was
in the range of 60.4%-68.2%. Soil samples were randomly collected before each cultivation and analyzed (Table 1) according to Jackson (1973). Soil EC was measured in soil paste extract and the values were 7.75 and 7.81 dS/m for the seasons
of 2019 and 2020, respectively. According to obtained results in
Table 1, the selected soil was contaminated with heavy metals
(e.g. lead (Pb) and nickel (Ni) cadmium (Cd)).
Healthy common bean (Phaseolus vulgaris L., cv. Bronco)
seeds were purchased from Agricultural Research Centre,
Giza, Egypt. Bronco cultivar was selected because of its stress
sensitivity in Egypt. Seeds were planted on 25 January. The
soil was fertilized with 350 kg calcium superphosphate (15.5%
P2 O5 ), and 280 kg ammonium sulphate (20% N)/ha. The empirical design was completely randomized blocks with five replicates for each treatment. Seeds were seeded at the rate of 95
kg/ha. Seeds were spread in plots (3.0 × 3.50 m), and the space
between hills was 15-20 cm and 60 cm between rows. Four
seeds were placed in every hill and before the first irrigation,
the number of growing plants was reduced to two plants. At
twenty days after sowing (DAS), all plots were divided into four
treatments; foliar spray with tap water (TW), foliar spray with
10 mmol/L potassium silicate, foliar spray with 2.5 mmol/L,
and foliar spray with 5.0 mmol/L Si-NPs. Three foliar sprays
were done at 20, 30, and 40 DAS. Tween -20 (0.1%, V/V) was
added to the spray solution to facilitate penetrate through leaf
stomata (Appendix A Fig. S1).
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Table 1 – Physical and chemical properties of the investigated soil.
Heavy metals-contaminated
soil
Soil characteristic

2019

2020

Sand (%)
42.6
43.5
Silt (%)
29.5
28.9
Clay (%)
27.9
27.6
Textural class
Loam
Loam
Field capacity (%)
15.6
15.4
CaCO3 (g/kg)
28.8
32.4
Organic matter (g/kg)
6.88
6.55
pH (Soil paste)
7.30
7.29
EC (Soil paste extract; dS/m)
7.75
7.81
Soluble cations and anions (Soil paste extract; mmolc/L)
Ca+2
20.4
20.9
Mg+2
15.6
15.4
Na+
30.5
60.8
K+
5.40
5.55
HCO3 −
8.61
8.77
Cl−
21.4
20.8
SO4 −2
49.2
51.6
Available nutrient (mg/kg soil)
N
34.2
32.6
P
9.1
8.77
K
102
104
Heavy metals (mg/kg soil)
Cd
18.2
18.6
Ni
259
255
Pb
254
252

1.2.2. Vegetative growth attributes and physio-chemical components determination
From each plot, plant samples randomly sampled at 55 days
old to measure root length (cm), plant height (cm), leaf area
(cm2 ) and dry plant weight (g), and at the fruit stage to measure the number of pods per plant and pods’ yield (Mg/ha).
The photosynthetic pigments (carotenoids, chlorophyll a, and
chlorophyll b) were extracted from fresh leaf (0.1 g) by acetone according to Fadeels (1962). Portable photosynthesis system (LF6400XTR, LI-COR, USA) was used to estimate stomatal conductance (Gs), leaf net photosynthetic rate (Pn), and
rate of transpiration (Tr) at 9:00-11:00 a.m. Relative water
content (RWC) was determined by the method of Barrs and
Weatherley (1962). Stability index (MSI) was measured as per
Premchandra et al. (1990). Electrolyte leakage (EL) was estimated by the method of Sullivan and Ross (1979). Malondialdehyde (MDA) was estimated as mentioned in Heath and
Packer (1968). The proline content in bean leaves was estimated by Bates et al. (1973). Total soluble sugars content
was determined as per Irigoyen et al. (1992). The O2 •− content in bean leaves was determined as A580 /g FW following Kubis (2008). H2 O2 was determined using the method of
Mukherje and Choudhuri (1983). The N, phosphorus (P), potassium (K), calcium (Ca), and Na contents were estimated by digesting 0.2 g of a dried plant sample with sulphuric acid in the
presence of H2 O2 (Wolf, 1982). Total Na, Ca and K levels were
estimated with flame photometer (Lachica et al., 1973). Total
N determined using a Kjeldahl method as per Chapman and

Table 2 – Fungal growth on SDA medium supplemented
with K2 SiF6 levels
Isolate
code

Fungal growth on SDA / K2 SiF6 concentration (mg/L)
15

30

60

120

240

AM1
AM2
AM3
AM4
AM5
AM6
AM7
AM8
AM9
AM10
AM11
AM12
AM13
AM14
AM15
AM16

+++
+++
+++
+++
+++
+++
+++
+++
+++
+++
+++
+++
+++
+++
+++
+++

+++
+++
+++
+++
+++
+++
+++
+++
+++
+++
+++
+++
+++
+++
+++
+++

++
++
+
++
+
++
++
++
++
++
+++
+
++
+
++
+

+
+
+
+
++
+
+
+

+
-

+++, excellent fungal growth; ++, very good fungal growth; +, good
fungal growth; - no growth

Pratt (1982). Total P was determined colourmetrically using
ascorbic acid method (Watanabe and Olsen, 1965). To measure
the heavy metals content in beans, a sample of dried bean
leaves and pods was taken and burned at 500°C overnight,
then the ash was dissolved in 3.3% (V/V) nitric acid. The
levels of Cd, Pb and Ni were measured by optical plasma
emission spectroscopy (ICP- OES, Varian, and Australia). The
obtained heavy metals results compared against standard
heavy metal reference in plant materials, National Institute
of Standards and Technology (Gaithersburg, USA). The antioxidative enzymes were isolated according to the method
of Vitoria et al. (2001). Catalase (CAT), and ascorbic peroxidase (APX) were measured by spectrophotometer according to
Chance and Maehly (1955) and Fielding and Hall (1978), respectively. Peroxidase (POD) activity in bean leaves was measured
by Thomas et al. (1982) method. Superoxide oxide dismutase
(SOD) activity was determined by reduction of superoxidenitro blue tetrazolium complex by the enzyme and the absorbance recorded (Sairam et al., 2002).

1.3.

Statistical analysis

SPSS software version 19.0 was used to analyze the data of this
study. The least Significant Difference (LSD) test at p≤0.05 was
used to compare values means to investigate the significant
differences between treatments.

2.

Results and discussion

2.1.
Isolation and identification of fungi for synthesis of
SiO2 NPs
Our results (Table 2) found that only one fungal isolate AM11
out of 16 isolates recovered from potable water samples
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Fig. 1 – The spectrum of Aspergillus tubingensis AM11 obtained by MALDI-TOF-MS.

showed high potential to produce Si-NPs, besides it is resistant to salt concentration up to 250 mg/L. Microorganisms
act as tool for metal and metal oxide NPs biosynthesis, due
to their negative electro kinetic potential, which make them
able to attract the cations. The fungal enzymes exhibit the
advantage of getting clear and mono-disperse NPs, which are
free from microorganism’s cells, in addition to the ease of the
process of down streaming (Raliya and Tarafdar, 2013). Thus,
this isolate has been subjected to identification and then characterization using MALDI-TOF technique. The screened fungi
was identified according to morphological and biochemical
parameters according to Gaddeyya et al. (2012). The comparison process concluded that the local isolate was Aspergillus
tubingensis. It was defined as Aspergillus tubingensis AM11 and
then confirmed by “MALDI TOF Mass spectrometry”. Our findings observed that the selected fungus was 99% similar to several Aspergillus spp. mainly Aspergillus tubingensis. Thus, the
local screened fungal isolate, Aspergillus tubingensis AM11, is
matched with A. tubingensis with score value 2.18. Fig. 1 shows
the mass spectra of Aspergillus tubingensis, which demonstrate high S/N ratio that detect about 60 peaks per spectrum.
Aspergillus tubingensis spectra significantly exhibited sharp
biomarkers at 4.3, 5.3, 6.2 and 7.6 kDa in the range of (2-18
kDa), similar results obtained by Peng et al. (2019).

2.2.
Optimization of the physiochemical parameters for
SiO2 NPs biosynthesis
In an attempt to achieve better size control, optimization of
the biosynthesis parameters such as; reaction times, incubation temperatures, pH and different salt concentrations,
medium, fungal biomass, movement, and agitation speed
were studied by changing one parameter at a time, keeping
the other test conditions stable. The DLS analysis shows that
the fungal substrate compound gave its best yield of NPs with
the smallest size of 26 nm after about four days incubation
(Fig. 2a). Besides, the average distribution size of the SiO2 NPs
increased (p≤0.05) when the temperature deviated from 30°C.
At this temperature, the average size of NPs has the smallest
size of 50 nm (Fig. 2b). At pH 5 the NPs has the smallest size of

23 nm (Fig. 2c). On the other hand, the size of SiO2 NPs reduced
(p≤0.05) with the decrease in the K2 SiF6 levels (15-240 mg/L).
However, it is obvious that the concentration of 120 mg/L has
the smallest size 25nm, whereas 240 mg/L has the largest size
300 nm (Fig. 2d). Moreover, the size of Si-NPs reduced (p≤0.05)
by the increase of fungal biomass where, 25 g fungal biomass
achieve the best size (Fig. 2e). In addition, the medium kind
affect the size of nanoparticles, and the best medium was SB
(Fig. 2f). Furthermore, the agitation attains the small size of
Si-NPs (Fig. 2g). Finally, speed agitation 200 rpm gives Si-NPs
with 27 nm.
NPs production with diameters below 100 nm was affected
by the biosynthesis parameters. NPs production increased
with the decrease in salt concentration from 15-240 mg/L,
where the smallest NPs size was obtained at level 120 mg/L.
The formation of particles with large size may be attributed
to the presence of large amount of silica in small volume of
the salt solution. Incubation for four days achieved the smallest size (Tarafdar et al., 2013). The nanoparticles size became
nearly constant with the increase in reaction time that due to
completion of reaction time (Ahmad et al., 2016). The concentration of hydrogen ions in the reaction medium plays crucial role in determining the NPs size. Similar to the current
results, Kathiresan et al. (2009) demonstrated that as the pH
of the reaction mixture changes, the catalytic activity of the
enzymes secreted by the fungus also has changed. The size of
the NPs increased when the temperature deviated from 28°C.
Suvith and Philip (2014) attributed this increase in the particle size at high temperature to the accumulation of particles. The size of Si-NPs increased with the increase of fungal biomass because of releasing of more reducing agent responsible for NPs synthesis. The increments in fungal biomass
not only decreased nanoparticles sizes but also decreased reaction time may because of extensive amount of fungal enzyme. Nevertheless, further biomass increase, the nanoparticles size increased that may be the saturation of reaction mixture (enzyme+ substrate) (Shahzad et al., 2019). SB was the
best media due to presence of the necessary nutrient for optimum fungal growth to release reducing agents to produce NPs.
Also, agitation allows more collision between salt and fungi,
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Fig. 2 – Optimization of the physiochemical parameters for SiO2 NPs biosynthesis by A. tubingensis AM11. Data in the figure
represent means ± SE. Different letters above the columns indicate significant differences between the treatments at p≤0.05.

and thus produce more NPs. The current results of optimization the different parameters for the biosynthesis of Si-NPs are
in accordance with previous results of Tarafdar et al. (2013).

2.3.

Physiochemical characterization of the Si-NPs

The particle size of the biosynthesized SiO2 NPs was analyzed using the DLS technique (Fig. 3e). The DLS histogram
shows that SiO2 NPs possesses an average size of 38.78 nm, and
the Poly-dispersity index (PDI) was 0.425, which reflects the
mono-dispersed nature of the particles. The surface charge
of the SiO2 NPs was measured as Zeta potential of -24.35 mV
(Fig. 3f) using the DLS technique. The size of the biosynthesized SiO2 NPs was primarily measured by the DLS technique.
The DLS also measured the surface charge of particles expressed as zeta potential. According to Tarafdar et al. (2013),
NPs surface charge should generally be in the range of -30
to +30 mV to interact with molecules of the other biological
systems such as the plant. The addition of A. tubingensis cellfree extract to K2 SiF6 solution led to the biotransformation
of Si-NPs, and this was proved by UV absorption spectrum of
this mixture which ranged from 240-270 nm (Fig. 3b), and this
range is in agree with Verma and Bahattcharya (2018).
The biological Si-NPs FTIR spectrum is shown in Fig. 3c.
The results showed ten bands at the range of 3404.49-476.46
cm−1 . These bands are responsible for various active groups
such as alcohols, phenols, primary and secondary amines, and
amides (a peak that is strong and wide with bonds of both
O–H stretching and N–H stretching at 3404.49 alkenes and
aromatics showed). The bands were appeared at 1657.17 and
1407.78 cm−1 , respectively. At 1080.41 cm−1 phenol and alcoholic compounds were showed. The peaks at 833-476 cm−1
indicate the aromatic C-H bending. The recorded FT-IR anal-

ysis suggested organic active groups (e.g., polyphenols, and
terpenoids) might surround silica NPs. Several studies indicated that proteins could easily bind to the NPs surface and
probably acting as capping stabilizing agents (Mandal et al.,
2005). The low magnification TEM image at 50 nm scale bar
(Fig. 3a) shows well dispersion of SiO2 NPs is present in monodisperse stage. The spectroscopic analysis of the NPs sample
demonstrates the presence of Si followed by O and K then in
lower amounts carbon (C), sulfur (S), and P in the biosynthesized SiO2 NPs (Fig. 3d). The elemental composition of SiO2 NPs
investigated by the EDX technique displayed peaks of Si, O
and other atoms are detected, which confirm the organic nature of synthesis of SiO2 NPs. The other elements appear in
chromatogram as per the fungal growth medium components,
which have also reported by Wadhwani et al. (2016).

2.4.
Growth, yield, photosynthetic pigments, and gas
exchange parameters
The soil EC of selected soil samples was approximately 7.8
dS/m, and the average concentration of Cd, Pb, and Ni were
18.4, 253, and 257 mg/kg soil, respectively. Saline soil polluted
with heavy metal caused accumulated stress to plants. The
leaf chlorophyll reduced and heavy metals (Cd2+ , Pb, and Ni)
contents increased, consequently, severe decrease in growth
and yield of common bean plants (Table 3). Heavy metals
toxicity causes negative effects on plant growth processes
such as reduced root and bud growth, disruption of enzymatic
activity, and chlorzophyll reduction (Desoky et al, 2019). While,
salinity stress affects the metabolism processes; reducing the
activity of meristematic cells and cells elongation, increasing
the respiration rate, and thus affecting plant growth and production. Stresses lead to produce excess ROS that cause
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Fig. 3 – Physiochemical characterization of biological silica nanoparticles fabricated by A. tubingensis AM11, A: TEM image
observed nano size; B: U.V. absorption; C: FTIR spectra observed the functional groups; D: EDX observed the biological
nature of nano silica; E: zeta seizer; F: Zeta potential observed the net charge on nanoparticles. The blue number in
Figure 3D refer to the relative ratio of each element.

protein, chlorophyll and cell membrane damages
(Desoky et al., 2019). Therefore, plants need external support
to enhance the potential of the antioxidant defense system,
and Si plays this role (Merwad et al., 2018; Alzahrani et al.,
2018).
Our finding showed that a valuable usage of potassium silicate or Si-NPs as a foliar spray against the control. All Si treatments significantly increased growth parameters (i.e. shoot
length, number of leaves plant−1 , leaf area plant−1 , plant dry
weight), yield parameters (i.e., No of pod plant −1 , and green
pod yield), photosynthetic pigments (chlorophyll a, chlorophyll b, and carotenoids), and gas exchange parameters (i.e.
transpiration rate (Tr), leaf net photosynthetic rate (Pn), and
stomatal conductance (Gs)) of common bean plants grown on
saline soil polluted with heavy metals (Table 3). Si plays an
important role in plant growth because it helps in providing
the nutrients and controlling the mechanical properties and
tolerates the stresses (Elrys et al., 2018). Si can induce plant
resistance against environmental stresses (Liu et al., 2014). Si
improves photosynthesis level and, consequently, chlorophyll
content and RIBSCO activity are enhanced (Elrys et al., 2018).
Compared to control, the high rate of Si-NPs (5.0 mmol/L) significantly increased (p≤0.05) shoot length by 89.1% and 93.1%,
number of leaves by 43.6% and 45.2%, leaf area by 22.5% and
23.6%, plant dry weight by 161% and 167%, No of pod on plant
by 61.6% and 61.1%, green pod yield by 230% and 235%, chlorophyll a by 35.1% and 36.2%, chlorophyll b by 28.1% and 33.8%,
carotenoids by 36% and 46.3%, net photosynthetic by 109%

and 113%, rate of transpiration by 112% and 109% and stomatal conductance by 83.2% and 88.3% in 2019 and 2020 seasons, respectively (Table 3). The improvements in the previous attributes were more effective with the treatment of 5.0
mmol/L Si-NPs than other levels of Si-NPs and potassium silicate (Table 3). Compared to potassium silicate, the high rate
of Si-NPs (5.0 mmol/L) significantly increased (p≤0.05) shoot
length by 21.8% and 21.3%, number of leaves by 10.8% and
10.3%, leaf area by 6.3% and 7.8%, plant dry weight by 22.5%
and 22.5%, No of pod on plant by 22.4% and 16.5%, green pod
yield by 6.5% and 7.3%, chlorophyll a by 9.5% and 11.2%, chlorophyll b by 7.9% and 12.3%, carotenoids by 10.9% and 16.5%,
net photosynthetic by 15.3% and 18.4%, rate of transpiration
by 16.7% and 16.9% and stomatal conductance by 20.4% and
19.7% in 2019 and 2020 seasons, respectively (Table 3). Si-NPs
were observed to form a binary film at the epidermal cell
wall after absorption, which may add structural color to plant
(Rastogi et al., 2019; El-Saadony et al., 2020). Si-NPs were also
speculated to act as a strengthening material that may act as
an agent to prevent fungal, bacterial, and nematodal infections and, thus, may increase disease resistance (Rastogi et al.,
2019; El-Saadony et al., 2020). Si-NPs layer may decrease plant
transpiration and, thus, make plants more resistant to stress
(Rastogi et al., 2019).
Damage to plasma membranes and chlorophyll levels is
caused by oxidative stress by excessive production of H2 O2
and O2 •– (Rady et al., 2019b). Oxidative stress biomarkers
are associated with increased Na+ uptake and decreased
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Table 3 – Impact of nano-silicon foliar application on shoot length, number of leaves plant−1 , leaf area plant−1 , plant dry
weight, No of pod plant −1 , green pod yield Mg ha−1 , chlorophyll a and b, carotenoids, net photosynthetic rate, transpiration
rate, stomatal conductance of common bean plants grown on heavy metals-contaminated saline soil.
Foliar spray

1st season
Control
T1
T2
T3
2nd season
Control
T1
T2
T3
Foliar spray

1st season
Control
T1
T2
T3
2nd season
Control
T1
T2
T3

Shoot length
(cm)

Number ofleaves
plant−1

Leaf areaplant−1
(cm2 )

Plant dry weight (g)

18.3±1.1d
28.4±1.9b
23.8±1.6c
34.6±2.6a

8.56±0.22c
11.1±0.38b
9.66±0.36c
12.3±0.48a

8.57±0.34c
9.88±0.34b
8.85±0.36c
10.5±0.39a

3.53±0.09d
7.54±0.16b
6.01±0.11c
9.24±0.15a

13.1±0.42d
17.4±0.55b
15.1±0.48c
21.3±0.63a

1.04±0.08c
3.23±0.9a
2.12±0.06b
3.44±0.9a

18.6±1.2d
29.6±1.7b
24.8±1.9c
35.9±2.5a

8.88±0.32b
11.7±0.41a
10.0±0.37b
12.9±0.49a

8.90±0.25c
10.2±0.26b
9.23±0.24c
11.0±0.31a

3.64±0.08d
7.94±0.14b
6.27±0.12c
9.73±0.19a

13.6±0.39a
18.8±0.42b
15.7±0.35c
21.9±0.55a

1.05±0.02c
3.28±0.07a
2.18±0.04b
3.52±0.08a

Chl. a(mg/g)

Chl. b(mg/g)

Carotenoids
(mg/g)

Net photosynthetic
rate (μmol
CO2 /m2 /sec)

Transpiration
rate (mmol
H2 O/m2 /sec)

Stomatal
conductance (mmol
H2 O/m2 /sec)

1.11±0.02d
1.37±0.03b
1.28±0.03c
1.50±0.04a

0.64±0.01c
0.76±a0.04b
0.73±0.03b
0.82±0.06a

0.97±0.08c
1.19±0.07ab
1.10±0.09bc
1.32±0.03a

6.10±0.12d
11.1±0.23b
9.55±0.16c
12.8±0.31a

3.33±0.11d
6.05±0.13b
5.34±0.14c
7.06±0.19a

0.280±0.01d
0.426±0.02b
0.366±0.01c
0.513±0.03a

1.24±0.01c
1.52±0.04b
1.43±0.02b
1.69±0.06a

0.68±0.02c
0.81±0.02b
0.77±0.04bc
0.91±0.07a

1.01±0.03c
1.27±0.04b
1.14±0.06bc
1.48±0.07a

6.31±0.22d
11.4±0.35b
9.67±0.26c
13.5±0.42a

3.62±0.09d
6.49±0.33b
5.77±0.021c
7.59±0.39a

0.290±0.01d
0.456±0.03b
0.383±0.01c
0.546±0.04a

No of pod plant
−1

Green pod
yield(Mg/ha)

Data are means (n=5) ± SE. The same letters in each column indicate not significant differences according to the LSD test (p≤0.05). Control;
foliar spray was done with tap water, T1; foliar spray was done with 10 mmol/L potassium silicate, T2; foliar spray was done with 2.5 mmol/L
nano-silicon, T3; foliar spray was done with 5 mmol/L nano-silicon.

magnesium (Mg) accumulation, affecting chlorophyll
molecule synthesis (Alzahrani et al., 2018). The exposure
of faba bean plants to stress induces changes in the role of
the pigment-protein complex (Levitt, 1980). According to our
results, the total chlorophyll and total carotenoids contents
decreased under stress condition, however, concurrent treatment with Si greatly enhanced these parameters (Table 3).
The decrease in the chlorophyll content under stress may be
due to a defect in biosynthesis and/or accelerated degradation
of the chlorophyll (Rady et al., 2019b). The decrease in photosynthesis in stressed plant to oxidative stress, nutritional
imbalance, and osmotic stress (Rios et al., 2017). Application
of Si maximize water flow rate from roots to leaves, and
improve stomatal conductance. Ming et al. (2012) detected
improving in photosynthesis rate and increasing antioxidant
enzymes because of Si may mitigate the stress-induced
damages. However, our finding reported that the increase in
total chlorophyll and total carotenoids contents were more
with the treatment of 5.0 mM Si-NPs than other levels of
Si-NPs and potassium silicate (Table 3). Si-NPs have chemically and thermally stable structures with large surface areas,
tunable pore sizes, and several well-characterized surface
properties, which makes them suitable for hosting guest
molecules (Rastogi et al., 2019). This result is consistent with
the former results of Suriyaprabha et al. (2012) who found
that addition of Si-NPs to corn increased dry weight, chloro-

phyll, proteins and phenols. On the same trend, Haghighi and
Pessarakli (2013) reported that Si-NPs addition improves
photosynthesis as a result of stomata changes rather than
improving the chlorophyll content. This result is consistent
with our results in which the decline in photosynthetic
efficiency may be attributed to increased oxidative stress,
nutritional imbalance, and osmotic stress (Tables 3 and 5).
Moreover, a plant’s ability to photosynthesize can also be assessed by PSII functional activity. Studies have reported that
reduced photosynthetic activity during salinity stress is the
result of functional and structural damage to electron carriers
and photosystems. Mostly, long-term exposure to high salt
stress induces structural damage to PSII (Kalaji et al., 2016). In
our study, the application of Si-NPs (i.e. 2.5, and 5.0 mmol/L)
and potassium silicate (10 mmol/L) increased stress photosynthetic effectiveness and leaf gas exchange (e.g., Gs, Tr, and
Pn) (Tables 3). In this regard, Alzahrani et al. (2018) reported
that application of Si increased PSII efficiency.

2.5.

Tissue health, and nutrient contents

All Si-NPs and potassium silicate treatments significantly increased the RWC and MSI, proline, soluble sugars, N, P, K, Ca,
and K+ /Na+ compared to control (Table 4). In contrast, these
treatments significantly decreased Na+ , EL and MDA content
of common bean plants grown on saline soil polluted with
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Table 4 – Impact of Nano-silicon foliar application on relative water content (RWC), membrane stability index (MSI), electrolyte leakage (EL), malondialdehyde (MDA), proline content, total soluble sugars content, nutrient content (i.e. N, P, Ca,
and K) and K+ / Na+ ratio of common bean plants grown on heavy metals-contaminated saline soil.
Foliar spray

1st season
Control
T1
T2
T3
2nd season
Control
T1
T2
T3
Foliar spray
1st season
Control
T1
T2
T3
2nd season
Control
T1
T2
T3

RWC (%)

MSI (%)

EL (%)

MDA (μmol/g)

Proline (μg/g)

Total soluble sugars
(mg/g dry weight)

77.9±2.3d
88.1±2.5b
80.1±3.3c
90.9±4.3a

38.6±1.3d
64.4±2.3b
50.1±2.1c
72.5±2.9a

13.5±0.33a
9.57±0.19c
11.7±0.21b
8.74±0.12d

2.16±0.09a
1.56±0.03c
2.01±0.08b
0.97±0.01d

29.2±1.1d
34.2±2.3b
31.2±1.6c
35.8±2.5a

20.2±0.66d
27.1±1.11b
22.8±0.75c
29.5±0.99a

78.4±3.21d
88.9±3.68b
80.8±3.52c
91.8±3.87a

39.2±1.5d
62.6±2.4b
50.8±1.6c
74.0±3.3a

13.2±0.25a
8.61±0.22c
11.3±0.21b
7.77±0.14c

2.09±0.08a
1.41±0.04b
1.95±0.09a
0.90±0.02c

30.1±1.9d
35.0±1.4b
32.2±1.5c
36.9±1.3a

21.1±0.53d
27.9±0.55b
23.6±0.59c
31.0±0.68a

N (%)

P (%)

Ca (%)

K (%)

Na (%)

K+ / Na+ ratio

1.95±0.09c
2.16±0.12b
2.07±0.11b
2.29±0.14a

0.436±0.01d
0.553±0.03b
0.510±0.02c
0.593±0.02a

1.13±0.08d
1.94±0.07b
1.67±0.09c
2.11±0.10a

1.66±0.03d
1.94±0.04b
1.82±0.05c
2.05±0.06a

0.96±0.04a
0.75±0.03c
0.82±0.03b
0.65±0.01d

1.73±0.05d
2.58±0.08b
2.21±0.06c
3.16±0.09a

1.96±0.08d
2.24±0.12b
2.11±0.13c
2.39±0.13a

0.463±0.02d
0.596±0.02b
0.540±0.03c
0.630±0.04a

1.14±0.07d
1.97±0.08b
1.70±0.06c
2.14±0.09a

1.68±0.04c
2.00±0.06ab
1.85±0.05bc
2.17±0.08a

0.94±0.03a
0.70±0.02c
0.78±0.02b
0.59±0.01d

1.79±0.04c
2.89±0.06ab
2.38±0.07bc
3.76±0.11a

Data are means (n=5) ± SE. The same letters in each column indicate not significant differences according to the LSD test (p≤0.05). Control;
foliar spray was done with tap water, T1; foliar spray was done with 10 mmol/L potassium silicate, T2; foliar spray was done with 2.5 mmol/L
nano-silicon, T3; foliar spray was done with 5 mmol/L nano-silicon.

heavy metals (Table 4). The reduced RWC caused by stresses
decreased the flow of water from roots to shoots with a toxic
effect on common bean plants. However, water uptake increased when Si-NPs or potassium silicate were applied under
saline soil contaminated with heavy metals (Table 4). Si maintains relative water content in cells and tissues that necessary for metabolism and osmosis control to adapt with saline
and heavy metal stress. Liang et al. (2015) found that RWC
increased in response to Si treatments under stress conditions. Also, they found that transpiration rate reduced where
Si deposited in leaf and stem epidermis cells. Besides, K absorbance and translocation to stomatal guard cells, thus increasing stomata conductivity. Romero-Aranda et al. (2006) indicated that Si could increase the water content of the plant
under salinity stress, by reducing the negative osmotic potential and increasing the turgor pressure of tomato leaves.
MSI decreased under saline soil contaminated with heavy
metals. Similar results were found by Merwad et al. (2018) who
reported that stress decreased MSI. Nevertheless, Si application decreased the leaf plasma membrane permeability, and
increased the antioxidant activity therefore, MSI increased. Si
enhances cell membranes stability by preventing damage to
the plant cell membrane’s function to maintain membrane integrity and functions in stressed plants (Desoky et al., 2019).
Therefore, the stress was relieved, while the plant growth increased. Si addition elevates water uptake and transport under stress conditions by increasing root hydraulic conductance (Liu et al., 2014). Additionally, Si can reduce the transpi-

ration via cuticle and stomatal transpiration. The Si deposition on the plants surfaces stimulates the physical hindrance
that may tolerate the drought stress (Gao et al., 2006). Si application helps plants to take up and retain more water, which
enhances water status of the top plant parts.
Malondialdehyde (MDA) content is biochemical indicator
for lipid peroxidation, which appears in stress. Salt stress and
oxidative stress in common bean plant increased the MDA
content that increase electrolyte leakage (EL) (Table 4). While,
MDA content decreased membrane integrity and cellular water content (Rady et al., 2019b). These negative agents undesirably affect metabolic functions and consequently plant quantity. The closed stomata in stressed common bean decreased
the photosynthesis rate and carbon dioxide fixation but electrons reaction and light response usually continue. In addition, NADP efficiency as receptor decreased. Thus, electrons
were received by oxygen, resulting in the production of more
ROS that lead to increase EL and cell membrane peroxidation.
However, according to our results (Table 4) stressed common
bean treated with Si-NPs or potassium silicate significantly reduced MDA and El levels. Soylemezoglu et al. (2009) have reported that Si decrease MDA and EL, therefore Si may maintain
cell membranes functions and lower their permeability.
Proline is a non-enzymatic antioxidant, increases with
stress, improves plant antioxidant systems and recompenses
the energy in plants (Desoky et al., 2019 and 2020). Proline
plays an important role in the osmotic adjustment of plant
cells under stress. It reduces ROS damage and enhances plant
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tolerance by reducing the detoxification of ROS resulting from
salinity stress (Desoky et al., 2019). Likewise, the accumulation of soluble sugars maintains the harmony between the
osmotic quality of the cytosol and the vacuole like proline
(Sairam et al., 2002). Accumulation of compatible solutes under stress conditions could be a more effective measure,
which helps in maintaining the status of plant cell water.
Alzahrani et al. (2018) reported that Si application maintains
cell water status by increasing proline synthesis in stressed
plants. Compared to the control, the improvement of proline content in plants treated with Si-NPs or potassium silicate (Table 4) could be attributed to the up-regulation of
the proline biosynthesis pathway to keep it at high levels
(Alzahrani et al., 2018). Enhancement of soluble sugars content with Si-NPs or potassium silicate application (Table 4) indicates the beneficial effects of Si on enzymes involved in carbohydrate metabolism. Also, the aggregation of proline and
accumulation of free amino acids increased by Si addition under osmotic stress (Merwad et al., 2018).
However, our results indicated that Si-NPs at the high rate
(5 mmol/L) significantly enhanced RWC by 3.2%, MSI by 15.4%,
EL by 10%, MDA by 37%, proline by 5.1%, and soluble sugars by
10% compared to potassium silicate as an average of the two
seasons (Table 4). Si-NPs having the ability to enter from the
atmosphere into the leaf stomata and then redistribute to the
plant parts as observed in watermelon plant. Nanoparticles
with the diameter of less than 100 nm can easily penetrate
through the stomata of leaves and redistribute from leaves to
stems through the phloem sieve elements. Once the nanoparticle gets entered into the plant system which may be transported form one cell to other cell through plasmodesmata and
carried by aquaporin, ion channels, endocytosis or by binding
to organic chemicals (Rico et al., 2011).
Potassium silicate and Si-NPs applications were positively
modified nutrient uptake i.e. N, P, K, and Ca and K+ /Na+ ratio
in plants grown in heavy metals polluted saline soil. High concentrations of salts (7.8 dS/m) in our study, lead to cell membrane and nutrient uptake distraction (Table 4). The balance
of plant nutrients depends on membrane activity level that
involve in ions movement from soil to all plant cells. In the
disordered membranes because of salt stress, some essential
nutrients are deficient in the plant, as sodium replaces N, P, K,
and Ca. Si-NPs supplementation maintains K concentration in
cytosol, which maintains K+ /Na+ ratio to withstand salt stress
(Merwad et al., 2018). Our results indicated that Si considerably improved the absorption and translocation selectivity of
common bean to N, P, K, and Ca nutrients. Si addition considerably increased the N, P, K, and Ca contents in cucumber
plant shoots under salt stress. However, under non-stress conditions Si had no influences on the shoot concentration of N, P,
K, and Ca (Rios et al., 2017). Our results indicated that application of Si-NPs (5 mmol/L) was better than potassium silicate in
increasing nutrient uptake and K+ /Na+ ratio. While, it reduced
the accumulation of Na+ ion in plant tissues (Table 4). Si-NPs
are better absorbed through the plant cells and thus provides
sufficient nutrients to enhance antioxidant activities. Furthermore, all improved attributes of physio-biochemistry and antioxidant defense systems due to the use of Si-NPs helped restore the reduced contents of N, P, K+ , and K+ /Na+ .

2.6.
Antioxidant enzymes, oxidative stress and heavy
metals contents
Saline soil contaminated with heavy metals reduces the stability of cell membranes due to H2 O2 -mediated membrane
peroxidation, lipoxygenase activity, and polyunsaturated fatty
acids (Desoky et al., 2019). Moreover, the transfer of electrons
of O2 •− , H2 O2 , and OH• harms proteins, DNA, and lipids. As
a result, the integrity of cell membranes and the functioning of the photosynthetic machinery are affected. Likewise,
in this study, the contents of the ROS (e.g., O2 •− , and H2 O2 )
were increased under stress caused by salinity and heavy metals (Table 5). SOD is considered the first antioxidant defense
against ROS and converts O2 •− to H2 O2 . H2 O2 is then further
scavenged by APX and CAT into H2 O and O2 (Desoky et al.,
2019). In the AsA-GSH cycle, H2 O2 is reduced by APX via the
electron donor AsA that is reduced by the GSH resulting from
GSSG that is activated by GR at the expense of NADPH. Therefore, when plants are stressed, the level of oxidative enzymes
increases. The regenerating enzymes GR and DHAR are essential agent of the Halliwell–Asada cycle, where they regenerate AsA from DHA using reducing power GSH. In our study,
when treating the stressed plants with Si-NPS or potassium
silicate, the activity of POX, CAT, SOD, and APX enzymes significantly increased. While, ROS and Pb, Ni, Cd content decreased in the Phasolus plant compared to the control (Table 5).
Rady et al. (2019a) showed that treated common bean plants
with Si significantly reduces the H2 O2 levels under NaCl stress
conditions. Li et al. (2016) showed that Si addition to the
Hoagland nutrient solution increases POD activity in licorice
seedlings grown under salt stress and under oxidative stress
in other plants. Rios et al. (2017) also indicated that Si supplementation reduces ROS and increases the activity of both
enzymatic and non-enzymatic antioxidants. Among all treatments, foliar spray with Si-NPs at the rate of 5.0 mmol/L was
the best treatment compared to control, increasing CAT activity by 40.9% and 45.8%, POX activity by 96.2% and 95.4%, APX
activity by 51.6% and 52.7%, SOD activity by 172% and 178%.
While, it reduced H2 O2 by 46.5% and 47.9%, O2 •– by 34.5% and
35.9%, leaf Cd by 79.5% and 81.7%, pod Cd by 85.1% and 86.7%,
leaf Ni by 91.5% and 92.6%, pod Ni by 93.1% and 93.4%, leaf
Pb by 68.8% and 73.6%, pod Pb by 83.7% and 87.2% in both
2019 and 2020 growing seasons, respectively (Table 5). Furthermore, compared to potassium silicate application, foliar
spray with Si-NPs at the rate of 5.0 mmol/L significantly improved CAT activity by 7.4% and 8.7%, POX activity by 13.6%
and 14.1%, APX activity by 9.0% and 7.8%, SOD activity by 26.1%
and 26.8%, H2 O2 by 12.6% and 13.8%, and O2 •– by 6% and 14.6%
in both 2019 and 2020 growing seasons, respectively (Table 5).
Si-NPs application as foliar spray easily translocate into plants
through leaves and improves antioxidants efficiency such as
active secondary metabolites (e.g., AsA, carotenoids, proline,
tocopherols, and GSH) and enzymes (e.g., SOD, POD, APX, GR,
and CAT).
Specific metal-responsive genes induce the response to
heavy metal stress. These genes translated to stress related
proteins and signaling molecules to counteract the stress.
Si may be considered effective agent for heavy metals biotreatment. It significantly decreased the accumulation of Cd,
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Table 5 – Impact of nano-silicon foliar application on b antioxidant enzymes, hydrogen peroxide (H2 O2 ), superoxide radical
(O2 •− ) and heavy metals accumulation in leaves and pods of common bean plants grown on heavy metals-contaminated
saline soil.
Foliar spray
1st season
Control
T1
T2
T3
2nd season
Control
T1
T2
T3
Foliar spray

1st season
Control
T1
T2
T3
2nd season
Control
T1
T2
T3

CAT
POX
(A564 min−1 g−1 protein)

APX

SOD

H2 O2 (mo/g FW)

O2 •− (A580 g−1 FW)

58.8±2.3d
77.2±3.6b
64.6±3.3c
82.9±3.9a

0.81±0.01d
1.40±0.04b
1.02±0.03c
1.59±0.05a

56.1±2.2d
78.1±3.5b
61.7±3.2c
85.1±4.2a

3.75±0.12d
8.09±0.17b
6.46±0.16c
10.2±0.21a

2.47±0.10a
1.51±0.07c
1.88±0.09b
1.32±0.05c

0.66±0.03a
0.50±0.02c
0.57±0.02b
0.47±0.01d

59.9±2.5d
80.4±4.2b
68.4±3.7c
87.4±4.6a

0.87±0.01d
1.49±0.03b
1.15±0.02c
1.70±0.03a

57.3±2.6d
81.2±3.8b
63.5±3.4c
87.5±4.2a

3.88±0.11d
8.52±0.19b
6.66±0.13c
10.8±0.17a

2.40±0.08a
1.45±0.05c
1.82±0.07b
1.25±0.01d

0.64±0.02a
0.48±0.01bc
0.56±0.02ab
0.41±0.01c

Cd

Ni

Pb

Leaf
(mg/kg)

Pod

Leaf

Pod

Leaf

Pod

12.5±0.41a
4.60±0.12c
6.76±0.11b
2.56±0.08d

8.49±0.21a
2.67±0.05c
3.14±0.09b
1.27±0.02d

17.6±0.42a
3.41±0.09c
7.50±0.12b
1.49±0.08d

14.8±0.25a
1.85±0.01b
3.59±0.06b
1.02±0.01b

37.9±1.91a
17.1±0.66c
20.9±1.4b
11.8±0.13d

26.3±1.30a
7.17±0.21c
10.6±0.36b
4.27±0.11d

12.4±0.39a
4.43±0.09c
6.61±0.16b
2.26±0.05d

8.38±0.33a
2.46±0.02c
3.21±0.03b
1.10±0.01d

16.7±0.36a
2.96±0.05c
7.07±0.13b
1.24±0.02d

14.3±0.36a
1.74±0.02b
3.19±0.09b
0.94±0.01b

36.9±2.12a
14.8±0.64c
19.5±0.74b
9.74±0.15d

25.5±1.51a
6.40±0.25c
9.50±0.27b
3.52±0.09d

Data are means (n=5) ± SE. The same letters in each column indicate not significant differences according to the LSD test (p≤0.05). Control;
foliar spray was done with tap water, T1; foliar spray was done with 10 mmol/L potassium silicate, T2; foliar spray was done with 2.5 mmol/L
nano-silicon, T3; foliar spray was done with 5 mmol/L nano-silicon.

Pb, and Ni in common bean plants (leaves and pods) when applied through foliar spray (Table 5). These results are in agreement with Alzahrani et al. (2018) who found that addition
of Si significantly reduces the accumulation of Cd in wheat
root and leaves. Similarly, in garlic plants, Si application reduces the accumulation of Cd in different plant parts. However, Cd quantity was higher in root than in both shoot and
bulb (Wang et al., 2016). The antioxidant enzymes and nutrients content increased with heavy metals reduction by Si application. This may counteract the entry of heavy metals into
the plant. However, once heavy metals enter the root, plant
defenses begin to prevent or reduce the transfer of these elements to the upper parts. Some active compounds such as organic acids, phenolic compounds, proteins, amino acids (proline), and hormones (jasmonic acid) stimulate antioxidant defense (Karabourniotis et al., 2020). All of these mechanisms
may be activated and/or increased by Si application. Plants
are exposed to oxidative stress because of heavy metals and
their potential determined by counteracting ROS produced
from heavy metals. ROS is eliminated through many pathways in the plant such as the glutathione ascorbate cycle, in
chloroplasts, and cytosol, GR and CAT found in peroxisomes,
mitochondria, and apoplasts (Bhaduri and Fulekar, 2012). Peroxisomes are small peptides that chelate metals in vacuoles
and reduce oxidative stress, produced by ROS (Desoky et al.,
2019). Compared to potassium silicate application, foliar spray

with Si-NPs at the rate of 5.0 mmol/L significantly reduced
leaf Cd by 44% and 49%, pod Cd by 52% and 55%, leaf Ni by
56% and 58%, pod Ni by 45% and 46%, leaf Pb by 31% and
34%, pod Pb by 40% and 45% in both 2019 and 2020 growing seasons, respectively (Table 5). Wang et al. (2014) reported
that foliar application with nano-Si alleviated Cd stress in
rice seedlings as a result of enhanced the availability of Mg,
Fe, and Zn nutrition, and chlorophyll a content as well as
decreased Cd accumulation and translocation from root to
shoot.
Finally, as a result of a large number of parameters and the
high correlation between them, a principal component analysis (PCA) was performed to reduce the number of variables.
All variables are involved in the input data matrix (Appendix
A Table S1). Loadings having an absolute value >0.50 were
considered in the evaluation process. Approximately 95.8% of
variances (information) in the data were retained by the first
two principal components i.e., PC1, and PC2 (Appendix A Table S1, and Fig. 4). Also, each of the other remaining PCs had an
eigenvalue of less than one; therefore, only the first two PCs
were used in this study for interpretation. In general, PC1 had
high loadings (negative or positive) for all variables (Appendix
A Table S1). These findings indicated that PC1 increased with
the increases in all variables (Appendix A Table S1). However,
all variables had no correlation with the loadings in the second
principal components (Appendix A Table S1). These results are
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Fig. 4 – Bi-plot showing the first two variables of the principal component (PC1 and PC2). The size of the line is the weight
parameter to define the principal component. NL, Pro., Gs, TSS, SL, LA, Pn, GY, DW, Tr, Caro., and NOP refer to number of leaf,
proline, stomatal conductance, total soluble sugar, shoot length, leaf area, net photosynthetic, green yield, dry weight, and
No of pod, respectively. CK; foliar spray was done with tap water, T1; foliar spray was done with 10 mmol/L potassium
silicate, T2; foliar spray was done with 2.5 mmol/L nano-silicon, T3; foliar spray was done with 5 mmol/L nano-silicon.

in agreement with Desoky et al. (2019), Rady et al. (2019b), and
Elrys et al. (2018).

Appendix A Supplementary data

3.

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.jes.2021.01.012.

Conclusions

Stress tolerance in common bean plants grown on saline (soil
EC=7.8 dS/m) soil contaminated with heavy metals (Cd, Pb,
and Ni) was effectively enhanced by the addition of Si-NPs. SiNPs play a key role in plant growth due to its beneficial influences on mineral nutrition and mechanical strength, therefore plant resistance to abiotic stresses. The leverage of SiNPs in alleviating the doubled stress in plants reflecting better
growth and yield is found to be due to the enhanced antioxidant defense systems; non-enzymatic and enzymatic antioxidants (i.e., free proline, TSS, carotenoids, CAT, POD, SOD, APX,
and GR) to decline the ROS damages. The role of Si-NPs on supporting the antioxidative defense systems in plants under severe stress also is reported in our study as "stay-green effect"
due to we synthesized Si-NPs using eco-friendly, rapid, and
low-cost method by challenging Aspergillus tubingensis AM11
with the aqueous solution of K2 SiF6 .

references

Ahmad, I., Ansari, M.I., Aqil, F., 2006. Biosorption of Ni, Cr and Cd
by metal tolerant Aspergillus niger and Penicillium sp. using
single and multi-metal solution. Indian J. Exp. Biol. 44 (1),
73–76.
Ahmad, T., Irfan, M., Bustam, M.A., Bhattacharjee, S., 2016. Effect
of reaction time on green synthesis of gold nanoparticles by
using aqueous extract of Elaise guineensis (oil palm leaves).
Procedia Eng. 148, 467–472.
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