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ARTICLE INFO ABSTRACT
Keywords: Soil pollution with heavy metals is a threat to crop production. Practically, application of silicon
Heavy metal (Si) with biochar can be a cost-effective approach to immobilize metals in contaminated soils.
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Investigation of the anatomical and biochemical changes of corn leaf is important for describing
the mechanisms of Si and biochar soil application in alleviating the negative effects of nickel (Ni)
toxicity. A factorial pot experiment was conducted to investigate the effect of Si (0, 250 and 500
mg Si kg’1 soil) in combination with rice husk biochar (RHB) or sheep manure biochar (SMB)
prepared at two pyrolysis temperatures (300 and 500 °C) on anatomical and biochemical prop-
erties of corn leaves in a Ni-polluted soil. The length, width, area and weight of third-leaf, and
metaxylem and protoxylem of midrib improved by application of Si250 with RHB more than SMB.
At Si250, RHB300 and RHB500 improved the stomatal area by 31.7 and 27.7 % compared to
control (without biochar), respectively. The leaf membrane stability index was increased by
increasing Si application level and reached 69 % in RHB300. In contrast to total chlorophyll, the
highest carotenoid content, catalase and peroxidase was obtained by control (without Si and
biochar) followed by SMB. At Si250, the highest relative water content (RWC) was observed in
RHB300 by 34.8 % increase. Also, RHB300 had the highest total dry matter, with increases of
82.2, 120.0 and 83.1 % at Si0, Si250 and Si500, respectively. By increasing the Si level and
biochar application, the shoot Ni decreased between 42.1 and 133.3 %. Combined application of
Si250 with RHB300 resulted in the highest dry matter through improving the leaf dimensions,
metaxylem and protoxylem areas of midrib, membrane stability index, total chlorophyll, and
RWC, while Ni uptake was reduced.

1. Introduction

Corn (Zea mays L.) is one of the main important staple crops in the world, and together with wheat and rice, provide at least 30 % of
the food calories to more than 4.5 billion people in 94 developing countries [1]. In Iran, corn is one of the main and strategic crops
which is cultivated as a fodder crop for livestock production. In the 2020-2021 growing season, more than 241 thousand hectares were
cultivated for corn in Iran, which produced over 2 million tons of corn [2].
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Due to ongoing urbanization and industrialization, soil pollution by heavy metals is rapidly increasing which results in many
detrimental effects on ecosystems [3]. Heavy metal toxicity in agricultural soils is a major concern due to their persistent toxicity
effects in soils and organisms [4,5]. The potentially toxic heavy metal, Nickel (Ni), is also considered a critical plant micronutrient
which is needed for photosynthesis and vegetative and reproductive growth of corn [6].

Soil Ni toxicity creates negative effects on crop morphophysiological properties and directly decreases seed germination, chlo-
rophyll contents, plant height, nutrient uptake, and biomass production, subsequently reducing crop yields or resulting in plant death
[6,7]. Excessive Ni in plant tissues results in the generation of reactive oxygen species (ROS) like peroxides and superoxide, resulting in
oxidative damage of plant organelles which induces enzyme activity [8]. Furthermore, Ni toxicity disrupts plant physiology by
decreasing the size of the vascular bundles and stomata, the thickness of the mesophyll, and the plasticity of cell walls, resulting in
electrolyte leakage and decreasing leaf membrane stability index [8,9].

Like other plant stresses, such as water or salt stress, heavy metals toxicity can negatively affect leaf anatomy and mesophyll cells
[10-12]. Bijanzadeh and Kazemeini [13] reported that under stress, decreasing third-leaf surface area was due to narrower leaves and
growth limitation especially between the first 5 mm above the leaf base. Maturation of mesophyll cells occurs at the first few milli-
meters of the leaf base (division zone), and water stress can critically slow leaf spatial distribution at this zone which limits leaf
expansion. Another symptom of heavy metal toxicity in plants is a decrease in the size of stomata [14]. The reaction of stomatal size to
abiotic stresses is depended on crop type, leaf relative water content (RWC), light intensity, nutrient uptake and the other environ-
mental conditions [15,16].

A practical strategy to reduce the detrimental impacts of heavy metal toxicity in plants is the application of silicon (Si). Cereals are
among the highest Si accumulators within the monocots; where Si can bond with heavy metals to sequester them in apoplastic
pathways in the crop structure [17]. Although not entirely understood, exogenous Si application benefits crops grown under heavy
metal stress by increasing cell wall strength and photosynthetic pigment content, creating more erect and elongated leaves, thus
enhancing light interception [18]. Tripathi et al. [19] found that Si upregulates genes that alleviate the detrimental impacts of heavy
metals in rice by changing the root and shoot structure. As biochar and Si have different positive effects on the mitigation of soil heavy
metals on crops, they could be applied together to enhance crop production in polluted soils. In rice, application of silicon-rich biochar
reduced shoot Cd uptake more than application of biochar alone [3].

Remediation of Ni contaminated soils using organic amendments such as biochar has been recommended as compared to the use of
inorganic amendments due to their higher safety, low cost and improvement in soil characteristics [11,20,21]. The pyrolysis tem-
perature of crop residues (200-900 °C) for the production of biochar is a critical parameter influencing the porous features of the
biochar. Depending on type of crop residue, pyrolysis temperature and soil conditions, biochar can be a suitable adsorbent for
detoxifying of many heavy metals in agricultural ecosystems [7,20]. Biochar with high surface area can immobilize heavy metals
through trapping them in its nanopores [9]. The polar functional groups in biochar can immobilize heavy metals through electrostatic
interactions and complexation mechanisms, while the alkalinity and ash in biochar can promote precipitation. Biochar application in
contaminated soils can increase corn growth, dry matter production and decreased accumulation of toxic metals [22,23].

As the Ni concentration is increasing in the agricultural soils of Iran due to the extensive use of sewage sludge and wastewaters [24],
it is necessary to inhibit Ni uptake and toxicity to ensure safe food production [5]. Based on the scientific literature, we hypothesized
that Si and biochar soil application by changing the anatomical and biochemical changes of corn leaf can mitigate the detrimental
effects of potentially toxic elements (PTEs) such as Ni. At the present time, little is known about the primary effects of Si with biochar
on anatomical and biochemical changes of corn leaf under Ni toxicity. Therefore, the main aim of the current study was to investigate
the combined effect of Si and biochar application produced from different crop residues (rice husk and sheep manure) and pyrolysis
temperatures (300 and 500 °C) on anatomical and biochemical properties of the corn leaf cultivated in a Ni-polluted soil.

2. Materials and methods
2.1. Soil preparation and treatments

A calcareous, sandy loam topsoil (0-20 cm) classified as Calcaric Cambisols (Loamic, Ochric) according to WRB [25], was collected
from an agricultural field in southern Iran (28°45'0.99'N 54°26'52.14"E, Elevation 1105 m). After air-drying of the soil and passing

through a 2 mm sieve, the sample was analyzed to determine its general physical and chemical properties which are given in Table 1.
The soil was a calcareous soil with alkaline pH and low organic content. Initially, soil samples were contaminated with Ni levels

Table 1

Selected physicochemical characteristics of the soil before cultivation.
Sand (%) 58.00 Available K (mg kg 1) 251.00
silt (%) 30.00 Available P (mg kg™ 1) 13.00
Clay (%) 12.00 CEC (cmol(ykg™) 11.70
Soil textural class Sandy loam Fe-DTPA (mg kg™ %) 4.64
PHey 7.59 Mn-DTPA (mg kg™') 12.30
EC(dSm™) 2.60 Cu-DTPA (mg kg 1) 1.33
CCE (%) 55.00 Zn-DTPA (mg kg™ %) 0.64
OM (%) 0.50 Ni-DTPA (mg kg1 0.39

Notes: EC, electrical conductivity; OM, organic matter; CCE, calcium carbonate equivalent; CEC, cation exchange capacity.
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according to the experimental design. Specifically, 2 kg of soil was placed in a thick plastic bag. Subsequently, 1000 mL of an aqueous
solution containing Ni prepared from nickel chloride (NiCl2) and distilled water, was added to the soil samples. The mixture was
thoroughly combined to achieve Ni concentration 300 mg kg—1 of soil. The samples were then allowed to dry at room temperature.
Following this, they were ground into a powder, and their moisture content was adjusted to field capacity using distilled water, which
was measured by weight. The samples were then incubated at room temperature to dry. The wetting and drying cycles of the soil
samples were repeated three times to reach an equilibrium state and to simulate actual field conditions [20]. Si solutions were prepared
using Na2SiO3 and were added to the soil according to the experimental design (0, 250, or 500 mg/kg Si). The amount of moisture
required to bring 2 kg of dry soil to its field capacity was also considered, and the mixture was blended until uniform [3,18].

2.2. Biochar production and its characteristics

Biochars were prepared from rice husks and sheep manure. Prior to pyrolysis, the organic substrates were air-dried and ground, and
then placed in an oven for 24 h at 105 "C. The dried and ground biomass was then subjected to slow pyrolysis in an electric muffle
furnace (Shimifan, F47) at temperatures of 300 and 500 "C under limited oxygen conditions. The temperature was gradually increased
from room temperature by 5 ‘C per minute until it reached the final temperature, which was maintained for 2 h to facilitate slow
pyrolysis. The prepared biochars were allowed to cool slowly and passed through a 0.5 mm sieve.

The chemical properties of the biochars produced were assessed through a series of standardized procedures. The pH was deter-
mined by mixing 1.0 g of the biochar sample with 20 mL of deionized water, agitating the mixture at 40 rpm for 1 h, and subsequently
measuring the pH with a pH meter [26]. Electrical conductivity (EC) was evaluated using a 1:20 ratio of biochar to deionized water,
with the mixture shaken for 30 min [27]. The concentrations of C, N, and H in the biochar samples were analyzed utilizing a CHN
analyzer (ThermoFinnigan Flash EA 1112 Series). Cation exchange capacity was measured via the ammonium acetate method, which
involved adding 20 mL of 1M NH4OAC at pH 7.0 to 4 g of the biochar sample, shaking the mixture for 1 h, filtering it through Whatman
42 filter paper, and subsequently quantifying the concentrations of Ca, Mg, Na, and K in the filtrate [28]. The total concentrations of Ni,
iron, manganese, copper, and zinc were determined through atomic absorption spectroscopy (PG 990, PG Instruments Ltd., UK)
following ashing at 550 °C and acid dissolution. Total phosphorus (P) was quantified in the acid-digested ash fraction using the
molybdate-ascorbic acid method, with spectrophotometric measurements taken at a wavelength of 460 nm. The ash content of the
biochars was determined by heating an open-top crucible at 750 °C for 1 h. The moisture content was assessed by heating a 1.00 g
sample of biochar at 105 °C in an oven for 24 h. The combined content of oxygen and sulfur was calculated by subtracting the ash,
moisture, C, N, and H from the total mass. The physicochemical properties of the biochars are presented in Table 2.

2.3. Experimental design and corn pot experiment

The corn pot experiment was arranged as a factorial study using a completely randomized design (RCD) with three replicates. The
first factor was Si levels [0 (Si0), 250 (Si250) and 500 (Si500) mg Si kg’1 soil] and the second factor was biochar treatment (with no
biochar application (C), sheep manure biochar produced at 300 °C (SMB300), sheep manure biochar produced at 500 °C (SMB500),
rice husk biochar prepared at 300 °C (RHB300), and rice husk biochar prepared at 500 °C (RHB500)), each applied at 3 % (w/w).

Table 2
Physical and chemical characteristics of the biochars.
SMB300 SMB500 RHB300 RHB500

pH (1:20) 9.96 + 0.03" 11.00 + 0.02° 9.00 + 0.04° 10.30 =+ 0.03%®
EC (1:20) (dSm ™) 3.94 + 0.06" 4.28 + 0.04* 0.84 + 0.01¢ 1.17 + 0.03°
CEC (cmol, kg™ 19.70 + 0.8 18.94 + 0.65* 18.94 + 0.35% 15.33 + 0.40°
C (%) 25.40 + 1.50¢ 31.80 + 2.01° 45.00 + 2.60° 50.00 =+ 3.50°
H (%) 1.85 + 0.09% 0.80 + 0.01° 2.28 + 0.07% 1.06 + 0.05"
N (%) 2.10 + 0.10% 1.57 + 0.15° 1.30 + 0.09" 1.10 + 0.11°
P (%) 0.36 + 0.01% 0.38 + 0.03* 0.20 + 0.01° 0.23 +0.01°
K (%) 2.36 + 0.01% 2.47 + 0.01% 0.81 +0.01° 1.02 + 0.01°
Fe (mg kg 1) 1875.00 =+ 10.50° 2019.00 + 9.30% 207.00 + 3.01° 358.00 + 5.09°
Mn (mg kg1 236.00 + 2.50° 241.00 + 2.75° 105.00 + 1.60° 139.00 + 1.53°
Cu (mg kg™ ) 20.10 + 0.70% 20.80 =+ 0.90° 1.50 + 0.03° 2.80 + 0.04°
Zn (mg kg ™) 52.10 + 1.01° 60.70 + 1.60° 18.20 + 0.90° 18.50 + 0.70°
Ni (mg kg™) 3.00 + 0.20° 15.40 + 0.6* Nd Nd
Na (%) 0.73 + 0.01% 0.77 + 0.01% 0.06 + 0.01° 0.07 + 0.01°
Ca (%) 5.80 + 0.08% 7.50 + 0.05% 0.21 + 0.01° 0.25 + 0.01°
Moisture content (%) 1.91 + 0.01° 1.82 + 0.01° 2.65 + 0.01° 2.37 + 0.01°
Ash content (%) 53.80 + 1.01° 60.00 + 1.60° 34.20 + 0.90° 44.80 + 0.70°
H:C mole ratio 0.87 + 0.01% 0.30 + 0.01° 0.60 + 0.01% 0.25 + 0.01°
O + S:C mole ratio 0.44 + 0.012 0.09 + 0.01° 0.24 + 0.01° 0.01 + 0.001¢
C:N ratio 12.10 + 0.10¢ 20.20 + 0.12° 34.60 + 0.15° 45.40 + 0.16%

Notes: SMB300, sheep manure biochar prepared at 300 °C; SMB500, sheep manure biochar prepared at 500 °C; RHB300, rice husk biochar prepared
at 300 °C; RHB500, rice husk biochar prepared at 500 °C; CEC, cation exchange capacity; EC, electrical conductivity; Nd, non-detectable. Means in
each row with the same letter do not differ significantly by LSD test at 5 % probability level. Data presented with +SE.
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In each plastic pot, 2 kg of treated soil (with Si levels and biochars) based on the experimental design was transferred (45
experimental units), and then 6 corn seeds (cv. single cross 604) provided from Agricultural Research Center of Hasan Abad, Darab,
Fars province, Iran were sown at a depth of 2 cm. After emergence, the corn seedlings were thinned to four seedlings. The greenhouse
temperature was 25 + 5 °C, with 60 + 10 % relative humidity, and light intensity was in range from 600 to 1100 pmol m ~2s ~1. A

Biochar application Si application
(3% w/w) (mg Si kg™! soil)

Si0 Si250 Si500

SMB300

SMB500

RHB300

RHBS500

S50pm -

Fig. 1. The cross-sectional micrographs of the midrib of corn third-leaf including metaxylem (MX) and protoxylem (PX) grown in Si and biochar
amended Ni-polluted soil. Leaf sections were taken from 5 to 7 mm above the leaf base. Scale bar represents 50 pm. MX: metaxylem, PX: protoxylem;
SMB300, sheep manure biochar prepared at 300 "C; SMB500, sheep manure biochar prepared at 500 "C; RHB300, rice husk biochar prepared at 300
“C; RHB500, rice husk biochar prepared at 500 C.
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gravimetric method was used to maintain the soil moisture of pots at the field capacity level with distilled water by daily weighing. The
third-leaf blades at ZGS13 stage [29] were selected to determine the anatomical and biochemical characteristics which are described
below.

2.4. Third-leaf dimensions and anatomy structure

First, the leaf length and width of the third-leaf was determined by a ruler. Then, the area of third-leaf was determined by a leaf area
meter (Kaiser, RS1, Germany). To study the leaf anatomy, sections were taken from 5 to 7 mm above the leaf base [30]. Segments were
immediately transferred to phosphate buffered saline (PBS) supplemented with 3 % formaldehyde and incubated overnight. The leaf
blades were washed in PBS and dehydrated in a graded series of ethanol [31]. Then, segments were cut with a razor and stained with
0.5 % toluidine blue (TB) for 1 min [32]. A Ceti bright field microscope was used to observe the midrib structure. Images of the midrib
area (Fig. 1) and stomatal dimensions of the third-leaf (Fig. 2) were captured with a digital camera (X60 HS, Canon, Inc., Ota, Tokyo,
Japan).

2.5. Stomatal measurement

The stomatal area of the third-leaf was determined with epidermal impression from the 5-10 mm above the leaf base. Fingernail
varnish was applied to the adaxial (upper) leaf surface and permitted to dry. Thereafter, clear tape was applied to the hardened varnish
to peel it from the leaf, and then it was placed on a microscope slide for viewing [15].

2.6. Determination of pigment contents

The chlorophyll was extracted by gradually adding 10 mL of 80 % acetone to 200 mg of third-leaf tissue while grinding with a
mortar and pestle. After creating a homogenized solution as described by Arnon [33], the solution absorbance was determined by a
double-beam UV-VIS spectrophotometer (UV-1900, Shimadzu, Japan) at A = 645, 663, and 470 nm. Then, the chlorophyll a, b and
total [33] and carotenoid [34] contents were calculated.

Biochar application Si application
(3% w/w) (mg Si kg'! soil)
Si0 Si250
— s~

C = -y e

SMB300

SMB500

RHB300

RHBS500

Fig. 2. Stomatal micrograph dimensions for corn third-leaf grown in Si and biochar amended Ni-polluted soil. Leaf sections were taken from 5 to 10
mm above the leaf base. MX: metaxylem, PX: protoxylem. Scale bar represents 5 ym. SMB300, sheep manure biochar prepared at 300 "C; SMB500,
sheep manure biochar prepared at 500 "C; RHB300, rice husk biochar prepared at 300 "C; RHB500, rice husk biochar prepared at 500 "C.
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2.7. Enzymes assay

For enzyme extraction, 0.5 g of fresh third-leaf were ground to a fine powder in liquid nitrogen by mortar and pestle and then
homogenized in 2 mL extraction buffer containing 10 % (w/v) polyvinyl pyrrolidone (PVP) in 50 mM potassium-phosphate buffer (pH
8), 1 mM dithiothreitol (DTT), and 0.1 mM ethylene diamine tetra acetic acid (EDTA). Then, the catalase activity (CAT) was deter-
mined using a spectrophotometer (UV-160A) based on the method of Aebi [35], by monitoring the decrease in absorbance at 240 nm
due to Hy05 consumption. The CAT activity was expressed as units (pmol HyO, consumed per minute) per milligram of protein. The
peroxidase activity (POD) was evaluated by the method of Chance and Maehly [36]. Peroxidase activity was expressed as units (pmol
guaiacol oxidized per minute) per milligram of protein.

2.8. Electrolyte leakage and the leaf membrane stability index

Electrolyte leakage was evaluated using 200 mg of fresh tissue of the third leaf. Tissue was cut into 1 cm long strips and placed into
screw cap test tubes with 8 mL of distilled, deionized water. Tubes were incubated in a 35 °C water bath for 30 min, and the initial
electrical conductivity (EC;) was measured using an electrical conductivity meter (Model Twin CodB-197, Metrohm, Germany).
Samples were boiled at 95 °C for 20 min to release electrolytes. Samples were cooled and final electrical conductivity (ECp) was
determined [37]. The percentage of electrolyte leakage was calculated using the following equations:

(EC1)
(EC2)

EL (%) = x 100 [1]

Membrane stability index (MSI) was calculated by the following formula [38]:

(EC1)
(EC2)

MSI (%) = [1 - } x 100 [2]

2.9. Leaf relative water content (RWC) measurement

The leaf RWC was measured by the method of Machado and Paulsen [39]. Briefly, six leaf discs (10 mm in diameter) of third-leaf
were taken from a fully expanded flag leaf in each pot, and were weighed for determination of fresh weight (FW). The leaf discs were
placed in deionized water for 6 h and then dried on filter paper and weighed for total weight (TW). The samples were oven dried for a
dry weight measurement (DW). Finally, the RWC was determined as:

RWC = [(FW — DW) / (TW — DW)] x 100 [3]

2.10. Plant height and shoot dry weight

At 36 days after germination, the aboveground parts of the plants were harvested and plant height measured in the laboratory. The
harvested plant material was then placed in an oven at 72 °C for 48 h and immediately weighed to determine total shoot dry weight
using a digital balance.

2.11. Ni analysis

After separation of root system from the soil, the soil was air-dried and passed from a 2 mm sieve. Soil Ni availability was
determined by DTPA solution (pH = 7.3). The concentration of Ni in the shoots was measured by ashing of the plant material (550 °C
for 2 h) and subsequently dissolved in 2 M HCI [40]. In the obtained extract, the content of Ni was determined by an atomic absorption
spectroscopy (AAS) (PG 990, PG Instruments Ltd. UK).

2.12. Statistical analysis

Data were statistically analyzed for variance using the SAS software (version 9.4) (SAS Institute, Cary, NC, USA). To check the
normal distribution of data, Kolmogorov-Smirnov and Shapiro-Wilk tests were used and the skewness and kurtosis indices of data
confirmed that the distribution of data was normal. When analysis of variance demonstrated a significant treatment effect (Si levels x
biochar treatments), the means were compared using Fisher’s Least Significant Difference (LSD) test at 5 % probability level.

3. Results
3.1. Soil characteristics
Some physicochemical characteristics of the soil before cultivation are given in Table 1. The soil texture was sandy loam and

exhibited alkaline characteristics with pH = 7.59. The electrical conductivity (EC) was low (2.60 dS m_l) which is suitable for corn
production. Also, the soil’s cation exchange capacity (CEC) was low due to the relatively low amounts of clay percent (12 %) and
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organic matter (0.5 %). Furthermore, the soil’s available nutrient contents, including P, Fe, Zn, Mn, and Cu, were below the necessary
thresholds required for the optimum growth of corn. On the other hand, the concentration of soil Ni, as extracted by DTPA (dieth-
ylenetriaminepentaacetic acid), was lower than the detection limit for corn growth.

3.2. Characteristics of the biochars

The SMB biochars were more saline (higher EC) and alkaline (higher pH) than the RHB and contained a higher proportion of ash,
which increased with increasing pyrolysis temperature (Table 2). Hence the inorganic nutrients contents (P, K, Ca, Mg, Fe, Mn, Cu and
Zn) were substantially higher in the SMB, also increasing with pyrolysis temperature (Table 2). In contrast, the CEC of the biochars
decreased with increasing pyrolysis temperature, and SMB300 had the highest CEC value (Table 2). By increasing pyrolysis tem-
perature, the C content of the biochars increased, but the H, O and N contents declined. This could be explained by the volatilization of
N and O compounds at higher pyrolysis temperatures (Golizdah and Hu 2021). The total Ni content of the RHB was negligible, while
SMB had a low content of Ni.

3.3. Leaf properties

Application of Si and biochar had a significant effect (p < 0.05) on leaf dimensions and weight of the corn third-leaf in the Ni-
polluted soil (Table 3). Maximum leaf length was achieved in the RHB300 and RHB500 at Si250 application rate, which differed
significantly (p < 0.05) from the Si0 and Si500 application rates. At Si250 level, application of RHB300 resulted in the greatest leaf
width (10.8 + 0.3 mm) with no significant difference (p < 0.05) from RHB500 and SMB500 (Table 3). At the highest Si level (Si500),
RHB significantly enhanced leaf width compared to SMB. At all Si levels, the temperature of biochar preparation (300 or 500 °C) had a
slight effect (p < 0.05) on leaf area of third-leaf, while the RHB enhanced leaf area to the greatest extent, especially at Si250.
Application of RHB increased the leaf weight by 83.3, 76.4 and 65.5 % under Si0, Si250 and Si500 compared to control (no application
of biochar), respectively. Overall, leaf dimensions and weight were improved to the greatest extent by application of Si250 with RHB
(Table 3).

3.4. Area of midrib, metaxylem and protoxylem

The midrib area at the leaf base (division zone) is one of the main compartments of xylem structure. The cross-sectional micro-
graphs of corn third-leaf midrib, including metaxylem and protoxylem, grown a Ni-polluted soil amended with Si and biochar are
shown in Fig. 1. In all treatments, the midrib area at 5-7 mm above the leaf base usually had two metaxylems and one or two pro-
toxylems. The number of metaxylems and protoxylems was not affected by Si and biochar application (Fig. 1), whereas the midrib area,
and consequently, the area of metaxylem and protoxylem was affected (p < 0.05) (Table 4). In all biochar treatments, application of
Si250 increased the midrib area in comparison to the other Si levels, however RHB was superior to SMB in terms of midrib area
improvement. In the absence of biochar, the midrib area in Si0, Si250 and Si500 decreased by 26.2, 21.2 and 23.8 %, compared to
RHB300, respectively. By increasing the Si application level from 0 to 250 mg Si kg™! soil, the metaxylem area in each biochar
treatment increased significantly, but at Si500 decreased (Table 4). At Si250, RHB300 and RHB500 resulted in the highest metaxylem
area. RHB300 increased the protoxylem area by 48.9, 24.4 and 20.1 % at Si0, Si250 and Si500 levels compared to control (without
biochar), respectively. Overall, RHB significantly enhanced the metaxylem and protoxylem areas compared to SMB.

Table 3
Interaction effect of Si and biochar application on third-leaf dimensions and weight of corn (cv. single cross 604) in a Ni-polluted soil.
Si application (mg Si kg’1 soil) Biochar application (3 % w/w) Leaf length (mm) Leaf width (mm) Leaf area (mm?) Leaf weight (g)
Si0 ¢ 88.3+ 0.5 8.1+ 0.18" 558.1 + 3.41 0.42 + 0.028
SMB300 89.2 + 0.3°f 8.8 + 0.2¢f 610.2 + 3.9° 0.65 + 0.06°
SMB500 86.5 + 0.2 9.1+ 0.1% 612.3 £ 4.1° 0.66 + 0.03°
RHB300 91.7 + 0.3% 9.6 + 0.3> 682.3 + 2.3% 0.74 + 0.03¢
RHB500 96.1 + 0.4™ 9.7 +0.2° 720.1 + 2.2¢ 0.77 + 0.02¢
$i250 C 93.5 + 0.3%¢ 9.1+ 0.1% 661.3 + 3.5% 0.51 + 0.04f
SMB300 96.6 + 0.2 9.7 + 0.1% 729.2 + 4.5° 0.78 + 0.05%
SMB500 99.4 + 0.5%° 10.1 + 0.2%b¢ 781.2 + 4.1° 0.84 + 0.03"
RHB300 101.3 +0.3% 10.8 + 0.3 850.3 £ 5.3% 0.90 + 0.02?
RHB500 102.2 + 0.4 10.4 + 0.2°° 821.7 + 5.1% 0.88 + 0.03%
$i500 ¢ 91.3 + 0.2% 7.9+ 0.1" 561.6 + 4.3 0.46 + 0.01%®
SMB300 92.3 + 0.2% 8.3 +0.2% 598.1 + 3.9 0.64 + 0.03¢
SMB500 91.3 + 0.1% 8.6 + 0.1 611.4 + 3.8° 0.66 + 0.02°
RHB300 96.8 + 0.3" 9.3 +0.1% 701.5 + 2.8% 0.75 + 0.03¢
RHB500 97.1 +0.2° 9.6 + 0.3 728.3 £ 3.4 0.78 + 0.03%¢

Notes: SMB300, sheep manure biochar prepared at 300 °C; SMB500, sheep manure biochar prepared at 500 °C; RHB300, rice husk biochar prepared
at 300 °C; RHB500, rice husk biochar prepared at 500 °C. Means in each column with the same letter do not differ significantly by LSD test at 5 %
probability level. Data presented with +SE.
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Table 4
Interaction effect of Si and biochar application on area of midrib, metaxylem and protoxylem of corn third-leaf (cv. single cross 604) in a Ni-polluted
soil.

Si application (mg Si kg’1 soil) Biochar application (3 % w/w) Midrib area (me) Metaxylem area (pmz) Protoxylem area (pm2)
Si0 C 100461 + 1068¢ 11906 + 168¢ 6358 + 328
SMB300 124514 + 1311% 12365 + 168°F 8431 + 31°f
SMB500 123017 + 1401° 12861 + 194° 8867 + 479
RHB300 136214 + 1021° 13552 + 159¢ 9361 =+ 42°¢
RHB500 132451 + 1346™ 13467 + 197¢ 9468 + 51
$i250 ¢ 111545 + 812f 12033 + 186" 7986 + 62
SMB300 129110 + 1365° 14041 + 192¢ 9936 + 29°
SMB500 128015 + 9984 14036 + 106° 9899 + 36"
RHB300 141663 + 1451° 15306 + 1712 11341 + 34
RHB500 140151 + 1156® 15441 + 143° 11045 + 30°
$i500 C 101654 + 7698 11102 + 1358 7903 =+ 38f
SMB300 124102 + 1136% 13206 + 108¢ 9486 + 59
SMB500 124255 + 968 13286 + 129¢ 9467 + 67"
RHB300 133465 + 1165™ 14903 + 149° 10897+4°
RHB500 130498 + 1132 14604 + 153" 1091145°

Notes: SMB300, sheep manure biochar prepared at 300 °C; SMB500, sheep manure biochar prepared at 500 °C; RHB300, rice husk biochar prepared
at 300 °C; RHB500, rice husk biochar prepared at 500 °C. Means in each column with the same letter do not differ significantly by LSD test at 5 %
probability level. Data presented with +SE.

3.5. Stomatal area

The stomatal micrograph dimensions of the corn third-leaf grown in a Ni-polluted soil amended with Si and biochars are presented
in Fig. 2. Results showed that at Si0, the SMB300 and SMB500 could not mitigate the detrimental effect of Ni on stomatal area at 5-10
mm above the third-leaf base (Fig. 3). In contrast, at Si250, application of RHB300 and RHB500 improved the stomatal area by 31.7
and 27.7 % compared to control (without biochar), respectively. Whereas, at Si500, the stomatal area in RHB and SMB was less than at
Si250 (p < 0.05).

3.6. Electrolyte leakage and membrane stability index

The highest electrolyte leakage (0.61 %) was observed in the control, without application of Si and biochar (Fig. 4a). Among the
biochar treatments, RHB resulted in the least electrolyte leakage and highest membrane stability at all Si levels. The leaf membrane
stability index was enhanced by increasing Si application level from 0 to 250 mg Si kg !, reaching the highest value of 69 % in RHB300
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Fig. 3. Stomatal area of corn third-leaf grown in Si and biochar amended Ni-polluted soil. Leaf sections were taken from 5 to 10 mm above the leaf
base. Data presented with +SE. SMB300, sheep manure biochar prepared at 300 C; SMB500, sheep manure biochar prepared at 500 C; RHB300,
rice husk biochar prepared at 300 ‘C; RHB500, rice husk biochar prepared at 500 'C. Means with the same letter do not differ significantly by LSD
test at 5 % probability level.
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Fig. 4. Electrolyte leakage (a), and leaf membrane stability index (b) of corn third-leaf grown in Si and biochar amended Ni-polluted soil. Means
with the same letter do not differ significantly by LSD test at 5 % probability level. Data presented with +SE. SMB300, sheep manure biochar
prepared at 300 "C; SMB500, sheep manure biochar prepared at 500 ‘C; RHB300, rice husk biochar prepared at 300 "C; RHB500, rice husk biochar
prepared at 500 C.

at Si250 treatment (Fig. 4b). Biochar temperature had no significant effect on the membrane stability index at all Si levels.
3.7. Chlorophyll and carotenoid content

The mean data of interaction effects of Si and biochar on pigments contents under Ni-polluted soil are given in Table 5. At all Si
application levels, RHB (both 300 or 500 °C) had the highest chlorophyll a content and differed significantly from SMB and the control
(p <0.05). Also, the highest chlorophyll a content was observed in Si250 treatments, while Si500 was the second highest. Chlorophyll b
content was highest at Si250 combined with biochars, with no significant difference between the different biochars. Furthermore,
biochar application with no Si (Si0) had a negative effect on chlorophyll b content compared to Si 250. Total chlorophyll was highest in
the combined Si250 and RHB biochar treatments, increasing by 145.4 and 131.8 % in RHB300 and RHB500, respectively, compared to
the unamended control. At each Si application level, significant differences were observed between RHB and SMB in terms of total
chlorophyll. In contrast to chlorophyll a, b and total, the highest carotenoid content was observed in the control followed by SMB at all
of the Si levels. Furthermore, in each biochar source no significant difference (p < 0.05) was observed between 300 and 500 °C py-
rolyzed temperatures.
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Table 5
Interaction effect of Si and biochar application on pigment contents and enzyme activity of corn third-leaf (cv. single cross 604) grown in a Ni-polluted
soil.

Si application Biochar Chlorophyll a Chlorophyll b Total chlorophyll Carotenoid Catalase Peroxidase
(mg Si kg™! application (3 content (mg g~ ! content (mg g~ ! content (mg g ! content (mg activity (Units. activity (Units.
soil) % W/W) FW) FW) FW) g’lFW) mg’1 protein) mg’1 protein)
Si0 C 0.43 + 0.03" 0.18 + 0.018 0.61 + 0.05 0.36 + 0.02° 1.85 + 0.04° 3.86 + 0.07%
SMB300 1.12 + 0.01f 0.36 + 0.01¢f 1.48 +0.02¢ 0.21 + 0.019% 1.36 + 0.05™ 3.11 + 0.06"
SMB500 1.22 4+ 0.01°¢f 0.40 + 0.024¢ 1.62 + 0.05¢ 0.22 + 0.02°¢ 1.32 4+ 0.03° 3.02 + 0.03"
RHB300 1.53 + 0.02%¢ 0.55 + 0.03" 2.08 + 0.04° 0.17 + 0.01°f 1.21 + 0.04% 2.91 + 0.04
RHB500 1.44 + 0.01¢ 0.50 + 0.02°d 1.94 + 0.07° 0.16 + 0.02f8" 1.19 + 0.02% 2.75 + 0.024¢
Si250 C 0.71 + 0.028 0.39 + 0.01°f 1.10 + 0.05° 0.22 + 0.02%¢ 1.38 + 0.01° 3.65 + 0.05%
SMB300 1.33 + 0.02° 0.63 + 0012 1.96 + 0.04° 0.14 + 0.028" 1.12 + 0.03%f 2,89 + 0.04%¢
SMB500 1.39 + 0.01% 0.60 + 0.02% 1.99 + 0.03° 0.16 + 0.018" 1.09 + 0.01°%  2.81 + 0.02%
RHB300 1.99 + 0.02° 0.71 + 0.02° 2.70 + 0.04° 0.13 + 0.018" 1.01 + 0.02% 2.63 + 0.03°
RHB500 1.86 + 0.02%° 0.69 + 0.01° 2.55 + 0.03° 0.11 + 0.01" 0.98 + 0.048 2.60 + 0.05°
$i500 C 0.61 + 0.018 0.28 + 0.02%® 0.89 + 0.02° 0.31 + 0.02% 1.48 + 0.03" 3.06 + 0.01°¢
SMB300 1.26 + 0.02°f 0.35 + 0.02° 1.61 + 0.05¢ 0.27 + 0.01%° 1.39 + 0.03° 2.91 + 0.03"
SMB500 1.24 + 0.02¢f 0.36 + 0.01°f 1.60 + 0.06¢ 0.24 + 0.02%¢ 1.32 + 0.02° 2.86 + 0.02°¢
RHB300 1.71 + 0.01° 0.49 + 0.01% 2.20 + 0.05° 0.20 + 0.029¢f 1.23 4+ 0.04%¢ 2.79 + 0.01¢
RHB500 1.68 + 0.03™ 0.51 + 0.02" 2.19 + 0.06° 0.21 + 0.029%¢ 1.17 + 0.02% 2.76 + 0.024¢

Notes: SMB300, sheep manure biochar prepared at 300 °C; SMB500, sheep manure biochar prepared at 500 °C; RHB300, rice husk biochar prepared
at300 °C; RHB500, rice husk biochar prepared at 500 °C. Means in each column with the same letter do not differ significantly by LSD test at 5 %
probability level. Data presented with +SE.

3.8. Catalase and peroxidase activity

The antioxidant enzyme activity was influenced by Si and biochar application significantly (p < 0.05). The highest catalase activity
(CAT) was observed in the unamended control (1.85 + 0.04) followed by SMB at Si0 and Si500 levels (Table 5). Application of Si250
combined with biochar treatment, caused a significant decrease in CAT activity. Similarly, application of Si from 0 to 250 mg Si kg™!
soil declined the peroxidase activity (POX) especially in RHB (Table 5). At Si250, RHB300 and RHB500 resulted in the greatest decline
in POX activity by 38.7 and 40.3 %, respectively. Overall, the lower amounts of CAT and POX activities was observed with RHB,
especially at Si250 in comparison to SMB.

3.9. Relative water content

At each Si application level, the control treatment without biochar had the lowest relative water content (RWC), whereas RHB300
and RHB500 treatments were significantly higher at all Si levels (Fig. 5a). At Si250, the highest RWC was observed in RHB300,
increasing by 34.8 % compared to the unamended control. In each biochar treatment, RWC in Si500 was less than Si250, especially in
SMB300 and SMB500. Overall, RHB could maintain higher water content in the third-leaf of corn, in comparison to SMB at all of the Si
application levels.

3.10. Plant height and total dry matter

The highest plant height (26.8 cm) was observed in the combined Si250 and RHB500 treatment, with no significant difference with
RHB300 and SMB300 treatments at Si250 (Fig. 5b). Whereas the lowest plant height (14.1 cm) was obtained in the unamended Ni-
polluted soil. At all Si application levels, the temperature at which RHB is prepared (300 or 500) had no significant effect (p <
0.05) on plant height of corn. Type of biochar had a noticeable effect on total dry matter production (Fig. 5¢). At Si250, RHB300 had
the highest total dry matter, which increased by 82.2, 120.0 and 83.1 % compared to control at Si0, Si250 and Si500, respectively. In
each biochar treatment, total dry matter at Si500, had no significant difference with Si0 level. The combined Si250 and RHB300
treatment resulted in the most suitable conditions for dry matter production.

3.11. Soil Ni availability and shoot Ni concentration

The interaction effect of Si and biochar on available Ni in soil (Ni-DTPA) and Ni of corn shoot was significant (p < 0.05) (Table 6).
The highest soil available Ni concentration was observed in the absence of Si and biochar application, whereas it was the lowest for the
combined SMB and Si500 treatment. Likewise, the lowest Ni shoot concentration was observed in the combined SMB and Si500
treatment, with a 133 % decrease compared to the unamended control. In addition, SMB was more efficient in decreasing Ni uptake in
comparison to RHB, especially when combined with Si250 or Si500.
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Fig. 5. Relative water content (a), plant height (b), and total dry matter (c) of corn third-leaf grown in Si and biochar amended Ni-polluted soil.
Means with the same letter do not differ significantly by LSD test at 5 % probability level. Data presented with +SE. SMB300, sheep manure biochar
prepared at 300 'C; SMB500, sheep manure biochar prepared at 500 'C; RHB300, rice husk biochar prepared at 300 "C; RHB500, rice husk biochar
prepared at 500 C.

4. Discussion
4.1. Leaf dimensions and midrib area

Determination of the anatomical and biochemical changes in corn leaf is important to identify the mechanisms of Si and biochar in
alleviating the negative effect of Ni as a potentially toxic element (PTE). Bijanzadeh and Kazemeini [13] showed that the area of midrib
decreased between 31 and 53 % under salinity. Similar to our results, they concluded that reduction in the area of metaxylem and
protoxylem of the midrib may result in lower leaf length and width in the leaf base under stress. In the current study, application of Ni
as a PTE, with excessive soil concentrations caused a significant decrease in plant growth via decreasing the leaf dimensions and midrib
area. In fact, the application of Si helped to alleviate the stress-related disturbance effect via maintaining the leaf area and width,
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Table 6
Interaction effect of Si and biochar application on soil Ni availability (Ni-DTPA) (mg Ni kg~* soil) and shoot Ni concentration (mg Ni kg~* DM).
Si application (mg Si kg’1 soil) Biochar application (3 % w/w) Ni in soil (Ni-DTPA) Ni in shoot
Si0 [¢ 25.60 + 0.03% 10.40 + 0.20°
SMB300 24.20 + 0.12° 7.35 + 0.15"
SMB500 22.00 + 0.359 9.85 + 0.05%
RHB300 22.30 + 1.02°¢ 7.55 + 0.25"
RHB500 20.40 + 0.87° 7.65 + 0.75"
Si250 [¢ 22.70 + 0.07° 7.65 + 0.05"
SMB300 21.20 + 0.18° 6.90 + 0.60"
SMB500 17.70 + 0.10 6.60 + 0.60°¢
RHB300 19.20 + 0.06¢ 7.05 + 0.35"
RHB500 18.60 + 0.068" 7.35 + 0.35"
Si500 [¢ 22.30 + 0.02°¢ 7.20 + 0.30"
SMB300 20.60 + 0.19%f 5.05 + 0.65°
SMB500 17.30 + 0.05' 4.45 + 0.05
RHB300 18.70 + 0.648" 5.80 + 0.70%
RHB500 18.40 + 0.05" 6.60 + 0.10%

Notes: SMB300, sheep manure biochar generated at 300 °C; SMB500, sheep manure biochar generated at 500 °C; RHB300, rice husk biochar pro-
duced at 300 °C; RHB500, rice husk biochar produced at 500 °C. Means in each column with the same letter do not differ significantly by LSD test at 5
% probability level. Data presented with +SE.

mainly when combined with RHB300. The architectural properties of the leaf such as midrib area, metaxylem and protoxylem area are
related to expansion of the leaf under stress [16]. In a similar study, Adejumo et al. [41] reported that application of rice husk and
sunflower waste biochar (produced at 300-350 °C) resulted in greater leaf area and weight of corn than biochars produced at
400-500 °C. In the current study, RHB at both pyrolysis temperature (300 and 500 °C) increased leaf area by 5.1-12.2 % and leaf
weight by 4.7-10.5 % compared to SMB when combined with Si250 or Si500. Concomitantly, Si combined with RHB increased the leaf
dimensions and midrib, metaxylem and protoxylem areas by increasing width and length of third-leaf. Overall, reduction of proto-
xylem and metaxylem area in midrib may be responsible for lower leaf expansion under stress due to limitation of water uptake and
nutrients availability. Also, tissue architecture changes depended on severity and type of stress, type of crop and growth stage [16].

4.2. Stomatal area

Stomatal properties are one of the most important traits in photosynthetic activity and dry matter production which are affected
negatively by stress [14]. In the leaf blade, the guard cells are not protected with a heavy cuticle in spite of epidermal cells which
protected with a thick cuticle [15]. Consequently, the guard cells lose water directly to the atmosphere mainly under stress. Abiotic
stresses usually decrease the available water in the leaves and consequently the stomatal area decreases to avoid evaporation from
guard cell [42]. Zhao et al. [14] discovered that a decrease in soil moisture actually increased stomatal density; however, there was an
overall reduction in stomatal aperture and size. Our results showed that, decreasing RWC of corn leaf caused by Ni toxicity, dampened
stomata area drastically The reaction of stomatal area and photosynthetic properties of corn to abiotic stresses may be related to the
species, RWC, nutrient availability, and the other environmental conditions [15,43]. In the current study, combination of Si250 and
Si500 with RHB enhanced the stomata area due to the positive effect of these treatments in maintaining of RWC at higher levels under
Ni toxicity. On the other hand, under Ni toxicity, in the combined application of Si with RHB, by increasing the length and width of the
corn leaf, the surface area of the stomata increases under stress conditions compared to control.

4.3. Electrolyte leakage and membrane stability index

Electrolyte leakage shows the extent of stress damage to the plasma membrane of cells. When plants are exposed to stress, due to
decreasing the turgor pressure, the plasma membrane may leak [8,44,45]. The metabolic dysfunction of plasma membranes under
stress can be recognized by increasing leakage of ions, that can be determined by the efflux of electrolytes. The plant growth regulators
can dampen electrolyte leakage, because of increasing RWC under stress [46]. In the current study, by increasing the RWC under Ni
toxicity, electrolyte leakage increased, significantly due to application of Si with RHB. Therefore, membrane stability index as a
physiological index can be used to identify the most effective Si and biochar treatments under plant stress. Bijanzadeh et al. [16], found
that Si application increased membrane stability index by 12 % when plants were exposed to water stress. Our results showed using Si
combined with RHB increased the leaf dimensions and midrib area which could be attributed to the limitation of cell electrolyte
leakage (36.5 % decrease) and increasing membrane stability index (40.6 % increase) under Ni toxicity.

4.4. Pigments content
A reduction in the pigment’s contents of leaves with Ni-toxicity has been reported by Mosa et al. [46]. Similar to our results,
Boostani et al. [5], reported that soil Ni pollution led to chlorophyll a, chlorophyll b, and carotenoid depletion in spinach, and that RHB

increased the chlorophyll a and b content more than licorice root pulp biochar. It has also been shown that PTEs, through inhibition the
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uptake of essential micronutrients such as Mg and Fe, can limit chlorophyll synthesis and consequently leaf area and weight [20,46]. In
the present study, the chlorophyll content enhancement by application of biochar combined with Si could be attributed to the
reduction of PTEs uptake and increase in nutrient uptake by the plant [5,20]. Indeed, suitable application of biochar can enhance plant
dry matter production through chlorophyll content enhancement and reduction of Ni availability and uptake. The reduction of plant
dry matter by Ni stress can be related to the decline in the acquisition of water and essential elements by roots, and generation of
reactive oxygen species (ROS) [21].

Our results showed that in a Ni-polluted soil (300 mg Ni kg ™" soil) the content of chlorophyll a, chlorophyll b, and total chlorophyll
in control (without Si and biochar) decreased by 245.3, 291.6 and 229.5 %, respectively. In contrast, Ni toxicity, enhanced the
carotenoid content of control treatment in comparison to RHB (140.0 % increase) due to its protective effects in decreasing chlorophyll
degradation [9]. The biochar pyrolysis temperature (300 or 500 °C) had no significant differences in the pigments content, while RHB
at all Si levels enhanced the pigments contents compared to SMB. The much higher EC (salts content) of SMB (3.94 + 0.06 to 4.28 +
0.04 dS m™!) in comparison to RHB may explain why it did not have such a positive effect on chlorophyll increment as compared to
RHB [47].

4.4.1. Antioxidant enzyme activity

Some studies found that PTEs can enhance the activity of antioxidant CAT and POX enzymes of plant leaves to mitigate the
disturbance effects of PTEs on cell membranes due to the generation of ROS [48]. In the current study, Ni toxicity increased the CAT
and POX activity of control (without Si and biochar) by 34.1 and 3.86 %, respectively, compared to Si250 without biochar. Thus, it
appears that Si application at 250 and 500 mg Si kg™! soil resulted in more favorable plant growth conditions overcoming the toxic
effects of Ni, thus decreasing the antioxidant enzyme activity. Interestingly, when Si was combined with RHB, the activity of CAT and
POX decreased, but chlorophyll content improved due to the synergistic effect of Si and biochar in suppressing Ni availability. The
generation of antioxidant enzymes to maintain homeostasis under stress is one of the approaches of plant tissues to mitigate the
disturbance of chlorophyll production caused by ROS [10]. Increasing the enzyme activity enhances the maintenance respiration of
plants to face oxygen radicals under stress, while biochar by increasing water holding in the soil creates a suitable condition for water
uptake and consequently the cost of plant for enzymes activity can decrease [44]. Also, Si application has a main role in alleviating the
adverse effects of stress, which includes antioxidant activity adjustment, increasing chlorophyll content and decreasing leaf transpi-
ration, which caused the dry matter enhancement [49]. In the current study the activity of CAT and POX in different Si and biochar
treatments were in the order of Si0 without biochar > Si500 without biochar > Si250 without biochar > SMB300 > SMB500 >
RHB300 > RHB500. Furthermore, the enzyme activity of RHB at Si250 and Si500 was less than SMB. Also, the reduction in the enzyme
activity was in line with the dry matter enhancement mainly with application of Si250 and RHB300 or RHB500.

4.4.2. RWC and plant height changes

Sattar et al. [43] found that application of Si with biochar enhanced the binary layer of silica-cuticle on corn leaf that decreases the
stomatal opening under stress. RWC enhancement by biochar and Si application is also due to the regulation of the suberization and
lignification of xylem vessels of leaf cells [43,50]. In stressed plants, the hydrophilic nature of Si in wall and lumen of the mesophyll
cells can be associated with water retention. In the current study, the enhancement in RWC (30.6 % compared to control) due to the
application of Si250 with RHB300 under Ni stress is attributed to synergistic effects of Si and biochar on plant water described above.
The higher RWC in RHB in comparison to SMB may be attributed to the lower EC (salt content) of RHB at both pyrolysis temperatures.
Increased presence of salts in the soil decreases the osmotic potential in plant roots, thus decreasing plant water uptake [47]. In the
present study, the RWC of the corn was improved by adding biochar and, the CAT and POX activity was suppressed, concomitantly.
Biochar application can increase the water holding capacity of the soil, thus generating favorable conditions for water uptake, while
also decreasing the availability of Ni and consequently, the cost of antioxidant enzyme production in the plant can be declined [20,40].
Under PTE toxicity, the crop’s maintenance respiration is increased because of enhanced of antioxidant enzyme production. Previous
studies have reported of the positive effect of biochar on plant growth under Ni stress attributed to improvement of soil water holding
capacity of soil, RWC and pH improvement [5, 6, 51]. Our results disagree to Adejumo et al. [41] who reported that application of rice
husk biochar pyrolyzed at 300 °C resulted in the highest corn plant height in comparison to the same biochar produced at 400-500 °C.
Whereas, our results showed that biochar pyrolysis temperature had no significant effect on plant height at Si250 and Si500 under Ni
stress.

4.5. Dry matter production

Higher dry matter production under stress can be attributed to higher RWC, chlorophyll content, midrib dimensions, size of sto-
mata, membrane stability and lower electrolyte leakage by foliar application of Si on sorghum’s leaf [16]. Ibrahim et al. [12] reported
that biochar application to soil contaminated with PTEs enhanced summer squash dry matter production through the organic matter
and pH enhancement of the soil, which suppressed the availability of the PTEs. Biochar application to the soil can also enhance the
availability of some macro and micro nutrients which positively influences dry matter production and growth rate under stress [11,
52]. Similar to our results, Sattar et al. [43] showed that Si combined with biochar improved the shoot dry weight of corn through
increasing chlorophyll pigment content and RWC under water stress conditions. On the other hand, Rehman et al. [6] reported that soil
Ni-pollution suppressed corn shoot dry weight, but that biochar application increased the dry matter production especially when
combined with Si. In the current study, soil Ni-pollution without the application of Si and biochar, decreased the total dry matter of
corn by 166.1 % in comparison to RHB300 and Si250 because of decreasing the leaf area, midrib area, total chlorophyll content,
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membrane stability index, and RWC by 23.4, 28.3, 68.8, 44.3 and 34.3 %, respectively.

4.5.1. Ni content

In similar study, Boostani et al. [5] reported that RHB at 2.5 % (w/w) decreased Ni availability (5-15 % reduction) and Ni con-
centration of spinach leaf (54-77 % reduction) in a Ni-polluted soil. In contrast to our results, they suggested that rice husk biochar
pyrolyzed at 550 °C was more efficient in reduction Ni uptake and availability than biochar prepared at 350 °C. The type and growth
stage of a crop, the amount and type of biochar applied to the soil, the PTEs content of the soil and the other environmental growing
conditions all affect PTE uptake. Silicon also has a significant effect in suppressing plant PTE uptake due to heavy metal immobilization
caused by silicate-induced pH increase in the rhizosphere [18]. Furthermore, Si application has been shown to increase PTE accu-
mulation in the roots and limit mobilization of them to the leaves [53]. The phenomena of co-deposition of heavy metals with Si in the
cell walls of roots can inhibit the heavy metals uptake and mobilization from the root cell to shoot [54]. Furthermore, by Si application,
silicification mechanism in apoplast pathway creates a silica mechanical barrier, which can retard the uptake and translocation of
heavy metals [55]. Wang et al. [3] declared that silicon-rich biochar had additive and positive effects on inhibiting the PTE toxicity and
translocation. They suggested that the Si released from Si with biochar application can limit the gene expression of Si transport channel
of roots and decrease the transport channel of Si, and consequently suppress PTE uptake, because of the same pathways for uptake of Si
and heavy metals. Our results showed a synergistic effect of biochar with Si (250 and 500 mg Si kg~! soil) on decreasing the con-
centrations of available Ni (DPTA) in the soil and Ni in the corn shoots. Reduction of available soil and shoot Ni concentrations was
greater in SMB500 at Si250 and Si500 than RHB300 and RHB500, demonstrating the higher efficiency of SMB in suppressing soil Ni
availability and uptake. The SMB500 had the highest ash content (60.0 + 1.60 %) and pH (11.0 &+ 0.02 %) among the biochar
treatments which promotes the immobilization of Ni [5].

5. Conclusions

Results of this study demonstrated that the combined application of Si and biochar can alleviate the negative effects of soil Ni
toxicity on corn dry matter production, through the changing the leaf dimensions, anatomical structure of midrib, and pigment
content. Application of 250 mg Si kg~ ! soil with RHB300 (3 % w/w), resulted in the highest dry matter production via improving the
leaf area and weight, metaxylem and protoxylem areas of midrib, membrane stability index, total chlorophyll content, and relative
water content. The better performance of RHB300 in dry matter production might be related to the lower soluble salt content
compared to SMB, despite the fact that SMB was most effective at decreasing soil Ni availability. The leaf antioxidant enzyme activity
was shown to decrease due to the synergistic positive effect of Si and biochar on physiological and biochemical properties of corn
cultivated under Ni stress. Practically, we recommend that the combined application of 250 mg Si kg~ soil with RHB300 was the most
effective treatment in mitigating the detrimental effects of soil Ni toxicity on corn. As Ni toxicity changes the architectural charac-
teristics of the leaf and midrib, further studies are necessary to evaluate the nutrient uptake and water flow at different Si levels and
other types of biochar under Ni toxicity.
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