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Crop irrigation with brackish water having high Na* is a common practice in
developing countries like Pakistan; hence increasing the saline-sodic soils
throughout the region. Therefore, two independent studies were conducted
to evaluate the impact of minerals enriched contrasting biochars (MECBs) in
mitigating Na* toxicity on soil physicochemical properties, wheat growth, and
physiology. In 1% trial, an incubation experiment was conducted having 32
treatments including simple biochar (SBc), manganese enriched biochar (MnBc),
zinc enriched biochar (ZnBc), and iron enriched biochar (FeBc) applied at two
rates (0.1% and 0.5%) with four different salinity levels such as 10, 20, 30, and 40
dSm™. The soil was sampled after the 8", 16™ and 24™ day of incubation. Among
the four sources of biochar, MnBc (0.1%)+40 dSm™ and FeBc (0.5%)+40 dSm™
showed efficient results to tolerate salinity stress in soil by efficiently reducing the
availability of Na* (60% and 30%) when compared to SBc (0.5%)+40 dSm=. Then,
a pot study was conducted with 20 different treatments (control, SBc, MnBc,
ZnBc, and FeBc) at four different salinity levels, i.e., 0, 5, 10, and 15 dSm=. There
were four replicates and the crop was harvested after 60days of germination. The
application of brackish water (control+15 dSm™) significantly reduced the fresh
weight of root (28%) and shoot (34%) of wheat (Triticum aestivum L.) as compared
to FeBc+15 dSm. However, the soil Na* toxicity was significantly decreased (23%)
by the application of FeBc+15 dSm~ as compared to control+15 dSm~. Similarly,
a significant increase was observed in leaf chl. a, b and photosynthetic rate (75%,
3 and 2-folds); however, a significant decrease was observed in transpiration rate
(50%) in T. aestivum L. treated with FeBc+15 dSm~ as compared to control+15
dSm~. Interestingly, FeBc+15 dSm™ also played a vital role to prevent oxidative
damage by controlling the shoot CMP (63%) in T. aestivum L. by efficiently
triggering the activities of shoot antioxidant enzymes such as APX (30%) and
CAT (52%) when compared to control+15 dSm=™. In summary, it was evaluated
that FeBc showed the highest adsorption capacity of Na* ions to regulate salinity
stress by improving soil health and crop physiology.
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1. Introduction

Micronutrient deficiency is a serious concern to the crops grown
in developing countries due to different malpractices such as low
moisture content, irrigation with industrial wastewater, excessive use
of pesticides, etc. adopted by the farmers. This issue is aggravated in
the near past as continuous groundwater pumping salinized the soils
of arid/semi-arid climatic zones of the world (Bakhoum et al., 2020).
The shortage of fine quality groundwater forces the farmers to exploit
saline groundwater for crop cultivation; hence causing drastic impacts
on crop growth and yield (Moradi et al., 2019). In cereal crops, wheat
is semi tolerant to applied salinity as 50% yield reduction was reported
on ECe 13 dS m™". Wheat is a major cereal crop of Pakistan growing
on a large area of 9.0 million hectare (mha) with annual production
in 2022-23 is 26.4 million tons (mT) (USDA, 2023). However, 6.28
mbha cultivated land in Pakistan is affected by salinity stress; if, this salt
affected land brought under cultivation, additional 18.15 mT wheat
would be accepted (Malik et al., 2021). The salinity stress initially
causes ionic (Na®) toxicity in the rhizosphere; then, it leads to osmotic
stress by uncontrolled production of reactive oxygen species (ROS) in
the root zone of crops such as wheat (Mumtaz et al., 2021; Yasmin
etal., 2021; Mansoor et al., 2022). The application of fertilizers to crops
can further exacerbate this stress, as the additional salts in fertilizers
can increase soil salinity levels. A study conducted by Munir et al.
(2021) found that application of nitrogen (N) fertilizer to salt-stressed
wheat plants resulted in decreased plant growth and yield. Similarly,
Zhang et al. (2020) found that salt stress decreased the efficiency of
phosphorus (P) fertilizer use in maize plants. The researchers
suggested that reduced fertilizer application rates may be necessary in
salt-affected areas to prevent further damage to crops. Similarly, the
of different
micronutrients such as iron (Fe), zinc (Zn), and manganese (Mn)

availability/bioavailability nutrients  especially
remain restricted to plants under such high pH soils. Hence, the
micronutrients application at a lower rate with a proper carrier
material is required for a better plant growth under salt affected soils.

Fe and Zn are the two most important micronutrients required for
healthy plant growth and enzymatic activities. Over three billion
people suffer from various health issues due to the low supply of Zn
and Fe in their food (Krishna et al, 2022). The major cause of
micronutrient deficiency is due to the intake of staple food grains with
very low contents of micronutrients (Lockyer et al., 2018). Fe is an
essential micronutrient for almost all living organisms because it plays
a critical role in metabolic processes such as DNA synthesis,
respiration, and photosynthesis. Further, many metabolic pathways
are activated by iron, and it is a prosthetic group constituent of many
enzymes. An imbalance between the solubility of iron in soil and the
demand for iron by the plant is the primary cause of iron deficiency
in plants and animals (Rout and Sahoo, 2015). Zn deficiencies can
affect plants by stunting their growth, decreasing the number of tillers,
chlorosis, and smaller leaves, increasing crop maturity period, spikelet
sterility, and inferior quality of harvested products (Hafeez et al.,
2013). Zn is an important component of proteins and acts as a
structural, functional, or regulatory cofactor of many enzymes.
Moreover, it plays a significant role in plant metabolism. Generally,
the presence of excess salt decreases photosynthesis, total
carbohydrate, fatty acid, and protein, therefore, Zn tends to offset the
negative effects of salinity on plant growth (Rani et al., 2019). It is
studied that the uptake of Na by plants is a major reason for reduced
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growth/yield and micronutrients in plants. Application of Zn and Fe
to plants reduces the effects of salinity in plants and increases nutrient
availability in plants (Abbas et al., 2022). Similarly, Mn as an activator
of various enzymes also plays an important role in photosynthesis. It
also acts as a constituent of photosystem II protein and activates
dehydrogenase, decarboxylase, superoxidase and phosphatase; while
Mn deficiency induces chlorosis, necrosis and leaf fall which further
inhibits the growth of plants (Hussain et al., 2018).

Different techniques have already been used to enhance crop
productivity in saline conditions, but the desired targets could not
be achieved due to extreme changes in the natural environment such
as high temperatures and climate change. Hence, the world requires
such a technique that not only improves soil health but also provides
the micronutrient to the plant under unfavorable conditions. A lot of
research has already been conducted to reduce the negative impacts
of BW on soil and plants by using different inorganic and organic
amendments such as biochar. Biochar (BC) is known as a great
sequester of contaminants (such as salinity and heavy metals) due to
its high ionic exchange capacity, electrostatic interactions, and specific
ligand binding (Ippolito et al.,, 2012). Biochar generally had a net
negative charge on its surface; thus, it has the great tendency to adsorb
sodium ions (Na*) with its surface by providing different oxides and
hydroxyl functional groups (Amini et al., 2016; Ali et al., 2017).
Similarly, BC further reduces the impacts of salinity stress by
enhancing the plant growth-promoting hormones (indole-3-acetic
acid) in common bean seedlings; moreover, BC is also associated with
a decline in stress hormones such as abscisic acid and different
polyamines (Torabian et al, 2018). However, modified/enriched
biochar might provide additional benefits such as its cation exchange
capacity can be enhanced by enrichment with different nutrients
(Khan etal.,, 2022; Tagdees et al., 2022). In a field experiment, Thomas
et al. (2020) investigated that biochar adsorbed significant amounts
(30 gm™) of Na* from BW. Thus, it might be that biochar immobilizes
Na* in moderately saline soils developed due to BW application, or
that it may create non-saline microsites for enhanced nutrient uptake.

Minerals enriched contrasting biochars (MECBs) has a highly
porous structure, large surface area, and high cation exchange capacity
which further leads to a high sorption capacity (Bolton et al., 2019;
Thomas et al., 2020). Among other properties, enriched biochar is also
reported as recalcitrant to degradation, which enables large amounts
of carbon to be stored in the soil (Thomas et al., 2020). However, the
combination of the above-mentioned characteristics makes enriched
biochar a good candidate for nutrient recycling. New methodologies
are emerging to reduce the input cost such as enriching biochar with
nutrients and minimizing the reliance on inorganic fertilizers (Farrar
etal, 2019). In a long run, MECBs might become more beneficial in
sustaining soil fertility through maintaining high soil organic matter
and the gradual release of micronutrients compared to conventional
chemical fertilizers.

Recent studies reported that iron enriched biochar increased
Ascorbate peroxidase (APX) activities, catalase (CAT) activities, and
total phenolics in plants under abiotic stress conditions (Dad et al.,
2020). Moreover, plant height and leaf area were also significantly
increased in tomato plants through the applications of domestic waste
biochar under salinity stress (Kul et al., 2021). A study by Taqdees
etal. (2022) recently investigated that Si-enriched biochar efficiently
triggered the activities of superoxide dismutase (SOD), catalase
(CAT), ascorbate peroxidase (APX) and total phenolics in the shoot
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of radish plant under salinity stress (100 mM NaCl); interestingly, Zn
content in root and shoot of radish plant also significantly increased
through the application of Zn-enriched biochar under 100 mM NaCl
stress. Similarly, the availability of Na* and Cd* significantly reduced
by the application of sulfur-enhanced biochar (5:100 w/w) in soil
which efficiently improved drought tolerance, photosynthetic
activities (2-folds), and nutritional status (N, P, K*, Ca*', Fe, Mn, Cu,
and Zn) in pepper plants (Abd El-Mageed et al., 2020). However, it
would be effective to apply biochar enriched with minerals such as Fe,
Zn, and Mn to improve the fertility and physiology of soil and plants
under salinity stress.

To date, a lot of research has been successfully conducted to treat
and utilize BW for drinking purposes but pumping and supplying the
refined BW to agricultural land is still lagging especially in developing
countries. Hence, there is a need to adopt multidirectional strategies
to tackle the unrefined use of brackish water. It is well-known fact that
Zn and Fe are the two most limiting nutrients available in saline or
saline-sodic soils (Kizito et al., 2019). Thus, we hypothesized that the
addition of minerals to the BC would improve soil health and enhance
the supply of Zn, Fe and Mn to T. aestivum L. under Na* toxicity. In
general, we planned to evaluate the efficiency of different sources and
rates of biochars (BCs) based on distinctive soil properties affected by
different salt levels; likewise, to select and verify the most appropriate
source and the rate of MECBs by confirming its effects on plant
physiology and biochemistry under BW application.

2. Materials and methods

2.1. Preparation of brackish water, simple
and minerals (Zn, Mn, and Fe) enriched
biochar

Brackish water (BW) was prepared by adding different
concentrations of sodium chloride (NaCl) salt into distilled water. For
the incubation experiment, there were four different rates of BW
prepared as 10, 20, 30, and 40 dSm™' by adding NaCl to 100 mL of
distilled water. Similarly, for the pot experiment, there were three
different rates of BW prepared as 5, 10, and 15 dSm™" by adding NaCl
at the rate of 0.32%, 0.8%, and 1.2%, respectively, into 1 L of distilled
water separately.

Simple biochar (SBc) was prepared from rice husk at a pyrolysis
temperature of 500°C for 3 h (hrs) in a furnace (TF-1200X). Later, that
biochar (Bc) was ground and passed through a 2 mm sieve. Zinc
enriched biochar (ZnBc) was prepared by mixing the 10 g Bc with
distilled water (1:5 w/v) in a mechanical vessel. The mixture was
heated to raise the temperature (100°C); then, 2.97 g of Zn(NO;),.6H,0O
was added to the mixture till the homogenous mixture was attained
after continuous mixing and heating for 3 h. The Bc was dried in the
oven at 60°C to remove the excess water from the prepared Bc (Li
et al,, 2018). Manganese enriched biochar (MnBc) was prepared by
mixing the Bc with distilled water (1:5 w/v) in a mechanical vessel.
The mixture was heated to raise the temperature (100°C); then, MnCl,
4.H,0 was added to the mixture till the homogenous mixture was
attained after continuous stirring and heating for 3 h. The Bc was dried
in the oven at 60°C to remove the excess water from the prepared Bc
(Lietal, 2018).Iron enriched biochar (FeBc) was prepared by mixing
the Bc with distilled water (1:5 w/v) in a mechanical vessel. The
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mixture was heated to raise the temperature (100°C); then, the iron
chloride (FeCl;) and iron sulfate (FeSO,) were added (2:10 w/v) to the
mixture. The homogenous mixture was attained after continuous
stirring and heating for 3 h. The Bc was dried in the oven at 60°C to
remove the excess water from the prepared Bc (IKhan et al.,, 2022).

Fourier-Transform Infrared (FTIR) characterization of all sorts of
BCs was performed at the Center for Advanced Studies in Physics
(CASP), Lahore.

2.2. Incubation experiment (study 1)

An incubation study was conducted in the research laboratory of
the Sustainable Development Study Centre at Government College
University, Lahore. The main purpose of this study was to investigate
the most efficient applied rate of four different BCs to tackle the
severity of BW stress. The temperature of the laboratory was 25°C
with a humidity level (of 40%) during the incubation period. The bhal
soil (200 g) was used in that experiment (Rabiya et al., 2022). There
were four rates of BW (10, 20, 30, and 40 dSm™") and two rates of SBc,
ZnBc, MnBc, and FeBc (0.1 and 0.5%) used in the experiment with
triplicates. The purpose of this experiment was to evaluate that how
higher concentration of salts affect the soil properties and how
addition of simple and enriched Bc strengthen the soil physicochemical
properties. The details of 32 treatments were provided in Table 1.

One replicate of each treatment was harvested after the 8®, 16™
and 24" day of incubation (DAI), and the post-harvested soil was
analyzed for different parameters such as pH, EC, Na™ and Chloride
(CI7). The pH of the soil was measured by using a standardized pH
meter (YSI pH100) and EC by using a standardized electrical
conductivity meter (Extech EC300). Soil solutions were prepared with
a 1:2 soil/distilled water ratio and samples were shaken for 30 min
using orbital flask shaker (SK-O330-Pro Biobase). Finally, readings
were examined after 1 h of equilibrium (Hailegnaw et al., 2019). The
concentration of Na* in all soil samples was measured by following the
method of Xiao etal. (2020). Soil samples (10 g) were mixed by adding
DTPA (Diethylene Triamine Penta Acetic Acid) solution (20 mL) and
the extract was finally analyzed on a multi-sequential atomic
absorption spectrophotometer (Thermo Scientific ICE-3000 series).
Cl” in soil was determined by using 5 mL soil extract obtained from
the saturated paste of soil. In soil extract, 4 drops of 5% potassium
chromate were added as an indicator and titrated with 0.01 N silver
nitrate till the end point, i.e., the reddish-brown color appeared (Ryan
et al., 2001). The volume of silver nitrate used for titration was noted
and the concentration of Cl~ was calculated using the following
formula (Ryan et al., 2001).

€1 (meq 1) = VXN 1000 "
1

V =Volume used of titrant, i.e., Silver Nitrate.

N =Normality of Silver Nitrate.

V1=Volume of Soil extract.

Percent variance analysis for incubated soil at 24™ DAI was
calculated to observe the effectiveness of applied treatments to combat
salinity stress in soil. It was done by proceeding with the following
equation (Takarina and Pin, 2017):
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TABLE 1 Experimental design for the proposed studies.

Biochar sources

Biochar rates

Brackish water
(BW) rates

(dSm™)

Treatments plan (study /) (All sorts of
biochar in combination with four
different rates of BW with two rates
of MECBs)

10.3389/fsufs.2023.1102930

Treatments plan
(study 1) (All sorts of
simple and enriched
biochar with three
different rates of BW)

Simple biochar (SBc) Zinc
enriched biochar (ZnBc)
Manganese enriched
biochar (MnBc¢) Iron
enriched biochar (FeBc)

0.10.5%

-For incubation trial
(10, 20, 30, 40) -For pot
trial (5, 10, 15)

T1=10 dSm™"' BW+0.1% SBc, T2=10 dSm™!

BW +0.5% SBc, T3=10 dSm™' BW +0.1% ZnBc,
T4=10 dSm™' BW +0.5% ZnBc, T5=10 dSm™!

BW +0.1% MnBc, T6=10 dSm™~" BW +0.5% MnBc,
T7=10 dSm™' BW +0.1% FeBc, T8 =10 dSm™"

BW +0.5% FeBc, T9=20 dSm™" BW +0.1% SBc,
T10=20 dSm™' BW +0.5% SBc, T11=20 dSm™"

BW +0.1% ZnBc, T12=20 dSm™" BW +0.5% ZnBc,
T13=20 dSm™' BW +0.1% MnBc, T14=20 dSm™’
BW +0.5% MnBc, T15=20 dSm™' BW +0.1% FeBc,
T16=20 dSm™' BW +0.5% FeBc, T17=30 dSm™"
BW +0.1% SBc, T18 =30 dSm™" BW +0.5% SBc,
T19=30 dSm™' BW+0.1% ZnBc, T20=30 dSm™'
BW +0.5% ZnBc, T21 =30 dSm™" BW +0.1% MnBc,
T22=30 dSm™' BW +0.5% MnBc, T23=30 dSm™’
BW +0.1% FeBc, T24=30 dSm™' BW +0.5% FeBc,
T25=40 dSm™' BW +0.1% SBc, T26=40 dSm™"

BW +0.5% SBc, T27=40 dSm™' BW +0.1% ZnBc,
T28=40 dSm™' BW +0.5% ZnBc, T29=40 dSm™'
BW +0.1% MnBc, T30=40 dSm™" BW +0.5% MnBc,
T31=40 dSm™ BW +0.1% FeBc and T32=40 dSm™"

T1=DW, T2=DW +0.1% SBc,
T3=DW +0.1% ZnBc,

T4=DW +0.1% MnBc,
T5=DW +0.1% FeBc,
T6=5dSm™ BW, T7=5dSm™"
BW +0.1% SBc, T8 =5dSm™"
BW +0.1% ZnBc, T9=5dSm™"
BW +0.1% MnBc, T10=5dSm™"
BW +0.1% FeBc, T11=10dSm™"
BW, T12=10dSm™ BW +0.1%
SBc, T13=10dSm™ BW +0.1%
ZnBc, T14=10dSm™" BW +0.1%
MnBc, T15=10dSm™"

BW +0.1% FeBc, T16=15dSm™"
BW, T17=15dSm™ BW +0.1%
SBc, T18=15dSm™ BW +0.1%
ZnBc, T19=15dSm™" BW +0.1%
MnBc and T20=15dSm™

BW +0.1% FeBc.

BW +0.5% FeBc.

DW, Distilled water.

Percent Variance

(Conc.of Na* and CI™ at 24 DAI]
= 100
Analysis (%) *

—Conc.of Na™ and CI™ at 8" DAIT
/Conc.of Na* and CI™ at 8" DAI

(@)

2.3. Pot experiment (study 1)

The pot experiment was conducted at a greenhouse (Botanical
Garden, Government College University, Lahore) located at
31°33’20.54” N and 74°19’40.56” E near Mall Road Lahore,
Pakistan. The temperature of the greenhouse ranged from 14°C to
20°C, relative humidity was around 40+ 12% and ambient CO,
concentration varied from 0.028-0.067 vol%. The purpose of this
experiment was to confirm the best rate of selected BCs from study
1 on wheat (Triticum aestivum L.) crops under NaCl stress. There
were 20 treatments having Control, SBc, ZnBc, MnBc, and FeBc
(each BC at the rate of 0.1% of soil w/w) at four levels of brackish
water (BW) (0, 5, 10, and 15 dSm™") applied to the pots (7.5 x 10 cm
size) having soil (3 Kg) with four replicates (1=4). As wheat is a
glycophytic crop and could not tolerate the higher concentration of
salt stress that’s why we have chosen the 10dSm™ as a standard rate
from previous experiment and took a higher (15dSm™") and lower
rate (5dSm™"). Ten seeds of wheat (cultivar name ~ Faisalabad 2008)
were sown with four replicates. After 8 days of germination, four
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plants per pot were maintained. Then, NaCl stress was applied in
the form of BW to the plants through irrigation in 12 equal intervals
till harvesting. After 60 days of germination, plants were carefully
harvested; then, fresh weight and root and shoot length
were measured.

2.4. Measurements and analysis

2.4.1. Physicochemical analysis of wheat plant
and post-harvested soil (pot experiment)

One plant pot™" was separated and the roots and shoots were
subjected to air dried and then oven dried at 70°C for 72 h. Then, plant
samples were digested with HNO, + HCIO, (2:1) for the analysis of Na,
K, Fe, Zn, and Mn on a multi-sequential atomic absorption
spectrophotometer (Thermo Scientific ICE-3000 series) by following
the method referred by Dad et al. (2020).

For the measurement of pH and EC of post-harvested soil, the
same protocols were followed as discussed earlier in Section 2.2. For
the measurement of cations in the soil such as Na, K, Fe, Zn, and Mn,
the DTPA extraction method was used by following the same protocol
as discussed earlier in Section 2.2.

2.4.2. Estimation of chlorophyll content and
photosynthetic parameters

Chlorophyll (chl.) concentration was measured by using fresh,
fully expanded leaf material; the leaf sample (1 g) was grounded with
the help of a pestle and mortar in 90% acetone. Absorbance was
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measured on a UV-Vis spectrophotometer (Spectro scan 80D) by
using the following equations:

chla (mgmL™") =11.64x (A663) - 2.16x (A643) 3)

chlb (mgmL™") =20.97x(A645)~3.94x(A663)  (4)

(A663) and (A645) represent absorbance values read at 645 and
663 nm wavelength, respectively (Strain and Svec, 1966).

Photosynthesis and transpiration rate of wheat plants were
determined by using Infrared gas analyzer (LCA 4; ADC BioScientific
Ltd., Hoddesdon, UK; Amitrano et al., 2021).

2.4.3. Estimation of H,0,, MDA, and CMP in wheat
leaf

Malondialdehyde (MDA) concentration was measured by adding
5 mL of 20% trichloroacetic acid solution into the wheat fresh leaf
(0.1 g) paste. The mixture was centrifuged at 10,000 rpm for 15 min.
The collected supernatant (2.5 mL) was taken, and 1 mL of both
solutions trichloroacetic acid (20% v/w) and thiobarbituric acid (0.5%
v/w) were added into it. The solution was placed in an oven at 95°C
for 30 min and then cooled in a water bath. Absorbance for MDA was
measured at 532 nm and 600 nm wavelengths by using the Beer—
Lambert equation (Jambunathan, 2010).

Hydrogen Peroxide (H,O,) in shoots of Triticum aestivum
L. plants was measured by homogenizing 500 mg fresh tissues in 0.1%
(w/v) tri-chloroacetic acid. This homogenized solution was
centrifuged at 12,000xg for 15 min. Then, 1 mL supernatant was
mixed with 1 mL of 10 mM potassium phosphate (K-P) buffer (7.0
pH) and 2 mL of 1 M potassium iodide (K.I) solution. The absorbance
checked at 390 nm on UV-visible
spectrophotometer (Spectroscan 80D). The concentration of H,0, was

of the mixture was

calculated in pmolg™ using the standard curve (Velikova et al., 2000).

Cell membrane permeability (CMP) was measured by adding a
fresh leaf (0.1 g) into the test tubes containing 5 mL of distilled water.
Test tubes were placed on a shaker for 4 h. Electrical conductivity (EC)
of the solution was measured with an EC meter. Then, samples were
autoclaved at 121°C for 20 min. The solution was cooled down to
room temperature and the second reading of EC was taken. The first
reading was divided by the second reading and multiplied by 100 to
measure the CMP (Jambunathan, 2010).

2.4.4. Crude leaf extract for antioxidant enzyme
assays

Fresh shoot and root tissues (0.2 g) were taken and ground by
using pestle and mortar. The exact weight of each sample was
measured before it was thoroughly homogenized in 1.2 mL of
0.2 M K-P buffer (pH 7.8; 0.1 mM ethylene di-amine tetra acetic acid).
The sample was centrifuged at 15,000 x g for 20 min at 4°C. The
supernatant was removed from the sample, and the pellet was
resuspended in 0.8 mL of the same buffer. This suspension was
centrifuged for another 15 min at 15,000xg. The combined
supernatant was stored in the freezer and used to measure different
antioxidant enzyme activities (Cakmak and Marschner, 1992).
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Catalase (CAT) activity was measured by taking 1 mL above
prepared extract, the extract was diluted 200 times with 7.0 pH K-P
buffer solution, then 1 mL of 10 mM H,O, was added in 2 mL of
diluted extract. The absorbance was recorded at 240 nm on UV-visible
spectrophotometer (Spectroscan 80D) and CAT was calculated in mol
unit activity min™
Marschner, 1992).

Ascorbate peroxidase (APX) activity was measured by a modified

mg™' protein at 25+2°C (Cakmak and

method of Nakano and Asada (1981). It was measured from the
decrease in absorbance at 290 nm due to the oxidation of ascorbate.
The assay mixture (1 mL) was prepared by the following protocol:
50 mM K-P buffer (pH 7), 0.5 mM H,0,, 0.5 mM ascorbate, and 10 pL
of crude leaf extract. H,O, was added to initiate the reaction mixture
and the decrease in absorbance was measured for 3 min on a
spectrophotometer (Spectroscan 80D). The extinction coefficient of
2.8 mM™' cm™ for the reduced ascorbate was used in measuring the
enzyme activity that was expressed in terms of mol unit activity
min~' mg™' protein.

2.4.5. Estimation of protein in wheat shoots

Protein concentration was determined by the method of Tan et al.
(2016). The sample extract was prepared by taking 0.1 g of shoot
samples, and ground using 4 mL of 80% acetone. Then, 200 pL of
sample extract was taken into a test tube and 1800 pL deionized water
was added to it. Then, Bradford reagent (2 mL) was added, and the
mixture was placed for incubation at room temperature for 10-20 min.
After incubation, absorbance was measured at 595 nm wavelength by
spectrophotometer (Spectroscan 80D). Protein concentration (mgg™
EW) was measured by a standard curve using different concentrations
of bovine serum albumin (BSA).

2.4.6. Estimation of total phenolics in wheat roots
and shoots

Total phenolic in roots and shoots was colorimetrically measured
by following Singleton et al. (1999). The reaction mixture was prepared
by adding 20 pL of sample extract, 100 uL Folin—-Ciocalteu’s reagent,
deionized water (1,580 pL), and 300 p Na,CO; (1 N). The mixture was
placed in the dark at room temperature for 2 h. The absorbance of the
mixture and gallic acid standards were measured at 760 nm on a
spectrophotometer (Spectroscan 80D). The concentration of total
phenolics was presented in pgg™' EW.

2.5. Statistical analysis

All parameters were statistically analyzed through Microsoft Excel
2013® (Microsoft Cooperation, Redmond, WA, USA) and
Statistix@8.1® software package (Copyright 2005, Analytical Software,
USA) was used to design a two-way analysis of variance (Khan et al,
2018). Least significant difference test (LSD) was performed to
compare the means of different treatments at p<0.05 by using
Statistix@8.1® (Steele and Grabau, 1997). Principal component
analysis (PCA) was performed for incubation experiment to evaluate
best-applied treatments through XLSTAT version 2021 (Rabiya et al,
2022) and a graphical representation of datasets was supported by
using Sigma plot 14.0 (Ishfaq et al., 2021). All the results were the
means of four replicates (n=4) with standard error (SE).
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3. Results
3.1. Characterization of SBc and MECBs

In SBc, there was not any proper band formation occurred in the
range of 4,000-2,500 cm™ (Figure 1). While, a very sharp peak
(3,652.80 to 2,713.05 cm™!) was observed in Fe-enriched biochar
demonstrating the formation of C=0 and O-H acidic functional
groups (Figure 1). Similarly, slightly sharp peaks (3,662.42 to
2,812.75 cm™; 3,593.47 to 2,960.02 cm™') were also examined in the
Zn and Mn enriched BCs respectively, due to the formation of
functional groups (C=0 and O-H) (Figure 1).

3.2. Study |

3.2.1. Impact of BW on soil physicochemical
parameters with MECBs

The physicochemical properties of the incubated soil were
significantly (p<0.05) influenced by the applications of SBc and
MECBs under various BW levels (Table 2). It was noticed that the pH
of soil gradually became acidic (< 6 pH) in soil samples treated with
MECBs when compared with SBc at10, 20, 30, and 40 dSm™" levels of
BW (Table 2). Moreover, the data about pH variation in soil remained
non-significant within each sampling time. While, it is demonstrated

10.3389/fsufs.2023.1102930

that the trend of salinity stress competitively decreased under an
acidic environment induced by MECBs relative to the basic
environment; however at the highest salinity level, the maximum
reduction in Na* (23%) and Cl~ (27%) was observed under the
application of 40 dSm™ BW +0.5% ZnBc when compared with 40
dSm™ BW +0.5% SBc at 16" DAI (Table 2). The values of soil EC
increased in the order of MnBc < SBc <ZnBc < FeBc based on the
terminal investigations of the incubated study (Table 2).

Application of SBc and MECBs effectively influenced the soil
health parameters by regulating the toxicity of salinity stress (Na*
and CI7) as shown in Table 2. However, it was noticed that the
maximum adsorption of Na* and Cl~ was shown at the 8" DAI
(Table 2). As the experiment goes on, the adsorption trend was
gradually decreasing (Table 2); while, maximum desorption was
shown with SBc and minimum desorption with the application of
FeBc under different rates of BW at 24" DAI (Table 2). Moreover, the
minimum desorption was observed in Na* (5%) and Cl~ (8%) at 24™
DAI when compared with 16™ DAI under the application of 40
dSm™' BW +0.5% FeBc (Table 2). Interestingly, it was investigated
that applied rates (0.1 and 0.5%) of SBc and MECBs showed
non-significant results in the regulation of salinity stress; so, it was
more convenient and eco-friendlier to combat abiotic stresses
through applying a low rate (0.1%) of different sorts of BCs (Table 2).
Generally, the addition of SBc and MECBS efficiently performed to
lower the salinity status in incubated soil; but the results were well

A
100 J
g
‘g 90 2377.89233
£ 308.93473
£ 1596.90722
E 80
&
= 785.452462
70 4
1022.79496
T T > T L2 T ¥ T v T bl T ¥ L}
4000 3500 3000 2500 2000 1500 1000 500
c Wavenumber(cm)
100 4
2812.757687
g 80 1597.45763
@
o
s
©
b=l
£ eo- 786.188731
s
e
=
40 -
1033.89821
4000 35‘00 30‘00 25‘00 20‘00 |5l00 1‘3.00 50‘0
Wavenumber(cm)
FIGURE 1
(D) Manganese biochar (MnBc).

Fourier-Transform Infrared (FTIR) characterization of (A) Simple rice husk biochar (SBc), (B) iron biochar (FeBc), (C) Zinc biochar (ZnBc), and

100 -

713.05842
K
o 804
o
c
©
£
£
2]
c
°
F 60 \
784.65082
1021.99313
T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm)
100 o
2960.02291
R 8o
] 1605.72%38
s
I
E
£
95.074456

2 60+
e
(=

40 1042.03895

T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber(cm)

Frontiers in Sustainable Food Systems 06

frontiersin.org


https://doi.org/10.3389/fsufs.2023.1102930
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

SW21SAS POO4 91gRUIRISNS Ul SI913U0I

L0

610 uISI13UO0L

TABLE 2 A change in soil pH, electrical conductivity (EC), Na*, and Cl- concentrations studied at different time intervals with various rates of brackish water (BW) and rice husk biochars such as simple biochar
(SBc), zinc biochar (ZnBc), manganese biochar (MnBc), and iron biochar (FeBc) under an incubation trial.

Treatments pH EC (dS/m) Na* (mg Kg?) Cl= (mg Kg?)
8days 16days 24days 8days 16days 24days 8days 16days 24 days % 8days 16days 24 days %
Increase Increase
at 24t at 24t

day day

T1=10dSm™" 2.8 44 62

BW +0.1% SBc 7.14 645 6.46 0.006 0.008 0.01 316 39.8 64.3 103 121

T2=10dSm™" 34 52 6

BW +0.5% SBc 7.02 6.34 6.55 0.006 0.009 0.01 27.1 442 52.5 93.7 76.4

T3=10dSm™" 36 44 46

BW +0.1% ZnBc 6.91 636 6.63 0.006 0.008 0.008 323 39.9 40.4 25.0 27.7

T4=10dSm™" 2.8 4 3.4

BW +0.5%ZnBc 6.79 636 6.69 0.005 0.007 0.007 25.1 35.8 355 414 214

T5=10dSm™' 2.8 4 48

BW +0.1% MnBc 6.7 6.41 6.63 0.005 0.006 0.009 7.8 32.9 419 437 714

T6=10dSm™" 3.8 5.4 52

BW +0.5% MnBc 6.74 642 6.64 0.006 0.009 0.009 183 369 36.5 99.4 36.8

T7=10dSm™" 4.2 5 5.8

BW +0.1% FeBc 6.69 6.47 6.75 0.007 0.007 0.01 37.3 35 442 18.4 38.0

T8=10dSm™" 5.8 46 62

BW +0.5% FeBc 6.32 6.48 6.77 0.009 0.006 0.01 36.9 27.9 37.8 243 6.89

T9=20dSm™" 56 6.2 8.4

BW +0.1% SBc 6.46 6.4 6.82 0.008 0.011 0.01 227 78.7 84.2 270 50

T10=20dSm™" 46 5.8 8.6

BW +0.5% SBc 6.44 6.4 6.81 0.007 0.008 0.01 40.4 52.5 75.9 87.8 86.9

T11=20dSm™" 3 6.2 7.4

BW +0.1% ZnBc 6.62 639 6.77 0.005 0.009 0.01 33.8 64.4 74 118 146

T12=20dSm™' 46 5.8 9.4

BW +0.5%ZnBc 6.49 6.29 6.71 0.008 0.008 0.01 58.2 14.1 85 46.1 104

T13=20dSm™' 5.4 8.4 9.6

BW +0.1% MnBc 6.55 6.32 6.72 0.008 0.011 0.01 9.3 81.1 91 878 77.7

T14=20dSm™" 7.2 6.6 10.8

BW +0.5% MnBc 6.49 6.34 6.65 0.011 0.010 0.01 66.4 60.7 88.5 332 50

T15=20dSm™' 46 6 8

BW +0.1% FeBc 6.55 6.4 6.78 0.008 0.009 0.01 452 61.8 76.9 70.1 73.9

(Continued)
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Treatments pH EC (dS/m) Na* (mg Kg?) Cl= (mg Kg?)

8days 16days 24days 8days 16days 24days 8days 16days 24 days % 8days 16days 24 days %

Increase Increase
at 24" at 24"
day day

T16=20dSm™" 6 6.2 13.8 130
BW +0.5% FeBc 6.58 6.43 6.68 0.008 0.008 0.002 45.1 39.9 102 126
T17=30dSm™" 6.45 6.43 6.95 0.011 0.010 0.008 88.4 82.3 615 ~30.4 7.8 8 6 -23.0
BW +0.1% SBc
T18=30dSm™" 6.47 6.41 6.72 0.006 0.008 0.01 83.9 61.1 97.6 16.3 6.8 6.6 114 67.6
BW +0.5% SBc
T19=30dSm™! 6.63 6.42 6.75 0.006 0.010 0.01 45.1 81.3 100 121 44 7.4 10.6 140
BW +0.1% ZnBc
T20=30dSm™! 6.62 636 6.68 0.006 0.015 0.01 47.9 98.3 98.6 105 3.6 10 10.8 200
BW +0.5%ZnBc
T21=30dSm™" 6.55 6.49 6.76 0.005 0.008 0.01 23.1 51.1 90.5 291 32 5.4 10.2 218
BW +0.1% MnBc
T22=30dSm™" 6.45 635 6.69 0.006 0.013 0.01 8.8 82.9 99.6 1,031 3.8 9.4 126 231
BW +0.5% MnBc
T23=30dSm™" 6.56 636 6.62 0.007 0.016 0.01 453 94.6 102 125 4.6 10 14.6 217
BW +0.1% FeBc
T24=30dSm™" 6.5 645 6.72 0.012 0.014 0.01 77.4 28 99.7 28.8 8.8 102 10.6 204
BW +0.5% FeBc
T25=40dSm™! 6.6 6.49 6.76 0.012 0.013 0.01 89.4 105 73.1 -18.2 8.2 10.2 13.4 63.4
BW +0.1% SBc
T26=40dSm™! 6.52 635 6.75 0.013 0.016 0.02 103 119 166 61.1 9.8 13.6 20.6 110
BW +0.5% SBc
T27=40dSm™! 6.41 645 6.81 0.019 0.010 0.01 147 85.8 127 -13.6 15.8 8.6 13.4 -15.1
BW +0.1% ZnBc
T28=40dSm™! 6.43 637 6.75 0.018 0.013 0.01 139 92.6 120 -13.6 15 9.8 134 -10.6
BW +0.5%ZnBc
T29=40dSm™! 6.54 6.3 6.67 0.006 0.017 0.02 41 123 165 302 44 12.8 20 354
BW +0.1% MnBc
T30=40dSm™" 635 625 6.63 0.013 0.016 0.02 94 112 154 63.8 10 11.8 19.4 94
BW +0.5% MnBc
T31=40dSm™' 6.41 6.28 6.69 0.017 0.018 0.02 134 132 145 8.20 14 142 17 21.4
BW +0.1% FeBc
T32=40dSm™" 6.4 6.25 6.66 0.011 0.024 0.02 72.5 140 147 102 8 18 19.4 142

BW +0.5% FeBc
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pronounced with the application of ZnBc and FeBc in incubated
saline soil (Table 2).

3.2.2. Principal component analysis of soil
physicochemical parameters

Physicochemical parameters of incubated soil were examined
by constructing the biplot of PCA to investigate the influence of
MECBs under different levels of salinity stress (Figure 2). The biplot
of PCA contributed 78.93% of the variance; where, whereas PC1
and PC2 contributed 60.26 and 18.67%, respectively in the total
variance (Figure 2). PCA evaluated that the EC, Na* and Cl- at 8"
DAI were highly positively correlated to each other; so, it was
revealed that ion movement (EC) in soil increased with the increase
in salinity stress (40 dSm™ of BW) (Figure 2; Table 2). Moreover, by
increasing the period of incubation, salinity stress significantly
increased the EC of soil as clearly shown in Figure 2 and Table 2.
So, EC, pH, Na* and CI- of the 16™ and 24" DAI were highly
positively correlated to each other because the desorption trend
started after the 8" DAL Interestingly it can observe in the first
quadrant of the PCA biplot, the 40 dSm™ BW +0.1% ZnBc and 40
dSm™ BW +0.5% FeBc treatments were at the top and far away
from all the analyzed salinity parameters which efficiently
demonstrated the highly positive effect of FeBc and ZnBc to
minimize the existence of salinity stress (Na* and Cl7) in incubation
experiment (Figure 2). However, results were well pronounced with
the applications of 40 dSm™ BW +0.1% FeBc and ZnBc specifically
in fundamental parameters (pH and EC) of soil to combat salinity
stress (Figure 2).

10.3389/fsufs.2023.1102930

3.3. Study |l

3.3.1. Impact of BW and MECBs on wheat
elemental concentration

Application of BW significantly (p<0.05) decreased the
availability of essential nutrients in the soil and T. aestivum
L. (Figure 3; Table 3). However, the effect of salinity stress was
significantly (p <0.05) regulated by the addition of MECBs (Figure 3;
Table 3). Interestingly, maximum Fe uptake (3-folds each) was
examined in root and shoot under the application of FeBc +15 dSm™
BW when compared with control +15 dSm™ BW (Figure 3).

Similarly, the influence of ZnBc +15 dSm™ BW pronounced
significant (p <0.05) results to uptake of Zn through root (94%) and
shoot (74%) when compared with control +15 and 5 dSm™ BW,
respectively (Figure 3). Application of MnBc +10 dSm™ BW and
MnBc +15 dSm™ BW also significantly (p<0.05) influenced the
maximum uptake of Mn in root (2-folds) and shoot (68%) of
T. aestivum L. relative to their respective controls +10 and 15 dSm™
BW (Figure 3). However, the availability of K* in T. aestivum L. was
significantly (p <0.05) influenced by the addition of MECBs (Table 3).
Interestingly, the uptake of K* was examined maximum (11%) in the
root of the wheat plant under FeBc +15 dSm™' BW when compared
with control +15 dSm™ BW; similarly, the maximum increase in
uptake of shoot K* (6%) was also observed under FeBc +15 dSm™ BW
when compared to control +15 dSm™" of BW (Table 3). Sodium uptake
by the roots and shoots of T. aestivum L. increased with the increased
levels of BW application (Table 3). However, the application of MECBs
significantly (p <0.05) reduced the uptake of Na* by the root and
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3
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FIGURE 2
Principal component analysis (PCA) of different parameters of post-harvest soil of incubation study and F1 and F2 are PCA main factors which
significantly participated to generate PCA biplot. However, active variables are Ph, EC and concentrations of Na* and Cl~; while, active observations are
BW—brackish water; SBc—simple biochar; MnBc—manganese biochar; ZnBc—zinc biochar; FeBc—iron biochar with different application rates.
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FIGURE 3

Factorial (ANOVA) using LSD test at p<0.05.

(A) Root Fe (mgkg™™), (B) Shoot Fe (mgkg™™), (C) Root Zn (mgkg™™), (D) Shoot Zn (mgkg™™), (E) Root Mn (mgkg™), and (F) Shoot Mn (mgkg™) of T. aestivum
L. grown under various treatments such as T1=DW, T2=DW+0.1% SBc, T3=DW+0.1% ZnBc, T4=DW+0.1% MnBc, T5=DW+0.1% FeBc, T6=5dSm™ BW,
T7=5dSm~! BW+0.1% SBc, T8=5dSm~* BW+0.1% ZnBc, T9=5dSm™* BW+0.1% MnBc, T10=5dSm~ BW+0.1% FeBc, T11=10dSm~* BW, T12=10dSm™*
BW+0.1% SBc, T13=10dSm™* BW+0.1% ZnBc, T14=10dSm~* BW+0.1% MnBc, T15=10dSm~* BW+0.1% FeBc, T16=15dSm™" BW, T17=15dSm~* BW+0.1%
SBc, T18=15dSm™ BW+0.1% ZnBc, T19=15dSm™ BW+0.1% MnBc and T20=15dSm~* BW+0.1% FeBc where control=DW and 5, 10 and 15 are
representing the rates of dSm~ of BW. Values are the average of four replicates + standard error (SE). Mean bars showing similar lower case alphabetic
letters represented non-significant (p<0.05) to each other while different letters represented significant (p<0.05) difference declared by Two-Factors

shoot of the wheat plant (Table 3). The addition of FeBc +5 dSm™ BW
and FeBc +15 dSm™"' BW efficiently reduced the uptake of Na* in root
(32%) and shoot (13%) when compared with respective controls +5
and 15 dSm™' BW (Table 3).

3.3.2. Impact of BW and MECBs on wheat growth
and physiological attributes

Brackish water application significantly (p <0.05) reduced the
growth and photosynthetic parameters of T. aestivum L. (Table 4).
However, FeBc +15 dSm™ BW application increased (53%) the fresh
weight of the shoot, and an increase in fresh root weight (40%) was also
measured as compared to control +15 dSm™" BW. Applications of FeBc
+15 dSm™' BW significantly increased (2-folds) the photosynthetic rate
in T. aestivum L. when related to control +15 dSm™' BW; while the
transpiration rate of the plant was significantly decreased (49%) by the
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addition of FeBc +15 dSm™" BW when compared to control +15 dSm™
BW (Table 4). Similarly, a maximum increase (75%) in chl. a was
observed under the application of FeBc +15 dSm™' BW when compared
to control +15 dSm™' BW; interestingly, leaf chl. b was also efficiently
increased (3-folds) by the application of FeBc +15 dSm™ BW as
compared to control +15 dSm™ BW (Table 4).

The application of FeBc +15 dSm™ BW revealed a maximum
reduction (45%) in the production of shoot malondialdehyde when
compared with control +15 dSm™' BW. While, the burst production
of shoot H,0, was also significantly decreased (53%) by the addition
of FeBc +10 dSm™ BW as compared with control +10 dSm™" BW
(Figure 4). Interestingly, a similar trend was observed in shoot CMP,
where maximum reduction (63%) in CMP was observed by the
addition of FeBc +10 dSm™" BW relative to its control +10 dSm™ BW
(Figure 4).
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TABLE 3 Sodium (Na*) and potassium (K*) concentrations in root and shoot of T. aestivum L. reported with different levels of distilled water (D.W),
brackish water (BW), and rice husk biochars such as simple biochar (SBc), zinc biochar (ZnBc), manganese biochar (MnBc), and iron biochar (FeBc) in a

pot trial.

BW level Treatment Root Na* Shoot Na* Shoot K*
Control 1.32+0.36e 1.64+0.21de 5.93+0.67abc 3.93+0.27a
SBc 1.21+0.14e 1.55+0.21 fg 5.91+0.37abc 4.01+0.17a

D.W ZnBc 1.24+0.23e 1.52+0.49 fg 6.01+0.34abc 4.0+0.16a
MnBc 1.04+0.13f 1.66 0.4 cde 5.79+0.43bcd 4.03+£0.08a
FeBc 0.94+0.23f 1.47+0.03 g 6.33+0.63a 4.03+£0.72a
Control 1.83+0.37ab 1.7 £0.45bcde 5.87+0.61bcd 4.05+0.76a
SBc 1.71£0.42 cd 1.63 £0.05ef 6.05+0.38abc 3.84+0.25a

5dSm~' BW ZnBc 1.66+0.18 cd 1.67+0.11bcde 6.11+0.52abc 3.88+0.45a
MnBc 1.54+0.33d 1.62+0.06ef 6.11+0.72abc 3.93+0.4a
FeBc 1.24+0.53e 1.51+0.04bcde 6.15+0.49ab 3.98+0.21a
Control 1.97+0.23a 1.74+0.07abcd 5.67+0.44 cd 3.82+0.18a
SBc 1.85+0.28ab 1.72+0.12bcde 5.69+0.22 cd 3.89+0.36a

10dSm~' BW ZnBc 1.78 £0.04bc 1.73+0.14bcd 5.75+0.42bcd 391+0.22a
MnBc 1.89+0.63ab 1.72+0.52bcde 5.75+0.76bcd 3.88+0.28a
FeBc 1.83+£0.44abc 1.7 £0.04bcde 6.14+0.81ab 3.92+0.47a
Control 1.98+0.39a 1.85+0.41a 5.43+0.52d 3.97+0.82a
SBc 1.92+0.34ab 1.82+0.32a 5.65+0.26 cd 3.96+0.42a

15dSm™ BW ZnBc 1.90 +0.46ab 1.78£0.11ab 5.69+0.45 cd 3.87+0.13a
MnBc 1.90+0.18ab 1.77 +0.4abc 5.88+0.21bc 3.9+0.33a
FeBc 1.85+0.34ab 1.61+0.11ef 6.06+0.68abc 4.08+0.59a

The given data represented the mean values of four replicates (n=4) +standard error and different letters represented significant difference declared by LSD test at p <0.05.

Similarly, the activities of antioxidant enzymes were also
significantly (p<0.05) triggered by the first-order interaction of
MECBs (Figure 5). Brackish water application significantly (p <0.05)
decreased the efficiency of the antioxidant defense system in the root
and shoot of T. aestivum L. relative to MECBs (Figure 5). However, the
maximum (30%) APX activity in shoot was observed under FeBc +15
dSm™' BW when compared to control +15 dSm™" BW; similarly, FeBc
+15 dSm™" BW showed maximum effect in activating root APX
(4-folds) relative to control +15 dSm™" (Figure 5). While, a maximum
increase in CAT activity (52%) was noted in the shoot with the
application of FeBc +10 dSm™' BW when compared to control +10
dSm™" BW; similarly in the case of root, maximum catalase activity
(1-fold) was also noted under FeBc +10 dSm~"' BW relative to control
+10 dSm™' BW (Figure 5).

3.3.3. Impact of BW and MECBs on wheat
secondary metabolites

The application of MECBs significantly (p <0.05) enhanced the
protein and phenolic contents in T. aestivum L. by efficiently regulating
the effects of BW (Table 4; Figure 6). The results of protein content in
the shoot of T. aestivum L. were well pronounced by the applications
of MECBs (Table 4). However, significant increase (72%) in shoot
protein content was observed under FeBc +10 dSm™' BW when
compared with control +10 dSm™' BW; while, maximum increase
(86%) in protein content was observed under MnBc +15 dSm™' BW
when compared with control +15 dSm™ BW in shoot (Table 4).
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Interestingly, the maximum concentration of total phenolic in the root
(20%) and shoot (26%) was also observed under FeBc +15 dSm™ BW
in T. aestivum L. when compared to control +15 dSm™' BW (Figure 6).

4. Discussion

4.1. Influence of SBc and MECBs on soil
physicochemical properties and plant
elements affected by BW

The physicochemical properties of soil were significantly affected
by the application of BW (Table 2). Brackish water with excessive Na*
and Cl” is a major environmental stress that not only increased the
availability of Na* and CI~ in soil but also in the cytosol of plants at a
toxic level (Tanveer and Yousaf, 2020). Furthermore, Zhang et al.
(2019) reported that the soil EC was significantly enhanced with the
increase in the level of BW. Due to the unique properties of FeBg, it
acts as an incredible soil conditioner; hence it significantly influenced
the pH, EC, and Na* of soil (Table 5). Similarly, the application of SBc
and remaining MECBs also improved the physicochemical properties
of soil by mitigating the adverse impacts of saline stress as shown in
the PCA biplot (Figure 2; Supplementary Table S1). A similar study
reported that biochar is a powerful adsorbent of Na* and Cl ions
mitigating salinity stress in soil (Patel et al,, 2017) as it provides
electrostatic interactions by forming OH™ groups (Saffari et al., 2016).
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TABLE 4 Root and shoot fresh weight, the contents of shoot chl. a, chl. b, shoot protein and its photosynthetic and transpiration rate measured in T
aestivum L. grown with different levels of distilled water (D.W), brackish water (BW) and rice husk biochars such as simple biochar (SBc), zinc biochar
(ZnBc), manganese biochar (MnBc) and iron biochar (FeBc) in a pot trial.

Brackish = Treatments Shoot Root Chl. a Chl. b Shoot Photosynthesis = Transpiration
water fresh fresh (mgmL)  (mgmL™) protein rate (umol CO,  rate (mol
level weight | weight (mg g7'FW) m=3s7) H,O m2s7?)
) (9)
Control 0.83+0.06bc = 0.10£0.05a  155+034de  2.35+0.17gh 4.11+0.15¢cde 123+4.99g 0.63 +0.04fgh
SBc 0.75+0.08bc  0.08+0.05a = 165+0.52cde = 2.81+0.2fgh 6.45+0.16def 190+2.71cd 0.30+0.02hi
D.W ZnBc 0.78+0.05bc = 0.16+0.02a 17.5:098abcd = 2.61+0.35fgh  6.59+0.23def 184%1.77cd 0.33+0.04hi
MnBc 0.80+0.09bc | 0.07+0.03a | 18.7+0.17ab 3.95+0.5cd 6.65+0.20def 148+ 4.03ef 0.55+0.07fgh
FeBc 0.88+0.06bc = 0.08+0.03a | 19.5+0.41a 4.68+0.18bc 7.66+0.28cde 242+2.12a 0.13+0.04i
Control 0.57+0.10bc | 0.05+0.03a | 158%0.43cde = 2.52%0.37fgh 5.47 +0.45f 95.6 +3.04hi 1.05+0.07cde
SBc 0.62+0.06bc  0.08+0.03a = 17.1+0.26abed = 3.81%0.3cde 7.03+0.31cde 145+1.47fg 0.55+0.13fgh
5dSm™' BW ZnBc 0.62+0.02bc = 0.07+0.0la 17.4£024abcd =~ 3.05+0.18efg  7.18+0.45cde 156+5.30¢ 0.50+0.14fgh
MnBc 034+0.24c | 0.11%£0.05a  185+0.65ab  3.89+0.5cde 6.41+0.18abc 136+2.37fg 0.70+0.14efg
FeBc 0.83+0.08bc = 0.12+0.05a  18.7+0.22ab 3.96+0.4cd 8.66+0.68def 211+10.75b 0.33+0.11hi
Control 0.68+0.24bc = 0.12£0.06a  14.4+0.40e 2.09+0.36hi 7.50+0.71bcd 78.7 +3.78ij 1.35+0.14abc
SBc 0.73+0.10bc | 0.11£0.06a | 16.4+0.46bc 4.24+031c 8.75+0.42ab 127+4.03fg 0.87 +0.05def
10dSm™' BW ZnBc 0.70+0.34bc = 0.09+0.04a  19.3+0.62ab 5.53+0.3% 8.83+0.45ab 136+ 1.63fg 0.90+0.14def
MnBc 0.85+0.16bc = 0.13£0.06a  18.0£0.34ab | 4.47+0.38bc 9.27+0.23ab 104%7.39h 1.08:+0.04cde
FeBc 0.81+0.21bc = 0.12+0.08a  183%0.33ab | 5.19+0.34ab 9.41+0.23a 199+5.44bc 0.45+0.07ghi
Control 1.16+0.68ab | 0.10+0.08a = 10.2+0.37g 1.36+0.14i 3.34+0.28abc 55.2+1.48k 1.65+0.14a
SBc 0.95+0.15bc = 0.09+0.06a  13.7+0.25f 3.94%0.14d 5.42+0.18abc 70.2+2.16jk 1.60=0.08a
15dSm™ BW ZnBc 0.75+0.05bc = 0.08+0.05a  17.4+0.6bcd = 3.50+0.31de 5.88+0.28ef 63.0+2.86jk 1.53+0.04ab
MnBc 0.74+046bc = 0.11£00la  154+042de | 3.28+0.26def  6.22+0.40def 84.9+1.27i 1.15+0.14bed
FeBc 1.78+0.43a | 0.14+0.03a | 17.8+0.64abc 5.72+0.1a 5.45+0.18abc 166+5.37de 0.85+0.14def

The given data represented the mean values of four replicates (n=4) + standard error and different letters represented the significant difference declared by LSD test at p <0.05.

Thus, the retention of Na* and CI~ ions is significantly attributed by
van der walls forces (physical adsorption) under the addition of
minerals-enriched biochar (Parkash and Singh, 2020). Moreover,
MECBs may provide additional benefits to soil health and plant
growth by providing essential nutrients such as Fe, Zn, and Mn (Cao
et al,, 2016). However, the specific effects of MECBs on bioavailable
Na* in soil may depend on various factors such as soil type, Bc
composition, and management practices. Some studies have
investigated the effects of Bc on soil Na* levels. For example, Zhang
etal. (2016) found that adding Bc to saline-alkali soil reduced soil Na*
levels and increased soil organic matter content. Similarly, Zhao et al.
(2018) reported that applying biochar reduced soil Na* levels in sodic
soil. Overall, while there is limited research on the specific effects of
MECBs on bioavailable Na* in soil, Bc has been shown to improve soil
properties and may have potential to reduce soil Na* levels in certain
contexts. Similarly, it was clearly shown in the PCA biplot, the
variation in values of pH and EC were non-significant among the
different time intervals (8", 16™ and 24" day of incubation) (Figure 2;
Table 2). The overall scenario of EC revealed that the movement of
ions (Na* and CI") efficiently increased with time which might be due
to the increased availability of essential nutrients in soil treated by SBc
and MECBs under salinity stress (Table 2). Likewise, a similar study
reported that the salinity and biochar application increased the pH of
the soil, but this change in pH remained non-significant (Zhang
etal., 2019).
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Moreover, results revealed that K*/Na* homeostasis in wheat roots
were significantly (p <0.05) influenced by the addition of MECBs
especially FeBc (Table 3). Although, the presence of optimized biochar
improved soil properties; so, more uptake of ions was examined by the
roots of T. aestivum L.; however, there was non-significant change in
shoot K* concentration reported with applid treatments (Figure 3;
Table 3). Different studies suggested that Na* accumulation is a
common response of plants to salt stress, while K* concentration
remains relatively constant in plants shoot (Flowers and Colmer, 2008;
Wang et al., 2012). The exact mechanisms underlying this response are
still under investigation, but it is thought to involve selective ion
transporters and channels in the plasma membrane of root and shoot
cells. Zhang et al. (2018) examined that K* ions are essential for plants
and oxidative stress is efficiently decreased by the enhanced K* content
in plant roots. Generally, Na* and K* balance effectively regulates the
salt stress which might be due to the presence of high concentrations
of Fe, Zn, and Mn in soil and T. aestivum L. (Figure 3;
Supplementary Table S1); thus, endorsing ion balance (Zhang et al.,
2018). As, MECBs are acidic in nature; so, its application significantly
(p<0.05) influenced the pH (acidic) of soil which played a vital role
the effect in NaCl
(Supplementary Table S1). Although, EC is decreased in soil with

in activating of biochar sorption
biochar addition which might cause a decrease in soil evaporation
through high water holding capacity but increased salt leaching, soil

porosity, and hydraulic conductivity (Dahlawi et al, 2018).
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FIGURE 4
Concentrations of (A) Shoot MDA, (B) Shoot H,0, and (C) Shoot CMP of T. aestivum L. grown under various treatments such as T1=DW, T2=DW+0.1%
SBc, T3=DW+0.1% ZnBc, T4=DW+0.1% MnBc, T5=DW+0.1% FeBc, T6=5dSm™ BW, T7=5dSm~ BW+0.1% SBc, T8=5dSm™ BW+0.1% ZnBc, T9=5dSm™*
BW+0.1% MnBc, T10=5dSm~* BW+0.1% FeBc, T11=10dSm~! BW, T12=10dSm~* BW+0.1% SBc, T13=10dSm~ BW+0.1% ZnBc, T14=10dSm~ BW+0.1%
MnBc, T15=10dSm~* BW+0.1% FeBc, T16=15dSm~! BW, T17=15dSm~! BW+0.1% SBc, T18=15dSm~! BW+0.1% ZnBc, T19=15dSm~* BW+0.1% MnBc and
T20=15dSm~* BW+0.1% FeBc where control=DW and 5, 10 and 15 are representing the rates of dSm~ of BW. Values are the average of four replicates
+ standard error (SE). Mean bars showing similar lower case alphabetic letters represented non-significant (p<0.05) to each other while different letters
represented significant (p<0.05) difference declared by Two-Factors Factorial (ANOVA) using LSD test at p<0.05.

Interestingly, the same trend was investigated in this proposed study
under salinity stress (Supplementary Table S1).

4.2. Influence of SBc and MECBs on fresh
weight, photosynthetic apparatus and
transpiration rate of Triticum aestivum L.
under salinity stress

The growth and physiology of T. aestivum L. were significantly
(p<0.05) affected under salinity stress (Table 4). It might be due to the
more uptake of Na* and Cl™ ions from root to shoot which inhibit cell
division because excess of Na* and Cl~ ions have the ability to attach
with the plant cell wall ultimately reducing its overall growth (Muro-
Gonzdalez et al., 2020). Furthermore, it leads to the inhibition of K*
influx which adversely affects the photosynthetic machinery of the
plant thus causing stomatal closure, damaged thylakoid membranes,
disturbed ionic and osmotic homeostasis, oxidative damage, and
disruption in the synthesis of secondary metabolites; a similar trend
for photosynthetic rate was investigated in this research study (Table 4;
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Khoshbakht et al., 2018; Muro-Gonzélez et al., 2020; Zhao et al.,
2020). However, the transpiration rate also significantly (p <0.05)
decreased in T. aestivum L. through the addition of MEBs; thus,
growth and physiology were improved efficiently by increasing the
soil’'s water holding capacity under salinity stress (Table 4). Thus, salt
stress is positively regulated by the activation of Medicago sativa GSK-;
kinase (present in plastid) through moderating sugar metabolism
(Zhao et al., 2020). Salt stress is also efficiently tolerated through two
major enzymes (Fad6 and GPAT) which localized in the plastid to
balance the fluidity of thylakoid membrane thus moderating fatty acid
metabolism (Suo et al.,, 2017). Recovery of PSII is also associated with
some genes such as RUB and RCI present in chloroplasts through
more K* influx under high salinity; however, the production of ROS
mainly in the apoplast, chloroplast, mitochondria, and peroxisomes
also significantly scavenged due to normalization of photosynthetic
machinery (Calderon et al, 2013). Similarly, the results of
photosynthetic activities were highly consistent with this mode of
action (Table 4). However, Farooq et al. (2020) has been reported
salinity tolerance (30%) in Vigna unguiculata L. (Walp. Plant) with
application of simple organic-originated biochar when compared to
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FIGURE 5
(A) Shoot APX, (B) Root APX, (C) Shoot Catalase, (D) Root Catalase of T. aestivum L. grown under various treatments such as T1=DW, T2=DW+0.1%
SBc, T3=DW+0.1% ZnBc, T4=DW+0.1% MnBc, T5=DW+0.1% FeBc, T6=5dSm™ BW, T7=5dSm~* BW+0.1% SBc, T8=5dSm™ BW+0.1% ZnBc, T9=5dSm™
BW+0.1% MnBc, T10=5dSm~* BW+0.1% FeBc, T11=10dSm~ BW, T12=10dSm~* BW+0.1% SBc, T13=10dSm~* BW+0.1% ZnBc, T14=10dSm~* BW+0.1%
MnBc, T15=10dSm™ BW+0.1% FeBc, T16=15dSm BW, T17=15dSm~ BW+0.1% SBc, T18=15dSm™* BW+0.1% ZnBc, T19=15dSm~ BW+0.1% MnBc and
T20=15dSm™* BW+0.1% FeBc where control=DW and 5, 10 and 15 are representing the rates of dSm~! of BW. Values are the average of four replicates
+ standard error (SE). Mean bars showing similar lower case alphabetic letters represented non-significant (p<0.05) to each other while different letters
represented significant (p<0.05) difference declared by Two-Factors Factorial (ANOVA) using LSD test at p<0.05.

control. Moreover, Tagdees et al. (2022) also reported increased chl. a
and b (70% and 76%) through the application of Zn and Si amended
biochar, respectively under salinity stress.

4.3. Influence of SBc and MECBs on
reactive oxygen species and antioxidant
defense system in Triticum aestivum L.
under salinity stress

Salinity stress significantly (p <0.05) caused oxidative damage in
the wheat plant through uncontrolled production of reactive oxygen
compounds (Figure 4). Salinity stress causes stomatal closure in the
shoot of plants which leads to burst production of ROS under high
Na* concentration (Rejeb et al., 2015). Thus, oxidative damage
induced in plants by the Mehler reaction (PSI), production of singlet
oxygen (PSII) in the thylakoid membrane, and H,O, production due
to the inhibition of water splitting manganese-complex which allow
more electrons to leak from PSI-II resulting high rates of CMP (Lee
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et al,, 2013). Similarly, this trend of electrolyte leakage has also been
reported in this proposed study (Figure 4) and also previous studies
under salinity stress (Dong et al., 2017; Kotagiri and Kolluru, 2017;
Hnilickova et al., 2019).

The application of MECBs significantly (p <0.05) triggered the
activities of antioxidant enzymes which efliciently scavenged ROS
production under salinity stress (Figure 5). The presence of minerals
(Zn, Fe, Mn) act as structural components of APX and CAT which
prevent the plant from oxidative damage; moreover, Zn and Fe as a
cofactor also trigger the activities of antioxidants to scavenge the free
radicles which ultimately protects the proteins and lipids from being
further damaged (Marreiro et al., 2017). Thus, reduced Na* and
increased K* uptake efficiently stimulates the ascorbate mutant (vtc2-
I) which converts H,0, into an H,O molecule; which further triggers
the activities of APX and CAT through efficiently scavenging
production of ROS in plants (Haruta et al, 2014) and the findings of
this proposed study were highly consistent to this mechanism
(Figure 5). Interestingly, Kul et al. (2021) reported that oxidative
damage in tomato plants was efficiently recovered by the application
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(A) Root Phenolic and (B) Shoot Phenolic of T. aestivum L. grown under various treatments such as T1=DW, T2=DW+0.1% SBc, T3=DW+0.1% ZnBc,
T4=DW+0.1% MnBc, T5=DW+0.1% FeBc, T6=5dSm~* BW, T7=5dSm™ BW+0.1% SBc, T8=5dSm~* BW+0.1% ZnBc, T9=5dSm~* BW+0.1% MnBc,
T10=5dSm BW+0.1% FeBc, T11=10dSm™ BW, T12=10dSm~ BW+0.1% SBc, T13=10dSm™ BW+0.1% ZnBc, T14=10dSm™ BW+0.1% MnBc,
T15=10dSm™* BW+0.1% FeBc, T16=15dSm™* BW, T17=15dSm~* BW+0.1% SBc, T18=15dSm™ BW+0.1% ZnBc, T19=15dSm~* BW+0.1% MnBc and
T20=15dSm~* BW+0.1% FeBc where control=DW and 5, 10 and 15 are representing the rates of dSm~ of BW. Values are the average of four replicates
+ standard error (SE). Mean bars showing similar lower case alphabetic letters represented non-significant (p<0.05) to each other while different letters
represented significant (p<0.05) difference declared by Two-Factors Factorial (ANOVA) using LSD test at p H 0.05.
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TABLE 5 Characterization of bhal soil and all sorts of biochar.

Biochar
Soil texture Clay loam Source ZnBc
Sand (%) 29 Moisture content (%) 0.07 0.08 0.09 0.04
Silt (%) 34 pH 7.21 5.64 5.60 2.48
Electrical conductivity 0.05 0.07
Clay (%) 37 0.03 0.03
(dSm™)
Organic matter (%) 0.78 Bulk density (g/cm?) 0.45 0.40 0.44 0.39
pH 7.32 Particle density (g/cm?) 0.60 0.61 0.59 0.64
Electrical conductivity 25 39
117 Pore space (%) 25 34.20
(dSm™)
Cation exchange Cation exchange 32.99 32.49
6.25 17.18 31.18
capacity (cmol kg™) capacity (cmol Kg™)

RHBc—rice husk biochar; ZnBc—zinc biochar; MnBc—manganese biochar; FeBc—iron biochar.

of rice husk biochar (5%) by efficiently influencing SOD (6.1%) and
CAT (6.9%) under NaCl stress.

4.4. Influence of SBc and MECBs on
secondary metabolites in Triticum aestivum
L. under salinity stress

As to cope the oxidative damage; non-enzymatic mechanisms
were also triggered inside the plant body which further lowered the
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effects of ROS by producing a greater number of hydroxyl (OH")
groups under salinity stress (Feng et al., 2018). The application of
MECBs significantly increased the content of proteins and total
phenolic; while the results were well pronounced in T. aestivum
L. with the application of FeBc under different rates of BW (Table 4;
Figure 6). Thus, more salt stress is tolerated by the activation of
mitochondrial genes (AOX; and Mn-SOD) causing improvement in
metabolic activities and flow of water (reduced osmotic stress) in
plants, which efficiently improved the overall growth and physiology
of plants (Zhao et al., 2020). A similar study examined the increase in
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contents of total phenolics (1.7-folds) in summer savory plants treated
with organic material pyrolyzed biochar (2%) under NaCl stress
(Mehdizadeh et al, 2019a,b). Moreover, similar results with the
application of ZnO nanoparticles have also been reported by
Noohpisheh et al. (2021) in cultivars of Trigonella foenum-graecum
under salinity stress.

5. Conclusion

The current study demonstrated that the combined amendment
of rice husk biochar and different minerals (Zn, Fe, and Mn)
significantly improved the physicochemical parameters of salt-
affected soil and thus improved the physiology and overall growth of
T. aestivum L. This could be attributed to the multiple benefits of
stress tolerance, enhanced nutrient supply, water retention, and plant
growth improvement. However, results were well pronounced with
the application of FeBc +15 dSm™ BW. Hence, it was demonstrated
that abiotic stresses (salinity stress, etc.) in the environment can
efficiently be tolerated through the application of different rates of
biochar; while, the adsorption efficiency could be doubled by
optimizing it with different minerals (Zn, Fe, and Mn) especially Fe
to enhance soil fertility and crop yield.
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