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ARTICLE INFO ABSTRACT

Keywords: Biochar (BC) and abscisic acid (ABA) may deliver positive physiological effects on heavy metal-
Cfi‘comami“ated soil stressed plants but their interactive role for regulating cadmium (Cd) availability in agricultural
Biochar soils is unclear. This study revealed that the Cd-induced oxidative stress significantly reduced the
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Photosynthesis

Oxidative injury
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growth of wheat, physiology and antioxidant responses. Interestingly, the co-application of BC
(2.5 %) and ABA (20 pmol L) restored the growth of wheat plants by minimizing Cd accu-
mulation and translocation than their single use. The co-application of these amendments
significantly increased the tissues biomass by 36 %, total root volume (29 %), root surface area
(44 %), foliar Chl-a and Chl-b by 59 % and 55 % at 10 mg kg ! Cd than control. Elevated Cd levels
increased the proline, MDA and H20; contents, while BC and ABA applications ameliorated the
Cd-induced oxidative injury by boosting the enzymatic activities of catalase by 46 %, ascorbate-
peroxidase by 46 % and peroxidase by 37 % at 10 mg kg™ Cd. The Cd treatment also increased
Cd levels in soil, root and shoot tissues of wheat plants. The co-application BC and ABA reduced
DTPA-extractable soil Cd by about 3-fold at 5 mg kg™! and by about 1.8-fold at 10 mg kg™, as
compared to respective controls. The combined BC + ABA treatment reduced Cd biological
accumulation by 35 % and 33 %; and Cd translocation by 21 % and 9 % at 5 and 10 mg kg ™! Cd
levels than control. It was concluded that the combined BC+ABA application restored the growth,
physiology, antioxidant enzymatic activities and minimized Cd bioaccumulation in wheat tissues.
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1. Introduction

Anthropogenic activities like agriculture and industrial wastes and utilization of untreated wastewater from industry and house-
holds have increased heavy metals and metalloids (HMs) contamination in our terrestrial environment (Clemens and Ma, 2016; Ghuge
et al., 2023; Goncharuk and Zagoskina, 2023; Yang et al., 2023). Excess levels of HMs have significantly impacted soil, water and air
quality (Khaliq et al., 2024; Khan et al., 2022; Li et al., 2023a; Li et al., 2023b; Rizwan et al., 2016; Wang et al., 2020, 2023). Agri-
cultural inputs in the form of pesticides, synthetic fertilizers and wastewater for crop production has compelled humans to consume
adulterated food due to HMs uptake by the plants (Ghuge et al., 2023; Liu et al., 2012; Shaghaleh et al., 2024). Moreover, these
pollutants had affected the crop tolerance threshold and resulted in an alteration to plant genetic structure, with adverse consequences
for humans and animals (Li et al., 2023a, 2024; Liu et al., 2020; Riseh et al., 2023). In addition, HMs especially cadmium (Cd), will alter
tissue morphology and disrupt many essential physiological functions such as photosynthesis, respiration, and water and nutrients
uptake from the soil (Goncharuk and Zagoskina, 2023; Lan et al., 2024; Li et al., 2023b; Song et al., 2019).

Cadmium has been recognized as one of the most hazardous substances owing to its high mobility and extreme toxicity even at low
concentrations (Fan et al., 2023). High levels of Cd were reported to cause cancer and abnormalities in bones, liver and reproductive
organs (Haider et al., 2021). The average dose of 3 pg L™} in drinking water, and 25 pg kg ™! body weight is the recommended monthly
limit for Cd consumption (Li et al., 2023a). The high levels of Cd in vegetables, cereal crops and grains, and trees, have adversely
affected the normal functionality of living species (Aslam et al., 2023; Li et al., 2024; Liu et al., 2012; Shaghaleh et al., 2024). Despite
the variable physiochemical properties of soil, Cd remains bioavailable to plants and can move freely in soil solutions (Rizwan et al.,
2016).

Wheat (Triticum aestivum L.) is a staple food for many countries and is a source of essential nutrition for humans and livestock
(Shiferaw et al., 2013). The annual production of wheat was reported around 600 million tons globally and its production was
increased to 779.76 million tons cultivated on 222.11 million hectares (Zhang et al., 2023). It has been estimated that wheat demand
may increase up to 60 % in the coming decades (Grote et al., 2021; Ahmad et al., 2022; Li et al., 2022; Shiferaw et al., 2013). This
enormous demand for wheat and other cereals has compelled farmers in developing countries to utilize marginal or contaminated land;
harnessing even polluted wastewater to fulfil crop water requirements, which, in turn, may create health issues after consuming
adulterated wheat grains (Rahman et al., 2023; Shaghaleh et al., 2024). The high concentrations of Cd in aerial tissues of plants,
especially grains, can cause serious health problems due to dietary Cd intake ( Abbas et al., 2017). Apart from Cd uptake and its
bioaccumulation, Cd was found to perturb many physiological functions of plants like photosynthesis, protein production, antioxidants
activities and root morphology (Rizwan et al., 2016; Song et al., 2019). The soil characteristics i.e. pH, redox potential and soil organic
material, affect the Cd absorption by the plant root and enhance uptake even at lower soil Cd concentrations (Zulfiqar et al., 2023). It
was highlighted in many studies that Cd phytotoxicity would alter morphology, root development, and photosynthetic apparatus of
plants (Haider et al., 2021; Zulfiqar et al., 2023).

For mitigation of Cd influence on environment and plant functions, ecofriendly and cost-effective strategies must be introduced.
The organic and inorganic amendments and their consortium have been used to alleviate Cd toxicity to plant and its mobility in soil
(Abbott et al., 2018; Afzal et al., 2024; Aslam et al., 2023; Fan et al., 2023; Ghuge et al., 2023). Extensive application of biochar (BC) in
agricultural lands has been found to successfully decrease HMs toxicity to plants and their availability in soil (Shaghaleh et al., 2024;
Yang et al., 2023). The physiochemical properties associated with BC such as high surface area and porous structure had enhanced
adsorption capacity of HMs in soil (Sani et al., 2023; Zhong et al., 2023). The high organic matter contents along with numerous
elements had increased soil fertility leading to high growth and yield in metals contaminated soils. The BC preparation techniques, its
organic source and combination with other minerals had tremendously increased its ability for HMs adsorption and bioavailability in
soil (Gong et al., 2022). Moreover, the abundance of functional groups (-COOH and OH-) on BC surfaces, its porosity, high pH and
liming effects are few properties which significantly enhanced HMs (Cd, Cu, As, Ni, Pb as well as Zn) adsorption and immobilization in
soil and decreased their uptake by plant (Danso et al., 2023; Li et al., 2024).

The improvement in growth and yield of plants has been reported in many studies after the addition of BC (including nanobiochar)
in polluted soils (Kamran et al., 2019; Nafees et al., 2023; Sani et al., 2023). The application of BC to polluted soils has improved soil
physiochemical properties and decreased soil extractable/bioavailable concentration of HMs (Afzal et al., 2024; Senthilkumar and
Prasad, 2020). Many soil physical properties including soil porous structure, WHC, aggregate formation and saturated hydraulic
conductivity along with chemical (CEC and pH) (Singh et al., 2023) and biological (soil enzymes, microbial biomass C and N, and
microbial community structure) properties were reported to improve many folds with addition of BC in contaminated soil and might
promote plant growth by decreasing HMs phytotoxicity (Khan et al., 2022; Su et al., 2024; Tan et al., 2017; Zong et al., 2023; Sen-
thilkumar and Prasad, 2020).

A search of literature revealed that many biological research focuses on individual application of selected amendment to overcome
a specific stress factor curtailing plant performance and yield. Conversely, several research revealed that the combination of
amendments, as compared to their individual application, has demonstrated the capacity to produce more substantial enhancements in
growth performance, yield, and eco-physiological resilience to unfavourable condition (Abbott et al., 2018; Hussain et al., 2022; Sani
and Yong, 2022). Thus, for this study, the co-application of BC with various inorganic compounds and biostimulants (including plant
hormones, amino acids) might provide effective solution to remediate HMs contaminated soils (Dai et al., 2023; Dami and Zhang,
2023; Danso et al., 2023; de Bang et al., 2021). The application of external abscisic acid (ABA), a well known phytohormone, can
restore plant growth under biotic and abiotic stress (Ali et al., 2020; Kocaman, 2023; Suzuki et al., 2014). Specifically, the endogenous
levels of ABA regulate stomatal conductance, whole-plant transpiration, and osmotic systemto to help plants to cope with the pre-
vailing growth conditions (Ali et al., 2020; Chen et al., 2020; Yong et al., 2010). From literature, ABA increased plant growth by
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decreasing oxidative stress caused by Cd toxicity (Tao et al., 2021; Zhao et al., 2023). Apart from physiological and biochemical
modification, ABA has participated in genetic levels to down regulate HMs associated genes expression (IRT1 and HMA) and enhanced
GSH1 expression for decreasing Cd toxicity on plants through reduced transpiration and metal ion chelation (Sun et al., 2023). The
foliar application of ABA facilitated optimized plant antioxidant activities by producing SOD, APX and CAT enzymes to scavenge
reactive oxygen species (ROS) produced by elevated levels of MDA, H,05 and proline under Cd contamination (Tao et al., 2021); and
efficiently decreased metals uptake, translocation from root to shoot and bioaccumulation factors by closing and opening of stomata
and osmotic potential (Kamran et al., 2021). Thus, ABA has significantly improved plant growth in HMs contaminated media by
improving physiological and biochemical functions (Hu et al., 2020). The growth of many plant species like Oryza sativa, Brassica
napus, Lactuca sativa, and Solanum tuberosum (Tang et al., 2023; Yu et al., 2023) was improved with ABA application as ABA modulated
the transpiration rate, osmolyte production and activated enzymatic activities to deter Cd phytotoxicity and to increase plant biomass
(Liao et al., 2023).

The phytotoxicity of HMs for sustainable agriculture require the exploration of various innovative approaches to mitigate their
toxicity and prevent their entry into the food chain. In the present study, we hypothesized that the combination of rice-husk BC and
ABA could emerge as a promising strategy to reduce Cd translocation and bioaccumulation in wheat plants by reducing the Cd
bioavailability in the soil. This study investigated the effects of individual and combined application of biochar and abscisic acid (ABA)
on the following: (i) wheat growth performance, physiological traits, and antioxidant enzyme activities; (ii) Cd translocation from soil
to plants. Hopefully, the results from this study could provide a comprehensive approach for the effective management of Cd
contamination in agricultural soils.

2. Material and methods
2.1. Experimental design

The soil for this experiment was obtained from the agricultural farm area at 0-15 and 15-30 cm depth. The soil sampled at different
depths was mixed and a composite sample was prepared and brought to the laboratory. The soil was dried in shade, sieved in 2 mm
mesh size to remove gravels, roots and debris. The soil basic physical and chemical properties were measured by routine protocol as
shown in Table 1. The soil used in the study has clay loam texture, pH 8.1, EC 3.7 dSm’l, OM 0.4 %, and available N, P and K
concentrations of 11.3, 17.6 and 86.3 mg kg~ !, respectively. Our study treatments were comprised of 5 and 10 mg kg~* cadmium (Cd)
levels along with 2.5 % biochar (BC) and 20 pmol L1 abscisic acid (ABA) application. The soil was spiked with 5 and10 mg kg’1
concentration of Cd solution using CdCl, solution. After spiking, the soil samples were placed in shade and regularly mixed for 1
month. After aging, Cd contaminated soil (5 and10 mg kg~! concentration) was mixed with 2.5 % level of rice husk biochar. The
biochar incorporated Cd polluted soils were shifted to green house and filled in 10 kg clay pots. The treatments include: 2.5 % BC; 20
umol L1 ABA; and 2.5 % BC + 20 pumol L~} ABA used in combination of various Cd levels i.e., Cd 0 mg kg~ !; Cd 5 mg kg~!; and Cd
10 mg kg™!. The experiment was set up in factorial arrangement with completely randomized design having three replicates per
treatment. The pots were watered with distilled water at about 60 % of soil water holding capacity for one month and after that wheat
seeds were grown in pots.

2.2. Biochar and soil analysis

The rice husk biochar used in the current study was produced at 550 °C for 2 hours. The properties of biochar are summarized in
Table 1. The routine standard laboratory methods were used to determine soil and biochar physical and chemical characteristics. The
BC was characterized for SEM, FTIR and XRD (Fig. 1b,c,d). The percentages of sand, silt and clay were measured with bouyoucos
hydrometer method devised by Bouyoucos, (1962). Soil texture class was examined through USDA soil textural triangle. Soil saturation
percentage was determined with the procedure of Grewal et al. (1990). The soil and biochar pH were determined by making a sus-
pension of 1:1 (soil: water) and 1:5 (biochar: water), shaken and stirred for 30 minutes and pH was measured through pH meter (AB33
pH meter, OHAUS, Switzerland), respectively. The soil Cd contents were measured by digesting the sample with HNO3 and HClO4 acids

Table 1

The physical and chemical characterization of the soil and biochar used in the current study.
Characteristics Units Soil Biochar
Texture - Clay Loam
Sand % 30
Silt % 43
Clay % 27
Saturation Percentage % 34 -
ECe (dSm™Y 3.7 5.4
pHs - 8.1 9.7
Available K mg kg ™! 86.3 261.3
Available P mg kg™! 17.6 1.4
Available N mg kg™! 14.3 19.3
Organic Matter % 0.4 -
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Fig. 1. The wheat root morphological traits (A) represented by root scanning, (B) SEM, (C) FTIR spectra and (D) XRD pattern of biochar used in the
study. The FTIR spectra indicated different functional groups like (0-H), (H-C-H), (C-H), (C=C), (C=N), (N-H) and (C=0) for exchangeable sites for
Cd adsorption.

with 2:1 ratio as described previously (Jones and Case, 1990). Briefly, a sample of soil (0.5 g) was digested with acids on a hot plate at
350 °C to colorless fumes. The digested sample was transferred to 50 ml flask with several washings and filtered through filter paper
(Whatman no. 40); and stored for Cd analysis. The soil DTPA extractable Cd contents after harvesting were measured by method of
Chen et al. (2021). Briefly, 2.0 g soil was gently shaked with 20 ml solution of DTPA (0.005 mol 1™} + 0.1 mol L™! triethanolamine
(TEA) and 0.01 mol L1 CaCly) and centrifuged at 259 rpm min~! and extract was transferred to 25 ml flask. The soil Cd and DTPA
contents were measured on atomic absorption spectrophotometer (Analytikjena, novAA 300, Germany).

2.3. Plant growth condition and application of ABA

The wheat plants were grown in green house condition during the growth of wheat season. The healthy and uniform wheat seeds of
local varieties were surface sterilized with 10 % H,05 for 10 minutes and then washed with distilled water. The sterilized seeds were
sown directly into clay pots with different treatments. After the emergence of seedling, 5 plants per pot were maintained and watered
with distilled water to maintain 45 % WHC The green house temperature was maintained at 25/19 °C (day/night) with 16/8-h of
light/dark period and 65-70 % relative humidity throughout the growth period. The pots were also supplied with recommended dose
of NPK (60, 30 and 30 kg ha™!) into two growth stages to maintain the plant health and vigor. The ABA (20 pmol L) was dissolved in
5 % ethanol solution with 0.05 % tween 20 as wetting agent and was applied to wheat plant at three critical growth stages to boost crop
growth (Jamalian et al., 2013). The 1st foliar application was done at two leaf stage, 2nd on tillering stage and 3rd spray was applied on
heading stage, respectively.

2.4. Harvesting and measurement of plant morphological and physiological traits

The various morphological and physiological parameters of the wheat plants were performed before and after the crop harvesting.
The wheat plants were harvested at maturity stage, brought to laboratory, washed, dried and separated into root and shoot tissues. The
plant fresh biomass (root and shoot) was measured by electrical balance (Chen et al., 2021). Plant dry biomass (roots and shoots) weas
measured by placing the samples in oven at 65 °C till constant weight. Following which, the dried samples were ground passed through
0.5 size mesh and plant Cd contents were measured in root and shoot (Zhao et al., 2021). The morphological traits of roots (root
volume, average root diameter, no. of root tips etc.) were determined by scanning fresh root samples using a specialized scanner
(WinRHIZO Pro, Netherlands) (Malik et al., 2023). Plant SPAD value was determined by selecting the expanded leaves and reading
were taken at 5 representative points and average was calculated by SPAD-502 (Minolta, Minolta Co, Ltd, UK) (Kandel, 2020). Plant
relative water contents were determined in fully expanded leaves by taking their fresh weight (FW). After that, leaf samples were
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placed in distilled water for 16-18 hrs and leaf turgid (TW) weight was recorded (Malik et al., 2023). The samples were then oven dried
at 65 °C and leaves dry weight (DW) was again measured and plant relative water content was measured by following formula:

Leaf relative water contents (%) = (FW-DW) / (TW-DW) X 100

The membrane stability index (MSI) was measured using the steps outlined by Ahmad et al. (2022). The fresh leaf samples were
washed in distilled water several times and placed in hot bath at 40 °C in 10 ml water for 30 minutes to calculate EC1. Again, these
samples were heated at 100 °C in hot bath to measure EC2 and MSI was computed by following formula:

Membrane stability index (MSI) = [1 - (EC1 / EC2)] x 100

Mature and healthy wheat leaves were identified and harvested freshly; following which the foliar chlorophyll a, b and carotenoids
contents were determined spectrophotometically (Liu et al., 2020; Yong et al., 2014). Specifically, plant leaf extracts (0.05 g sample)
were ground using the pre-iced mortar and pestle. The leaf extracts were mixed with 10 ml dimethyl sulphoxide and heated at 65 °C for
4 hours. Following which, the foliar chlorophyll a, b was determined at 645 nm and 665 nm and carotenoids contents were recorded at
470 nm in spectrophotometer (Agilent Technologies, Cary 60, UV VIS).

2.5. Determination of plant oxidative stress indicators

Plant biochemical assays were determined in mature and freshly harvested leaves. The fresh leaves were cut, packed in zip bags
with ice and brought to the laboratory. Plant biochemical assays were performed on spectrophotometer. The plant leaf tissues (0.5 g)
were immersed in solution containing 2 ml ninhydrin, 5 ml sulfosalicylic acid and 2 ml glacial acetic acid prior to heating at 80 °C in
hot water bath for 30 min. The solution was cooled and centrifugation was performed at 10000 rpm for 10 min. The supernatant was
separated and reading was obtained at 520 nm after drawing the standard curve to calculate proline contents (Ye et al., 2015). Plant
MDA contents were measured by taking fresh leaves and grounding them (0.5 g) in 10 ml TBA solution (0.25 %) which was in 10 %
trichloroacetic acid (TCA). The extract was subjected to heating at 95 °C prior to ice-cooling to stop the reaction. The extract was
centrifuged (10000 rpm) and the absorbance was checked at 532 nm and 600 nm. MDA contents were obtained through extinction
co-efficient (155 mM~! cm’l) (Ali et al., 2018).

The polyphenol peroxidase (PPO) concentration in leaves samples were determined by Esterbauer et al. (1977). Simply, 0.5 ml leaf
extract was mixed with 2 ml phosphate buffer solution (PMBS) and 1 ml catechol (0.1 mM) and pH was adjusted at 6.0. In a similar
manner, a blank sample was also prepared with all the reagents except leaf extract for the validation of the results. All the samples were
run on spectrophotometer at 495 nm after gently shaken and PPO contents were recorded. The Velikova et al. (2000) method was used
to find HyO contents in plant leaves samples. For this purpose, 1 ml of 0.1 % TCA solution was mixed with 0.2 g leave extract and
centrifugation was done at 8000 rpm for 15 min. The supernatant was obtained in 5 ml Teflon tube and 0.5 ml K-P buffer solution
(10 mM), 1 ml potassium iodide (1 M) was added and gently shaken. The absorbance was measured at 390 nm with spectropho-
tometer to calculate HoO5 concentration.

2.6. Estimation of antioxidant enzymatic activities

The plant leaf extract was obtained in the presence of distilled water, phosphate buffer (PBS) (pH 7.8) and sodium bicarbonate after
crushing the fresh leaves in pre iced mortar and pestle. Then, the solution was later centrifuged at 8000-13000 rpm for 20 minutes
(Nasirzadeh et al., 2021). After that, supernatant was obtained in 5 ml 5 ml centrifugation tubes and stored at 4 °C in the refrigerator
for the estimation of antioxidant enzyme activities. The leaf catalase (CAT) concentration was measured by adopting Tyagi et al.
(2021) method. The leaf extract, PBS and HyO, (10 mM) were mixed (2 ml, 2.8 ml and I ml, respectively) and shake manually. After
that, CAT activity was measured in prepared sample along with blank on spectrophotometer at 240 nm wavelength. The leaf
peroxidase (POD) activity was estimated by following Saberi et al. (2021) method. The plant leaves extract was dissolved in 300 mM
H203, 1.5 % guaicol, and 50 mM PBS, respectively. The reaction solution consisted of 2.8 ml PBS, 0.1 ml leaf extract, 0.1 ml guaicol
and 0.1 ml Hy0,, respectively. A blank sample including reagents but without leaf extract was also made. All the prepared samples
were assessed on spectrophotometer at 470 nm for POD estimation.

The 0.5 ml leaf extract with 0.1 ml H,O, (10 mM), 0.5 ml ascorbic-acid (0.5 mM), 0.25 ml EDTA and 2.7 ml PBS (50 mM),
respectively was used for measurement of peroxidase ascorbate (APX). A blank sample was also prepared for results accuracy. The
samples were run on spectrophotometer at 290 nm as described by Asghar et al. (2023). Similarly, peroxidase (POX) activity was found
by adopting Gorin and Heidema, (1976) analysis method. A solution composed of leaf extract, Pyrogallol, PBS and H,O5 with 0.5 ml,
1 ml, 2 ml and 1 ml quantity, respectively was made. The prepared mixture was further mixed with 1 ml HySO4 (2.5 M) at 25°C and
waited for 5 minutes. The POX activity was measured at 420 nm on spectrophotometer.

2.7. Plant Cd contents, translocation and bioaccumulation

The plant (root & shoot) Cd contents were measured by converting the plant material into ash by placing them into furnace at
450-500 °C for 12 hours in boron free silica crucible. The plants ash samples were removed from furnace and 10 ml of 1 M HNO3 was
added. The crucibles were placed for 1 hour at room temperature and the mixture was heated at 350 °C for 2-3 hours until solution
become clear. After that, the liquid was transferred into 50 ml flask and filtration was done with Whatman No. 42 filter paper. The
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solutions concentrations (Cd root and shoot contents) were recorded on atomic absorption spectrophotometer (Analytikjena, novAA
300, Germany) as mentioned by Akinyele and Shokunbi, (2015). Based on soil and plant Cd concentration, bioaccumulation factor
(BAC), bioconcentration factor (BCF) as well as translocation factor (TF) for Cd was determined by following formulas as described by
Kamran et al. (2019):

BAC = Cd concentration in shoots/ Cd concentration in soil (€D)
BCF = Cd concentration in roots/ Cd concentration in soil 2)
TF = Cd concentration in shoots/ Cd concentration in roots 3

2.8. Statistical analysis

Data analysis carried out to calculate ANOVA results using SPSS 17 software. The average data and standard deviation (SD) were
computed by the three replications. Tukey HSD test (P < 0.05) was used to measure the differences between means of each treatment.
The graphs were created using Origin Pro software. The principal component analysis (PCA) analysis was performed on R package with
the help of factoextra, ggplot2, and dplyr libraries.

3. Results
3.1. Effects of ABA and BC on plant morphological traits

The effects of Cd toxicity lowered the different growth parameters of wheat (Table 2) and altered the root morphology (Fig. 1a).
However, biochar, ABA, and their combination significantly decreased the negative impacts of excess Cd. The combined application of
biochar and ABA under 10 mg kg ™! Cd treatment resulted in the maximum significant improvement in shoot length (28 %), root length
(34 %), shoot fresh (48 %) and root fresh biomass (47 %), and root and shoots dry weights (47 and 73 %) as compared to the un-
amended control. Similarly, significant improvements in average diameter of roots (AVGRD) (44 %), total volume of roots (TRV)
(29 %) and surface area of roots (RSA) (44 %) were observed when treated with BC+ABA under 10 mg kg’1 than unamended control.

Table 2

Effects of abscisic acid (ABA) and biochar (BC) on the growth parameters and root morphological traits of wheat plants at 0, 5 and 10 mg kg~! of Cd
levels. Data are means ( + standard deviation) of 3 values. Treatment means not sharing common letters within the same column are statistically
different (P < 0.05) from each other, based on LSD test.

Treatments Shoot Root Shoot Shoot Dry Root Fresh Root Dry Average Total root Root Surface
Length Length Fresh Biomass biomass Biomass Root volume Area (SA)
(cm) (cm) Biomass @ ®) (€3] Diameter (TRV) (sz) (cmz)
(€3] (AVGRD)
0cCd Unamended  35gh 18.3¢ 23.5 6.8 de 3.4cd 0.4 cd 2.6d+0.1 25 bed £+ 0.5 55.7 de
+1.01 +0.8 d+0.7 +0.3 +0.06 +0.07 +1.6
ABA 40.7 cde 23b 35 be 9.2b 3.9c +0.2 0.5 be 3.0c + 0.07 29.2b+ 0.8 66.5¢c + 2.3
+1.1 +1.4 +1.8 +0.25 +0.1
BC 43.3 be 24.7b 36 b 10b 47b+02 0.6ab 35b+0.04 373azx1l1 76.7b £ 0.8
+1.9 +1.5 + 1.6 +0.23 + 0.1
ABA+ BC 53 a 32.8a 46 a + 2.2 115a 58a+05 07a 38a+0.03 39a+1.1l 85.7a+ 0.6
+1.82 +1.3 +0.5 +0.1
5Cd Unamended 32.7h 16.7 cd 2de +£0.9 5fg +£0.2 3d+0.07 0.3 de 1.6 g +0.03 23 cde £ 1.1 48.7 fg
+1.1 +0.3 +0.02 +1.01
ABA 40.7 de 18.3¢ 23.5 7.3 cd 3.4 cd 0.4 cd 1.9f+0.06 26 bed + 1 60.1d+1.1
+0.8 +0.8 d+0.7 +0.9 +0.05 +0.02
BC 42.3 cd 22.8b 32c+1 8c+0.1 3.9c+0.2 0.5 be 2.3e+0.06 282b+1.3 67.4c £ 1
+0.8 +1.4 + 0.05
ABA+ BC 45.8b 24.7b 36b+1.6 9.3b 47b+02 0.6ab 26d+003 352+23 74.8b + 1.4
+ 0.5 +1.5 +0.3 + 0.02
10Cd  Unamended 29.5i 15 16.5¢ 41g 2.03 e 0.2e 1.2h+0.02 184e+1 29i4+0.8
+0.3 d+0.5 +0.9 +0.2 +0.3 +0.02
ABA 36.7 fg 16.7 cd 20 de 52f+0.3 29d+0.1 0.23 de 1.6 g + 0.05 21 de £ 0.8 36.5h+1.4
+ 1. +0.3 +1.1 + 0.02
BC 38.7 ef 18.3b 23d+0.7 5.9 ef 3.4cd 0.3 cd 1.6 f £ 0.04 23cde + 1.7 456 g £ 1.5
+1.3 +0.8 +0.2 +0.05 +0.05
ABA+ BC 42 cd 22.8b 32c+1 7.2 cd 39c+0.2 0.37 be 2.2e+0.03 26 be + 2.1 52.6ef + 1.3
+0.4 +1.4 +0.3 +0.1
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3.2. Effects of ABA and BC on plant physiological parameters

The Cd stress negatively impacted the wheat physiological functions, whereas BC and ABA application had modulated these
functions (Fig. 2). The maximum improvement in the Chl. a & b (59 % & 55 %), carotenoids (52 %), RWC (26 %), MSI (40 %) along
with SPAD value (44 %) was observed with BC + ABA combination at 10 mg kg’1 Cd stress than unamended soil. Similar results were
also found at 5 mg kg~! Cd level for BC+ABA application in unamended soil.

3.3. Effects of ABA and BC on plant oxidative stress indicators

The Cd toxicity had significantly increased proline, MDA, PPO and H,0, content at 5 & 10 mg kg™! Cd treatments in unamended
soil compared to control (Fig. 3). The use of BC and ABA reduced the production of these stress indicators. The significant low values
for proline (18 %), MDA (26 %), PPO (26 %) and H,0 (20 %) were observed for co-application of BC and ABA, respectively, at 5 &
10 mg kg™! Cd stress.
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Fig. 2. Effects of biochar (BC) and exogenous application of abscisic acid (ABA) on wheat (A) membrane stability index (MSI), (B) relative water
content (RWC), (C) SPAD value, (D) chlorophyll a, (E) chlorophyll b, and (F) carotenoids contents at 0, 5 and 10 mg kg’1 of Cd levels. The values are
means =+ standard deviation of 3 replicates. Different letters on vertical bars indicate significant difference at probability level P < 0.05.
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Fig. 3. Effects of biochar (BC) and exogenous application of abscisic acid (ABA) on wheat oxidative stress (A) proline contents, (B) malondialdehyde
contents, (C) polyphenol peroxidase (PPO) contents, and (D) H2O, contents at 0, 5 and 10 mg kg’1 of Cd levels. The values are means + standard
deviation of 3 replicates. Different letters on vertical bars indicate significant difference at probability level P < 0.05.
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Fig. 4. Effects of biochar (BC) and exogenous application of abscisic acid (ABA) on wheat leaf antioxidant enzymatic activities (A) catalase (CAT)
activity, (B) peroxidase (POD) activity, (C) peroxidase ascorbate (APX) activity, and (D) peroxidase (POX) activity at 0, 5 and 10 mg kg™* of Cd
levels. The values are means + standard deviation of 3 replicates. Different letters on vertical bars indicate significant difference at probability
level P < 0.05.
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3.4. Effects of BC and ABA on antioxidant enzymatic activities

The results demonstrated low antioxidant enzymatic activities at 5 & 10 mg kg ™! Cd level in unamended soil compared to control
(Fig. 4). The results also showed that the application of BC and ABA had increased catalyze (CAT), ascorbate (APX), guaicol peroxidase
(POD) and peroxidase (POX) activities in wheat plants grown in 5 and 10 mg kg™ ! Cd stress, respectively, compared to unamended
soils. The significant results were observed with BC+ABA application for wheat shoot CAT, APX, POD and POX activities by 43 %,
46 % and 39 %, 46 % and 39 %, 37 % and 38 %, 54 % at 5 and 10 mg kg~ ' Cd levels compared to unamended soils.

3.5. Effects of ABA and BC on Cd uptake, translocation and bioaccumulation

The results demonstrated that soil DTPA extractable Cd contents significantly increased at 5 & 10 mg kg™! Cd treatments in un-
amended soils compared to control (Fig. 5). While BC and ABA significantly reduced (P < 0. 05) Cd available Cd contents in soil. The
maximum reduction in soil DTPA extractable Cd was observed at ABA + BC application (69 % & 43 %) at 5 & 10 mg kg~! Cd levels,
respectively, then unamended soil. Fig. 5 also represented that in unamended soil, the root & shoots Cd contents increased significantly
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Fig. 5. Effects of abscisic acid (ABA) and biochar (BC) on the (A) Cd concentration in soil, (B) Cd concentration in root (C) Cd concentration in shoot
(D) bioaccumulation factor (BAC), (E) bioconcentration factor (BCF) and (F) translocation factor (TF) at 0, 5 and 10 mg kg’1 of Cd levels. The values
are means =+ standard deviation of 3 replicates. Different letters on vertical bars indicate significant difference at probability level P < 0.05.
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at 5 & 10 mg kg~! Cd levels. The BC and ABA application to unamended soils decreased Cd contents in wheat plants. The highest
improvement was observed in BC + ABA combination, where, root and shoot contents decreased by 75 %, 52 % and 80 %, 57 % at 5
and 10 mg kg~ ! Cd levels, respectively compared to unamended soils. Moreover, co-application of BC and ABA successfully reduced
the possibility of Cd bioaccumulation and its translocation in wheat plants. The results highlighted that BC + ABA combination
decreased BAC, BCF and TF values by 35 %, 33 % and 18 %, 17 % and 21 %, 9 % respectively, at 5 and 10 mg kg™~! Cd stress compared
with unamended soils.

3.6. Principal component analysis: factors controlling wheat growth under Cd toxicity

Principal component analysis (PCA) was conducted to assess whether wheat growth, reactive oxygen species (ROS) generation,
activities of antioxidant enzymes, and Cd translocation from soil to root and shoot showed distinct responses to varying levels of Cd
toxicity, and whether these responses were mitigated by the application of biochar and abscisic acid (ABA) amendments (Fig. 6). PC1
and PC2, accounted for 86.7 % and 7.3 % of total variance, respectively. The PCA plot revealed that all treatments (control, ABA,
biochar, and ABA + BC) were distinctly separated at each Cd toxicity level. For all levels of Cd toxicity, the treatments with ABA, BC,
and ABA + BC formed clear clusters, which were distinct from their respective unamended controls, indicating that all amendments
enhanced wheat tolerance to Cd toxicity. The clustering ellipses for the 0 and 5 g kg™ Cd toxicity levels were positioned along the
positive PC1 axis, suggesting that ABA and BC, whether applied individually or in combination, had a greater impact in alleviating
lower Cd toxicity levels. However, the clustering for the 10 g kg™ Cd level aligned with the negative regions of PC1 and PC2, reflecting
its detrimental effects on wheat growth. In the PCA plot, various variables are represented by the spread of vectors. Dry weights of
shoots (SDW) and root dry weights (RDW) were positively correlated with total chlorophyll concentrations, membrane stability-index
(MSI), RWC, catalase (CAT), and peroxidase (POD), but negatively correlated with malondialdehyde (MDA), hydrogen peroxide
(H:202), proline, polyphenol oxidase (PPO), and Cd translocation factor (Cd-TF). Additionally, soil-Cd was positively associated with
shoot-Cd and root-Cd concentrations.

Role of Abscisic Acid with Biochar on Cd Toxicity Alleviation in Wheat
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Fig. 6. Biplot of principal component analysis (PCA) displaying scores in the first two components i.e., PC1 and PC2 for the selected parameters
related to growth, physiology, ROS generation, and Cd translocation, and its concentration in wheat (Triticum aestivum L.) grown under various Cd
toxicity levels (0, 5, and 10 mg kg~ ! soil). Abbreviations: SDW: shoot dry weight; RDW: root dry weight; RWC: leaf relative water contents; MSI:
membrane stability index; MDA: malondialdehyde contents; H202: hydrogen peroxide contents; Soil-Cd: Cd concentration in soil; Shoot-Cd: Cd
concentration in shoot tissues; Root-Cd: Cd concentration in root tissues; Cd-BAC: Cd biological accumulation coefficient; Cd-TF: Cd translocation
factor; PPO: polyphenol oxidase activity; CAT: catalase activity; POD: peroxidase activity.
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4. Discussion

This study examined the effects of elevated Cd on wheat growth and physiology under various applications of amendments and
control treatment. Specifically, it was demonstrated that 5 and 10 mg kg ! Cd levels decreased length and wheat biomass production.
The Cd toxicity to plant includes chlorosis, stunted growth, rotting of roots and low yield even at low level (0.05 uM) (Zaid et al.,
2020). Wheat plant growth parameters such as roots and shoots length, biomass, photosynthetic activities and ion homeostasis was
severely affected by Cd under 10 uM levels (Jiang et al., 2023). It was found that Cd toxicity had hindered normal plant functioning by
disrupting nutrient uptake, initiating oxidative stress and taking part in genotoxicity (Li et al., 2023b; Wang et al., 2020). The wheat
crop root morphological traits were drastically impacted by Cd toxicity as highlighted in Table 2. Plants roots are the first organ to
encounter the presence of Cd toxicity and Cd buildup in roots decreased carbon availability and increased ROS production (Aslam
et al., 2023). Plant roots hair adsorbed Cd?* ions and root volume were found to BE correlated with Cd phytotoxicity and undergone
root tip modification to survive Cd toxicity (Kohanova et al., 2018; Li et al., 2023a). Wheat is a staple crop of many countries and Cd
toxicity is going to be the main reason to diminish yield and negatively impact human health by Cd bioaccumulation in grains (Zhou
et al., 2020). Therefore, it is imperative to improve growth of crops cultivated on Cd contaminated lands and to restrict Cd accu-
mulation in edible parts by adopting suitable measures. Several HMs removal techniques like desorption, immobilization,
phyto-extraction along with combination of organic and inorganic treatments have been employed for the minimization of HMs
toxicity in plants (Afzal et al., 2024; Jiang et al., 2023; Li et al., 2023b). Addition of biochar to immobilize HMs and to supply essential
nutrients for the growth of plants had been acknowledged in many studies (Su et al., 2024). Apart from the use of BC to soil, foliar
application of plant growth regulators (abscisic acid) to promote the growth of plants and to sustain abiotic stress especially HMs
toxicity was an effective method to increase yield and lower toxic levels of metals to plant edible organs (Haider et al., 2024).
Application of biochar to HMs contaminated soils had greatly enhanced plant growth, biochemical traits and nutrient’s ability of soils
(Das and Ghosh, 2023; Rassaei, 2023). Plant shoot and root morphological characteristics were improved by biochar application
(Malik et al., 2023; Wan et al., 2023).

Wheat physiological traits were severely impacted under Cd toxicity, however, BC and ABA and their combination had significantly
corrected chlorophyll a and b, carotenoids, SPAD values, RWC and MSI impairments (Fig. 2). The addition of biochar had decreased
ROS production and increased foliar chlorophyll, carotenoid and antioxidant capacity of plant under Zn and Cd contamination in soil
(Anbuganesan et al., 2024). The utilization of biochar to ameliorate abiotic stresses was facilitated by regulating key physiological
functions like transpiration (by increasing soil W.H.C), photosynthesis, stomatal conductance and chlorophyll content by enhancing
nutrient pool in soil and reducing the production of ROS by effectively restraining the Cd mobility in soil (Haider et al., 2022; Jiang
etal., 2022; Lan et al., 2024). Osmoregulators helped the plant to adapt to abiotic stress by adjusting their osmotic balance and BC was
found to increase osmoregulators in maize crops to cope better against soil environmental variations (Cong et al., 2023). Moreover,
high nutrients availability with BC in soil had helped wheat plants to survive Cd stress by enhancing its physiological characteristics.
Biochar has improved biomass, yield and chlorophyll contents in plants grown under abiotic stresses by increasing nutrient and water
uptake and improving soil physio-chemical properties (Kamal et al., 2024). The application of ABA significantly mitigated Cd
phyto-toxicity by increasing biomass, photosynthetic pigments and chlorophyll a and b levels and suppression of Cd toxicity genes
(Liao et al., 2023). The ABA had improved mung bean growth by regulating the lipid, photosynthesis and stress response genes under
Cd toxicity. It was revealed by transcriptome analysis that ABA promoted the hormone signaling and transport responsible genes and
modulated the photosynthetic activity to curb Cd phytotoxicity (Leng et al., 2024). The Cd toxicity was reported to hinder plant
transpiration by disturbing stomata opening and closing and chlorophyll contents by promoting enzyme degradation. The phyto-
hormones like ABA promoted plant growth by improving nutrient uptake, cell wall division and biochemical parameters (Dai et al.,
2023). Foliar and root zone application of ABA were found to detoxify HMs stress by improving plant biomass and increasing anti-
oxidant activity (Kamran et al., 2021). The ABA role in mitigating Cd toxicity was also observed on lettuce production, where, ABA had
increased biomass, physiological and biochemical aspects and reduced Cd uptake in lettuce edible parts (Tang et al., 2023). The
exogenous ABA had significantly up-regulated genes responsible for cell wall formation and enhanced the cellulose and hemicellulose
production in wheat roots. The thickened cell wall of roots served as a barrier to restrict HMs (Hg) to upper parts and hence indirectly
promoted the photosynthesis and physiological functions (Wang et al., 2023). The application of plant growth regulators especially
ABA has increased rice growth by mitigating oxidative stress in Cr contaminated soil (Alwutayd et al., 2024). The foliar spray of ABA
was reported to increase biomass and N assimilation in Arabidopsis through by modulating tricarboxylic acid cycle (Khoshniat et al.,
2023). Moreover, ABA had overexpressed the crucial transporter genes like AIT1, which decreased the metals uptake (Cd, Zn, Pb and
Ni) and promoted the plant physiological characteristics and photosynthesis (Zhu et al., 2024). Cadmium stress increased the pro-
duction of proline, MDA, and H,05 contents in wheat tissues, indicating that the plant underwent oxidative stress (Fig. 3). Moreover,
activities of antioxidant (SOD, CAT, POD, and POX) enzymes in plant tissues significantly improved with BC and ABA utilization,
scavenging ROS and improving plant growth (Fig. 4). However, the addition of BC and ABA decreased the production of these
oxidative stress indicators. The Cd stress in our experiment had increased the proline contents. The production of primary and sec-
ondary metabolites especially proline had important role in osmotic adjustment. The biochar has increased the plant osmo-protectants
by providing high water holding capacity (WHC) and nutrient absorption to withstand Cd stress. The increased plant root and shoot
biomass with biochar has also validated its role to improve osmo-protectants exposed to Cd pollution (Hussain et al., 2022).

The BC had increased the antioxidant enzymatic activities to cope enhanced ROS production to safeguard plant from membrane
damage, nucleic acid rupture and protein synthesis (Koramutla et al., 2021). The toxic level of Cd exposure in plant promoted MDA,
072, and H,0, production and in response plant initiated defensive mechanisms to cope toxic effect of these ROS by increasing levels of
SOD, CAT, POD in shoots (Unsal et al., 2020). The improved antioxidant defense system controlled many important plant functions and

11



F. Lin et al. Environmental Technology & Innovation 38 (2025) 104121

played key role in alleviating HMs stress (Chen et al., 2022). The utilization of amendment especially biochar had maintained plant
health through minimizing lipid peroxidation of cell membrane and improving antioxidant capacity of plant. The biochar application
has enhanced the antioxidant enzymes production under excess Cd and improved plant vigor by regulating peroxidase activity through
CAT and decomposition of superoxide was controlled through SOD by converting them into H2O, (Riaz et al., 2021). The POD pro-
duction had aided the plant respiration under HMs induced stress and effectively diminished ROS activities (Khan et al., 2022).
Similarly, ABA application also took part in producing antioxidant enzymatic activities to reduce Cd phytotoxicity in wheat plants. The
ABA application increased the SOD and POD activities in Cd-stressed B. napus cultivar and declined the ROS production to control
oxidative stress. The closure of stomata in guard cells under ABA influxes is one of the functions to abate oxidative stress (Liao et al.,
2023). The antioxidant enzymatic activities like SOD, APX, CAT and POD were increased with ABA application to control ROS and
protect cell membranes in mung bean and Brassica campestris L. (Leng et al., 2021; Li et al., 2023a). The supply of ABA was found to
increase CAT, SOD and POD activities in strawberry leaves suggested that ABA had protected the leaf membranes from lipid perox-
idation (Kocaman, 2023). The upregulation of antioxidant enzyme genes like MnSOD, CAT, APX and POX were reported to enhance
plant ability to resist abiotic stresses (Hu et al., 2021). The ABA utilization increased fenugreek resistant against HM stress by pro-
ducing NO which then can combine with ABA and H,0; to participate in activation of mitogen protein kinases and upregulated the
antioxidant encoding genes (Parwez et al., 2023). The ABA application to HMs stressed plants often found to have a positive correlation
with antioxidant enzymes and protected the important proteins from damage caused by HMs (Sun et al., 2023). This co-application of
BC and ABA is a suitable approach to improve growth and quality of crops by significantly decreasing oxidative stress.

The elevated levels of Cd had increased soil DTPA extractable and plant (root and shoot) Cd contents. The biological accumulation
factors and translocation factors like BAC, BCF and TF factors were all high under Cd pollution. While, ABA and BC were found to
mitigate Cd phytotoxicity by significantly reducing the Cd translocation and bioaccumulation (Fig. 5). The effectiveness of ABA for
mitigation of Cd phytotoxicity was acknowledged by many studies where ABA had controlled Cd accumulation and translocation of Cd
in many plant species via reducing transpiration rate (Dai et al., 2023). The application of ABA had been reported to affect Cd uptake in
plant by regulation of HMA gene expression (Chen et al., 2021). The ABA might obstruct HMA2 expression and thus control Cd
transport from lower to upper parts of the plant (Liu et al., 2022). The ABA upregulated the expression of the bZIP transcription to
produce protein for the inhibition of IRT1 expression and reduced the Cd accumulation (Liu et al., 2024). The exogenous ABA
application was found to control Cd uptake, translocation, and accumulation by decreasing hemicellulose production in root cell wall,
along with reducing the transcription levels of genes (IRT1, HMA2, HMA4, ZIP1) involved in Cd uptake and accumulation (AIT1 and
PDR8) while, restricting the Cd movement by controlling the transpiration rate (Meng et al., 2022). In another study ABA significantly
enhanced tolerance of Cd in Arabidopsis plants by upregulated the expression of ZAT6 to express GSH1, GSH2, PCS1, and PCS2 for
metal ion chelation (Liu et al., 2023).

The ABA application to S. alfredii, P. americana and durum wheat had reduced Cd mobility and uptake by strengthening apoplastic
barriers in roots stele. Similar findings were reported by Cheng at al. (2022), where ABA had decreased Cd accumulation and
movement via apoplastic pathway by decreasing stomatal conductance and transpiration. The ABA has decreased Cd uptake and its
accumulation in roots by the minimization of transpiration rate through modification in stomata size, aperture and density in leaves
(Deng et al., 2021). Therefore, low transpiration rate in leaves under ABA influence might be the dominant factors in reducing Cd
translocation and bioaccumulation in upper parts of the plants (Tao et al., 2021).

The BC application rates, and quality produced from different feed stocks were reported decrease Cd bioavailability owing to its
high pH and availability of macronutrients for promoting plants resistance against the stresses (Algethami et al., 2023). Several factors,
like electrostatic attraction, precipitation, ion exchange, complexation and conversion of inorganic forms into organic forms for HMs
were reported for HMs adsorption/immobilization with the addition of BC in HMs contaminated soil. Moreover, biochar application as
an amendment to contaminated and problematic soils have improved soil fertility and enhanced crop growth (Wang et al., 2023). This
amendment can also improve plant root structure, soil hydraulic conductivity and water retention and thus restrict HMs entry through
roots by increasing nutrient absorption (Haider et al., 2022). Apart from this function, biochar was also reported to reduce HMs
phytotoxicity by passivation methods like coprecipitation and complex formation. The high surface area, abundant functional groups
and high CEC associated with biochar has promoted transformation of exchangeable fractions of HMs to fixed or non-bioavailable
forms. Wang et al., 2023, demonstrated that surface adsorption, chemical binding with ions on biochar surface, surface complexa-
tion and precipitation with phosphorus was mainly few mechanisms responsible for HMs immobilization in soil (Senthilkumar and
Prasad, 2020). However, these mechanisms can vary with each metal as Cd and Zn and those mainly immobilized by the surface
adsorption while Cu was found to form chemical bonding on biochar surface whereas Pb showed affinity towards complexation with
functional groups. Moreover, biochar had increased organic matter bound fraction than acid extracted fraction of HMs in soil and thus
reduced availability of these HMs. The high pH and increased total soluble salts might also reduce HMs solubility in soil, therefore,
biochar incorporation to HMs contaminated soil effectively reduced their mobility and bioavailability owing elevated EC, CEC, and pH
(Awad et al., 2021). Our study showed that ABA and biochar have significantly reduced plant available Cd concentration in soil and
effectively controlled the bioaccumulation and translocation factors. Similar findings were also reported in other study where biochar
had reduced Cd uptake compared to untreated soil. Biochar had improved growth and yield of wheat and decreased the concentrations
of potentially hazard elements in grains grown using industrial wastewater (Irfan et al., 2022). The reduction in Cd translocation and
bioaccumulation in cereals and vegetables had significantly reduced health risks in humans (Naeem et al., 2020). Certain mechanisms
were reported associated with unitization of biochar to immobilize HMs toxicity in soil. Biochar also releases abundance of cations
likely Ca and Mg which might also enhance adsorption of HMs by the process of CEC. The negatively charged surfaces of biochar
provide electrostatic forces for positively charged metals (Cd) to adsorb on its surfaces produced by the high pH biochar in soil (Ahmad
etal., 2018). The formation of complexes between biochar associated functional groups (OH, COOH) as well as inorganic ions like Si, S
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and Cl might combine with HMs to reduce their mobility and solubility in soils (Tan et al., 2017). The HMs precipitation is another
process of reduction of bioavailability of HMs in soil likely when inorganic P released from biochar interact with HMs (Cd) (Yu et al.,
2024). The enhanced organic carbon contents owing to biochar application in HMs contaminated soils were reported to effectively
reduce metals mobility and plant uptake by converting the labile forms into non labile forms. The combination of ABA and BC was
proven effective in restoring root growth, nutrient uptake and crop vigor by regulating physiological traits, reducing oxidative stress,
mitigating Cd bioaccumulation and translocation in wheat, thereby ensuring cleaner and safer crop production.

5. Conclusion

This study demonstrated that individual and/or co-application of BC and abscisic acid (ABA) improved wheat growth by enhancing
biomass, root morphological traits, increase in photosynthetic pigments, and relative water contents, when cultivated under Cd-stress.
It was interesting that BC and ABA delivered synergistic and positive effects in alleviating Cd phytotoxicity, at 10 mg kg™ Cd level,
compared to the control (unamended soil). Specifically, the co-application of BC and ABA significantly decreased the proline, H,O5 and
MDA contents and increased CAT, POD, APX and POX activities (37-46 %) to mitigate Cd-mediated oxidative stress. Concomitantly,
these amendments decreased the DTPA-extractable soil Cd contents in soil and effectively lowering the Cd contents in roots and shoots.
The Cd translocation factors, biological accumulation coefficient and bioconcentration factors were reduced with these amendments.
Thus, it can be concluded that the combination of BC and ABA restored wheat growth under Cd stress. Moving forward, field studies
with various HMs should be performed to examine the effectiveness of the combination of BC and ABA for the long-term, practical and
cleaner cultivation of wheat in these contaminated soils.
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