Environmental Technology & Innovation 36 (2024) 103753

[ ]
Contents lists available at ScienceDirect et &I

environmental
TECHNOLOGY &
INNOVATION

Environmental Technology & Innovation

(]
&= =

ELSEVIER journal homepage: www.elsevier.com/locate/eti

Bamboo biochar helps minimize Brassica phytotoxicity driven by
toxic metals in naturally polluted soils of four mine zones

Abolghassem Emamverdian * *,‘Abazar Ghorbani ™¢, Necla Pehlivan‘, Yang Li°®,
Meisam Zargar ', Guohua Liu™"

 Co-Innovation Center for Sustainable Forestry in Southern China,.Bamboo Research Institute, Nanjing Forestry University, Nanjing 210037, China
Y National Key Laboratory of Green Pesticide, Key Laboratory of Green Pesticide and Agricultural Bioengineering, Ministry of Education, Center for
R&D of Fine Chemicals of Guizhou University, Guiyang, 550025, China

¢ Department of Biology, Faculty of Sciences, University of Mohaghegh Ardabili, Ardabil, Islamic Republic of Iran

4 Department of Biology, Recep Tayyip Erdogan University, Rize 53100, Turkiye

¢ Department of Mathematical Sciences, Florida Atlantic University, Boca Raton, FL 33431, USA

f Department of Agrobiotechnology, Institute of Agriculture, RUDN University, Moscow 117198, Russia

ARTICLE INFO ABSTRACT
Keywords: Researchers have recently become interested in utilizing biochar amendment as an organic
Bamboo biochar approach to enhance soil quality and minimize the mobility of toxic metals (TMs), which can help

Soil amendment
Plant stress tolerance
Toxic metal
Phytoremediation

grow TM-tolerant plant species in polluted areas. A pot experiment was conducted to examine the
efficacy of bamboo biochar (BB) in reducing the phytotoxicity of four unique mine-contaminated
soil types. According to a completely randomized design (CRD), in four replications on Brassica
juncea, a five-level bamboo biochar treatment (0 % Control, 2.5 % BB, 5 % BB, 7.5 % BB, and
10 % BB) was administered in naturally contaminated areas of Sarcheshmeh, Gol-Gohar, Cha-
dormalu, and Anguran mines. The data show that Bamboo Biochar (BB) increased soil enzymatic
activities (58 %), reformed soil structure, including pH (7 %) and electrical conductivity (EC)
(51 %), and decreased the availability of TMs (Zn (37 %), Pb(34 %), Cd(51 %), Cu(34 %)),
preventing accumulation in roots (42 %) and translocation to shoots (38 %). The phytochelatin
(79 %), ascorbic acid (56 %), glutathione contents (57 %), and antioxidant (51 %) and glyoxalase
activities (71 %) in B. juncea ultimately enhanced root-shoot dry biomass (44 %) and overall
tolerance to TMs in mine-polluted soil (43 %). BB at 10 % might be used as a reliable soil
amendment and natural metal immobilization adsorbent in the soil, as well as a suitable option
for reducing oxidative stress caused by TMs in B. juncea plants, which are strong phytor-
emediation candidates in polluted soils. Future research endeavors might aim to discover cost-
effective, efficient, and natural substances that can enhance and diminish environmental
toxicity, eliminate soil contamination caused by heavy metals, and ultimately enhance human
well-being. Keywords: Biochar Application; Soil amendment; Plant stress tolerance; Toxic metal;
Phytoremediation
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1. Introduction

Toxic metals are one of the most critical environmental pollutants released by significant sources such as extensive urbanization,
industrial waste disposal, and mine explorations (Adnan et al., 2022; Emamverdian and Ding, 2017; Emamverdian et al., 2018). In-
dustrial activity is a primary contributor to the accumulation of metals in the environment, and mining projects play a significant role
Multiple studies in recent years have found that TM levels have risen around mines through mining activities, particularly at mine
waste disposal sites, impacting the environment, the local ecology, plant development, and human health (Dusengemungu et al., 2022;
Hlihor et al., 2022). Iran possesses abundant mineral reserves throughout the nation’s boundaries, resulting in an extensive accu-
mulation of heavy metals that contaminate a large portion of the country’s soil, mainly due to mine tailings (Hosseini et al., 2018).
However, insufficient research has been conducted on using native plants as a sustainable approach to remediate the toxicity near mine
tailings (Ghaderian and Ghotbi Ravandi, 2012). Toxic metals in soil can affect soil enzymatic activities and soil characteristics such as
soil pH, electrical conductivity (EC), and soil organic matter (Xian et al., 2015; Ali et al., 2017). By interfering with gas exchange,
photosynthetic pigments, chlorophyll concentration, and stomatal conductance, prolonged TM contamination in soils reduces plant
growth and yield (Mourato et al., 2015). Toxic metals also induce plant oxidative stress via generating, e.g., excessive "Reactive
Oxygen Species (ROS)" (Georgiadou et al., 2018) or highly reactive derivatives such as methylglyoxal (MG) (Ghorbani et al., 2021,
2022; Raihan et al., 2022). When plants are subjected to high levels of TM stress, toxic substances such as excessive ROS and MG may
significantly disrupt plant metabolism and damage cell membranes (Rai et al., 2021; Kharbech et al., 2020). Being anchored and
rooted, prolonged contamination may eventually lead to plant death (Zulfigar et al., 2023; Wu et al., 2021; Emamverdian et al., 2023).
However, two crucial glyoxalase system enzymes, glyoxalase I and II, are in charge of MG scavenging in the first line of defense
(Hasanuzzaman et al., 2011; Mousavi et al., 2020). Reactive oxygen compounds include free radicals such as hydroxyl radical (¢éOH)
and superoxide anion (0% —) as well as non-radical molecules, such as hydrogen peroxide (H,03), and singlet oxygen (*03) (Sharma
et al., 2012; Ghorbani et al., 2024). Plants employ defense mechanisms that cope with environmental stress, which can trigger the
activation of antioxidant enzymes such as peroxidase (POD), superoxide dismutase (SOD), catalase (CAT), and glutathione reductase
(GR). This activation leads to reactive oxygen species (ROS) scavenging and protecting plant cells (Sytar et al., 2013). Enzymes
function by converting molecules that are by-products of metabolic processes into less harmful molecules, e.g., by facilitating the
conversion of HyO5 into less harmful oxygen and water molecules. Therefore, increasing the glyoxalase system and antioxidant ca-
pacities, such as enhancing the activity of antioxidant enzymes like POD, SOD,CAT, and phenylalanine ammonia-lyase (PAL) pro-
tecting plant cells against excessive radical compounds are two fundamental defensemechanisms under stress in TM contaminated soil
(Altaf et al., 2023).

In agricultural systems, different materials have been used to reduce the bioavailability and immobilization of TMs which are
including phosphate fertilizers, CaO, fly ash, organic waste (compost), medical stone, and biochar (Mahar et al., 2016; Hmid et al.,
2015; Wang et al., 2016). Biochar is a carbon-rich substance that is often produced at high temperatures (>300°C) in limited oxygen
conditions and can be made from a variety of organic resources, including agricultural and forest residual biomass, wood, straw, and
manure (Gonzaga et al., 2017; Kalinke et al., 2017). Numerous studies have demonstrated that biochar promotes growth by boosting
the activity of plant antioxidant enzymes, which can strengthen plant defense systems (Li et al., 2015; Wang et al., 2014), yield, and
beneficial soil features, all of which can ultimately enhance crop quality and nutritional value (Olmo et al., 2014). Biochar application
is recognized as a cost-effective and sustainable practice for reducing TM mobility in polluted soils, limiting bioavailability by reducing
adsorption and translocation of TMs (Zn, Cd, and Pb) from soil to plant aerial organs (Marchand et al., 2016; Ibrahim et al., 2022).
Biochar types with a high cation exchange capacity (CEC), alkaline pH, and high capacity for carbon sequestration could be suitable
materials for absorbing TMs from polluted soil (Pehlivan et al., 2023). The high surface of the material allows the absorbance of a
substantial quantity of water and nutrients that can resist soil decomposition (Kim et al., 2015; Xu et al., 2012).

Compared to other plants, bamboo plants are an inexpensive resource to remove pollutants from the soil, water, and air. Bamboo’s
large biomass quickly transforms it into a plant with a high potential for phytoremediation (Bian et al., 2020). Bamboo biochar (BB)
and bamboo charcoal are two bamboo products with a high capacity to remove and absorb nitrate-nitrogen, foam gases, and
particularly TMs, from the environment (Ma et al., 2010). Bamboo biochar might be a great alternative for plants to absorb TMs owing
to the substantial surface area and wide range of mesoporous and microporous structures (Ouyang et al., 2014). Therefore, to increase
plant tolerance in polluted agricultural soils, such as those damaged by mining, it is required to identify diverse BB forms and assess the
effects of varying BB concentrations on plant defense systems. We here hypothesized that BB could increase plant tolerance to TMs
through a number of fundamental mechanisms against ROS, including free radicals such as hydroxyl radical (e OH) and superoxide
anion (O%e—) as well as non-radical molecules, such as H30,, and singlet 102 (Sharma et al., 2012), by increasing plant antioxidants
and improving glyoxalase (Gly) system, enhancing the effectiveness of phytochelatins and reducing ion transfer to plant aerial organs
by restricting ion mobility (Sharma et al., 2012).

Brassica juncea is a member of the Brassicaceae family with a strong phytoremediation capacity (may collect a substantial quantity
of TMs on the root surface) as well as favorable traits such as being a hyperaccumulator and having rapid growth in TM contaminated
soil. This species can be utilized in polluted regions for soil rehabilitation and oil and feed production (Fiaz et al., 2014). With the
potential use of Brassica juncea as a phytoremediation plant, our study aims to decrease soil contamination by using an economical and
low-cost material and evaluate the impact of various BB levels on the reduction of TMs in four soil-polluted mining areas (Wang et al.,
2016). We also seek a better understanding of the mechanisms involved in applying BB to increase Brassica juncea tolerance to TMs
stress. On the other hand, the use of medical stone in growth media is feasible due to its high cation exchange capacity (CEC) and high
surface area. Therefore, based on our current understanding, this study is the first to compare BB with incorporating a specific compost
combination (consisting of medicinal stone, chicken dung, and sawdust) concerning the limitations of TM bioavailability in the soils
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surrounding these four mining sites. Additionally, using BB to enhance the phytoremediation capacity of Brassica juncea in this region
might be considered a novel aspect of this research.

2. Material and method
2.1. Materials and methods applied

Contaminated soil used in the experimental set-up was obtained from four mines, namely Sarcheshmeh (S), Chadormalu (C), Gol-
Gohar (G), and Anguran (A). Mine and Smelter contaminated soils provided from (A) Sarcheshmeh (29°56'~40'N, 55°52'~20'E
Kerman Province, Iran, which is the second-largest copper deposit worldwide containing substantial amounts of molybdenum, gold,
and other rare metals (B); Chadormalu (32°19'~03'N, 55°31'~40'E Yazd Province, Iran, the primary iron ore concentrated in the
Middle East, with a production of seven million tons of iron ore per year (C); Gol-Gohar (29°6'~04'N, 55°19'~23'E Sirjan County,
Kerman Province, Iran, is one of the largest iron ore mine in Iran with total reserve of 1.135 billion tons) (D); Anguran (36°37'~28'N,
47°24'~20'E Sheykhlar, Mahneshan County, Zanjan Province, Iran, is one of the primary zinc producers in Iran) (Fig. 1). The main
pollution sources in these four areas are mine tailing, mine wastewater, and atmospheric deposition.

The mine locations were selected based on preliminary studies undertaken by other researchers, which identified a significant issue
of high toxicity in these specific areas of the country. The soil sampling for the pot experiments was conducted by sampling small
segments (20 m?) of soil with depths ranging from 0-20 cm around the mines, which compose one sample per site. Then, the samples
were packaged in polyethylene bags and transferred to the lab. The soil samples were manually grounded, dried, and shaded at
ambient temperature, then sieved through a 2 mm sieve to produce the final form of pot soil. Nanchang Company, Jiangsu, China,
provided bamboo biochar and medical stones. We have used chicken manure and sawdust collected from local wood factories in Iran.
For the compost, chicken manure, medical stone (2.5 %), and 2:1 dry-weight base sawdust were mixed in a composter (130 L PVC) for
60 days (Li et al., 2015; Wang et al., 2016). The final compost with different concentrations of BB and the soils sampled from the
natural mining sites were used as plant growing mix designated in completely randomized pot experiments. The treatments consisted
of five concentrations of biochar: A (0 % Control), B (2.5 % BB), C (5 % BB), D (7.5 % BB), and E (10 % BB) mixed in four types of
contaminated soil Sarcheshmeh (S); Gol-Gohar (G); Chadormalu (C); Anguran (A) in four replicates. The pots were 15 x 12 x 9 cm?
filled with 1 kg of growing media, including mining soil, compost (2.5 %), and BB. Ten Brassica juncea seeds (ShaanYou 16) for each

e —

Fig. 1. The photos and the map show four polluted mining sites, including Sarcheshmeh (S) (A); Gol-Gohar (G) (B); Chadormalu (C) (C); Anguran
(A) (D) four mining areas in which soil characteristics, and the assessment of toxic metal levels compost, and bamboo biochar was performed.
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pot were sterilized in 3 % H20, then planted. Throughout the experiment, pots were kept in an open environment greenhouse for ten
weeks. To analyze metabolic and biochemical parameters, the harvested Brassica samples comprising leaves and roots were transferred
to the lab at the end of the experiments for the nutritional and physiological analysis and maintained in a Haier-China refrigerator at
—20 °C.

The standard methods were used for the determination of soil characteristics such as electrical conductivity (EC), organic matter,
and soil pH (1:2) (Li et al., 2015). We used ICP-AES to determine the total TMs in the natural mining soils based on the method of Hu
et al., (2014). The DTPA/TEA extractable TMs (Cu, Pb, Cd, and Zn) were measured according to the protocol of Lu et al. (2014).
Nitrogen sorption analysis at 77 K (TristarII 3020, Micromeritica Instrument Corporation, USA) was performed for the determination
of BB surface area in a surface analyzer (Brunauer-Emmett-Teller (BET) according to the method of Mahar et al. (2016).

2.2. Determination of soil enzymatic activities

Soil enzyme activities were measured after harvesting Brassica juncea. The soil enzymes were determined by the following methods
of Abujabhah et al. (2016) for p-glucosidase, Yang et al. (2016) for urease, and Xian et al. (2015) for alkaline phosphatase.

2.3. Toxic metal accumulation in the leaves and roots of Brassica juncea

Ten weeks after the onset of experiments, the TM accumulation analyses were performed using Karimi’s method (Karimi et al.,
2013) with a few modifications. The roots and shoots were washed and cleaned separately with deionized water, then dried in an oven
at 110 °C for 5-8 hours. The tissues (0.25 g of Brassica root samples and 0.50 g of shoot samples) were mixed with HNO3-HCIO4 (3:1) at
75 °C for 30 min. before being centrifuged at 10.000 g for 10 min. The concentration of TMs was measured by ICP-AES according to
Chen et al. (2010)

2.4. Calculation of tolerance index (T.I.) and metal immobilization (MI)

Shoot and root tolerance indexes were calculated to determine the efficacy of BB on plant tolerance under TM stress. The below
formula evaluated theBB impact onTM immobilization (ITM):

Shoot tolerance index (TI) = shoot dry weight (DW) of treatments (g) / shoot dry weight (DW) of control (g).

Root tolerance index (TI) = root dry weight (DW) of treatments (g) / root dry weight (DW) of control (g).

The percentage of TM immobilization (%) = DTPA extractable TMs in control - DTPA extractable TMs in the treatment / DTPA
extractable TMs in control x 100

DTPA (diethylene triamine penta-acetic acid)

2.5. Determination of plant antioxidant enzyme activities

0.5 g of Brassica juncea leaves were ground with mortar and pestle, and the obtained powder was mixed with liquid nitrogen (LN).
Then, 3 ml of pH 7.6 phosphate buffer was added to powdered leaves; then, the supernatant was obtained by centrifugation at
3000-4000 xg at 5 °C for 15 min.

According to the method used by Upadhyay et al. (2021), the superoxide dismutase (SOD) activity (EC 1.15.1.1) was assessed using
photoreduction nitro blue tetrazolium (NBT) by measuring absorbance at 560 nm. The Liu technique (Liu et al., 2014) was used to
determine the peroxidase activity (POD, EC 1.11.1.7) by wavelength absorption of 470 nm (0.001/min. at 25 °C). Using the extinction
coefficient of H,O5 at 39.4 M~ em™! at 240 nm, the catalase (CAT) (EC 1.11.1.6) activity was estimated (Azeem et al., 2023). Ac-
cording to the protocol used by Rezayian et al. (2023), phenylalanine ammonia-lyase (PAL) activity was also evaluated. For this,
various concentrations of cinnamic acid were utilized, and PAL activity was measured at 290 nm for a duration of 25 min.

2.6. Determination of glyoxalase (Gly) activity

Using the technique described by Hasanuzzaman et al. (2011), the activity of glyoxalase (Gly I) was measured. The protein extract
recorded an absorbance of 412 nm for 1 min. while the Gly II activity was monitored using the technique at 240 nm for 1 minute.
According to the protocol used by Mohi-Ud-Din et al. (2021), methylglyoxal (MG) was further detected using a 200-500 nm absor-
bance range for 17 cycles by 1 min. intervals

2.7. Glutathione, ascorbic acid, and phytochelatin content

The GSH content data was obtained by subtracting the GSSG content from the total glutathione amount (Gill et al., 2015). AsA
content has been estimated by the absorbance of supernatants at 265 nm via the AsA standard curve (Bhuyan et al., 2019). Phy-
tochelatin concentration was obtained by non-protein thiol extraction and absorbance reading at 412 nm by the Ghorbani et al. (2022)
method.
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2.8. Determination of Brassica juncea chlorophyll pigments

Chlorophyll a, chlorophyll b, and carotenoids were calculated using protocol by Yusefi-Tanha et al., (2023) based on the absor-
bance rate in 663, 645, and 470 nm, respectively. Data were given as mg/g of fresh weight by the following formulas:

Chlorophyll a = 12.25 x (A value of 663 nm) — 2.79 x (A value of 647 nm).

Chlorophyll b = 21.50 x (A value of 647 nm) — 5.10 x (A value of 663 nm).

Carotenoid = 1000 x (A value of 470 nm) — 1.82 x (Chlorophyll @) — 95.15 x (Chlorophyll b) / 225.

Total Chlorophyll = Chlorophyll a + Chlorophyll b

2.9. Statistical analysis

Using the R software, a 2-way factorial design with four repeats was employed to analyze variance (ANOVA). The research was
conducted using a single completely randomized design (CRD), and Tukey’s honest significant difference (HSD) test was used to assess
the mean differences between treatments at a probability level of p < 0.05.

3. Results
3.1. Soil characterization

The main characteristics of soils sampled from four naturally contaminated sites, including Sarcheshmeh (S), Chadormalu (C), Gol-
Gohar (G), and Anguran (A), were measured along with total soil TMs (Cu, Pb, Zn, and Cd) (Table 1).

3.2. Bamboo biochar impact on soil EC and PH

Data analysis of the effect of BB on soil EC and pH revealed a significant distinction between different treatments (P<0.001), which
demonstrated that applying BB significantly enhances soil structure while raising soil EC and pH values. The application of 10 % BB to
the various polluted soils collected near the mines resulted in the highest increases in soil EC and pH values, with respective increases
of 59 % and 11 % in Sarcheshmen, 93 %, and 10 % in Gol-Gohar, 80 % and 10 % in Chadormalu, and 72 % and 10 % in Anguran
mining sites compared to control soils. Fig. 3 shows that the doses of 2.5 %, 5 %,7.5 %, and 10 % BB increased the pH and EC values of
the soil.

3.3. Impact of bamboo biochar on the enzymatic activities in different natural mining soils

To evaluate the impact of BB on the soil enzymatic activities, f-glucosidase, urease, and alkaline phosphatase were measured. Four
mine-polluted soils showed an increasingly large disparity in the soil enzyme activity after different treatments (P<0.001). The
application of a 10 % BB dose to the soils of Chadormalu and Gol-Gohar resulted in the most significant increases in soil enzyme
activity, with a 97 % rise in -glucosidase and 132 % and 97 % rise in urea and alkaline phosphatase activities, respectively, in
compared to their controls. However, the impact of lower BB doses also revealed a significantly higher increase in soil enzymatic
activities. 2.5 % BB increased -glucosidase, urease, and alkaline phosphatase activities in Gol-Gohar, Anguran, and Anguran soils by
16 %, 26 %, and 14 %, respectively, compared to the controls (Fig. 4). Results showed that BB positively impacted enzymatic activities
in naturally mine-polluted soils.

Table 1

Significant characteristics of toxic metal contaminated soils of four mines; the data are given as mean (n=4).
Major soil characteristics S-soil C-soil G-soil A-soil
pH 8.02 7.77 7.89 8.09
Silt % 37.29 41.24 42.12 49.21
Clay % 1.77 1.65 1.11 1.63
Sand % 65.21 69.33 63.22 69.63
EC. (uS cm ™) 376 389 423 455
Total TMs in soil S-soil C-soil G-soil A-soil
Cu 8976 5234 4876 3356
Pb 2717 3567 2987 2821
Zn 6130 8530 8110 12670
Ccd 415 713 523 610
Extractable TMs in soil S-soil C-soil G-soil A-soil
Cu 815 443 428 389
Pb 248 288 269 262
Zn 653 786 754 1194
Cd 41 68 48 54
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Fig. 2. Bamboo biochar visualized under a scanning electron microscope, which showed the surface area at high magnification.

3.4. Impact of bamboo biochar on TM bioavailability

The availability of TMs (Cu, Pb, Zn, and Cd) under BB conditions was monitored and analyzed. The results of TM extraction from
soils showed considerable variation between different TM concentrations in various treatments for Sarcheshmeh (S), Gol-Gohar (G),
Chadormalu (C), Anguran (A)(p<0.001), which revealed that BB significantly reduced the TM availability in the soils (Fig. 5). The
findings indicated that a dose of 10 % BB caused the most significant decrease in TM bioavailability. Sarcheshmeh (S) polluted soils
showed a 71 %, 70 %, 82 %, and 63 % reduction in Zn, Pb, Cd, and Cu bioavailability relative to control. However, other polluted sites
also significantly reduced TM bioavailability by 10 % BB and the DTPA-extractable TMs decreased in the following order: Cd (82 %) >
Zn (71 %) > Pb (70 %) > Cu (63 %) in Sarcheshmeh (S) soil; Cd (70 %) > Pb (57 %) > Cu (47 %) > Zn (42 %) in Gol-Gohar (G) soil; Cd
(75 %) > Pb (57 %) > Zn (51 %) > Cu (48 %) in Chadormalu (C) soil; Cd (72 %) > Zn (70 %)> Pb (59 %)> Cu (51 %) in Anguran (A)
soil (Fig. 5).
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Fig. 3. The impact of different bamboo biochar ratios on soil structures (EC (A) and pH (B)). The boxes present the lower and upper quartiles
(25-75 %). The whiskers show the min-max values. Lines in the boxes indicate median values (n=4). The treatments include four polluted mine
soils (Sarcheshmeh (S); Gol-Gohar (G); Chadormalu (C); Anguran (A)) alone or in combination with five different concentrations of bamboo biochar
(0 % control, 2.5 %, 5 %, 7.5 %, and 10 %). The lowercase letters (a, b, ¢, d, etc.) show significant differences among treatments based on Tukey’s
HSD test (p< 0.05).

3.5. Impact of bamboo biochar on TM translocation to plant shoots

Brassica juncea shoots were tested for Cu, Pb, Zn, and Cd, and the data analysis revealed a substantial difference in the TM contents
in different mine-polluted areas (P<0.001). A reduction trend in TM contents in shoots by BB application was obtained. The highest
reduction of metal content in the Brassica juncea shoots grown in different mine soils mixed with BB was in Sarchemesh (S) with 57 %,
73 %, and 88 % reduction in Cu, Pb, and Cd, along with Anguran (A) (60 % reduction in Zn compared to control). This demonstrated
that adding BB to soils reduced the quantity of bioavailable TMs and caused minimal translocation in the shoots of Brassica plants
grown in mining soil. However, 10 % BB application to the Sarchemesh (S), Gol-Gohar (G), Chadormalu (C), and Anguran (A) soils had
the most prominent advantage from BB treatment in terms of a decrease in TM transfer to bamboo shoots by 57 %, 46 %, 48 %, and
53 % reduction in Cu, 73 %, 58 %, 61 %, and 66 % reduction in Pb, 54 %, 33 %, 40 %, and 60 % reductions in Zn, and 88 %, 61 %,
75 %, and 71 % reduction in Cd in compare with control treatments respectively (Suppl. Fig. 1.).

3.6. Impact of bamboo biochar on TM accumulation in Brassica juncea roots

The results demonstrated that using BB prevented TM accumulation in plant roots, which showed the same restriction pattern in the
shoot TM concentrations. We discovered a significant barrier that prevented shoot accumulation when different BB BB ratios were
supplied (p<0.001). The data confirms that TM uptake in roots significantly influenced by the high adsorption capacity of applied BB,
which can fix TMs in the mine soils and lead to immobilization. The 10 % BB in the mine soils resulted in the most significant reduction
of TMs (Cu, Pb, Zn, and Cd) by 70 %, 71 %, 58 %, and 89 %, respectively, in Sarchemesh soils (S), 50 %, 66 %, 40 %, and 62 % in Gol-
Gohar soils (G), 53 % in Chadormalu (C), and 55 % in Anguran soils (A) when compared to their control treatments (Suppl. Fig. 2.).

3.7. Impact of bamboo biochar on tolerance index (TI) and metal immobilization (MI)

The data obtained by calculating TI in shoot and root indicated a significant difference among treatments (P<0.001), showing an
increasing trend in TI with BB application. The highest percentage of TI in shoot and root of Brassica plants was obtained in the 10 % BB
dose supplemented by 86 % and 40 % in Sarcheshmeh (S); 74 %, and 82 % in Gol-Gohar (G); 69 %, and 67 % in Chadormalu (C); and
71 %, and 56 % in Anguran (A) in comparison with their controls, respectively. On the other hand, calculations of the MI percentage in
Cu, Pb, Zn, and Cd treatments displayed a significant increase in metal immobilization rate with different amounts of BB (P<0.001), in
which 10 % BB resulted in the highest percentage of MI. Sarcheshmeh (S) polluted soils showed a 63 % reduction in Cu, 69 % in Pb,
54 % in Zn, and 82 % reduction in Cd, while Gol-Gohar contaminated soils showed a 43 % reduction in Cu, 57 % in Pb, 42 % in Zn, and
70 % reduction in Cd. Furthermore, Chadormalu (C) polluted soils represented a 47 % reduction in Cu, 57 % in Pb, 51 % in Zn, and
74 % in Cd, and Anguran (A) polluted soils showed a 51 % reduction in Cu, 59 % in Pb, 70 % in Zn, and 72 % in Cd compared to their
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Fig. 4. The impact of different bamboo biochar ratios on soil enzymatic activities in Brassica (f-glucosidase (A), alkaline phosphatase (B), and
urease (B)). The boxes present the lower and upper quartiles (25-75 %). The whiskers show the min—-max values. Lines in the boxes indicate median
values (n=4). The treatments include four polluted mine soils (Sarcheshmeh (S); Gol-Gohar (G); Chadormalu (C); Anguran (A)) alone or in com-
bination with five different concentrations of bamboo biochar (0 % control, 2.5 %, 5 %, 7.5 %, and 10 %). The lowercase letters (a, b, ¢, d, etc.)
show significant differences among treatments based on Tukey’s HSD test (p< 0.05).

respective controls (Table 2).
3.8. Impact of bamboo biochar on chlorophyll content of Brassica juncea

Table 3 displays the carotenoid and chlorophyll levels of plants grown in natural mine-polluted soils supplemented with BB. The
carotenoid and chlorophyll pigment amounts varied significantly between treatments (p<0.001). The most considerable improvement
was related to the dose of 10 % BB in the soils, with a 34 % increase in chlorophyll-a in Chadormalu and Anguran soil, a 175 % increase
in chlorophyll-b, 64 % increase in total Chlorophyll, and a 174 % increase in carotenoid content in Gol-Gohar soil, respectively, in
comparison to their controls. This confirmed that BB increased photosynthetic pigment intactness in polluted sites.
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Fig. 5. The impact of different bamboo biochar ratios on extractable metal in the soil (Cu (A), Pb (B), Zn (C), Cd (D)). The boxes present the lower
and upper quartiles (25-75 %). The whiskers show the min-max values. Lines in the boxes indicate median values (n=4). The treatments include
four polluted mine soils (Sarcheshmeh (S); Gol-Gohar (G); Chadormalu (C); Anguran (A)) alone or in combination with five different concentrations
of bamboo biochar (0 % control, 2.5 %, 5 %, 7.5 %, and 10 %). The lowercase letters (a, b, c, d, etc.) show significant differences among treatments
based on Tukey's HSD test (p< 0.05).

3.9. The impact of bamboo biochar on Brassica juncea root and shoot dry biomass

The data analyses showed that the BB application significantly increased shoot and root dry biomass in Brassica plants grown in TM-
contaminated soils of four mines (p<0.001), which revealed that BB application increases biomass in Brassica. The most influential
ratio in increasing root and shoot dry biomass was the 10 % BB in four mining soils by 40 % and 85 % increase in Sarcheshme, 82 %,
73 % increase in Gol-Gohar, 67 %, 69 % increase in Chadormalu, 57 %, and 71 % increase in Anguran in compare with the controls,
respectively. The results demonstrated that in four mine-polluted soils, plant biomass measured as the dry weight of roots and shoots
could increase at all BB ratios. This revealed that introducing 2.5 % BB into the polluted mine soils resulted in the lowest increase in
plant root and shoot biomass, by 16 % and 19 % in Sarcheshme, 25 % and 12 % in Gol-Gohar, 21 % and 6 % in Chadormalu, and 21 %
and 7 % in Anguran, respectively, in comparison to control (Suppl. Fig. 3.).
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Table 2
Changes in the tolerance index (TI) of the Brassica shoot, root, and metal immobilization (MI) in four polluted mine soils supplemented with 0 %
control, 2.5 %, 5 %, 7.5 %, and 10 % bamboo biochar relative to control. The data display the mean =+ standard error of four replicates.

Treatments TI(shoot) TI(root) MI(Cu) MI(Pb) MI(Zn) MI(Cd)

S 14+ 0.05% 140.04* nd nd nd nd

G 1+ 0.05* 1 40.04* nd nd nd nd

C 1+ 0.05° 1+ 0.04° nd nd nd nd

A 1+ 0.05° 1+0.04% nd nd nd nd

S +2.5 % BB 1.1940.05' 1.17+0.04" 20.61+4.24 14 15.48+2.48 &°¢ 15.01+4.48 &4 17.18+ 3.71%

G +2.5 % BB 1.1240.05"8 1.25+0.04 Mf 9.40+4.24 M8 10.25+2.48 7.93+4.488° 34.71+3.71%4

C +2.5%BB 1.06:£0.051" 1.21:£0.04'8 7.03+4.24 " 4.56+2.48 "8 10.214+4.48 &°¢ 15.58+3.71%

A +2.5% BB 1.07+0.05" 1.21+0.04'8 15.75+4.24 ' 8.44+2.48 M 14.48+4.48 &4 23.40+3.71°

S +5 % BB 1.4140.05 &4 1.28+0.04 e 40.05+4.24°° 45.68+2.48 48.77+4.48" 34.24+ 3.71%

G +5 % BB 1.340.05 "¢ 1.5240.04° 17.88+4.24 ¢ 18.59+2.48 ¢ 24.7144.48%¢ 45.13+3.714¢

C+ 5% BB 1.26 + 0.05 1.43 + 0.04 8¢ 32.19 + 4.24 ¢ 17.85 + 2.48f 35.22 + 4.48%° 34.18 + 3.71%¢

A+5 % BB 1.3040.05 ¢ 1.40+0.04 ™4 31.49+4.24 8¢ 23.79+2.48%¢ 39.61+4.48 46.40+3.719%

S +7.5% BB 1.73+0.05%2 1.37+0.04 60.87+4.24" 63.30+2.48° 66.03+4.48° 77.69+3.71%

G +7.5 %BB 1.51+ 0.05°P 1.70+ 0.04> 30.244 4.24 8¢ 34.30+ 2.48% 33.56+ 4.48°" 66.24:+ 3.71%

C +7.5 % BB 1.45+ 0.05 ¢ 1.57+ 0.04%4° 41.21+ 4.24%2 36.05+ 2.48% 48.26+ 4.48" 59.70+ 3.71

A+7.5 % BB 1.45+ 0.05 1.46+0.04 44.764+4.24%2 41.2342.48° 49.9244.48" 66.9+3.71%

S +10 % BB 1.85+0.05% 1.40+0.04 h-d 63.44+4.24% 69.94 +£2.48° 54.03+4.48" 82.59+3.71%

G +10 % BB 1.74+ 0.05% 1.824 0.04° 43.44+ 4.24°7 57.18+ 2.48" 42.06+ 4.48 70.72+ 3.71%

C +10 % BB 1.69+ 0.05%2 1.67+ 0.04%° 47.65+ 4.24°2 57.13+ 2.48" 51.41+ 4.48" 74.34+ 3.71%

A+ 10 % BB 1.71+ 0.05°° 1.56:£0.049" 51.20+4.242 59.16+2.48° 70.22:+4.48° 72.19+3.71%
Table 3

The effect of different levels of bamboo biochar on photosynthetic pigments (Chl-a, Chl-b, Total Chl, and Carotenoid) of Brassica. The data show the
mean =+ standard error of four replicates. The treatments include four polluted mine soils (Sarcheshmeh (S); Gol-Gohar (G); Chadormalu (C); Anguran
(A)) alone or in combination with five different concentrations of bamboo biochar (%0 control), 2.5 %, 5 %, 7.5 %, and 10 %). The lowercase letters
(a, b, ¢, d, etc.) show significant differences between treatments determined by Tukey's test (p< 0.05).

Treatment Chl-a Chl-b Chl a+b Caratenoids
(mg g~' F.w) (mg g~ F.w) (mg g~ F.w) (mg g™! F.w.)
S 6.02:+ 0.06 1.98 +0.04! 8 +0.09 ™ 1.19 + 0.09 ™J
G 5.35 + 0.06° 1.32 +0.04 " 6.61+ 0.099 0.87 +0.09™
[¢ 5.48 + 0.06°" 1.48 +0.04 " 6.96:+ 0.09% 0.92 +0.09™
A 5.65+ 0.06°™ 1.72+0.04™ 7.374 0.09°° 0.98 +0.09 ™
S +2.5 % BB 6.51+ 0.06™ 2.68 + 0.04! 9.19+ 0.09 1.71 + 0.09'¢
G +2.5 % BB 5.79 + 0.06 ™! 1.75 £ 0.04 ™ 7.54:+ 0.09°" 1.02 +0.09 ™
C+2.5 % BB 5.92+ 0.06 ™k 1.87 £ 0.04 ™ 7.794 0.09°™ 1.09+ 0.09 ™k
A +2.5 % BB 6.18+ 0.06%" 2.08 + 0.04'% 8.26 +0.09 ™ 1.31 £ 0.09 ™
S + 5% BB 7.12 + 0.06 4 3.43 + 0.04® 10.55+ 0.09 2.28 + 0.097¢
G+ 5% BB 6.27+ 0.06'" 2.23 + 0.04% 8.5+ 0.09 ¥ 1.45 + 0.09"
C +5 % BB 6.39+ 0.06' 2.45 + 0.04 8.84+ 0.09Y 1.58 + 0.09"
A +5% BB 6.75+ 0.06 "¢ 2.78 + 0.04! 9.53+ 0.09™ 1.85 + 0.09"f
S +7.5% BB 7.81+ 0.06" 412 + 0.04° 11.93+ 0.09" 2.69 + 0.09"2
G +7.5 % BB 6.79+ 0.06 Mf 2.89 + 0.04" 9.68+ 0.09 " 1.94 + 0.09"¢
C +7.5 % BB 6.88 + 0.06 &° 3.09 + 0.04 '8 9.99+ 0.09 "8 2.04 + 0.09 ™4
A +7.5% BB 6.98+ 0.06 8¢ 3.22 + 0.04% 10.2+ 0.09 &f 2.15 + 0.098¢
S +10 % BB 8.02:+ 0.06 4.41 +0.04° 12.43+ 0.09% 2.88 + 0.09°
G + 10 % BB 7.194 0.06°¢ 3.64 + 0.04% 10.83+ 0.09°% 2.39 + 0.09°?
C+ 10 % BB 7.39+ 0.06% 3.76 + 0.04% 11.15+ 0.09% 2,51 + 0.09%2
A+ 10 % BB 7.62+ 0.06° 3.97 + 0.04%° 11.59+ 0.09%° 2.63 + 0.09%?

3.10. Impact of bamboo biochar on phytochelatin, ascorbic acid, and GSH content of Brassica juncea

Phytochelatin, ascorbic acid, and GSH content measurements indicated significant variations between BB ratios in mine-polluted
soils (p<0.001). The content of these three indexes was found immoderate in all four polluted soils, including Sarcheshmeh, Gol-
Gohar, Chadomalu, and Anguran, in comparison to their control treatments, with increments in phytochelatin content by 102 %,
180 %, 148 %, and 125 %, ascorbic acid by 68 %, 138 %, 117 %, and 99 %, and GSH content by 76 %, 107 %, 96 %, and 88 %,
respectively. On the other hand, the findings showed that phytochelatin, ascorbic acid, and GSH contents were potentially raised in all
BB concentrations. However, the decrease in all three indices was maximum for the low BB concentrations. Therefore, applying 2.5 %
bamboo biochar to the Sarcheshmeh and Anguran polluted soils led to the weakest improvements in phytochelatin, ascorbic acid, and
GSH contents, with respective reductions of 25 %, 19 %, and 18 % compared to their control treatments (Suppl. Fig. 4.).
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3.11. Impact of bamboo biochar on plant antioxidant machinery and glyoxalase activity of Brassica juncea

Antioxidant enzyme activity tests revealed a significant difference between diverse natural soils supplemented with varying
amounts of BB (p<0.001), demonstrating an upward trend in antioxidant activity. Plant treatments exposed to four mine-polluted soils
(Sarcheshmeh, Gol-Gohar, Chadormalu, and Anguran) supplemented with 10 % BB increased SOD activity by 65 %, 81 %, 74 %, and
73 %, POD activity by 75 %, 147 %, 125 %, and 104 %, CAT activity by 55 %, 73 %, 68 %, and 63 %, and PAL activity by 104 %, 75 %,
160 %, and 145 %. Glyoxalase activity (GLY1 and GLY2) throughout treatments in various mine-polluted soils, on the other hand,
developed significant variance between treatments (p<0.001). This has demonstrated that adding BB into contaminated soils promotes
glyoxalase activity. According to the findings, the plants exposed to Gol-Gohar soil under 10 % BB showed the most significant increase
in GLY1 and GLY2 compared to control treatments, with 158 % and 135 % values, respectively. This ultimately lowers the amount of
MG in the plants (Suppl. Fig. 5.).

4. Discussion

Biochars can improve pH, cation exchange, water-holding capacity (WHC), organic carbon concentrations, electrical conductivity
(EC), and TM bioavailability in the soil (Calcan et al., 2022) in addition to improving soil aggregation porosity and stability, nutrient
cycling, penetration resistance, and tensile strength (Pehlivan and Wang, 2022). Biochars can also lower soil acidity, which might aid
in improving soil fertility (Shetty and Prakash, 2020). Given that these materials can release cations into the soil after being added, the
pH and EC of the soil gradually rise (Kim et al., 2015; Al-Wabel et al., 2015). Thus, this enhances plant growth and development while
reducing the bioavailability of TMs (Calcan et al., 2022). The bioavailability and mobility of TMs can be limited when biochar converts
the accessible portion into a geochemically stable fraction (Kim et al., 2015; Al-Wabel et al., 2015; Fellet et al., 2011).

Pyrolysis of feedstock such as bamboo enhances the soil pH, which is associated with the release of alkali salts in soils (Lu et al.,
2014; Houben et al., 2013). In accordance with that, BB showed an alkaline character. Data revealed that applying different per-
centages of BB increased soil properties (soil pH and soil EC), which was in line with earlier studies (Al-Wabel et al., 2015; Shen., et al.,
2016; Zhang et al., 2019).

For monitoring TM contamination, as well as agricultural practices and soil management, soil enzymatic activity is a crucial
indication of soil health (Yang et al., 2016). Consequently, measuring the activity of soil enzymes can serve as a baseline for doc-
umenting soil pollution with TMs in a specific location. For instance, p-glucosidase releases low molecular weight sugars that give
energy to soil bacteria (Pathan et al., 2017), and our results indicated that BB could boost p-glucosidase activity in the soil. Also,
alkaline phosphatase stimulates mineralization in soil, thus enhancing root growth. Biochar application might have strengthened such
mineralization in our work since BB and compost contain phosphorus (Lehmann et al., 2011). However, ureases may accelerate the
soil’s ability to process organic materials and nutrients. According to reports, BB helps soil microbes regulate nutrient transformations
and cycling; hence, BB could have enhanced plant soil by stimulating urease enzymes (Lehmann et al., 2011). Our data show that BB’s
presence significantly elevated the soil’s enzymatic activity, specifically alkaline phosphatase, f-glucosidase, and ureases. This may be
connected to BB’s function in reserving essential nutrients and carbon in the soil (Kotroczo et al., 2014). The role of BB in increasing
alkaline phosphatase, p-glucosidase, and urease activities in TM-contaminated soils has previously been reported (Abujabhah et al.,
2016; Mackie et al., 2015). Also, alkaline phosphatase-glucosidase and urease activities in polluted mine soils were reported to in-
crease with the integration of BB (Ali et al., 2017), consistent with our findings. Therefore, we proposed that BB would be a suitable
choice to improve soil enzymatic activity, soil characteristics, and soil amendation, leading to TM immobilization and limited
availability in plant absorption and translocation.

Toxic metals with a high probability of migrating from the soil to plants are referred to as DTPA extractable TMs, which, in soils, can
be immobilized and retained by biochar materials. This proceeds through a variety of mechanisms, including TM absorption, the
exchange of ions between metal cations and protons released from the specific biochar, the assembly of phosphate chelates during
precipitation, and particular complexes with other organic matter (Lu et al., 2017; Yang et al., 2016). As a result of the ability of
biochar to form a complex with the dissolved organic HCO3 and C, ion immobilization in soil is enhanced, translocation to plants
diminishes, and TM concentration in soil lowers since TMs are adsorbed on the surface of biochar (Shen et al., 2016; Lucchini et al.,
2014). Our findings showed that the treatments with DTPA extractable TMs, including Cu, Pb, Zn, and Cd, decreased with BB
application in the growing media compared to controls. It has also been reported that biochar improving ecophysiological parameters
in plants reduces oxidative stress and protects plant cells from damage caused by abiotic stress such as heavy metal toxicity (Hasnain
etal., 2023). We suggest that bamboo’s high porosity is supposed to be critical in absorbing metal ions and forming complexes. -COOH,
-OH, and C=N in BB, could also play a decisive role in metal ions’ adsorption (Li et al., 2015; Lu et al., 2017). According to reports
(Ahmad et al., 2016; Marchand et al., 2016), BB could increase dissolved organic matter (DOM) in polluted soils, creating complex
forms with TMs like Cu and Pb. Additionally, the effects of biochar on DTPA-extractable TMs were reported upon BB application (Ali
et al., 2017), orchard prunes biochar (Fellet et al., 2011), and rice straw biochar (Yang et al., 2016), which demonstrated that these
substances lower the concentrations of bioavailable TMs. Moreover, it can restrict the movement of ions from the plant’s roots, drive
them to plant aerial organs, and mitigate phytotoxicity in plants. Our data showed that BB significantly reduced phytoextraction
indices, including translocation factor and bioaccumulation factor in plant shoots and roots, which is related to the ability of BB to
immobilization TMs in the soil and might be one of the significant reasons for improved plant tolerance grown in natural mine-polluted
soils. Bamboo biochar can immobilize TMs in the soil through cation exchange, complexation, reduction and precipitation, and
electrostatic interactions, which can accumulate metals in the root surface and limit the translocation from root to shoot (Ghandali
et al., 2024).
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Toxic metals in plants lead to the generation of ROS compounds, including HyO,, Oze—, and MG MG and OH OH groups, which
induce oxidative stress, disrupt permeability in cell membranes, damage cell molecules™ structures, and finally lead to cell death.
However, plants have intrinsic defense mechanisms such as antioxidants and Glyoxalases (Gly), which can scavenge ROS and MG
(Hasanuzzaman et al., 2011). In addition, ROS compounds destroyvital molecules and damage the cell compartment. In this situation,
the activation of SOD, GPX, and CAT as a primary antioxidant activity are plant mechanisms to react with these damaging molecules,
which can transform them into other molecules, including water and oxygen. The presence of TMs in mine-polluted soils decreases the
antioxidant enzyme activity of SOD, POD, CAT, and PAL (Hasanuzzaman et al., 2011). Brassica juncea’s antioxidant enzyme activities
were significantly raised in our work by adding BB in various doses. Glyoxalase (Gly) activity revealed comparable findings,
demonstrating that BB treatment boosted Glyoxalase (Gly) I and Glyoxalase (Gly) II, resulting to a decrease of ROS and MG in plants
under TM toxicity, which can be an effective mechanism in TM detoxification in plants (Pehlivan et al., 2021). Zea mays L. (Zha et al.,
2022) and Brassica juncea (Ali et al., 2017) have also been reported on BB’s effect on enhancing antioxidant activity.

Glutathione (GSH) is a thiol molecule that plays an integral part in raising plant tolerance to stress. Consequently, it is crucial in
augmenting plants’ adaptation to cellular stress, influencing various biochemical processes (Vezza et al., 2019). GSH acts as a pre-
cursor of phytochelatins (PCs) and is an antioxidant in plant cells under TM toxicity (Jung et al., 2019). Phytochelatin (PC) synthase, a
self-regulatory and inactivating enzyme, is triggered in plants whenever metal (loid)s start to exceed toxic levels for the cell (Li et al.,
2020). It works by binding metal (loid)s with peptide groups and may be crucial for plants’ ability to absorb metal ions during TM
toxicity (Ogawa et al., 2011).

On the other hand, the efficient redox system of ascorbic acid, a natural antioxidant, can preserve plant cells under the ROS effect
by oxidizing them into dehydroascorbic acid (Bilska et al., 2019). Also, ascorbic acid can increase photochemical activity, improving
plant photosynthesis (Chen et al., 2021). Here, the application of BB considerably enhanced Glutathione (GSH), Phytochelatin (), and
Ascorbate acid indices in Brassica juncea in TM-contaminated natural soils obtained from various mines, according to our findings.
Therefore, we propose that using BB can assist in reducing TM toxicity by promoting the chelate formation of PCs and GSH with metal
ions and scavenging ROS with rising ascorbic acid concentrations. Numerous research has discussed the significance of, ASA, and GSH
indicators in enhancing plant tolerance to TMs stress, and the data in the current study are consistent with these reports (Souri et al.,
2020; Aborode et al., 2016; Alamri et al., 2018). According to literature (Xian et al., 2015; Hmid et al., 2015), TM-derived ROS
production can damage cell walls and hinder the development of carotene and chlorophyll pigments, which in turn causes plant leaves
to chlorosis. In Brassica leaves, it also causes disruptions in the absorption of Fe and Mg (Cenkci et al., 2010). Our findings indicated
that while the toxicity of TMs in mine soils limits the number of pigments involved in photosynthesis, increasing levels of BB
significantly improved the content of carotenoids and chlorophyll a and b in Brassica juncea leaves harvested after grown in
mine-polluted soils. This ability of BB might have been acquired by the release of P and N from biochar, which can accelerate the
biosynthesis of chlorophyll a, b, and other protective pigments in the photosystem as carotenoids (Fiaz et al., 2014). The impact might
be explained by the ROS components’ potential to be scavenged being initiated by BB’s activation of antioxidant functions (Wang
et al., 2014). Accordingly, different biochar types have increased chlorophyll pigment intactness and photosynthetic efficiency in
Malus hupehensis Rehd and Brassica juncea leaves (Wang et al., 2014; Ali et al., 2017). Wang et al. (2014) also reported that adding
biochar to soil promotes plant growth and yield and increases photosynthetic rate, which is consistent with our study’s findings.
According to the data, the use ofBB boosted plant biomass and plant growth indices in treatments for Brassica, including root dry
weight, shoot dry weight, and shoot length under contaminated soils of mines. Several studies have confirmed the beneficial effects of
biochar on plant biomass and the dry weight of roots, stems, and leaves (Houben et al., 2013; Shen et al., 2016; Al-Wabel et al., 2015).
Consequently, based on our hypothesis, BB may contribute to an increase in plant biomass by enhancing antioxidant activity in plants
and decreasing ROS-induced oxidative stress (Suppl. Fig. 6.).

5. Conclusion

Through growing Brassica plants in the mine-polluted soil of all regions, BB has demonstrated a high potential to be used as an
efficient amendment in the soil and a helpful amelioration agent for reducing TM-caused plant oxidative stress. Our findings indicated
that BB enhanced enzymes in the natural mining soil and altered soil physicochemical parameters, including pH and EC, reducing TM
bioavailability and constraining the migration of ions to Brassica plants’ aerial organs. Additionally, BB lowered soil acidity while
promoting soil fertility and enhancing plant development. One of the essential processes for stimulating further plant TM tolerance is
BB’s ability to adsorb TMs, which lowers accumulation and translocation from roots to shoots. The findings demonstrated that BB
treatment improved antioxidant enzyme activity, the glyoxalase system, GSH, PC, and AsA levels in Brassica, which mitigated plant
oxidative stress by suppressing ROS and MG.

Additionally, BB helped with plant growth, biomass, and photosynthetic pigments. The findings demonstrated that 10 % BB was
the most effective in restoring soil and increasing the durability of plants in mining soil. Therefore, Brassica plants might be suitable
candidates for phytoremediation/preventing environmental contamination when mixed with BB, which might increase plant tolerance
in these four mining zones. However, extra research is required to identify the most effective method of detoxifying the environment
through plant phytoremediation using biochar via either physical or chemical activation. It is advisable to prioritize utilizing eco-
friendly and cost-efficient organic materials, such as biochar activated with a range of nutrients and/or beneficial bacteria. This
approach aims to mitigate soil toxicity caused by metals in different regions.
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