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Utilizing spent mushroom
substrate biochar to improve Zea
mays L. growth and biochemical
resilience against cadmium and
chromium toxicity
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Adel M. Ghoneim®**

Heavy metal contamination in agricultural soils is a growing environmental concern, particularly due to
the increasing accumulation of cadmium (Cd) and chromium (Cr) from industrial discharge, wastewater
irrigation, and excessive fertilizer use. These toxic metals severely impact crop productivity by
disrupting nutrient uptake, damaging root structures, and inducing oxidative stress, which collectively
inhibit plant growth and development. Maize (Zea mays L.), a globally important cereal crop, is highly
susceptible to heavy metal toxicity, making it essential to develop cost-effective and sustainable
mitigation strategies. Spent mushroom substrate (SMS) biochar has emerged as an effective and
sustainable method due to its ability to absorb heavy metals. Spent mushroom substrate biochar
improves compost quality, soil fertility, and health. Its high porosity and surface area immobilize toxic
metals, reducing nutrient losses and oxidative stress in plants. Pyrolysis temperature affects its surface
area, nutrient composition, and adsorption abilities. This study aims to address this gap by evaluating
the effectiveness of SMS biochar at varying application rates in mitigating Cd and Cr toxicity in maize.
By assessing key physiological and agronomic parameters, this research provides novel insights into
the potential of SMS biochar as a sustainable soil amendment for heavy metal-contaminated soils.
Five treatments, i.e., 0, 50, 100, 150 and 200B were applied under Cd and Cr toxicity in 3 replications
following the completely randomized design (CRD). Results exhibited that 200B caused an increase

in maize plant height (26.1%), root dry weight (99.7%), grain yield (98.2%), and chlorophyll contents
(50%) over control under Cd and Cr stress. In conclusion, 200B can mitigate Cd and Cr stress in maize
plants. More investigations are suggested to declare 200B as a promising amendment for mitigation of
Cd and Cr stress in other crops.
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Heavy metals toxicity imposed significant threats to crops growth and productivity'. These metals become the
part of food chain via industrial and anthropogenic activities. In these heavy metals, Cd and Cr are acute toxins
that have contaminated approximaly 137,000 sites in europe while 11% of agricultural soils in china®™*. In case
of maize increase in Cd toxicity (2.14-8.29-folds) in various plant parts has been documented where sewage
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water was applied as irrigation compared to freshwater™®. Researcher found that in India, maize crops irrigated
with wastewater in the industrial belts of Punjab and Uttar Pradesh were found to contain Cd levels between
0.25 and 0.78 mg/kg and Cr levels between 0.56 and 2.45 mg/kg, reflecting considerable health risks to local
populations through dietary intake’. Khan et al.® also found that in Pakistan the districts of Sargodha, Mianwali,
and Bhakkar, Cr concentrations in forage samples used for livestock feeding were found to range between
0.672-1.631 mg/kg, 1.493-2.612 mg/kg, and 0.7804-1.047 mg/kg, respectively. Correspondingly, the levels of
Cr detected in goat blood plasma from these regions were observed within the ranges of 0.666-1.269 mg/L in
Sargodha, 0.657-0.752 mg/L in Mianwali, and 1.39-2.37 mg/L in Bhakkar®. Ghazzal et al.? validated the above
fact and noted that among different fodder crops, maize was prime suspect where different concentrations and
an elevated level of Cr were observed. Both metals i.e., Cr and Cd have potential to disrupt key biochemical
and physiological processes when taken up even at concentrations'®!!. Toxicity of Cd disturb the uptake of
nutrients i.e., zinc and calcium!?-1. It also caused higher synthesis of reactive oxygen species (ROS) which
induced oxidative stress in plants'®!®. On the other hand, hexavalent form chromium (Cr°*) adversely affects
the chloroplast structure which decreased the photosynthetic efficiency!®!”. Impairment of water relationship
in plants, alteration in enzymatic activities and handiness in cellular metabolism are allied negative effects of Cr
in plants'®.

Maize is major cereal crop that have high economic and nutritional values worldwide. It is staple food
for millions of people, because of high value of essential calories, micronutrients and proteins'®. Presence of
phytochemicals that have potential health benefits i.e., carotenoids, phytosterols and phenolic compounds
also make maize a valuable crop for consumers. However, both Cr and Cd negatively affects its physiological
and morphological attributes of maize. These heavy metals minimize the maize growth via reduction in
photosynthetic rate and alteration in water balance?. Leaf chlorosis, decreased stem diameter and reduced
stomatal conductance have also been documented in maize when it is cultivated in Cd and Cr contaminated
s0il22!. Among different maize plant organs, accumulation of these metals is higher in roots which also induced
oxidative stress?>?3. That'’s why in-depth study and exploration of effective strategy is need of time for the
resolution of this problem in agriculture especially for improvement of maize growth and productivity.

Spent mushroom substrate (SMS) biochar has recently gained attention as a sustainable and effective material
for heavy metal adsorption?’. Literature showed that it is effective in improving the quality of compost by
decreasing electrical conductivity and loss of organic matter?>?°. It can also enhance soil fertility and health
due to high porosity and surface area?. These attributes allow biochar to immobilize toxic metals and decrease
the nutrient losses, thereby decreasing oxidative stress in plants?>?”?8, Furthermore, SMS biochar shows high
adsorption abilities for heavy metals, i.e. lead (Pb), zinc (Zn), copper (Cu), and Cd*>**3. However, pyrolysis
temperature is a key factory which influences its surface area, nutrient composition, and adsorption abilities?®3!.
High-temperature pyrolysis generally improves its heavy metal removal performance.

Therefore, the current study was planned to explore the potential of SMS biochar on growth of maize
cultivated under Cd and Cr toxicity. The aim of study was to find out most representable attribute of maize which
get modified in maize and it play key role in enhancement of its growth under Cd and Cr toxicity. The novelty of
study lies in exploration of SMS biochar effectives in decreasing Cd and Cr uptake in maize for mitigation of its
adverse effects in maize. The study is also covering the knowledge gap regarding use of SMS biochar effect level
for alleviation of Cd and Cr stress in maize. It is hypothesized that SMS biochar might have potential to decrease
Cd and Cr uptake in maize for improvement in growth.

Material and methods

Experimental design and setup

A potexperiment was conducted in glass house of Department of Soil and Environmental Sciences, The University
of Agriculture Peshawar (34°01’N, 71°71’E). The experiment was carried out in completely randomized design
(CRD) and was replicated three times.

Soil collections and characterization
Bulk soil was brought from the university research farm field. The soil was dried and sieved through 2 mm. The
characteristics of soil is provided in (Table 1).

Soil spiking with Cd and Cr

The soil was contaminated artificially with Cd and Cr at 5 and 150 mg kg™' concentration each. After that
incubation was carried out for 21 days under control conditions i.e., 25+5°C temperature, 60% humidity
and 70% field capacity. The mixing was done manually after each 5 days for achievement of homogenization.
Cadmium nitrate and chromium nitrate were used as Cd and Cr sources for spiking of soil. Total 10 kg soil was
then placed in each pot.

Biochar preparation and application

Spent mushroom substrate biochar was prepared in muffle furnace at 500 °C for 2 h pyrolysis. The spent
mushroom substrate was washed with distilled water to remove the dust and other extra materials and were air
dried. After pyrolysis the biochar was cooled at room temperature and analyzed of basic properties i.e. [surface
area (m?/g)=5.10, cation exchange capacity (cmol/kg) =31.69, ash content (%) =30, volatile matter (%) =26,
fixed carbon (%) =44, total nitrogen (%)=0.71, pH=28.15, EC (dS/m)=2.09] were determined. The different
levels of biochar such as, 0.5, 1, 1.5, and 2% were applied to 10 kg soil in pots.
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Characteristics Unit Values References
Sand % 14.5
Silt % 56.3

32
Clay % 29.2
Textural class - Silty clay loam
EC.s) dsm™ [ 0.709 »
PH,, - 7.90 .
Organic matter % 0.35 »
DTPA extractable Cd | mgkg™ | 0.3 %6
DTPA extractable Cr | mgkg™ | 1.1

Table 1. Physico-chemical properties of pre-experimental soil. DTPA diethylenetriamine pentaacetate.
References provided in table are representing the standard methods used for the analysis of soil to get physico-
chemical properties of preexperimental soil.

Nutrients application

NPK was then applied at the rate of 90, 75, and 60 kg ha™! as basal dose from urea, single super phosphate, and
murate of potash uniformly to all treatment pots. Ten plants per pot were sown. After germination 2 healthy
seedlings were maintained in each pot.

Treatment plan

In this study, five distinct treatments of SMS biochar were applied to assess its impact on maize growth under Cd
and Cr stress. Each treatment involved incorporating 0, 50, 100, 150, or 200 g of SMS biochar into pots containing
10 kg of soil. The pots measured 20 cm in width and 45 cm in depth, providing a consistent environment for
plant growth. To ensure the reliability and validity of the results, each treatment was replicated three times,
allowing for statistical analysis and verification of data consistency.

Harvesting and data collection

The plants were harvested at the time of maturity (after 125 days of sowing). To determine the average plant
height in each treatment plot, 10 plants was randomly selected and their height was measured using a tape
measure from the bottom to the top of the plant.

Root dry weight (pot™?)

Maize plants were harvested with roots. Harvested plants were tied together with rope and transported to the
laboratory in a plastic bag. They were brushed first and then washed with distilled water. Roots were separated
for the purpose to weight it, and scattered on a table inside the laboratory to air dry. After air drying, roots for
each pot were individually weighed, placed in paper bags, and baked for 48 h at 70 °C.

Number of Grain cob™
Cobs were threshed for each pot, and the number of grains obtained from each cob were counted. Finally, the
average number of grains per cob was calculated.

Grain yield (g pot™)
The amount of maize harvested from the entire pot was measured by weighing the threshed grain after it had
been dried for a week. The results were expressed as g pot™.

Biological yield (g pot™)
The entire pot was harvested and left to dry for seven days to measure the biological yield. The dried plants were
weighed and the results were expressed as g pot™.

Determination of cadmium and chromium

Samples were taken from roots, shoots, and grains of 0.5 g each and treated with 10 mL concentrated HNO,
separately. Then the samples were kept overnight and 4 mL of concentrated HCIO, was added and the digestion
was done up to the time when the samples produced an off-white color in a conical flask. Let to be cooled down
the samples and filtered using filter paper Whattman. No. 42. Then samples were taken in 100 mL volumetric
flask and added distilled water to make the volume up to 100 mL. Then readings were taken on an atomic
absorption spectrophotometer for the elemental analysis of Cd and Cr?’.

Chlorophyll content
SPAD reading on the mid-point and on ear of the youngest fully expanded leaf at tasseling stage. Three leaves
were measured randomly in pot and a main SPAD value was calculated for each pot™.

Antioxidant enzymes
The activities of peroxidase® and superoxide dismutase*’ in leaves were measured by using a spectrophotometer.
Briefly, leaf samples were collected at tasseling stage in fresh form to analyze the antioxidant enzymes. The

Scientific Reports |

(2025) 15:17511 | https://doi.org/10.1038/s41598-025-01617-8

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

ground samples of leaves were homogenized with a phosphate buffer of molarity 0.05 M and pH 7.8, in cold
via the use of liquid nitrogen. This mixture was centrifuged for a time duration of 10 min at 4°C, afterwards the
required absorbance for superoxide dismutase and peroxidase was set to calculate the intensity of supernatants
with the help of a spectrophotometer i.e. 560 nm and 470 nm, respectively. Ascorbate peroxidase (APX) activity
was assessed spectrophotometrically by monitoring the decrease in absorbance at 290 nm as ascorbate is
oxidized. GSH levels was measured using high-performance liquid chromatography (HPLC) with pre-column
derivatization using o-phthalaldehyde (OPA). GR activity was determined by monitoring the oxidation of
NADPH to NADP*, observed as a decrease in absorbance at 340 nm. Proline concentration was determined
using the acid-ninhydrin method which produce a colored complex and absorbance of which was measured
at 520 nm. Total phenolic content was assessed using the Folin-Ciocalteu reagent leading to a blue color
whose absorbance was measured at 765 nm. Ascorbic acid (AsA) was assessed following the reaction between
ascorbic acid and 4-chloro-7-nitrobenzofurazane (NBD-CI) in alkaline conditions, that produce a bluish-green
compound with maximum absorption at 582 nm.

Translocation factor for heavy metals
The translocation factor (TF) was calculated according to the procedure of Ahmed and Slima (2018).

CdTranslocation factor(TF) = %
CdTranslocation factor(TF) = %
CrTranslocation factor(TF) = %
CrTranslocationfactor(TF) = %

FTIR and XRD

FTIR spectra were recorded over a wavenumber range of 400 to 4000 cm™ with a resolution of 4.0 cm™. For
XRD analysis, the biochar samples were scanned using an Ultima IV X-ray diffractometer (operating at 40 kV
and 40 mA. The scanning range was from 5 to 85° 26, with a scanning speed of 6° min™.

Statistical analysis
Standard statistical procedure was followed for the analysis of data. One way ANOVA was applied for examining
the significance of treatments. Graphs were made using OriginPro 2021 software*!.

Results

Plant height, yield, and yield components

Results showed that control plants showed an average plant height of 71.3 cm. At 50 g biochar /kg soil (50B),
plant height was increased by 5.8% (75.43 cm) compared to the control. Applying 100 g biochar /kg soil (100B)
resulted in an 11.6% increase in plant height (79.57 cm) over control. Compared to control at 150 g biochar /kg
soil (150B), plant height was improved by 17.4% (83.7 cm). Treatment 200 g biochar /kg soil (200B), showed the
maximum plant height of 89.9 cm, corresponding to a 26.1% increase over the control (Fig. 1A).

The control plants showed a root dry weight of 3.07 g. Root dry weight was enhanced by 18.5% (3.63 g)
compared to control at 50B. Treatment 100B further improved root dry weight to 4.57 g, showing a 48.9% increase
over the control. An enhancement was observed at 150B, where root dry weight reached 5.47 g, representing a
78.3% increase compared to the control. The highest biochar level (200 g/kg, 200B) led to the maximum root dry
weight of 6.43 g, marking a 99.7% increase over the control treatment (Fig. 1B).

Under control treatment, the number of grains per cob was observed 111.67. Biochar application 50B led to
a29.6% increase, reaching 144.67 grains per cob over control. Treatment 100B resulted in a 75.8% improvement
(196.33 grains per cob) compared to control. An enhancement (122.1%) was observed at 150B, where grains
per cob was 248, over control. Applying 200B led to the maximum number of grains per cob (310 grains),
represented a 177.6% increase over the control (Fig. 1C).

In the control treatment, grain yield was 103.33 g per pot. The application of 50B resulted in a 29% increase,
raising grain yield to 133.33 g per pot. At 100B, grain yield further improved to 163.33 g per pot, marking a 58%
increase over the control. A significant enhancement was observed in the 150B treatment, where grain yield
reached 193.33 g per pot, representing an 87.1% increase compared to the control. The highest biochar level,
200B, resulted in the maximum grain yield of 213 g per pot, which accounted for a 98.2% increase over the
control (Fig. 1D).

In the control treatment, biological yield was 248 g per pot. The introduction of 50B led to a 20.9% increase,
raising the biological yield to 299.67 g per pot compared to control. At 100B, biological yield further improved
to 351.33 g per pot, representing a 41.7% increase over the control. A significant increase was observed at 150B,
where biological yield reached 408.17 g per pot, marking a 64.6% improvement than control. The highest biochar
application, 200B, resulted in the maximum biological yield of 450.53 g per pot, reflecting an 81.7% increase
from the control (Fig. 2A).
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Fig. 1. Effect of variable doses (control having Cd-Cr but no B=0 g), 50, 100, 150 and 200 g) of spent
mushroom substrate derived biochar (B) on maize plant height (A), root dry weight (B), grains/cob (C) and
grain yield (D) cultivated under chromium and cadmium toxicity. Bars are means of 3 replicates + SE. Variable
bar letters showed significant changes at p<0.05 compared by Fisher’s LSD.

Physiological parameters

In the control treatment, the chlorophyll content was 33.07 SPAD units. The application of 50B resulted in a 6.2%
increase, raising chlorophyll content to 35.13 SPAD units than control. At 100B, chlorophyll content improved
further to 40.3 SPAD units, showing a 21.9% increase from control. A significant enhancement was recorded in
the 150B treatment, where chlorophyll content increased to 44.43 SPAD units, reflecting a 34.4% improvement
over control. The highest biochar level, 200B, resulted in the maximum chlorophyll content of 49.6 SPAD units,
marking a 50% increase compared to the control (Fig. 2B).

Antioxidant enzyme activities

In the control treatment, POD activity was recorded at 45.57 pg/g FW. Applying 50B resulted in a 37.4% increase,
raising POD activity to 62.62 pg/g FW. At 100B, POD activity further increased to 70.06 pg/g FW, representing
a 53.8% enhancement over the control. A significant increase was observed in the 150B treatment, where POD
activity reached 82.15 pg/g FW, showing an 80.3% increase compared to the control. Treatment 200B resulted in
the maximum POD activity of 94.34 ug/g FW, marking a 107.1% increase from the control (Fig. 2C).

In the control treatment, SOD activity was 33.38 ug/g FW. Treatment 50B resulted in a 18.3% increase,
reaching 39.47 pg/g FW. Furthermore, at 100B, where SOD activity increased by 39.6% over the control, reaching
46.60 ug/g FW. At 150B, SOD activity reached 54.77 pg/g FW, reflecting a 64.2% increase from the control. At
200B, showed a maximum SOD activity of 68.10 pg/g FW, corresponding to a 104.1% increase compared to the
control (Fig. 2D).

At control treatment, APX activity was the highest (53.22 U/mg protein). Applying 50B, APX activity
decreased by 17.9%, reaching 43.67 U/mg protein than control. Under 100B, APX activity declined by 31.6%
over the control, reaching 36.39 U/mg protein. Treatment 150B, APX activity was decreased (29.86 U/mg
protein), marking a 43.9% decline compared to the control. The lowest APX activity was found at 200B, with a
value of 23.23 U/mg protein, indicating a 56.4% decrease than control (Fig. 3A).
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Fig. 2. Effect of variable doses (control having Cd-Cr but no B=0 g), 50, 100, 150 and 200 g) of spent
mushroom substrate derived biochar (B) on maize biological yield (A), chlorophyll (SPAD) (B), peroxidase
(POD) (C) and superoxide dismutase (SOD) (D) cultivated under chromium and cadmium toxicity. Bars are
means of 3 replicates + SE. Variable bar letters showed significant changes at p<0.05 compared by Fisher’s LSD.

At control treatment, GR activity was showed as 31.65 U/mg protein. Resulted showed that 50B resulted in a
22.7% decrease, reducing GR activity to 24.46 U/mg protein from control. At 100B, GR activity was decreased by
40.3% over the control, reaching 18.90 U/mg protein. A significant decline was noted at 150B, where GR activity
decreased to 14.00 U/mg protein, showing a 55.7% decline compared to the control. The lowest GR activity was
recorded in 200B treatment (10.44 U/mg protein) showing 67% decrease over the control (Fig. 3B).

In the control treatment, GSH content was 24.85 pmol/g FW. The addition of 50B led to a 27.3% reduction,
bringing GSH levels down to 18.08 umol/g FW over control. At 100B, GSH content further declined by 41.4%
compared to the control, reaching 14.57 umol/g FW. A significant decline was observed at 150B, where GSH was
10.90 pmol/g FW, marking a 56.1% decrease over the control. Applying 200B treatment showed 8.20 umol/g FW
GSH, indicating a 67% decline compared to the control (Fig. 3C).

Results showed that ascorbic acid (AsA) content was 13.75 mg/g FW in control treatment. With 50B, a
26.8% reduction was observed in AsA (10.07 mg/g FW) than control. Treatment 100B caused 48.4% decline
(AsA=7.1 mg/g FW) compard to control. A significant decrease (4.65 mg/g FW) was noted at 150B, over the
control. The lowest AsA level was found at 200B, i.e., 3.39 mg/g FW, representing a 75.4% decline over the control
(Fig. 4A).

With control treatment, proline accumulation was 17.06 pmol/g FW. Applying 50B resulted in 20.5% decrease
(13.56 pmol/g FW) than control. At 100B, a 35.7% decline in proline (10.97 umol/g FW) was noted compared to
control. However, at 150B, proline content was decreased by 49.9%, reaching 8.54 umol/g FW over control. The
200B treatment resulted in 66.3% decline in proline (5.75 pmol/g FW) compared to control (Fig. 4B).

In the control treatment, phenolic content was 14.81 mg/g FW. The application of 50B resulted in a 28.7%
reduction, bringing phenolic levels down to 10.56 mg/g FW compared to control. With 100B, a further 46.4%
decline was observed, reducing phenolic content to 7.95 mg/g FW over control. At 150B, phenolics decreased by
60.2%, reaching 5.9 mg/g FW than control. The highest biochar application 200B caused a 67.9% reduction, with
phenolic levels dropping to 4.75 mg/g FW from control (Fig. 4C).
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Fig. 3. Effect of variable doses (control having Cd-Cr but no B=0 g), 50, 100, 150 and 200 g) of spent
mushroom substrate derived biochar (B) on maize ascorbate peroxidase (APX) (A), glutathione reductase
(GR) (B) and glutathione (GSH) (C) cultivated under chromium and cadmium toxicity. Bars are means of 3
replicates £ SE. Variable bar letters showed significant changes at p<0.05 compared by Fisher’s LSD.

Cadmium and chromium concentrations in plant root, shoot and grains

Under control treatment, root Cd concentration was 25.63 pg/g. Treatment 50B reduced root Cd by 20.8%,
lowering it to 20.28 ug/g compared to control. Further at 100B resulted in a 37.7% decrease, reducing Cd
accumulation to 15.98 pg/g over control. Applying 150B, caused root Cd levels declined by 52.9%, reaching
12.06 pg/g, whereas the highest biochar application 200B led to a significant 73.7% reduction, bringing root Cd
down to 6.75 ug/g from control (Fig. 5A).

In the control treatment, shoot Cd concentration was 21.25 pg/g. The application of 50B decreased shoot Cd
by 29.8%, lowering it to 14.91 pg/g over control. With 100B, shoot Cd was further reduced by 50.1%, reaching
10.60 pg/g compared to control. At 150B, shoot Cd levels dropped by 69.8%, declining to 6.41 pg/g from control.
The 200B dose, led to an 88.6% reduction, minimizing shoot Cd accumulation to just 2.42 pg/g than control
(Fig. 5B).

In the control treatment, Cd concentration in grains was 18.35 ug/g. Applying 50B reduced grain Cd by
44.7%, lowering it to 10.15 pg/g than control. With 100B, grain Cd was declined by 65.6%, reaching 6.32 ug/g
than control. At 150B, grain Cd content decreased by 82.3%, declining to 3.26 ug/g over control. The highest
biochar dose, 200B, resulted in a remarkable 94.2% reduction, bringing grain Cd levels down to just 1.06 ug/g
from control (Fig. 5C).

In the control treatment, root Cr concentration was 21.35 ug/g. The addition of 50B led to a 25.0% reduction,
bringing root Cr down to 16.02 pg/g. With 100B, Cr levels further declined by 40.0%, reaching 12.81 pg/g. At
150B, Cr concentration was reduced by 60.0%, with a value of 8.54 pg/g. The highest biochar dose, 200B, resulted
in a significant 75.0% decrease, lowering root Cr to 5.33 ug/g (Fig. 6A).

In the control treatment, shoot Cr concentration was 16.84 pg/g. The application of 50B led to a 31.3%
reduction, lowering Cr levels to 11.57 pg/g. Further, at 100B, shoot Cr decreased by 53.7%, reaching 7.79 pg/g.
A significant decline was observed at 150B, with a 73.5% reduction, bringing shoot Cr down to 4.45 pg/g. The
highest biochar dose, 200B, resulted in an 85.8% decrease, limiting shoot Cr accumulation to 2.40 ug/g (Fig. 6B).
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Fig. 4. Effect of variable doses (control having Cd-Cr but no B=0 g), 50, 100, 150 and 200 g) of spent
mushroom substrate derived biochar (B) on maize ascorbic acid (AsA) (A), proline (B) and phenolics (C)
cultivated under chromium and cadmium toxicity. Bars are means of 3 replicates + SE. Variable bar letters
showed significant changes at p <0.05 compared by Fisher’s LSD.

In the control treatment, Cr concentration in grains was 12.54 ug/g. With the addition of 50B, grain Cr levels
decreased by 31.5%, reaching 8.60 pg/g. A further reduction was observed at 100B, where grain Cr dropped
by 60.5%, reaching 4.96 pg/g. At 150B, grain Cr concentration declined by 82.7%, reducing it to 2.17 pg/g. The
highest dose of 200B resulted in a remarkable 91.4% reduction, lowering grain Cr to 1.07 pg/g (Fig. 6C).

Translocation of Cd and Cr from root to shoot and from shoot to grains

In the control treatment, the TF was 0.8167. The application of 50B led to an 8.6% reduction, lowering the TF to
0.7467. Further, at 100B, the TF declined by 23.3%, reaching 0.6267. A significant decrease was observed at 150B,
with a 34.3% reduction, bringing the TF down to 0.5367. The highest biochar dose, 200B, resulted in a 43.3%
reduction, limiting the TF to 0.4633 (Fig. 7A).

In the control treatment, the translocation factor (TF) was 0.7693. The application of 50B had a negligible
effect, maintaining the TF at 0.7673, showing only a 0.26% reduction. However, at 100B, a more noticeable
decline of 14.5% was observed, lowering the TF to 0.6577. A significant reduction occurred at 150B, where the
TF decreased by 34.6%, reaching 0.5033. The highest biochar application, 200B, resulted in a 39.8% decrease,
limiting the TF to 0.4630 (Fig. 7B).

In the control treatment, the translocation factor (TF) was 0.8567. The application of 50B reduced the TF
by 11.3%, lowering it to 0.7600. At 100B, the TF further declined by 20.2%, reaching 0.6833. A more significant
reduction occurred with 150B, where the TF decreased by 36.2%, limiting it to 0.5467. The highest biochar
application, 200B, resulted in a drastic 56.8% reduction, bringing the TF down to 0.3700 (Fig. 7C).

In the control treatment, the shoot-to-grain Cd translocation factor was 0.8933. The application of 50B led to
a 21.3% reduction, decreasing the TF to 0.7033. With 100B, the TF further dropped by 31.0%, reaching 0.6167.
A more significant decrease was observed at 150B, where the TF declined by 41.0%, lowering it to 0.5267. The
highest biochar application, 200B, resulted in a 49.2% reduction, bringing the TF down to 0.4533 (Fig. 7D).
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Fig. 5. Effect of variable doses (control having Cd-Cr but no B=0 g), 50, 100, 150 and 200 g) of spent
mushroom substrate derived biochar (B) on maize root Cd (A), shoot Cd (B) and grains Cd (C) cultivated
under chromium and cadmium toxicity. Bars are means of 3 replicates + SE. Variable bar letters showed
significant changes at p<0.05 compared by Fisher’s LSD.

The FTIR spectra of the biochar revealed several functional groups indicative of its chemical composition.
A broad band around 3417-3423 cm™! corresponded to O-H stretching vibrations, suggesting the presence of
hydroxyl groups. Peaks near 1618 cm™ were attributed to C=C and C=0O stretching in aromatic rings, while
bands around 1045 cm™! indicated C-O stretching vibrations (Fig. 8A).

XRD analysis identified the presence of crystalline minerals within the biochar. Characteristic peaks
corresponding to SiO, and CaCO; were observed across all samples, with varying intensities depending on the
pyrolysis conditions. For instance, a significant peak for KCI was detected around 30° 26 in certain samples,
aligning with higher potassium content. Additionally, peaks for CaSO, were noted at approximately 25.5° 20,
particularly in biochar produced at lower pyrolysis temperatures (Fig. 8B).

Discussion

Biochar, as an enriched carbon amendment, is produced through the pyrolysis of organic waste material?2. It has
gained significant attention as a soil amendment due to its ability to mitigate heavy metal toxicity in plants*>. In
the case of maize, heavy metal such as Cd and Cr stress significantly reduces physiological growth and yield due
to oxidative damage, nutrient imbalance, and metabolic disruptions**~%. The oxidative stress disrupts cellular
homeostasis, damages biomolecules, and hampers plant growth and development. The application of biochar in
contaminated soils plays a crucial role in reducing the bioavailability of heavy metals by several mechanisms®’.
One of the primary modes of action includes the immobilization of heavy metals through precipitation,
electrostatic attraction, and complex formation. For instance, biochar rich in oxygen-containing functional
groups (e.g., hydroxyl, carboxyl, and phenolic groups) can strongly bind heavy metal ions, effectively reducing
their phytoavailability*3->°. The high surface area, porous structure, and functional groups of biochar enhance its
ability to adsorb heavy metal ions, thereby limiting their uptake by plant roots®!. This reduction in heavy metal
bioavailability directly contributes to improved maize root growth, which is otherwise inhibited under metal
stress due to metal-induced oxidative damage?®>2,
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Fig. 6. Effect of variable doses (control having Cd-Cr but no B=0 g), 50, 100, 150 and 200 g) of spent
mushroom substrate derived biochar (B) on maize root Cr (A), shoot Cr (B) and grains Cr (C) cultivated
under chromium and cadmium toxicity. Bars are means of 3 replicates + SE. Variable bar letters showed
significant changes at p<0.05 compared by Fisher’s LSD.

Additionally, biochar contributes to an increase in soil pH, which further reduces the solubility and mobility
of heavy metals, making them less available for plant absorption. Alongside heavy metal immobilization, biochar
enhances soil properties such as, cation exchange capacity, organic matter content, and microbial diversity™.
These factors collectively enhance soil fertility, leading to better plant growth even under heavy metal stress. In
maize, improved soil fertility due to biochar has been linked to increased root biomass, leaf chlorophyll content,
and grain yield>!. Moreover, biochar-mediated changes in soil structure facilitate improved water retention and
aeration, which further supports plant health®.

One of the most significant benefits of biochar application is its ability to regulate antioxidant enzyme
activities in plants, which counteracts oxidative stress>®. Under heavy metal toxicity, ROS accumulation leads
to lipid peroxidation, membrane damage, and impaired photosynthetic efficiency in maize®”8. Superoxide
dismutase (SOD) serves as the first line of defense by catalyzing the dismutation of superoxide radicals (O,")
into hydrogen peroxide (H,O,) and molecular oxygen (O,). This reaction is crucial in preventing the toxic
accumulation of superoxide radicals, which can cause severe cellular damage. However, the presence of
H,O; still poses a threat to cellular integrity. Peroxidase (POD) plays an essential role in detoxifying H,O,
by converting it into H,O and O, using electron donors, thus preventing oxidative damage to lipids, proteins,
and nucleic acids. Furthermore, catalase (CAT) also contributes to H,O, decomposition, reinforcing the plant’s
antioxidant defense system. In addition to improving antioxidant defense, biochar enhances nutrient uptake,
which is crucial for sustaining plant metabolism under heavy metal stress®. Application of SMS biochar under
Cd and Cr stress has been observed to enhance SOD and POD activities, indicating a strengthened antioxidant
defense in plants. Conversely, activities of ascorbate peroxidase (APX) and levels of reduced glutathione (GSH)
tend to decline, possibly due to nutrient immobilization or altered metal bioavailability affecting these specific
antioxidant pathways. Similar trends have been reported in studies where biochar amendments influenced
antioxidant enzyme activities under heavy metal stress®’. The increased availability of essential nutrients such as
N, P, and K supports better physiological functioning, including enhanced chlorophyll biosynthesis. Improved
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Fig. 7. Effect of variable doses (control having Cd-Cr but no B=0 g), 50, 100, 150 and 200 g) of spent
mushroom substrate derived biochar (B) on maize translocation factor of Cr from root to shoot (A),
translocation factor of Cr from shoot to grains (B), translocation factor of Cd from root to shoot (C) and
translocation factor of Cd from shoot to grains (D) cultivated under chromium and cadmium toxicity. Bars are
means of 3 replicates + SE. Variable bar letters showed significant changes at p<0.05 compared by Fisher’s LSD.

chlorophyll content results in more efficient photosynthesis, leading to higher energy production and better
overall plant growth. Additionally, biochar-induced improvement in nutrient absorption supports enzymatic
activities and gene expression related to stress tolerance mechanisms®!. Moreover, biochar positively influences
microbial communities in the rhizosphere by providing a favorable habitat for beneficial microorganisms. These
microbes play a crucial role in organic matter decomposition, nutrient cycling, and the degradation of toxic
compounds, further alleviating heavy metal stress in plants®?. Specifically, maize roots in biochar-amended soils
exhibit increased colonization by plant growth-promoting rhizobacteria (PGPR) and arbuscular mycorrhizal
fungi (AMF), which enhance phosphorus solubilization and root nutrient®*¢*. Certain microbes associated with
biochar application, such as PGPR and mycorrhizal fungi, enhance root development and increase the plants
ability to tolerate environmental stressors®®. Biochar amendments have been found to enhance the expression of
ZmHSP70 and ZmHSP90, which encode heat shock proteins essential for plant protection under temperature
stress. Notably, studies indicate that biochar application significantly upregulates ZmHSP70 and ZmHSP90, with
their expression levels increasing by approximately 4.6-fold and 8.2-fold, respectively, under high-temperature

conditions®®.

Conclusion

In conclusion, using 200 g SMS biochar has the potential to improve maize growth under heavy metal stress.
Applying 200 g SMS biochar exhibits the ability to regulate Cd and Cr antioxidants, thereby mitigating Cd and
Cr adverse effects on maize. Further extensive field investigations are suggested to validate the effectiveness
of 200 g SMS biochar as a primary solution for alleviating Cd and Cr stress in maize, ensuring its practical
application in agriculture.
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