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Abstract

Metalloid pollution, including arsenic poisoning, is a serious environmental issue, plaguing plant productivity

and quality of life worldwide. Biochar, a carbon-rich material, has been known to alleviate the negative effects of envi-
ronmental pollutants on plants. However, the specific role of biochar in mitigating arsenic stress in maize remains
relatively unexplored. Here, we elucidated the functions of biochar in improving maize growth under the elevated
level of sodium arsenate (Na,AsO,, As"). Maize plants were grown in pot-soils amended with two doses of biochar
(2.5% (B1) and 5.0% (B2) biochar Kg~' of soil) for 5 days, followed by exposure to Na,AsO, (B1 +Asand ‘B2 + As")

for 9 days. Maize plants exposed to As" only accumulated substantial amount of arsenic in both roots and leaves,
triggering severe phytotoxic effects, including stunted growth, leaf-yellowing, chlorosis, reduced photosynthesis,

and nutritional imbalance, when compared with control plants. Contrariwise, biochar addition improved the phe-
notype and growth of As'-stressed maize plants by reducing root-to-leaf As" translocation (by 46.56 and 57.46%
in’B1+As” and‘B2+As” plants), improving gas-exchange attributes, and elevating chlorophylls and mineral lev-

els beyond As'-stressed plants. Biochar pretreatment also substantially counteracted As'-induced oxidative stress

by lowering reactive oxygen species accumulation, lipoxygenase activity, malondialdehyde level, and electrolyte
leakage. Less oxidative stress in'B1+As" and'B2+As” plants likely supported by a strong antioxidant system powered
by biochar-mediated increased activities of superoxide dismutase (by 25.12 and 46.55%), catalase (51.78 and 82.82%),
and glutathione S-transferase (61.48 and 153.83%), and improved flavonoid levels (41.48 and 75.37%, respectively).
Furthermore, increased levels of soluble sugars and free amino acids also correlated with improved leaf relative water
content, suggesting a better osmotic acclimatization mechanism in biochar-pretreated As'-exposed plants. Overall,
our findings provided mechanistic insight into how biochar facilitates maize’s active recovery from As'-stress, implying
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in other important cereal crops.

Highlights

- Maize developed significant growth defects under excessive arsenate (As") stress.

- Biochar addition decreased root As” uptake and root-to-leaf As” translocation.

- Biochar protected photosynthetic rate and pigment levels from As -stress.

- Biochar reduced As'-caused oxidative damage by strengthening antioxidant defense.
. Biochar boosted osmoprotectant levels and nutrient uptake in As'-stressed maize.

that biochar application may be a viable technique for mitigating negative effects of arsenic in maize, and perhaps,

Keywords Arsenic contamination, Antioxidant defense system, Biochar, Gas-exchange attributes, Nutrient dynamics,

Oxidative stress
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1 Introduction

Biochar, popularly alluded to as black gold in agricul-
ture, is a carbon-rich organic material. It is manufac-
tured from a wide range of feedstock, including crop
residues, wood, animal manure, and other organic
wastes (Khan et al. 2021; Liu et al. 2022a). Under oxy-
gen-depleted conditions, a number of techniques,
including slow/fast/microwave pyrolysis, traditional
charcoal production, gasification, flash carbonization,
and hydrothermal carbonization are employed for large
scale production of biochar (Jiang et al. 2020). Biochar
has received intense attention over the past decades for
its remarkable potential to sequester carbon, reduce
greenhouse gas emissions, and enhance soil quality
through improvement of soil organic matter content,
nutrient recycling, and water-holding capacity (Jiang
et al. 2020; Xu et al. 2022a). Importantly, biochar can
also remediate environmental contamination through
its high sorption affinity for environmental pollutants
(Kumar et al. 2022).

Environmental pollution with heavy metals and metal-
loids resulting from impromptu urbanization and indus-
trial growth poses a significant threat to soil quality and
crop yield worldwide (Gavrilescu 2022; Wang et al. 2022).
Arsenic is one of the most prevalent natural elements
and environmental toxicants. It is considered the most
hazardous pollutant because of its carcinogenic prop-
erties, impacting the health of around 94 to 220 million
people worldwide, with a majority (94%) located in Asia
(Podgorski and Berg 2020; Bahrami et al. 2020; Roy et al.
2022). In fact, arsenic contamination has already been
spread to approximately 64%, 14%, 10%, 9%, 2%, and 1%
of the land area in Asia, South America, North America,
Africa, Oceania, and Europe, respectively (Podgorski
and Berg 2020). More fundamentally, arsenic concen-
trations in groundwater and drinkable water are higher
than the World Health Organization’s acceptable thresh-
old of 10 pg L™! in many developing countries, including
Bangladesh (Rahaman et al. 2022). Concurrently, arsenic
is the most hazardous metalloid for plant growth and
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development when a considerable amount is absorbed
from arsenic-contaminated environments (Bahrami et al.
2020; Mostofa et al. 2021a, b; Pena-Garcia et al. 2021).
Two inorganic forms of arsenic, arsenite (As'') and arse-
nate (As"), predominantly exist in anaerobic and aerobic
soils, respectively (Kandhol et al. 2022). Each can easily
enter plant roots through distinct transportation sys-
tems. While plants use different types of aquaporin sub-
families to uptake As', As" is transferred by phosphate
(Pi)-transporters because of the structural similarity of
AsY with Pi (Bahrami et al. 2020; Mostofa et al. 2021a,
b). Arsenic, once accumulated in different parts of the
plant body, impedes normal plant metabolism by inter-
fering with sulfur, nitrogen, and carbon assimilation
pathways (Finnegan and Chen 2012). Numerous physi-
ological functions of plants, such as net photosynthetic
rate, stomatal conductance, and transpiration rate, can
be impacted by excessive arsenic (Srivastava et al. 2015).
Furthermore, arsenic accumulation in cells can result in
the overproduction of reactive oxygen species (ROS),
leading to oxidative damage to cellular constituents, such
as proteins, enzymes, nucleic acids, and lipids (Abbas
et al. 2018).

Plants use a variety of defense mechanisms to combat
arsenic toxicity, for example restraining arsenic uptake
and transportation by downregulating arsenic transport
and translocation mechanisms, synthesizing arsenic-
chelating metabolites like glutathione and phytochela-
tins, strengthening antioxidant defense, and sequestering
arsenic into vacuoles (Dixit et al. 2016; Begum et al. 2016;
Mostofa et al. 2021a, b; Vezza et al. 2019). Currently, dif-
ferent strategies, including ion-exchange, adsorption,
chemical precipitation, and phytoremediation are in
practice to remove arsenic from arsenic-contaminated
soils and water (Alka et al. 2021). While chemical pre-
cipitation and ion-exchange provide maximum efficiency,
their implementation demands substantial energy, eco-
nomic input, and routine maintenance (Ahmed 2001;
Ali et al. 2013; Hu and Boyer 2018; Senn et al. 2018).
Although phytoremediation is eco-friendly, its appli-
cability for broader spectrum is restrained by its time-
consuming nature (Gavrilescu 2022; Yan et al. 2020).
Adsorption techniques like the application of miner-
als, activated carbon, fly ash, biochar, and graphene are
frequently employed nowadays to remove arsenic from
contaminated water and soils (Sun et al. 2022). Due to its
abundant supply, cost-effectiveness, ease of use, and eco-
logically favorable qualities, the utilization of biochar has
emerged as an excellent strategy to protect plants from
the toxicity of different environmental pollutants, includ-
ing arsenic (Sun et al. 2022; Zama et al. 2022). Indeed,
because of the discrepancies in adsorption characteris-
tics resulting from diverse raw materials and production
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conditions in biochar manufacturing, a single type of
biochar cannot holistically eradicate all heavy metals
from contaminated sources. Consequently, a wealth of
research now focuses on the modification of physico-
chemical properties of biochar to bolster its adsorption
capacity and selective affinity for contaminants (Cheng
et al. 2021). This optimization predominantly relies on
diverse factors, including mineral composition, pH levels,
temperature, biochar quantity, adsorption duration, and
pollutant characteristics (Qiu et al. 2021; Srivastav et al.
2021).

Maize (Zea mays), which ranks the third among cere-
als only after wheat and rice, is grown for human food
and animal feed on a global scale. (De Feudis et al. 2019;
Yin et al. 2021). Nonetheless, the industrial evolution and
long-term wastewater irrigation lead to heavy metals and
metalloid buildup in soils used to cultivate important
crops like maize. Excessive arsenic contamination ulti-
mately results in poor maize growth and development,
as well as increased contents of arsenic in their grains
(Ben Fredj et al. 2013; Rashid et al. 2022; Rizvi et al. 2022;
Romdhane et al. 2021; Xu et al. 2022b; Zheng et al. 2019).
Considering its effective roles in heavy metal-toxicity
mitigation, biochar application could be a straightfor-
ward, less time-consuming, and cost-effective way to pro-
tect maize plants from the damaging effects of arsenic.
Thus, the present study aimed at evaluating whether or
not biochar restricts arsenic accumulation and transloca-
tion in maize roots and shoots and, if it does so, deter-
mining the underlying mechanism of that restriction. We
were particularly interested in discovering how biochar
application modulates key physiological and biochemical
mechanisms that are associated with arsenic accumula-
tion, gas exchange features, photosynthetic performance,
osmoprotection, and antioxidant defense mechanisms in
maize plants subjected to excessive arsenate-stress.

2 Materials and methods
2.1 Biochar production: sourcing, preparation,
and characterization

Bangladesh is ranked the fourth among the world’s larg-
est rice-producing countries, yielding approximately
34.70 million metric tons of rice annually from 11.75 mil-
lion hectares land (IRRI 2021). Consequently, a substan-
tial amount of rice byproducts, including rice husks, are
being generated, which could be used to produce value-
added products like biochar. In this study, fresh rice husk
was procured from a local rice mill and used for biochar
production by pyrolyzing rice husk at 400 to 550 °C with-
out oxygen using a customized pyrolysis stove designed
by the Soil Science Department of Bangabandhu SMR
Agricultural University, Bangladesh (Hasnat et al. 2022).
After completing pyrolysis, the heated biochar was
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quenched with distilled water, followed by sun-drying
before being powdered into fine particles (<2 mm). The
resultant biochar was also analyzed to determine its
key physical and chemical properties (Additional file 1:
Table S1). Briefly, total N percentage in biochar was
determined following the Kjeldahl method described by
Jackson (1973). The percentage of exchangeable K, Zn,
Ca, Mg, Cu, and Mn in biochar was determined following
the detailed procedures of Piper (1966). Organic carbon
(OC) content was quantified according to the wet oxida-
tion method (Walkley and Black 1934). In addition, the
pH of the rice husk biochar solution was measured using
HANNA HI 8424 pH meter.

The point of zero charge (pHpzc) for biochar was
determined utilizing five conical flasks (250 mL). Each
flask contained 50 mL of 0.1 M NaCl solution and 0.1 g
of biochar. Subsequently, the pH of the solution was sys-
tematically adjusted to 2.0, 4.0, 6.0, 8.0, and 10.0 by add-
ing either 0.1 M HCI or NaOH solution. Subsequent to
24 h of stirring, the supernatant was separated, and its
pH level was measured. The pHpzc value was derived
by plotting the initial pH of the solution against the pH
of the supernatant (final pH after 24 h). To evaluate sur-
face morphologies, a delicate layer of gold was applied to
the biochar samples. These samples underwent analysis
using a JCM-7000 NeoScope™ Benchtop Scanning Elec-
tron Microscope (SEM, JEOL, Japan), operating at 15 kV.
The metallization of the samples was conducted using
a Smart Coater (DII-29030SCTR, JEOL, Japan), at the
Plant Pathology Division of the Bangladesh Rice Research
Institute (BRRI), Gazipur, Bangladesh. The acquired SEM
images and data for Energy-dispersive X-ray spectros-
copy (EDS) analysis were obtained through the official
JEOL software (JEOL, Tokyo, Japan).

2.2 Experimental design and treatment compositions

The biochar was mixed with the previously prepared soil
(3:1; soil: cow dung on a weight basis) at the rate of 0, 2.5,
and 5.0% Kg™' of soil, respectively. The biochar doses
were chosen based on the results from an initial experi-
ment (Additional file 1: Fig. S1). Five days after biochar
amendment, eight seeds of a high-yielding (11.5-12.5
tons ha™!) maize (BARI Hybrid Maize-9) variety were
directly sown in one L plastic pots (11 cm in height
and 12.5 cm in diameter) containing 700 g of biochar-
mixed soil. After seedling establishment, the number
of seedlings in pot™! was thinned to five. Pots contain-
ing five-day-old plants were then placed in white plastic
pots (6.5 cm in height and 13.5 cm in diameter) (Fig. 1).
Afterward, 700 mL of either tap water or sodium arse-
nate (Na,AsO,, As") solution was poured into white plas-
tic pots to saturate the soil (Fig. 1). Based on the results
from the initial experiment, the As"-dose (100 mg Kg™
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soil) was chosen (Additional file 1: Fig. S2). Importantly,
the volume of tap water or As" solution in white plastic
pots was constantly maintained throughout the experi-
mental period to ensure that the uptake of the solu-
tion through the plant’s root system resembled that of
natural environments. Overall, there were six differ-
ent treatments in our experiment: (i) Control (Ctrl), (ii)
2.5% biochar Kg™' of soil (B1), (iii) 5.0% biochar Kg*
of soil (B2), (iv) 100 mg Na,AsO, Kg™* of soil (As"), (v)
Bl+AsY, and (vi) B2+As". Nine days after As¥ expo-
sure, the second leaf (from the bottom) of the fourteen-
day-old maize plants was excised to examine numerous
parameters related to maize morphology, physiology, and
cellular biochemistry. After AsY exposure, the chemi-
cal properties of soil were also recorded (Additional
file 1: Table S2). Most importantly, we also quantified the
arsenic content in soil under different treatment com-
positions, as well as in the biochar (Additional file 1:
Table S3). To confirm the reliability of the results, we per-
formed the experiment three times.

2.3 Quantification of As” and mineral contents

Leaf and root (0.1 g) samples were oven-dried and pul-
verized before being digested in a DK 8S Heating digester
machine (Velp Scientifica, NY 11729, USA) with 5 mL of
a nitric acid: perchloric acid solution (5:1, v/v) for 2.5 h
at 190 °C. Afterward, deionized water was added to the
digested samples to raise their volume to 100 mL and
filtered using Whatman filter paper (Grade 42). From
this 100 mL, 5 mL of solution was withdrawn, and the
final volume was brought up to 50 mL by adding deion-
ized water. The contents of As’, calcium (Ca*"), potas-
sium (KT), iron (Fe’*), and magnesium (Mg®") were
determined using atomic absorption spectrophotometer
PinAAcle 900H (Perkin Elmer Company, Waltham, MA,
USA). The As" translocation factor (TF) within various
plant parts was determined using the following formula
reported by Mostofa et al. (2017), with minor changes:

TF=As" content in leavess/ As" content in roots.

2.4 Root and shoot growth assays

After nine days of As'-stress, plants were carefully
uprooted from each pot and rinsed with distilled water
to eliminate adhered soils. Next, the maize plant’s pri-
mary root length and shoot height were measured using
a measuring scale. Roots and shoots were subsequently
separated, and the root volume of maize plants was
determined by immersing washed roots in a measuring
cylinder. The increased volume of water was recorded
and expressed as g mL™! (Islam et al. 2020). Roots and
shoots were then oven-dried at 70 °C for 72 h to estimate
dry weight (DW). The maize plant’s individual leaf area
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was determined using the equation stated by Rahman
etal. (2022).

2.5 Quantification of chlorophylls and carotenoids
Chlorophyll (Chl) a4, Chl b, total Chls, and carotenoids
in 80% (v/v) acetone-extracted supernatant were quanti-
fied by recording the absorbance at Aggs, Agys and Ay
nm using a GENESYS 10S spectrophotometer (Thermo
Scientific, San Jose, CA, USA). The equations of Arnon
(1949), and Lichtenthaler and Wellburn (1983) were used
to determine Chl and carotenoid levels, respectively.

2.6 Assessment of photosynthetic rate, transpiration rate,
leaf temperature, and stomatal conductance

A portable LI-6400XT photosynthesis measurement sys-
tem manufactured by LI-COR Biosciences (Lincoln, NE)
was used to determine the rate of photosynthesis (P,),
transpiration (E), stomatal conductance (g,), and leaf
temperature (LT) in the middle portion of the 2nd leaf
(from the bottom) of four randomly chosen plants from
each treatment group.

2.7 Detection of reactive oxygen species in leaves

and quantifications of H,0, and MDA levels, and EL

percentage
The accumulation of superoxide (O,”) and hydrogen
peroxide (H,0O,) in maize leaves was visually detected fol-
lowing histochemical staining techniques using nitro blue
tetrazolium (NBT) and diaminobenzidine (DAB), respec-
tively, as described by Das et al. (2022). Furthermore,
spectrophotometric quantification of H,0, and malondi-
aldehyde (MDA) was carried out according to the proce-
dures proposed by Yu et al. (2003) and Kim et al. (2020),
respectively. Electrolyte leakage (EL) in maize leaves was
determined using an electrical conductivity meter follow-
ing the procedure reported by Rahman et al. (2022).

2.8 Determination of enzymatic antioxidant activities, LOX

activity, and the levels of total flavonoids
Enzyme extraction and activities of glutathione S-trans-
ferase (GST), catalase (CAT), glutathione peroxidase
(GPX), superoxide dismutase (SOD), ascorbate peroxi-
dase (APX), and peroxidase (POD) in maize leaves were
evaluated as explained by Rahman et al. (2019). On the
other hand, the activity of monodehydroascorbate reduc-
tase (MDHAR), glutathione reductase (GR), and dehy-
droascorbate reductase (DHAR), was assessed following
protocols described by Hossain et al. (1984), Foyer and
Halliwell (1976), and Nakano and Asada (1981), respec-
tively. The lipoxygenase (LOX) activity was measured
following oxidation of linoleic acid by monitoring the
change in absorbance at 234 nm, as described by Boyes
et al. (1992).
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The contents of protein and total flavonoids were esti-
mated following the methods defined by Bradford (1976)
and Das et al. (2022), respectively.

2.9 Determination of leaf RWC, Pro, TSS, TFAA, and total
carbohydrates

The method of Das et al. (2022) was adopted to deter-
mine relative water content (RWC) in maize leaves. Next,
proline (Pro) level was determined following Bates et al.
(1973) method using an acid ninhydrin-based procedure.
The protocols described by Somogyi (1952), and Lee and
Takahashi (1966) were followed to determine the total
soluble sugar (TSS) and total free amino acids (TFAA)
levels, respectively. The procedure of Dubois et al. (1956)
was adopted to assess the level of total carbohydrates.

2.10 Statistical analysis

Statistix 10 software was used to conduct a one-way
analysis of variance to identify the interactive effects of
biochar and As" toxicity in maize seedlings. Variations
within treatments were analyzed using least significant
difference tests at a significance level of P<0.05. Means
and standard errors (SEs) of three (for arsenic con-
tent, antioxidant enzymes, leaf osmoprotectant, and ion
estimation) and four (for morphological features, gas-
exchange features, photosynthetic pigments, and oxida-
tive stress markers) replicates per treatment were plotted
graphically.

3 Results
3.1 Characterization of rice husk biochar through scanning
electron microscopy (SEM) and elucidation of its
pH-related effects

The examination of rice husk biochar using SEM revealed
that biochar’s surface morphology was highly diverse
and complex, as characterized by a multitude of pores of
varying diameters (Fig. 2A—F). Importantly, our Energy-
dispersive X-ray spectroscopy (EDS) analysis revealed
that biochar devoid of As" exposure displayed a compo-
sition comprised of oxygen and silicon elements. Intrigu-
ingly, the addition of biochar samples with As" solution,
followed by 24 h of stirring, meticulous filtration, and
subsequent EDS analysis revealed that, apart from oxygen
and silicon elements, arsenic was also present (Fig. 2G—
N). This intriguing finding strongly implies the ability
of biochar to adsorb arsenic species from its surround-
ing environment. Indeed, the pH of the solution exerted
influence over the surface charge of the adsorbent, as
well as the extent of ionization and the configuration of
surface functional groups. Our analysis revealed that
the zero-point charge (pHzpc) of rice husk biochar was
around 6.8 (Additional file 1: Fig. S3). At pH values lower
than the pHzpc, the adsorbent’s surface carried a positive
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charge owing to the presence of H ions. Whereas, at pH
levels surpassing the pHzpc, the surface became nega-
tively charged due to the presence of hydroxyl ion (OH™).

3.2 Biochar addition improved phenotypic appearance
and maintained arsenic homeostasis under As'-stress
conditions in maize plants

Maize plants exposed to As'-stress for nine days dis-

played severe phenotypic disorders, including arrested

growth, yellowing of lower leaves, burnt leaf tips, and
inhibited root proliferation (Fig. 3A, B). Intriguingly,
compared with the ‘As"’ plants, biochar pretreatment
substantially improved the phenotypic appearance of

‘Bl+As"” and ‘B2+As"’ plants, indicating that the

As"-induced phytotoxic effects were mitigated (Fig. 3A,

B). Additionally, biochar pretreatment improved the

phenotypic appearance, particularly root growth in ‘B1’

and ‘B2’ plants, in relation to ‘Ctrl’ plants (Fig. 3A, B).

To examine the restorative effects of biochar, a group of

plants was subjected to five days of As"-stress followed

by consistent irrigation for five days. The results indi-
cated that biochar-treated As-stressed plants recovered
better than the As¥-stressed plants only, highlighting the
roles of biochar in active recovery of maize plants from

AsV-stress (Additional file 1: Fig. S4).

To uncover the underlying cause of phenotypic
alterations, we quantified the arsenic concentration in
roots and leaves (Fig. 3C, D). In comparison with ‘Ctrl
plants, arsenic concentration in roots and leaves was
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substantially increased by 9,391.90 and 28,060.78%,
respectively, in ‘As"” plants (Fig. 3C, D). By comparison,
biochar pretreatment significantly reduced arsenic con-
tent by 49.06 and 64.63% in roots, and 72.16 and 84.77%
in leaves of ‘B1+As"” and ‘B2+As"’ plants, respectively,
when compared with ‘As” plants (Fig. 3C, D). However,
in the absence of As”, ‘B1’ and ‘B2’ plants exhibited com-
parable levels of arsenic in roots and leaves (Fig. 3C, D).
More fundamentally, compared with control, translo-
cation of As" from root-to-leaf increased by 199.68% in
‘As"” plants (Fig. 3E). Contrariwise, biochar supplemen-
tation reduced the translocation of As¥ from root-to-leaf
by 46.56 and 57.46% in ‘Bl1+As"’ and ‘B2+ As"” plants,
respectively, when compared with ‘As"” plants (Fig. 3E).
These findings suggested that under As'-stress condi-
tions, biochar pretreatment had a better alleviatory effect
on the phenotype, as well as in the uptake of As" in maize
plants; the betterment was more prominent in ‘B2 +As"’
plants than ‘B1+ As"’plants.

3.3 Biochar application enhanced growth performance
in AsV-stressed maize plants

In comparison with ‘Ctrl’ plants, ‘As"” plants showed con-
siderable reduction in primary root length by 50.21%, shoot
height by 14.75%, root dry weight by 60.59%, shoot dry
weight by 46.98%, root volume by 65%, and individual leaf
area by 16.37% (Fig. 4A—F). On the other hand, in relation
to ‘As"” plants, pretreatment of plants with biochar notably
improved root length by 35.99% and 34.70%, shoot height

B1+AsY

Fig. 3 Phenotypic changes of (A) shoot and (B) root of maize plants subjected to sodium arsenate (Na,AsO,, AsY) stress for nine days

with and without biochar. Effect of biochar on total arsenic accumulation in (C) roots and (D) leaves, and (E) arsenic TF from roots to leaves of maize
plants grown under As'-stress conditions. Numerical data presented here indicates means + standard errors of three biological repeats. LSD test
determines significant differences (at P < 0.05) between treatments by different alphabetical letters. Ctrl, B1, B2, As' B1+As' and B2+ As" indicate
0mg As’ Kg~" soil, 2.5% biochar-added soil, 5.0% biochar-added soil, 100 mg As’ Kg~" soil, 2.5% biochar-added soil + 100 mg As’ Kg~ soil, and 5.0%
biochar-added soil + 100 mg As’ Kg™' soil, respectively. DW dry weight, LSD least significant difference, TF translocation factor
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Fig. 4 Effect of biochar on (A) primary root length, (B) shoot height, (C) root dry weight, (D) shoot dry weight, (E) root volume, and (F) individual
leaf area of maize plants subjected to sodium arsenate (Na,AsO,, As") for a period of nine days. Numerical data presented here indicate

means + standard errors of four biological repeats. LSD test determines the significant differences (at P < 0.05) between treatments by different
alphabetical letters. Ctrl, B1, B2, As’, B1 +As” and B2 +As" indicate 0 mg As’ Kg~" soil, 2.5% biochar-added soil, 5.0% biochar-added soil, 100 mg
As'Kg™' sail, 2.5% biochar-added soil+ 100 mg As’ Kg~' soil, and 5.0% biochar-added soil + 100 mg As” Kg™' soil, respectively. LSD least significant

difference

by 13.22 and 17.37%, root dry weight by 73.76 and 104.09%,
shoot dry weight by 57.99 and 76.30%, root volume by
114.29% and 128.57%, and individual leaf area by 25.70%
and 29.75% in ‘Bl+As"” and ‘B2+As"’ plants, respec-
tively (Fig. 4A—F). Moreover, supplementation of biochar
to As'-treated plants significantly enhanced primary root
length by 28.86%, shoot height by 14.64%, and shoot dry
weight by 22.13% in ‘B2’ plants, when compared with ‘Ctrl’
plants (Fig. 4A, B, D). However, in relation to ‘Ctrl’ plants,
‘Bl” and ‘B2’ plants displayed noteworthy enhancement
of root volume by 40% of each, respectively (Fig. 4E). The
findings also indicated that biochar pretreated B2+ As"’
plants displayed better improvement in root and shoot
height, dry weight, and root volume, as well as in individual
leaf area under As"-stress conditions.

3.4 Biochar application improved photosynthetic

pigment content, stomatal conductance to water,

and transpiration rate but declined leaf temperature

in AsV-stressed maize plant
‘As"” plants displayed considerable declines in P, by
33.70%, E by 61.02%, g, by 59.36%, as well as the levels of

Chl a by 39.67%, Chl b by 41.45%, total Chls by 40.34%,
and carotenoids by 36.13%, when compared with the
‘Ctrl’ plant (Fig. 5A, B, D, E-H). However, LT between
‘As"” and ‘Ctrl’ plants did not show any significant diver-
gence (Fig. 5C). In comparison with ‘As"” plants, stressed
plants supplemented with biochar showed a significant
increase in P, by 76.52 and 135.81%, E by 172.66 and
537.45%, g, by 70.67 and 199.23%, and the content of Chl
a by 38.74 and 12.96%, Chl b by 45.43 and 56.33%, total
Chls by 41.22 and 56.58%, while decreasing LT by 3.12
and 5.13%, in ‘Bl1+As" and ‘B2+As"’ plants, respec-
tively (Fig. 5A—G). Moreover, ‘B2+ As"” plants displayed
significant enhancement of carotenoid content by 39.22%
in relation to ‘As"’ plants (Fig. 5H). In contrast to ‘Ctrl’
plants, ‘B1’ and ‘B2’ plants showed noteworthy enhance-
ment in P, by 66.98 and 95.14%, E by 180.80 and 242.52%,
and g, by 73.58 and 74.06%, while exhibiting a decrease
in LT by 15.50 and 15.92%, respectively (Fig. 5A-D). On
the other hand, the content of Chl 4, Chl b, total Chls,
and carotenoids were significantly elevated by 33.76,
49.86, 39.85, and 35.51%, respectively, in ‘B2’ plants, as
compared with that of ‘Ctr]’ plants (Fig. 5E—H). However,
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Fig.5 Effect of biochar on (A) P,, (B) £, (C) LT, (D) g, (E) Chl g, (F) Chl b, (G) total Chl, and (H) Car of maize plants subjected to sodium arsenate
(Na,AsO,, As") stress for a period of nine days. Numerical data presented here indicate means + standard errors of four biological repeats. LSD

test determines the significant differences (at < 0.05) between treatments by different alphabetical letters. Ctrl, B1, B2, As’ B1+As’ and B2+As”
indicate 0 mg As” Kg™' soil, 2.5% biochar-added soil, 5.0% biochar-added soil, 100 mg As' Kg~' soil, 2.5% biochar-added soil + 100 mg As’ Kg™'

soil, and 5.0% biochar-added soil + 100 mg As" Kg~' soil, respectively. Chi chlorophyll, Chl a chlorophyll a, Chl b chlorophyll b, Car carotenoids, £
transpiration rate, FW fresh weight, g, stomatal conductance to water, LT leaf temperature, LSD least significant difference, P, net photosynthetic rate

we did not observe any noteworthy differences in levels
of photosynthetic pigments between ‘Ctrl’ and ‘B1’ plants
(Fig. 5E—H). These results made it apparent that pretreat-
ing the maize plant with biochar at both concentrations
modulated gas exchange features, as well as protected
photosynthetic pigments under As"-stress. Overall,
‘B2+ As"” plants performed better than ‘B1+As"” plants.

3.5 Biochar supplementation minimized LOX activity

and reduced H,0,, MDA, and electrolyte leakage levels
The accumulation of O,"~ and H,0O, was visualized by
staining the second leaf blades of maize plants with
NBT and DAB, respectively. In contrast to ‘Ctrl’ leaves,
‘As"” leaves displayed dark blue and dark brown polym-
erization spots, indicating overproduction of O, and
H,0O,, respectively (Fig. 6A, B). Contrarily, compared
with ‘As"’ leaves, the addition of biochar significantly
reduced production of excess O,"~ and H,O, in ‘B1+As"’
and ‘B2+As"” leaves (Fig. 6A, B). Compared with ‘Ctrl
plants, maize plants exposed to ‘As"’ stress substan-
tially increased the levels of H,O, by 114.99%, MDA by

262.72% and EL by 523.52%, and LOX activity by 410.88%
(Fig. 6C-F). Biochar supplementation, on the other
hand, reduced the levels of H,O, by 30.12 and 43.61%,
MDA by 44.91 and 57.46% and EL by 51.04 and 65.05%,
and LOX activity by 45.99 and 58.90%, in ‘Bl1+As"’
and ‘B2+As"’plants, respectively, when equated with
‘As"” plants (Fig. 6C—F). Without As"-stress, leaves of
‘Ctrl’ and ‘B1, and ‘B2’ plants displayed equivalent lev-
els of H,O,, MDA and EL, and LOX activity (Fig. 6C—
F). According to these results, biochar pretreatment
has an effective impact on the reducing levels of H,0,,
MDA and EL, and LOX activity in maize plants under
AsY stress conditions; the improvement was more pro-
nounced in ‘B2+ As"’ plants than in ‘B1+ As"” plants.

3.6 Biochar treatment upregulated enzymatic
antioxidants to overcome As'-induced oxidative stress
Compared with As"-free ‘Ctrl’ plants, activities of SOD
and CAT were substantially improved by 131.34 and
93.13%, respectively, in ‘As"’ plants (Fig. 7A, B). Maize
plants pretreated with biochar exposed to arsenic
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Fig. 6 Effect of biochar on ROS accumulation, levels of MDA and EL, and LOX activity in the leaves of maize plants subjected to sodium

arsenate (Na,AsO,, AsY) for a period of nine days. Visual detection of (A) O, and (B) H,0O, by histochemical staining with NBT and DAB,
respectively. Estimation of (C) H,0,, (D) MDA, (E) LOX activity, and (F) EL levels in leaves of maize plants. Numerical data presented here indicate
means + standard errors of four biological repeats. LSD test determines the significant differences (at P < 0.05) between treatments by different
alphabetical letters. Ctrl, B1, B2, As’ B1+As" and B2+ As' indicate 0 mg As” Kg™' soil, 2.5% biochar-added soil, 5.0% biochar-added soil, 100 mg As”
Kg~" soil, 2.5% biochar-added soil + 100 mg As" Kg~' soil and 5.0% biochar-added soil+ 100 mg As' Kg~" soil, respectively. DAB diaminobenzidine,
EL electrolyte leakage, FWW fresh weight, H,0, hydrogen peroxide, LOX lipoxygenase, LSD least significant difference, MDA malondialdehyde, NBT

nitroblue tetrazolium, O, superoxide, ROS reactive oxygen species

stress significantly improved the activities of SOD by
25.12 and 46.55%, and CAT by 32.66 and 67.70%, in
‘Bl1+As"”” and ‘B2+As"’ plants, respectively, when
contrasted with ‘AsY’ plants (Fig. 7A, B). Moreover,
biochar applications to arsenic-devoid plants also dis-
played substantial improvement in the activities of
SOD by 125.24 and 168.61%, and CAT by 51.78 and
82.82%, in ‘B1’ and ‘B2’ plants, respectively, as com-
pared with that of ‘Ctrl’ plants (Fig. 7A, B). The activ-
ity of AsA-GSH cycle enzymes POD, APX, MDHAR,
DHAR, and GR, were also evaluated in maize leaves
under AsV-stress conditions, with and without bio-
char (Fig. 7C-G). In comparison with ‘Ctrl’ plants, ‘As"”
plants displayed significant improvement in activities of
POD, APX, MDHAR, DHAR, and GR by 32.74, 83.88,
187.57, 214.53, and 140.11%, respectively (Fig. 7C-Q).
‘Bl1+As" and ‘B2+As"’ plants, on the other hand,
exhibited increased activities of MDHAR (by 33.30
and 194.68%), DHAR (by 142.24 and 314.26%), and
GR (by 221.26 and 240.37%, respectively), as compared
with ‘As” plants (Fig. 7E-G). However, there were no
discernible differences in APX and POD activities
between ‘As"’ and ‘Bl1+As"’ plants while ‘B2+As"’
plants showed a significant increase in POD activity by

56.08% and APX activity by 100.70%, in comparison to
‘AsY’ plants (Fig. 7C, D). Additionally, compared with
‘Ctrl’ plants, ‘B1” and ‘B2’ plants displayed a notewor-
thy enhancement in activities of MDHAR (by 100.07
and 102.05%), DHAR (by 93.64 and 172.27%), and GR
(by 150.85 and 207.43%, respectively); however, there
were no noticeable differences in POD and APX activi-
ties between ‘Ctrl, ‘B1” and ‘B2’ plants (Fig. 7C-G). In
comparison with ‘Ctrl’ plants, the activities of enzy-
matic GPX and GST were substantially improved by
79.98 and 35.83%, respectively, in ‘As"” plants (Fig. 7H,
I). ‘B14+AsY’ and ‘B2+ As"’ maize plants demonstrated
significantly improved activities of GPX by 25.37 and
138.19%, and GST by 61.48 and 153.83%, respectively,
when contrasted with ‘As"” plants (Fig. 7H, I). Moreo-
ver, biochar applications to arsenic-devoid plants also
displayed substantial improvement in the activities
of GPX by 66.44 and 65.05%, and GST by 50.45 and
133.78%, in ‘B1’ and ‘B2’ plants, respectively, as com-
pared with that of ‘Ctrl’ plants (Fig. 7H, I). On the other
hand, total flavonoid contents significantly decreased
by 50.27% in ‘As"’ plants in relation to ‘Ctrl’ plants
(Fig. 7]). Interestingly, ‘B1+As"” and ‘B2+As"” plants
exhibited notable increase in total flavonoids content
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Fig. 7 Effect of biochar on the activities of enzymatic antioxidants (A) SOD, (B) CAT, (C) POD, (D) APX, (E)) MDHAR, (F) DHAR, (G) GR, (H) GPX,
and (I) GST, and the levels of non-enzymatic antioxidant (J) total flavonoids in the leaves of maize plants subjected to sodium arsenate (Na,AsO,,
AsY) stress for a period of nine days. Numerical data presented here indicate means = standard errors of three biological repeats. LSD test
determines the significant differences (at P < 0.05) between treatments by different alphabetical letters. Ctrl, B1, B2, As” B1+As" and B2+ As”
indicate 0 mg As" Kg~' soil, 2.5% biochar-added soil, 5.0% biochar-added soil, 100 mg As" Kg~' soil, 2.5% biochar-added soil + 100 mg As’ Kg™'
soil, and 5.0% biochar-added soil+ 100 mg As” Kg™' soil, respectively. APX ascorbate peroxidase, CAT catalase, DHAR dehydroascorbate reductase,
FW fresh weight, GST glutathione S-transferase, GPX glutathione peroxidase, GR glutathione reductase, LSD least significant difference, MDHAR
monodehydroascorbate reductase, POD peroxidase, QF quercetin equivalent, SOD superoxide dismutase

by 41.48 and 75.37%, respectively, when compared with
‘As"” plants (Fig. 7J). Although we found no significant
differences in total flavonoids level between ‘Ctrl’ and
‘B1; ‘B2’ plants displayed an increase level of total flavo-
noids by 27.70%, relative to ‘Ctrl’ plants (Fig. 7]). These
findings clearly demonstrated that enzymatic antioxi-
dants SOD, CAT, POD, APX, MDHAR, DHAR, GR,
GPX, and GST activity and the non-enzymatic antioxi-
dant total flavonoids levels, responded favorably to the
biochar pretreatments in As'-stressed maize plants,

with ‘B2 + As"” plants showed better performance than
‘Bl+ As"’ plants.

3.7 Application of biochar differentially maintained
the levels of leaf RWC, Pro, TSS, TFAA, and total
carbohydrate in As'-stressed maize plants
When maize plants were exposed to arsenic stress,
the level of leaf RWC, TFAA, and total carbohydrates
were decreased by 30.49, 19.76, and 45.15%, and Pro
and TSS content were increased by 125.96 and 62.70%,
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Fig. 8 Effect of biochar on the levels of (a) leaf RWC, (b) Pro, (c) TSS, (d) TFAA, and (e) total carbohydrates in maize plant leaves subjected to sodium
arsenate (Na,AsO,, As" stress for a period of nine days. Numerical data presented here indicate means + standard errors of three biological

repeats. LSD test determines the significant differences (at P < 0.05) between treatments by different alphabetical letters. Ctrl, B1, B2, As’, B1 +As”
and B2+ As" indicate 0 mg As" Kg~' soil, 2.5% biochar-added soil, 5.0% biochar-added soil, 100 mg As¥ Kg~' soil, 2.5% biochar-added soil + 100 mg
AsYKg™" soil, and 5.0% biochar-added soil + 100 mg As” Kg~' soil, respectively. FW fresh weight, LSD least significant difference, Pro proline, RWC

relative water content, TFAA total free amino acids, 7SS total soluble sugars

respectively, when compared with ‘Ctrl’ plants (Fig. 8A—
E). Pretreatment of maize plants with biochar resulted
in enhancement of leaf RWC (by 30.22 and 28.84%), TSS
(27.34 and 74.42%), TFAA (39.30 and 56.09%), total car-
bohydrates (32.69% in ‘B1+ As"” plants), and decrement
of Pro (by 22.70 and 33.21%) in ‘B1+As"” and ‘B2 + As"’
plants, respectively, relative to ‘As"’ plants (Fig. 8A—E). In
addition, compared with ‘Ctrl’ plants, ‘B2’ plants exhib-
ited a significant enhancement in TFAA and total carbo-
hydrates content by 15.57 and 35.29%, respectively, while
both ‘B1’ and ‘B2’ plants showed a substantial improve-
ment in the level of TSS by 44.95 and 49.39%, respec-
tively (Fig. 8C-E). However, the level of leaf RWC and
Pro did not differ significantly among ‘Ctrl, ‘B1; and ‘B2’
plants (Fig. 8A, B). These results suggested that biochar
pretreatment resulted in greater accumulations of TSS,
TFAA, and total carbohydrates in ‘B2+ As"” plants than
in ‘B14+As"” plants. Additionally, these results demon-
strated that biochar treatment was effective in slowing
the rise in Pro and balancing the leaf RWC in ‘B1+As"’
and ‘Bl +As"’ plants.

3.8 Effects of biochar on the levels of mineral nutrients

in the leaves and roots of As'-stressed maize plants
In comparison with arsenic-free ‘Ctrl’ plants, K* content
in leaves of ‘As"” plants significantly decreased by 42.69%;
however, no significant divergence in K* content in roots
was observed between ‘Ctrl’ and ‘As"” plants (Fig. 9A, E).
In contrast, the addition of biochar significantly improved
K* content in leaves of ‘B1+As"” and ‘B2+ As"” plants by
126.06 and 384.52%, respectively, while the K* content in
roots of ‘B2+ As"” plants increased by 123.23%, as com-
pared with ‘As"” plants (Fig. 9A, E). Moreover, K" content

in the leaves and roots of ‘B2’ plants was significantly
increased by 28.03 and 145.12%, respectively, in contrast
with ‘Ctrl’ plants (Fig. 9A, E). We did not observe any
noteworthy variations of Ca®>" content in leaves between
‘Ctrl’ and ‘As"” plants; nevertheless, in roots, Ca*" con-
tent significantly improved by 33.12% in ‘As"” plants, in
relation to ‘Ctrl’ plants (Fig. 9B, F). In comparison with
‘As"” plants, Ca®" content in leaves was increased by
21.41 and 26.20%, and in roots, decreased by 31.53 and
19.37%, in ‘B1+As"” and ‘B2+4As"’ plants, respectively
(Fig. 9B, F). Although we did not observe any significant
variations of Ca*" content in leaves among ‘Ctrl, ‘B1;
and ‘B2’ plants, Ca>" content in roots was substantially
improved by 15.75% in ‘B1’ and ‘B2’ plants, respectively,
in relation to ‘Ctrl’ plants (Fig. 9B, F).

The Mg”" content in leaves and roots did not differ sig-
nificantly between ‘Ctrl’ and ‘As"” plants (Fig. 9C, G). Of
interest, the addition of biochar substantially improved
the Mg?>"™ content in leaves (by 180.03 and 261.78%),
and roots (by 121.48 and 138.17%) in ‘Bl1+As"" and
‘B2+ As"” plants, respectively, when compared to ‘As"’
plants (Fig. 9C, G). We did not observe any significant
divergence of Mg?" content in leaves and roots between
‘B1’ and ‘Ctrl’ plants. However, ‘B2’ plants showed nota-
ble improvement of Mg?" content in leaves and roots by
106.57 and 163.69%, respectively, when contrasted with
‘Ctrl’ plants (Fig. 9C, G). We did not observe any sub-
stantial variations of Fe’>" content in leaves and roots
between ‘Ctrl’ and ‘As"’ plants (Fig. 9D, H). Contrari-
wise, ‘B14+As"” and ‘B2+As"” plants displayed signifi-
cant enhancement of Fe>" content in roots by 84.12 and
160.91%, respectively, relative to ‘As"’ plants, while no
noteworthy variations were observed for Fe’™ content
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Fig. 9 Effect of biochar on the levels of (a, e) K*, (b, f) Ca’™ (c, g Mgz*, and (d, h) Fe?* in leaves and roots, respectively of maize plants subjected
to sodium arsenate (Na,AsO,, As") for a period of nine days. Numerical data presented here indicate means+ standard errors of three biological
repeats. LSD test determines the significant differences (at P < 0.05) between treatments by different alphabetical letters. Ctrl, B1, B2, As' B1+AsY
and B2+ As" indicate 0 mg As" Kg~' soil, 2.5% biochar-added soil, 5.0% biochar-added soil, 100 mg As¥ Kg~' soil, 2.5% biochar-added soil + 100 mg
AsYKg™" soil, and 5.0% biochar-added soil + 100 mg As" Kg~' soil, respectively. DW dry weight, LSD the least significant difference

in leaves among As", ‘Bl1+As", and ‘B2+As"’ plants
(Fig. 9D, H). In comparison with ‘Ctrl’ plants, ‘B1’ and
‘B2’ plants displayed a significant increase of Fe>™ con-
tent in leaves by 61.44 and 80.04% and in roots by 71.48
and 131.68%, respectively (Fig. 9D, H). The results sug-
gested that under As’ stress conditions, biochar pre-
treatment positively stimulated the uptake of K, Ca’*,
Mg>* in leaves and roots, and Fe?" in roots only. The
uptake seemed more prominent in ‘B2 + As"” plants than
‘Bl+As"" plants for all the mentioned minerals, while
for Mg*" in roots of ‘B1+As"” and ‘B2+As"” plants dis-
played similar results.

4 Discussion

Human and livestock exposure to arsenic through con-
sumption of maize and maize-related products is a
worldwide health concern. There is indeed an urgent
need to either remediate arsenic-polluted maize soils
or adapt strategies that could prevent arsenic accumu-
lation in maize grains while maintaining better growth
performance. Here, we demonstrate how biochar appli-
cation contributes to mitigation of arsenic toxicity in

maize plants grown under excessive As'-stress condi-
tions. We investigated biochar properties, as well as
several physiological and biochemical mechanisms
modulated by biochar applications to As'-exposed
maize plants. Our SEM image analysis revealed that rice
husk biochar had an intricately uneven surface, which
facilitated the metal absorption capacity (Fig. 2A—H).
The concurrent presence of silica on the biochar sur-
face substantially increased the retention of metal ions
(Fig. 2N, Q). This was attributed to silica’s role in pH
regulation within soil, as well as its contribution to pro-
cesses like metal co-precipitation and the creation of
inorganic crystals in carbonaceous materials, serving as
a mechanism to mitigate metal toxicity (Acharya et al.
2019). Notably, the biochar’s near neutral pHzpc value
of 6.8, uniquely facilitated the adsorption of both ani-
ons and cations, making rice husk biochar exceptionally
effective for removing heavy metals, such as As¥ from
aqueous solutions without distorting other essential
nutrient elements (Additional file 1: Fig. S3), which also
aligned with the previous research findings of Samsuri
et al. (2013).
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Arsenic is a nonessential element for plants, as it does
not play any positive role in normal plant growth and
metabolism. Rather, evidence from multiple plant spe-
cies, including soybean (Glycine max), rice (Oryza
sativa), tomato (Solanum lycopersicum), and wheat
(Triticum aestivum), suggests that a little accumula-
tion of arsenic in plant cells can impede developmental
processes, resulting in growth defects (Das et al. 2022;
Hakeem et al. 2022; Jia-Yi et al. 2022; Kaya and Ashraf
2022; Li et al. 2022). Our findings also revealed that
AsV-stress severely impacted maize growth, which was
reflected through phenotype aberrations and reduc-
tions of plant height, leaf area, and biomass (Fig. 3A, B;
Fig. 4A—F). The As"-induced growth defects also posi-
tively correlated with enhanced As" uptake in roots and
aerial parts of the maize plants (Fig. 3C—E). These find-
ings corroborated earlier studies and indicated that ele-
vated levels of arsenic in roots and shoots of rice, wheat,
and soybean are interlinked with the inhibition of roots
and shoots growth, as well as reduction in biomass pro-
duction (Das et al. 2022; Hakeem et al. 2022; Li et al.
2022). The current study also demonstrated that bio-
char addition to the soil restricted As" uptake by maize
roots, leading to a reduced accumulation of As" in the
aboveground part (Fig. 3C-E). The common mecha-
nisms of biochar-mediated arsenic remediation from
contaminated soils include improved electrostatic attrac-
tion, ion exchange process, surface sorption, complexa-
tion, and precipitation functions (Kumar et al. 2022; Liu
et al. 2022b; Xu et al. 2022a). Furthermore, biochar can
potentially aid in improvement of root structure, which
facilitates water and nutrient acquisition from soils for
improved growth of plants under arsenic stress condi-
tions. Biochar-mediated decrease of As' uptake and
accumulation, as well as subsequent growth promotion,
has also been observed in various plant species, including
rice (Irshad et al. 2020) and cowpea (Vigna unguiculata)
(Zhou et al. 2022).

Photosynthesis is the fundamental process required
for carbon fixation and biomass accumulation in plants.
Leaf Chl levels represent a vital indicator of photosyn-
thetic performance of plants (Hou et al. 2020). Our pre-
sent work revealed that As'-stress declined the rate
of P, E and g, as well as levels of photosynthetic pig-
ments in maize leaves, which likely contributed to poor
growth and biomass formation in As"-stressed maize
plants (Figs. 4A-F, 5A, B, D—H). Indeed, arsenic is well-
recognized for its adverse impacts on photosynthesis, as
evidenced by the disruption of chloroplast membranes,
degradation of photosystem I and II (PSI and PSII),
and hinderance or deactivation of enzymes essential
to the dark phase, such as rubisco (Bano et al. 2022a;
Chandrakar et al. 2018). Consistent with our findings,
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the AsV-induced attenuation of photosynthetic perfor-
mance and degradation of photosynthetic pigments was
also recorded in numerous crop plants, including tobacco
(Nicotiana sylvestris) (Kofronova et al. 2020). The
improvement of gas-exchange features and photosyn-
thetic pigments in biochar-supplemented As'-stressed
seedlings implied that biochar amendment may be asso-
ciated with enhanced availability and retention of soil
N, along with its subsequent utilization by the seedlings
(Hou et al. 2020; Kamran et al. 2020; Wang et al. 2021). In
addition, improvement of root growth in biochar-supple-
mented seedlings supports the notion of increased water
and nutrient acquisition from the soil, which in turn
stimulates plant photosynthesis and growth (He et al.
2020; Xiang et al. 2017).

A plethora of studies stated that accumulation of arse-
nic in plants is often associated with membrane disinte-
gration, imbalanced cellular homeostasis, and even cell
demise, predominantly by triggering oxidative stress
and genotoxic effect of excessive ROS (Mostofa et al.
2021a, b; Mittler et al. 2022). Our results demonstrated
that maize plant leaves generated large amounts of ROS
(O,"™ and H,0,) and MDA, along with high LOX activ-
ity in response to As'-stress (Fig. 6A—E). These results
implied that As¥ exposure led to a state of oxidative
stress, which manifested by increased levels of MDA
and EL in As'-stressed maize leaves. Biochar-treated
plants, on the other hand, exhibited heightened resilience
against As'-stress, attributable to an enhanced regula-
tion of oxidative damage, as indicated by diminished
accumulation of ROS, and decreased level of MDA, LOX
activity, and EL in maize leaves subjected to As"-stress
(Fig. 6A—F). Our results corroborated earlier studies that
demonstrated the alleviating role of biochar in reliev-
ing oxidative stress induced by nickel in chili (Capsicum
frutescens), arsenic in quinoa (Chenopodium quinoa), and
cadmium in broad bean (Vicia faba) leaves (Helaoui et al.
2022; Shabbir et al. 2021; Turan 2022).

Next, we investigated the responses of ROS-detoxifying
antioxidant defense system by examining the activities of
several key antioxidant enzymes and levels of flavonoids
in maize leaves subjected to both normal and As"-stress
conditions, with and without biochar treatment (Fig. 7A—
J). Our findings clearly indicated that biochar-treated
AsY-stressed plants effectively triggered ROS detoxifi-
cation by boosting activities of SOD, which dismutated
O,’” into H,0,, as well as CAT and POD, which convert
H,0, to H,O (Fig. 7A-C) (Mostofa et al. 2021a, b; Mit-
tler et al. 2022). APX, DHAR, GR, and MDHAR are the
enzymes involved in the (AsA)-(GSH) cycle for eliminat-
ing H,0O,. The AsA-GSH system also plays crucial roles
in maintaining cellular redox balance by regenerating
AsA and GSH, which is important for promoting heavy
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metal stress tolerance in plants (Zulfigar and Ashraf
2022). In this study, biochar-pretreated plants exposed
to As"-stress displayed higher activities of APX, DHAR,
GR, and MDHAR when compared with As"-stressed
plants only, indicating positive effects of biochar on AsA-
GSH cycle for enhancing H,O, elimination (Figs. 6B,C,
7D-G). Additionally, the enhancement of MDHAR,
DHAR, and GR activities also suggested a better main-
tenance of redox status in biochar-treated As'-stressed
maize leaves. More fundamentally, GSH-associated
enzymes, including GPX and GST, use GSH as a cofac-
tor to neutralize reactive aldehydes (Mittler et al. 2022).
Intriguingly, biochar-pretreated As'-stressed seedlings
showed significantly higher GPX and GST activities than
only AsV-stressed seedlings (Fig. 7H, I), suggesting that
biochar protected maize plants from toxic aldehydes by
activating these two enzymes (Fig. 6D). Flavonoids are
well-known non-enzymatic antioxidants that protect
oxidative damage to cell membrane integrity by directly
quenching ROS during metalloid stresses (Anjitha et al.
2021; Flora 2009). In the current study, high levels of fla-
vonoids in AsV-stressed plants supplemented with bio-
char implied that biochar addition aided maize plants
in conferring protection against As'-caused oxidative
damage (Fig. 7]). Together, synergistic functions of enzy-
matic and non-enzymatic defense factors against ROS
might have contribution to superior growth performance
of maize plants treated with biochar under As"-stress
conditions.

Plants also accumulate low-molecular-weight compat-
ible solutes like Pro, in addition to a robust antioxidant
defense system, as part of adaptive mechanisms to main-
tain plant-water status under stressful conditions (Kumar
et al. 2014; Moulick et al. 2016). Nevertheless, Pro accu-
mulation is not always associated with stress tolerance
(Mostofa et al. 2015; Mansour and Salama 2020). Numer-
ous studies have asserted that increased levels of Pro cor-
respond to the severity of stress symptoms when plants
are subjected to various abiotic stresses (Khan et al. 2021;
Mostofa et al. 2015; Rahman et al. 2022). In this study, we
revealed that under As"-stress, Pro and leaf RWC levels
are reciprocally associated, whereas biochar supplemen-
tation restored RWC without accumulating much Pro
(Fig. 8A, B). These results suggested that biochar addi-
tion was probably used for other metabolic adjustments,
requiring a low level of Pro accumulation, which cor-
roborated with the observed increase in total free amino
acids and total soluble sugars levels (Fig. 8B—D). Several
earlier studies have also found that total soluble sug-
ars and total free amino acids played significant roles in
maintaining the plant water status in response to abiotic
stresses, including As"-stress (Bano et al. 2022b; Sattar
et al. 2022). Furthermore, increased levels of total soluble
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sugars and total free amino acids are known to guarantee
a sufficient supply of nitrogen and carbon to better sup-
port plant metabolism under stressful circumstances (Ali
et al. 2019; Rosa et al. 2009).

Because arsenic stress can severely impact plants’
nutrient uptake mechanism, it is interesting to know
whether biochar application has any ameliorating impact
on nutrient absorption in maize plants under As"-stress.
Our results demonstrated that As¥-stressed maize plants
accumulated less Ca®* in leaves and less KT, Mg?*, and
Fe’" in both leaves and roots when compared with nor-
mal maize plants without As"-stress (Fig. 9A—H). This
observation may indicate As'-mediated root damage
and abnormal functions of ion channels embedded in
the roots, which together led to a diminished capacity
of nutrient absorption from soils (Figs. 3A, B, 9A-H)
(Farhangi-Abriz and Ghassemi-Golezani 2022). In the
presence of biochar, As"-stressed maize plants exhibited
enhanced uptake of K, Ca" (only in leaves), Mg*", and
Fe?* in their leaves and roots (Fig. 9A—H). Biochar itself
serves as a reservoir of numerous macro and micronu-
trients, which gradually release upon integration in soils.
This, in turn, increases the availability of nutrients to
be utilized by roots followed by transportation and dis-
tribution to different plant organs (Farhangi-Abriz and
Ghassemi-Golezani 2022). Furthermore, our findings
revealed that biochar incorporation improved the root
structure of maize plants (Fig. 3B) and possibly hydrau-
lic conductivity and water retention in soil (Barnes et al.
2014; Wong et al. 2022), which aided nutrient absorption
for sustaining plant growth under As"-stress conditions.
The biochar-induced high K* acquisition might play a
crucial role in elevating rubisco activity, gas exchange in
chloroplasts, and activation of several enzymes related
to energy metabolism, protein synthesis, and solute
transport (Mostofa et al. 2022). Ca’>" is known to regu-
late stomatal movement and the rate of photosynthetic
electron transfer, whereas Fe>* and Mg" are required for
Chl biosynthesis in plants (Faizan et al. 2022; Singh et al.
2020; Therby-Vale et al. 2021; Wang et al. 2019). Thus,
the greater photosynthetic rate and consequently, better
growth performance was likely facilitated by biochar-
mediated greater uptake of Ca’*, Mg®*, and Fe?" in maize
plants under As"-stress conditions.

5 Conclusions

The current study provides a comprehensive under-
standing of biochar-mediated As" -stress-resistance
mechanisms in maize plants (Fig. 10). Biochar applica-
tion potentially alleviated As'-induced phytotoxicity
by restricting As" uptake and translocation, protecting
photosynthetic apparatus and pigments, accumulating
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Fig. 10 Mechanisms involved in biochar-induced As'-stress mitigation in maize plants. The addition of biochar to soil aids in the elimination

of As" from the soil through a variety of mechanisms, including adsorption; thus, restricting As” uptake by roots and, as a result, lowering As”
translocation from roots to leaves. Biochar also increased the uptake of other mineral nutrients, such as K*, Ca*t, Mgz*, and FeZ*, which eventually
aids in enhanced photosynthesis. Osmotic adjustment is further aided by the biochar-mediated buildup of osmoprotectants, such as total soluble
sugars and total free amino acids. Importantly, the robust antioxidant defense system regulated by biochar, which includes both enzymatic

and non-enzymatic antioxidants, aids in reducing the oxidative burden caused by As'-stress. All of these contributed to better maize growth

under As'-stress

osmoprotectants, upregulating antioxidant defense sys-
tem, and elevating the levels of mineral nutrients. These
findings demonstrate the potential functions of biochar
in modulating various physiological and biochemical
pathways crucial for crop protection against arsenic
stress. However, identification of molecular targets of
biochar in maize might aid an in-depth understanding
on how biochar can regulate plant defense mechanisms
against excessive arsenic stress. Our study did not repli-
cate the natural environment, therefore a field trial with
a concurrent cost—benefit analysis would be necessary
to verify the effectiveness of biochar as a low-cost tech-
nique for reducing As'-induced negative impacts on
maize growth and seed quality.
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