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SUMMARY
Arsenic (As) is a non-essential carcinogenicmetalloid and an issue of concern for rice crops. This study inves-
tigated the effects of sulfur-loaded teawaste biochar (TWB) due tomodification with sodium sulfide (SSTWB)
or thiourea (TUTWB) on As stress and accumulation in rice plants. The results showed that sulfur-modified
TWB improved plant morphology compared to plants grown in As-contaminated soil alone. Biochar amend-
ments elevated the activity of antioxidant enzymes in rice plants harvested at 15 and 30 days after transplant
(DAT). Additionally, SSTWB and TUTWB significantly reduced As content in shoots by 26% and 19% at 15
DAT, respectively, as compared to TWB. This trend continued at 30 DATwith SSTWBachieving themaximum
decrease of 30%. Similar reductions were observed in plant roots. The study suggests that sulfur-modified
biochar amendments offer a promising strategy tomitigate the negative effects of As on, and reduce its accu-
mulation in, rice.
INTRODUCTION

Arsenic (As) is a non-essential, toxic, and carcinogenic metal-

loid.1 Arsenic contamination in soils and its buildup in crops

have drawn significant public attention worldwide.2 Arsenic

contamination in paddy fields has been reported globally, posing

a concern to the people using rice as the staple food.3 This is due

to the fact that rice accumulates As much more efficiently than

other cereal crops owing to its cultivation conditions and genetic

and physiological features.3,4 In areas where As contamination

and rice cultivation coexist, the main source of As exposure in

humans becomes the consumption of rice.5,6

In plants, one of the most prominent ways in which As can be

potentially dangerous is by causing oxidative stress and disrupt-

ing the redox state. The oxidative stress conditions can harm

proteins, lipids, membranes, and ultimately cause cell death.7

Arsenic can also interact directly with proteins, especially in

the reduced As(III) form, and disrupt their functions.8 The nega-

tive impacts of As on rice have been reported to result in reduced

yields also.9 Therefore, it is necessary to reduce the bioavail-

ability of As in paddy fields to reduce its impacts on plants and

to also avoid subsequent toxicity in humans. Although ex situ

cleanup technologies can be used to remove As from soil, it is

impractical in view of the huge extent of the problem and also
iScience 27, 111445, Decem
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due to the necessity of agriculture for the farmers involved in

this profession. Thus, there is a need for environmentally friendly

and economically viable in situ methods to reduce the detri-

mental effects of As on rice productivity and quality.5 There are

several in-situ methods that have been tested to address the

As problem in agricultural soil and its accumulation in rice. These

techniques include microbial supplementation, irrigation man-

agement, chemical treatment, and biochar amendment. Micro-

bial supplementation has been found to reduce As in rice in

studies.10 The addition of inorganic or organic chemicals like

gypsum,11 thiourea9 and elements such as silica12 have proven

successful. Simple agronomic management practices like inter-

mittent irrigation13 and soil inversion14 provide easy solutions.

However, apart from the As issue, the agricultural fields face

the problem of unhealthy soil. To this end, biochar addition can

be a long-lasting sustainable method to improve soil health

and tackle the As issue simultaneously. Biochar is a charred

carbonaceous material obtained by pyrolyzing plant biomass

or agricultural waste like rice straw, grass, wood, or manure at

low oxygen levels. Because of its remarkable capacity to in-

crease soil fertility while reducing greenhouse gas emissions

from agricultural lands, including nitrous oxide (N2O) and

methane (CH4), biochar application in agricultural fields has at-

tracted a lot of attention in recent years. The use of biochar
ber 20, 2024 ª 2024 The Authors. Published by Elsevier Inc. 1
NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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prepared from waste organic biomass also helps in reducing the

waste. Biochar has been found to improve the chemical and

physical characteristics of soil, enhancing nutrient retention via

cationic adsorption or pH increase of acidic soils.15,16 Further-

more, biochar remains stable in soil for extended periods,

providing a prolonged remediation effect. This long-term stability

reduces the need for frequent reapplication compared to other

methods, ensuring consistent soil improvement over time.More-

over, heavy metals were found to become immobile, and their

bioavailability in soil was decreased by biochar.17 Khan et al.16

observed significant decreases in As accumulation in rice straw,

leaves, and grains (by 30–34%, 24–28%, and 70–74%, respec-

tively) in a pot experiment. These decreases were caused by

a drop in soil bioavailable As (by 30–38%) upon biochar

application.

In order to attain further improvement, apart from raw biochar,

biochar modified with various chemicals has been used in recent

studies.18 These modifications cover a variety of techniques,

such as adding reactive materials and changing the structure

of biochar both chemically and physically. With the changes in

variables like surface area, surface charge, and surface func-

tional groups, modified biochar has been found to exhibit an

improved capacity to seize accessible nutrients from the soil

and alter their bioavailability.19 This procedure helps limit the

overuse of fertilizer and stops nutrients from being lost through

leaching.20 Additionally, biochar made from plant materials

like leaves or stems directly adds nutrients like potassium (K),

calcium (Ca), magnesium (Mg), etc. to the soil, improving its

fertility.21,22

In the plant system, sulfur is involved in several important pro-

cesses. After being absorbed, sulfur is assimilated into cysteine

and methionine.23 Cysteine is found in the active sites of

numerous enzymes and is essential for the formation of sulfhy-

dryl groups and disulfide bonds in proteins.24 Moreover, sulfur

containing compounds are essential for plants to protect them-

selves against stress, including As.25 Sulfur supply has been

found to affect As accumulation and translocation in paddy soil

and rice plants.26 Furthermore, sulfur might have an impact on

the chemical and physical characteristics of soil.27,28 However,

only a few reports have analyzed the overall behavior of sulfur

and As in a rice-soil system. Considering the importance of sulfur

in As stress tolerance and accumulation, the present study was

planned to modify biochar with sulfur and evaluate its effects on

rice. As the properties of raw and modified biochar differ greatly,

the research work was conducted to precisely understand the

effects of sulfur-modified tea waste biochar on rice.

In this study, the effect of sulfur-impregnated biochar on As

mobility and transfer from soil to the rice system was investi-

gated. The hypothesis was that biochar would enhance the

nutrient bioavailability to plants including that of sulfur and help

plants in better growth and lesser As accumulation when grown

in As-contaminated soil.

RESULT

Rice plant response to varying biochar doses
Arsenic contamination hampered rice plant growth at the early

stages. Biochar amendments may mitigate some of these nega-
2 iScience 27, 111445, December 20, 2024
tive effects, but their influence on plant morphology depends

on the application rate. At 7 DAG, As+1B exhibited the highest

root length, followed by the control, As+0.5B, As+2B and As

(Figures S1B and S2A). However, at 14 DAG, the control group

had the longest roots, followed by 0.5B and As (which had similar

root lengths) (Figures S1A, S1C, and S2B). Plant sample grown in

soil amended with 2% biochar showed the shortest root length.

Similarly At 21 DAG, the control group again had the longest

roots, followed by As+2B, As+1B, and then As+0.5 B with As

induced plant showing the shortest root length. The control

group consistently had the greatest shoot and total length across

all time points (7 DAG, 14 DAG, and 21 DAG) (Figure S1D

and S2C).

The preliminary study also investigated the impact of As

contamination and biochar amendments (0.5%, 1%, and 2%)

on pigment content (chlorophyll a (Chl a), chlorophyll b (Chl b),

and carotenoids) in rice plants harvested at 7 and 14DAG. Plants

grown in As-amended soil exhibited significantly lower pigment

content (Chla, Chl b, and carotenoids) compared to the control

group. Biochar amendments effectively increased chlorophyll

content in rice plants exposed to arsenic stress. Control plants

displayed a 38% increase in Chl a compared to As-amended

plants harvested at 7 DAG. Biochar treatments further enhanced

chl a content compared to As-amended plants by 33.87, 54.84

and 29.03% in As+0.5B, As+1B and As+2B setup respectively.

Similar to chl a, control plants have substantially higher

(64.29%) chl b compared to the As treatment. Biochar amend-

ments significantly increased chl b content compared to As-

amended plants by 125%, 65% and 55% respectively in

As+0.5B, As+1B and As+2B. The control group also had higher

(47.06%) carotenoid content compared to As-amended plants.

Biochar amendments again led to increased carotenoid content

compared to the As treatment. Maximum increase was found in

sample harvested at 7 DAG from As+1B by 59.26% followed by

As+0.5B (40.74%) and As+2B (29.63%) (Figure S3A). The anal-

ysis of Chl a, Chl b, and carotenoid concentrations across

different treatments revealed notable variations in pigment levels

compared to the control group plant harvested at 14 DAG. At 14

DAG, comparison of the different biochar doses (0.5B, 1B, and

2B) with the As treatment, demonstrated variable effects in

Chl a, Chl b, and carotenoid levels. The treatment with 0.5B bio-

char showedminimal changes, with Chl a level increasing slightly

by approximately 9.09%, Chl b levels by 156.52%, and carot-

enoid levels by 15.25% (Figure S3B). Similarly, other biochar

treatments also induced an increase in pigment levels. These

findings underscore the varied impacts of biochar application

at different rates on the levels of Chl a, Chl b, and carotenoids

in rice plant shoots exposed to As toxicity, highlighting the po-

tential of biochar as a mitigating agent.

Additionally, MDA concentration was measured in both roots

and shoots at 7 and 14 DAG. The results revealed a significant

increase in MDA in both roots and shoots of rice plants grown

in As-amended soil compared to the control group at both 7

and 14 DAG. These increases were substantial, reaching 11%

and 34% for shoot and root respectively, at 7 DAG, and further

rising to 36.31% and 56.13% for shoot and root, respectively,

at 14 DAG, compared to the control. The study observed a

dose-dependent decrease in MDA content with increasing



Figure 1. FTIR analysis of different types of biochar, where vertical and horizontal axis represents absorbance and wavenumber, respec-

tively

(A) TWB; (B) SSTWB; (C) TUTWB. TWB - tea waste biochar; SSTWB - sodium sulfide modified tea waste biochar; TUTWB - thiourea modified tea waste biochar.
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biochar amendments (0.5%, 1%, and 2%). This suggests that

biochar application helps mitigate the negative effects of As

stress on rice plants. At both 7 DAG and 14 DAG, the highest re-

ductions in MDA content (both shoot and root) were observed in

plants treated with the 1% biochar dose. These reductions were

followed by those observed with the 2% biochar and then the

lowest dose (As+0.5B) of biochar amendment (Figures S3C

and S3D). Overall, this study highlighted that As contamination

significantly elevates MDA content in rice plants, indicating

increased oxidative stress. However, biochar amendment,

particularly at 1% doses, demonstrated promise in alleviating

this stress response.

Characterization of biochar and modified biochar
FTIR was used to analyze the raw and modified biochar for the

presence of any chemical groups, as shown in Figure 1. The

FTIR of the TWB,SSTWB, andTUTWBcontained several adsorp-

tion peaks. The peak at 780.80 cm�1 for TWB, 780.30 for SSTWB,

and at 768.20 cm�1 for TUTWB were assigned to C–H bending
aromatic CH out-of-plane deformation.29 The peaks of biochar

around 3400, 2900, 1600, and 1100 cm�1 might be attributed to

hydroxyl groups (OH), C-H, C=C., and C-O respectively.30

Compared with TWB, the new peaks found at 868 and

579 cm�1 on the surface of SSTWB were attributed to sulfonyl

groups (O=S=O) and Si–O, respectively.31,32 Similarly, the new

peak on the surface of TUTWB at 579 cm�1 reflected Si-O and

around 3500-3600 cm�1 showed N-H stretching, which confirms

the loading of TU in TWB. The results suggested that types and

strengths of functional groupspresent inmodifiedbiochar offered

more adsorption sites in comparison to unmodified biochar.

The SEM of biochar (Figure 2) revealed a variety of porous

structures, although the variations in size and shape of the pores

suggested that the adsorption capacities of different biochar

might differ.33 The surfaces of SSTWB (Figure 2B) and TUTWB

(Figure 2C) showed greater porous structures in comparison to

TWB (Figure 2A). It was clear that the two materials had different

morphologies. Additionally, the surfaces of SSTWB and TUTWB

were rough and had more irregular particles, while the surface of
iScience 27, 111445, December 20, 2024 3



Figure 2. SEM-EDX images of unmodified and modified tea waste biochar

Scanning electron microscopy image and EDX spectra of TWB (A, D), SSTWB (B, E) and TUTWB (C, F). TWB - tea waste biochar; SSTWB - sodium sulfide

modified tea waste biochar; TUTWB - thiourea modified tea waste biochar.
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TWB was smooth and had few pores. The EDX spectra of TWB,

SSTWB, and TUTWB were further analyzed. The sulfur concen-

tration in SSTWB and TUTWBwas found to be higher than that of

TWB, as illustrated in Figures 2D and 2E, and 2F. This indicates

that sulfur was successfully loaded onto the surface of both

modified biochar’s. Our findings are consistent with Zhang

et al.,34 who previously showed successful sulfur loading onto

biochar using sodium sulfide. It was important to note that

SSTWB surface had significantly more sodium than TWB, which

may have improved biochar’s ability to exchange ions.34

Using a Quantachrome Instrument (USA, Model-Autosorb

(IQ2)) surface area and porosimetry analyzer (Norcross, GA),

the surface area of the biochar was determined. Liquid N2

adsorption was employed to quantify the molecular surface
4 iScience 27, 111445, December 20, 2024
area, and the BET (Brunauer�Emmett�Teller) equation was

applied to determine the surface area of the biochar sample.35

The specific surface area (SSA) of SSTWB (2.99 m2 g�1) and

TUTWB (2.34 m2 g�1) was about 47% and 15% higher than

the specific surface area of TWB (2.04 m2 g�1), respectively.

This indicates that the SSA of modified biochar acted as an

important parameter of As adsorption in soil.

Soil physico-chemical properties and elemental status
The physicochemical analysis of soil samples collected at three

distinct time points revealed significant variations in SOC, avail-

able phosphorus, pH, EC, and ORP across different experimental

treatments (Table S1 in supplementary file). At Zero DAT, the con-

trol group exhibited a pH range of 6.44 ± 0.12, while As alone,



Figure 3. Arsenic concentration (mg kg�1) in soil at different time

points

All the values are means of triplicates ± SD. One-way ANOVA was found

significant at 95% significant level. Dissimilar letter above means within a

column are significantly different at p % 0.05 as performed by Tukey’s post-

hoc test. As - arsenic; TWB - tea waste biochar; SSTWB - sodium sulfide

modified tea waste biochar; TUTWB - thiourea modified tea waste biochar;

DAT - days after transplant.

Table 1. Concentration of various major oxides present in

experimental soil

Major oxide concentration (%)

MgO (%) 1.89 ± 0.06

K2O (%) 2.47 ± 0.09

CaO (%) 1.42 ± 0.17

Fe2O3 (%) 2.66 ± 0.70

Al2O3 (%) 13.80 ± 0.43

SiO2 (%) 66.33 ± 1.38

P2O5 (%) 0.19 ± 0.011

MnO (%) 0.06 ± 0.033

Values are mean of triplicate ±SD.
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As+TWB, As+SSTWB, and As+TUTWB treatments showed pH

ranges of 6.40 ± 0.07, 6.53 ± 0.23, 7.11 ± 0.36, and 7.00 ± 0.27,

respectively. Similarly, ORP values varied significantly among

treatments, with the control group exhibiting �10.70 ± 1.21 mV

and As+TUTWB showing �7.00 ± 0.56 mV. EC values ranged

from 74.85 ± 8.56 to 119.80 ± 5.85 mS cm�1 across treatments

at Zero DAT. At 15 DAT, pH levels fluctuated between 5.87 ±

0.05 and 6.35 ± 0.14, showing a slight decrease in pH in all

treatments as compared to Zero DAT, possibly due to biochar

treatments. EC values ranged from 214.00 ± 8.89 to 303.00 ±

36.06 mS cm�1, suggesting amoderate increase in ion concentra-

tion over time. ORP values ranged from 20.00 ± 3.11 to 25.45 ±

3.75 mV, with some treatments exhibiting higher oxidation

potential. At 30 DAT, pH values ranged from 5.88 ± 0.04 to

6.23 ± 0.06, slightly lower than those observed at 15 DAT. EC

values ranged from 228.75 ± 22.98 to 289.00 ± 36.06 mS cm�1,

indicating a slight to moderate increase compared to the previous

time point. ORP values ranged from 14.50 ± 0.85 to 21.30 ±

2.05 mV, showing consistency or slight variations from the previ-

ous time point. Notably, the As+SSTWB treatment exhibited the

highest pH on all time points, while the control group showed

the highest ORP. Additionally, EC values showed fluctuations

across treatments and different time points, reflecting the dy-

namic nature of soil properties under experimental conditions.

This study also examined how different biochar’s (TWB,

SSTWB, and TUTWB) affect SOCand available phosphorus levels

in the presence of As contamination. At Zero DAT, the highest

SOC content was found in the As+SSTWB (2.86 ± 0.43%) treat-

ment, while the control group (1.63± 0.27%) had the lowest. Avail-

able phosphorus levels also varied, with the As+TUTWB 78.83 ±

7.20 kg ha�1 the highest and the As-only treatment having the

lowest (78.83 ± 7.20 kg ha�1) in the As+TUTWB. These trends

continued throughout the experiment with some variations. At

15 DAT, the SOC content ranged from a minimum of 1.88 ±
0.26% in the control treatments to a maximum of 3.19 ± 0.38%

in the As-only treatment. Available phosphorus levels varied

from 52.87 ± 6.50 kg ha�1 in the control group to 88.17 ±

4.79 kg ha�1 in As+SSTWB. At 30-DAT, the SOC content ranged

from a minimum of 1.88 ± 0.28% in the control treatment to a

maximumof 2.75± 0.27% in both SSTWBand TUTWB treatment.

Available phosphorus levels varied from 42.40 ± 9.02 kg ha�1 in

the As-only treatment to 76.15 ± 10.79 kg ha�1 in As+SSTWB.

Overall, the application of different biochar treatments (TWB,

SSTWB, and TUTWB) with arsenic resulted in varied soil organic

carbon and available phosphorus levels compared to the arsenic

alone and control groups across different time points.

Soil As levels were monitored at three intervals (0, 15, and 30

DAT) across different experimental conditions. As shown in Fig-

ure 5, in Zero DAT, no significant differences in soil As contents

were observed. However, at both 15 DAT and 30 DAT, amend-

ments involving biochar showednotable reductions in soil As con-

tent compared to As-only treatment. Among the biochar amend-

ments, SSTWB exhibited a slight decrease in soil As content from

38.40 mg kg�1 at 15 DAT to 37.45 mg kg�1 at 30 DAT. TUTWB

showed a moderate decrease with reductions from 39.40 to

38.15 mg kg�1. In contrast, TWB displayed a greater reduction

in soil As, from 41.15 mg kg�1 at 15 DAT to 38.70 mg kg�1 at 30

DAT. Application of modified biochar resulted in a minimal

decrease in total soil arsenic concentration between 15 and 30

DAT (Figure 3). However, a significant reduction in As content

was observed in the roots and shoots of the rice plants. Addition-

ally, concentrations of various major oxides (MgO, K2O, CaO,

Fe2O3, Al2O3, SiO2, P2O5 and MnO) present in the soil are pro-

vided in Table 1. The result suggested that biochar amendments

primarily reduced the bioavailability of As in the soil, potentially

by binding As to its surfacewithin the rhizosphere. Based on these

results, the addition of biochar to soil may be a viable way to

reduceAs contamination. These findings emphasize the effective-

ness of biochar amendments, particularly modified biochar, in

reducing soil As content over time. The improved As adsorption

capacity of SSTWB and TUTWB likely contributes to their

enhanced performance compared to TWB.

Plant morphological changes under different
experimental conditions
The growth parameters of the plant samples were measured to

assess the performance of plants under the influence of biochar
iScience 27, 111445, December 20, 2024 5



Figure 4. Morphological appearance of rice

plants at 15 DAT and 30 DAT under As stress

The morphological appearance of rice plants har-

vested at 15 DAT (A) and 30 DAT (B). As - arsenic;

TWB - tea waste biochar; SSTWB - sodium sulfide

modified tea waste biochar; TUTWB - thiourea

modified tea waste biochar; DAT - days after trans-

plant.
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amendments. These growth parameters were assessed in plant

samples collected at 15 and 30 DAT. Compared to the control,

plants grown in As-amended soil exhibited significant reductions

in root and shoot length at both time points (Figure 4). At 15 DAT,

total, shoot, and root length decreased by 17%, 16%, and 24%,

respectively (Figure 5A). Furthermore, these reductions were
Figure 5. Biochar mediated change in rice plant growth parameters (root, shoot, and total leng

As stress

Effect of control, As and As plus different types of biochar on root length, shoot length and total length of

biomass at 15 DAT (C) and 30DAT (D). All the values aremeans of triplicates ±SD. One-way ANOVAwas found

above means within a column are significantly different at p % 0.05 as performed by Tukey’s post-hoc tes

sodium sulfide modified tea waste biochar; TUTWB - thiourea modified tea waste biochar; DAT - days afte

6 iScience 27, 111445, December 20, 2024
further intensified in plants at 30 DAT

(33%, 28%, and 48%, respectively) as

compared to control plants (Figure 5B).

In biochar amendments, growth improve-

ment was seen. At 15 DAT, shoot and

root length increased by 11% and

34%, respectively, in plants grown in

As+SSTWB compared to the As alone

treated plant. TWB also promoted growth,

with increases of 6% and 13% observed
for shoot and root length, respectively. Interestingly, As+TUTWB

resulted in an 8% increase in shoot length but a 13%decrease in

root length compared to the As alone treatment (Figure 5A). A

similar pattern of biochar amendments reducing As adverse im-

pacts was observed at 30 DAT. The length of the shoots and

roots increased by 14% and 24%, respectively, in TWB and by
th) and biomass at 15 DAT and 30 DAT under

rice plants at 15 DAT (A) and 30 DAT (B) and plant

significant at 95% significant level. Dissimilar letter

t. As - arsenic; TWB - tea waste biochar; SSTWB -

r transplant.



Figure 6. Biochar-mediated change in photosynthetic pigments and MDA content in rice plant at 15 DAT and 30 DAT under As stress

Effect of control, As and As plus different types of biochar on photosynthesis pigment of rice plants at 15 DAT (A) and 30 DAT (B) and MDA content at 15 DAT

(C) and 30 DAT (D). All the values are means of triplicates ± SD. One-way ANOVA was found significant at 95% significant level. Dissimilar letter above means

within a column are significantly different at p % 0.05 as performed by Tukey’s post-hoc test. As - arsenic; TWB - tea waste biochar; SSTWB - sodium sulfide

modified tea waste biochar; TUTWB - thiourea modified tea waste biochar; DAT - days after transplant.
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21% and 45%, respectively, in As+SSTWB as compared to As-

only treatment. It is interesting to note that As+TUTWB showed

again a distinct effect, increasing shoot length by 18% but

decreasing root length by 34% when compared to the As-only

treatment (Figure 5B).

The fresh weight and dry weight of control plant samples were

40% and 28% higher, respectively, in 15 DAT samples as

compared to As-amended pot samples. The fresh weight of

plant samples taken from As+TWB, As+SSTWB, and As+

TUTWB amended pots was 35%, 50%, and 5% higher, respec-

tively, while the dry weight was 16% in As+TWB and 35% in

As+SSTWB as compared to the As-only treatment. Similarly,

the fresh weight and dry weight of control plant samples were

observed to be 56% and 61% higher, respectively, in the 30

DAT sample compared to the plant grown in As-amended pot.

Meanwhile, the fresh weight of plant samples collected from

TWB, SSTWB, and TUTWB amended pots showed increases

of 14%, 79%, and 29%, respectively, while the dry weight

showed higher values by 25%, 87%, and 35.37%, respectively,

compared to the arsenic-amended pot (Figures 5C and 5D).

Photosynthetic pigment and lipid peroxidation
Compared to the control group, plants grown in As-amended soil

exhibited a significant decrease in pigment content. Chlorophyll

a, b, and carotenoid levels declined by 11%, 46%, and 20%,

respectively, at 15 DAT and by 50%, 77%, and 55%, respec-

tively, at 30 DAT, indicating a negative impact of As on plant
photosynthesis (Figures 6A and 6B). Interestingly, rice plants

grown in pots amended with biochar alongside As (As+TWB,

As+SSTWB, and As+TUTWB) showed a reversal of this trend

compared to plants grown in As-only amended soil. An increase

of about 0.1– to 0.75-fold in chlorophyll a, 0.45– to 4.95-fold in

chlorophyll b, and 0.05– to 1.39-fold in carotenoids in As+TWB,

As+SSTWB, and As+TUTWB treatments as compared to As

alone treatment (Figures 6A and 6B). These results suggested

that sulfur modified biochar can effectively mitigate the negative

effects of arsenic on chlorophyll content in rice plants.

The toxicity of As was also assessed in terms of lipid peroxida-

tion (an indicator of membrane damage), as indicated by thema-

londialdehyde (MDA) content, in rice plants harvested at 15 and

30 DAT. Plants grown in As-amended soil exhibited significantly

higher MDA content in both shoots (10%–47%) and roots

(45%–74%) compared to the control group at 15 and 30

DAT (Figures 6C and 6D). Biochar amendments (As+TWB,

As+SSTWB, As+TUTWB) displayed a protective effect reducing

MDA content compared to plants grown only with As. Shoot

MDA decreased by 7%–17% across the biochar treatments at

15 DAT. However, root MDA showed a more significant reduc-

tion, with decreases ranging from 10% to 43% (Figure 6D). At

30 DAT also, biochar amendments induced a decline in MDA

levels. Shoot MDA decreased by 23%–35% in plants with bio-

char amendments compared to the As-only treatment. Root

MDA also showed reductions ranging from 27% to 32% in bio-

char treatments (Figure 6D).
iScience 27, 111445, December 20, 2024 7



Figure 7. Biochar-mediated changes in antioxidant enzyme activities in rice plant (APX, CAT, GPX, and SOD) under As stress

Effect of control, As and As plus different types of biochar amendments on APX (A), CAT (B), GPX (C), and SOD (D) activity in rice plants. All the values aremeans of

triplicates ± SD. One-way ANOVA was found significant at 95% significant level. Dissimilar letter above means within a column are significantly different at

p% 0.05 as performed by Tukey’s post-hoc test. As - arsenic; TWB - tea waste biochar; SSTWB - sodium sulfide modified tea waste biochar; TUTWB - thiourea

modified tea waste biochar; DAT - days after transplant.
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Effects of arsenic and biochar amendments on
antioxidant enzyme activity in rice plants
Plants grown in As-amended soil exhibited the highest SOD ac-

tivity in both shoots and roots compared to all biochar treat-

ments. Biochar amendments resulted in decreased SOD activity

compared to the As-only treatment. SOD activity in shoot

and root of plants harvested at 15 DAT showed a decreasing or-

der: As+SSTWB (56% and 63%) > As+TUTWB (44% and

53%) > As+TWB (36% and 30%). Similarly, plants harvested at

30 DAT depicted a decline in SOD activity in As+biochar plants

(Figure 7D). The activity of APX, GPX, and CAT also depicted a

response similar to that of SOD. The maximum activity of these

enzymes in shoot and root was found in As-alone treated plants.

In different biochar amendments, a significant reduction in APX

(Figure 7A), GPX (Figure 7B), and CAT (Figure 7C) activity was

observed as compared to that of As alone treatment. Among

the biochar treatments, the application of modified biochars

(SSTWB and TUTWB) resulted in greater decline in enzyme ac-

tivity as compared to unmodified TWB.

Arsenic content in root and shoot of rice plant
Arsenic content in shoots of plant samples harvested from As

amended soil at 15 DAT was found to be 118.29 mg g�1 dw. In

biochar amendment, As content showed a decline, which was

found to be the maximum in SSTWB (87.46 mg g�1; 26%), fol-
8 iScience 27, 111445, December 20, 2024
lowed by 19% in TUTWB (96.64 mg g�1) and 12% in TWB

(103.71 mg g�1). At 30 DAT also, a similar pattern was followed.

The maximum decrease of As content in shoot was found in

SSTWB (167.75 mg g�1) and the minimum decrease was

observed in TWB (201.75 mg g�1) in comparison to As alone

treatment (241.08 mg g�1). Arsenic content in the root of plant

samples harvested from As amended soil was 1656.00 mg g�1

at 15 DAT and 2893.00 mg g�1 at 30 DAT. In SSTWB, TUTWB,

and TWB, a decrease in root As content was observed, which

was 26% (1227.00 mg g�1), 18% (1353.10 mg g�1) and 10%

(1494.03 mg g�1), respectively, at 15 DAT and 30% (2013.03 mg

g�1), 22% (2246.00 mg g�1) and 15% (2463.08 mg g�1), respec-

tively, at 30 DAT in comparison to As alone treated plant

(Figure 8).

DISCUSSION

This study aimed to evaluate the effectiveness of sulfur modified

biochar inmodifying these soil properties. Many previous studies

have already proven that biochar impregnated with inorganic el-

ements like iron, iron oxide, iron manganese oxide, bismuth, and

sulfur affect the abundance of microbes in soil. Thus, biochar

modified with these elements has the ability to immobilize poten-

tially toxic elements like As and Cd.36 Biochar amendments may

improve soil acidity, enhance nutrient content, and potentially



Figure 8. Effect of control, As and As plus different types of biochar

on As accumulation by shoot and root in rice plants at 15 DAT and 30

DAT

All the values are means of triplicates ± SD. One-way ANOVA was found

significant at 95% significant level. Dissimilar letter above means within a

column are significantly different at p < 0.05 as performed by Tukey’s post-hoc

test. As - arsenic; TWB - tea waste biochar; SSTWB - sodium sulfide modified

tea waste biochar; TUTWB - thiourea modified tea waste biochar; DAT - days

after transplant.
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reduce As bioavailability. Soil physicochemical properties, such

as pH and ORP, significantly influence As mobility and plant up-

take. Studies have shown that higher soil pH (alkaline conditions)

can lead to increased total As accumulation in plants.37 This is

likely due to increased desorption of arsenite [As(III)] and arse-

nate [As(V)] at higher pH since the negative surface charge on

soil particles is enhanced.38 In our study, biochar application

led to an increase in soil pH due to its inherent alkaline nature.

Biochar contains basic cations (such as Ca2⁺, Mg2⁺, and K⁺)

that readily dissociate and release carbonates and oxides in

the soil.27 These released cations can exchange with protons

(H⁺). However, negatively charged functional groups (carboxyl,

hydroxyl, and phenolic) of biochar contribute to pH elevation

by attracting and neutralizing H⁺ ions.39 In this experiment, the

elevated ORP values compared to the control might have also

contributed to As behavior, as ORP is known to influence As

speciation and mobility.40 According to Li et al.41 biochar appli-

cation can alter soil ORP and affect As speciation andmobility. In

another study, El-Naggar et al.42 suggested that flooded soils

experience dynamic redox conditions, which significantly affect

the speciation and mobilization of elements like As, Co, and Mo.

Additionally, SOC and associated microbial activity can signifi-

cantly affect As mobilization and plant bioavailability.43 Soil

organic carbon directly reflects the organic carbon content of

applied biochar, indicating a positive correlation. The observed

increase in SOC may be due to biochar stimulating the decom-

position of existing soil organic matter. Sulfur-modified biochar

showed reduced volatile and soluble organic carbon content,

suggesting decreased mineralization and decomposition pro-

cesses compared to unmodified biochar.42 Biochar amend-

ments not only raised soil alkalinity but also enhanced available

phosphorus (P) content. This improvement is attributed to bio-

char’s high specific surface area and abundant functional
groups. Additionally, differences in EC among soil samples sug-

gest variations in their ability to enhance water-soluble ion con-

tent.44 The observed changes in soil characteristics following

TWB, SSTWB, and TUTWB application could be attributed to

the direct effect of biochar itself or the complex interactions.

Varying biochar surface properties affected As bioavailability,

leading to improved adsorption behavior.45 between its physical

and chemical properties with the existing soil environment.

Rice plants exposed to As toxicity exhibited reduced growth at-

tributes such as root length, shoot length, and plant biomass (both

fresh and dry weight). The cellular damage induced by As toxicity

leads to the over-generation of reactive oxygen species (ROS),

disrupting plantmetabolism, including photosystems, photorespi-

ration, and respiration.46 Consequently, plant growth is hindered.

Furthermore, As exposure directly interferes with the photosyn-

thetic activity of plants, affecting chlorophyll and carotenoid con-

tents, which are principal factors contributing to lower biomass

accumulation under stressed conditions.47 Our findings support

this concept, as rice plants exposed to As exhibited lower chloro-

phyll and carotenoid content, indicating a decline in photosyn-

thetic pigments. Furthermore, As exposure can disrupt stomatal

function, leading to abnormalities, dysfunction, and closure of sto-

mata along with guard cell distortion.48 Similar trends of growth

retardation due to As have been observed in previous research

on rice,49maize (Zeamays L.; Khan et al.50), andmungbean (Vigna

radiata; Alam et al.51). In this study, both sodium SSWB and

TUTWB restored the growth attributes of rice even under As

stress. The high metal adsorption affinity of SSTWB and TUTWB

amendments and their potential to improve plant characteristics

by enhancing soil nutrient status, enzymatic activities, and

reducing heavy metal bioavailability52 contribute to improved

plant growth under stressed conditions. Our findings align with

earlier research by Irshad et al.,36 where biochar-amended soil

effectively mitigated cadmium and As toxicity and improved rice

plant growth. Additionally, the positive effect of iron-modified bio-

char on plant growth improvement has beendocumented in a pre-

vious study,53 indicating that essential plant nutrients accumulate

more when biochar is applied to soil, even under As exposure,

promoting plant growth while mitigating toxicity. The positive ef-

fect of biochar on increasing rice growth characteristics under

stress conditions in our study is consistent with the findings of

Shukla et al.,54 where the potential of biochar to increase metal

adsorption or reduce its translocation from soil was cited as the

reason for rice plants’ improved stress tolerance and growth

promotion.

Previous studies have shown that biochar amendments can

alleviate the negative effects of metal(loid) toxicity and enhance

plant photosynthetic pigments.55,56 Consistentwith these reports,

our data revealed an upward trend in carotenoid, chlorophyll a,

and chlorophyll b content in rice plants exposed to As stress

when treated with SSTWB and TUTWB. This suggests that bio-

char application can mitigate the detrimental effects of As on

rice plant photosynthesis. A possible reason for the observed

growth improvement is reduced ROS load and oxidative stress

that lead to decreased plant toxicity and hence improved growth.7

Reactive oxygen species (ROS) typically act as cellular signaling

molecules under normal conditions. However, under stress condi-

tions such as As exposure, plants can accumulate excessive
iScience 27, 111445, December 20, 2024 9
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ROS, leading to cellular dysfunction and damage to lipids, pro-

teins, and carbohydrates.57 This is evident in the As-treated rice

plants, where the significant increase in ROS disrupts cell mem-

brane integrity through enhanced lipid peroxidation (reflected by

elevatedMDAcontent). Similar observationsof As-inducedoxida-

tive stress, characterized by increased MDA levels have been re-

ported by Dixit et al.25 ROS are inevitable byproducts of normal

cellular metabolism. However, under stress conditions like As

exposure, their accumulation can reach harmful levels, leading

to cellular dysfunction. Plants possess a sophisticated antioxidant

defense system to counteract ROS and maintain cellular homeo-

stasis. This system consists of various antioxidant enzymes pre-

sent in different cellular compartments.58,59 These enzymes

work synergistically to convert highly reactive ROS into less harm-

ful or non-toxic forms, effectively mitigating oxidative stress. This

study demonstrates that application of both SSTWB and TUTWB

biochar effectively alleviated the detrimental effects of excessive

ROS accumulation in rice plants exposed to As. These findings

align with the work of Hafez et al.,60 who reported that biochar

can significantly enhance plant cell membrane stability under

stress conditions. Improvedmembrane integrity likely contributes

to better regulation of plant water pressure and relativewater con-

tent (RWC). This, in turn, canmitigate oxidative stress by reducing

the production of ROS andminimizing lipid peroxidationwithin the

cells.

This study also examined the impact of As contamination and

biochar amendments (TWB, SSTWB, and TUTWB) on the activ-

ity of antioxidant enzymes (APX, GPX, SOD, and CAT) in rice

plant root and shoot harvested at 15 and 30 DAT. Superoxide

radicals are produced by plant cells in response to abiotic

stressors like arsenic poisoning. SOD acts on superoxide radi-

cals and converts them to hydrogen peroxide and oxygen, which

is then managed via several peroxidases, including GPX.61 The

significant increase in the activity of SOD and GPX in response

to As alone treatment is in confirmation of earlier work.61,62

Furthermore, CAT is an essential antioxidant enzyme found in

plant cells that scavenges excess hydrogen peroxide (H2O2)

and transforms it into harmless oxygen (O2) and water molecules

(H2O). Furthermore, in different cell compartments, APX and

GPX are essential in lessening the negative effects of hydrogen

peroxide.53 This maintains a dynamic balance between the gen-

eration and removal of H2O2 in peroxisomes. The findings sug-

gest that As contamination elevated antioxidant enzyme activity

in rice plants, potentially as a response to oxidative stress.

SSTWB and TUTWB amendments led to a decrease in activity

of antioxidant enzymes along with MDA, indicating lower ROS

production compared to the TWB and As-only induced plant.

The coordinated enzymatic response observed in the study

highlights the plant’s attempt to mitigate oxidative stress by

scavenging and neutralizing ROS generated under As exposure.

Although there is limited study on biochar’s ability to reduce

oxidative stress caused by As, several studies point to a possible

connection. Increased catalase (CAT) activity was seen in mung

bean plants grown in As-contaminated soil amended with bio-

char.51 The observed positive effects of SSTWB and TUTWB

were considered to be due to decreased As accumulation within

plant tissues. To confirm this, the concentration of As in root and

shoot tissues was examined.
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The root is the primary tissue directly exposed to As in the soil,

and it regulates As accumulation through altered uptake and

self-restriction.63,64 This explains the higher As accumulation in

the roots at 15 and 30 DAT as compared to that in the shoot.

This aligns with prior research, which also found a higher con-

centration of As in roots compared to shoots and grains.56,58,65

Introducing SSTWB and TUTWB to the soil significantly reduced

the uptake and accumulation of As in plant shoots and roots.

This is consistent with earlier studies where biochar was found

to immobilize As in the soil, thereby reducing its uptake by

plants.66,67 The decrease in plant As uptake could be due to

an increase in As immobilization with soil organic matter or a

reduction in As levels in the soil solution. Beesley et al.68 similarly

reported that As formed complexes with dissolved organic car-

bon, rendering it unavailable for plant uptake. Therefore, biochar

can limit plant As uptake through either direct or indirect interac-

tions. Direct interactions encompass electrostatic attraction,

complexation, ion exchange, and precipitation, while indirect in-

teractions involve soil pH, CEC, mineral dissolution, and soil

organic carbon.67

Conclusions
In conclusion, this study suggested that tea waste biochar (TWB)

modified with either sodium sulfide (SSTWB) or thiourea

(TUTWB) holds promise for mitigating As toxicity in rice plants.

These modified biochar amendments improved plant growth

by enhancing chlorophyll content and reducing lipid peroxida-

tion, a marker of oxidative stress. Furthermore, SSTWB and

TUTWB application improved antioxidant enzyme activity within

the rice plants, potentially by reducing the generation of ROS.

The observed positive effects were attributable to the reduced

As accumulation in roots and shoots of plants and it was the

most desirable result. Overall, these findings suggest that TWB

and its modified versions (SSTWB and TUTWB) could be a viable

strategy for alleviating the toxicity of As in rice plants and

improving overall soil health. Biochar’s stability in soil translates

to long-term advantages, with a single application providing sus-

tained benefits over the years. Additionally, the production of

biochar from tea waste represents a sustainable practice to

recycle waste and contributes to low environmental impact

and circular economy practices.

Limitations of the study
One limitation of this study is the characteristic variability in the

composition of sulfur-modified TWB. Meanwhile, as efforts

were made to standardize the synthesis process, variations in

biochar characteristics may have influenced the results. Future

studies should consider ensuring the consistency of sulfur-modi-

fied TWB in As remediation and on rice plant growth. The study

was a pot experiment conducted under controlled conditions,

which may vary in field conditions. Factors such as soil mi-

crobes, soil heterogeneity, and environmental conditions could

affect the performance of sulfur-modified TWB. Field trials are

needed to validate these findings under diverse environmental

conditions. Furthermore, the present study focused on the

short-term impacts of sulfur-modified TWB on soil properties

and plant growth. The long-term stability and efficacy of both

modified and unmodified TWB, particularly its potential for
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carbon sequestration and its relations with soil microbes over

time, remain unknown. Long-term studies are suggested to

consider these aspects.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and

will be fulfilled by the lead contact, Sudhakar Srivastava (sudhakar.iesd@

bhu.ac.in).

Materials availability

This study did not generate new unique reagents and components.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon

request.

d All custom-made scripts and codes for analysis are available for request

by contacting the lead author, Sudhakar Srivastava (sudhakar.iesd@

bhu.ac.in).

d Any additional information required to reanalyze the data reported in this

work paper is available from the lead contact upon request.

ACKNOWLEDGMENTS

The authors are thankful to IESD-BHU, Varanasi, India for the lab facility. The

authors are also thankful to Institute of Science, BHU for providing instrumen-

tation facility (FTIR, BET, SEM-EDX) for characterization of biochar. S.S. is

thankful IOE-BHU (No.-6031) for financial support. S.K.P. is thankful to IOE-

BHU for providing a facility of credit research incentive. S.K.P. is also thankful

to UGC-BHU for Ph.D. fellowship.

AUTHOR CONTRIBUTIONS

S.K.P.: executed all the experiments, formal analysis, data curation, data inter-

pretation, drafting the article. Shraddha Singh: data analysis. V.D.R.: writing

and drafting the article. Shengdao Shan: writing, drafting the article. Sudhakar

Srivastava: conceptualized and supervised the study and finalized the article

for submission.

DECLARATION OF INTERESTS

The authors declare no conflict of interest.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include

the following:

d KEY RESOURCES TABLE

d METHOD DETAILS
B Biochar preparation, modification, and characterization

B Biochar dose optimisation experiment

B Experimental design and sampling methods

B Estimation of rice plant stress-responsive markers and stress regu-

latory enzymes

B Analysis of physicochemical parameters of soil

B Arsenic estimation in soil and plant samples

d QUANTIFICATION AND STATISTICAL ANALYSIS
SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.

2024.111445.
Received: May 25, 2024

Revised: August 8, 2024

Accepted: November 18, 2024

Published: November 22, 2024

REFERENCES

1. Shukla, A., Pathak, S.K., Singh, S., and Srivastava, S. (2023). Application

of thiourea ameliorates stress and reduces accumulation of arsenic in

wheat (Triticum aestivum L.) plants grown in contaminated field. J. Plant

Growth Regul. 42, 6171–6182. https://doi.org/10.1007/s00344-022-

10799-8.

2. Kumarathilaka, P., Seneweera, S., Meharg, A., and Bundschuh, J. (2018).

Arsenic accumulation in rice (Oryza sativa L.) is influenced by environment

and genetic factors. Sci. Total Environ. 642, 485–496. https://doi.org/10.

1016/j.scitotenv.2018.06.030.

3. Srivastava, S., Pathak, S., Ponsin, M., Hensawang, S., Chanpiwat, P.,

Yoeurn, C., and Phan, K. (2021). Sustainable solutions to arsenic accumu-

lation in rice grown in south and south-east Asia. Crop Pasture Sci. 73,

149–159. https://doi.org/10.1071/CP21033.

4. Cao, Y., Sun, D., Ai, H., Mei, H., Liu, X., Sun, S., Xu, G., Liu, Y., Chen, Y.,

Ma, L.Q., and Ma, L.Q. (2017). Knocking out OsPT4 gene decreases arse-

nate uptake by rice plants and inorganic arsenic accumulation in rice

grains. Environ. Sci. Technol. 51, 12131–12138. https://doi.org/10.1021/

acs.est.7b03028.

5. Kumarathilaka, P., Seneweera, S., Ok, Y.S., Meharg, A., and Bundschuh,

J. (2019). Arsenic in cooked rice foods: assessing health risks and mitiga-

tion options. Environ. Int. 127, 584–591. https://doi.org/10.1016/j.envint.

2019.04.004.

6. Paulelli, A.C.C., Martins, A.C., Jr., Batista, B.L., and Barbosa, F., Jr. (2019).

Evaluation of uptake, translocation, and accumulation of arsenic species

by six different Brazilian rice (Oryza sativa L.) cultivars. Ecotoxicol. Envi-

ron. Saf. 169, 376–382. https://doi.org/10.1016/j.ecoenv.2018.11.025.

7. Srivastava, A.K., Srivastava, S., Penna, S., and D’Souza, S.F. (2011). Thio-

urea orchestrates regulation of redox state and antioxidant responses to

reduce the NaCl-induced oxidative damage in Indian mustard (Brassica

juncea (L.) Czern.). Plant Physiol. Biochem. 49, 676–686. https://doi.org/

10.1016/j.plaphy.2011.02.016.

8. Ganie, S.Y., Javaid, D., Hajam, Y.A., and Reshi, M.S. (2024). Arsenic

toxicity: sources, pathophysiology and mechanism. Toxicol. Res. 13,

tfad111. https://doi.org/10.1093/toxres/tfad111.

9. Upadhyay, M.K., Majumdar, A., Barla, A., Bose, S., and Srivastava, S.

(2021). Thiourea supplementation mediated reduction of grain arsenic in

rice (Oryza sativa L.) cultivars: a two year field study. J. Hazard Mater.

407, 124368. https://doi.org/10.1016/j.jhazmat.2020.124368.

10. Shukla, A., Gupta, A., and Srivastava, S. (2023). Bacterial consortium

(Priestia endophytica NDAS01F, Bacillus licheniformis NDSA24R, and

Priestia flexa NDAS28R) and thiourea mediated amelioration of arsenic

stress and growth improvement of Oryza sativa L. Plant Physiol. Biochem.

195, 14–24. https://doi.org/10.1016/j.plaphy.2022.12.022.

11. Zhai, W., Dai, Y., Zhao, W., Yuan, H., Qiu, D., Chen, J., Gustave, W., Ma-

guffin, S.C., Chen, Z., Liu, X., et al. (2020). Simultaneous immobilization of

the cadmium, lead and arsenic in paddy soils amended with titanium gyp-

sum. Environ. Pollut. 258, 113790. https://doi.org/10.1016/j.envpol.2019.

113790.

12. Seyfferth, A.L., Limmer, M.A., and Dykes, G.E. (2018). On the use of silicon

as an agronomic mitigation strategy to decrease arsenic uptake by rice.

Adv. Agron. 149, 49–91. https://doi.org/10.1016/bs.agron.2018.01.002.

13. Majumdar, A., Upadhyay, M.K., Giri, B., Srivastava, S., Srivastava, A.K.,

Jaiswal, M.K., and Bose, S. (2021). Arsenic dynamics and flux assessment

under drying-wetting irrigation and enhanced microbial diversity in paddy

soils: A four year study in Bengal delta plain. J. HazardMater. 409, 124443.

https://doi.org/10.1016/j.jhazmat.2020.124443.
iScience 27, 111445, December 20, 2024 11

mailto:sudhakar.iesd@bhu.ac.in
mailto:sudhakar.iesd@bhu.ac.in
mailto:sudhakar.iesd@bhu.ac.in
mailto:sudhakar.iesd@bhu.ac.in
https://doi.org/10.1016/j.isci.2024.111445
https://doi.org/10.1016/j.isci.2024.111445
https://doi.org/10.1007/s00344-022-10799-8
https://doi.org/10.1007/s00344-022-10799-8
https://doi.org/10.1016/j.scitotenv.2018.06.030
https://doi.org/10.1016/j.scitotenv.2018.06.030
https://doi.org/10.1071/CP21033
https://doi.org/10.1021/acs.est.7b03028
https://doi.org/10.1021/acs.est.7b03028
https://doi.org/10.1016/j.envint.2019.04.004
https://doi.org/10.1016/j.envint.2019.04.004
https://doi.org/10.1016/j.ecoenv.2018.11.025
https://doi.org/10.1016/j.plaphy.2011.02.016
https://doi.org/10.1016/j.plaphy.2011.02.016
https://doi.org/10.1093/toxres/tfad111
https://doi.org/10.1016/j.jhazmat.2020.124368
https://doi.org/10.1016/j.plaphy.2022.12.022
https://doi.org/10.1016/j.envpol.2019.113790
https://doi.org/10.1016/j.envpol.2019.113790
https://doi.org/10.1016/bs.agron.2018.01.002
https://doi.org/10.1016/j.jhazmat.2020.124443


iScience
Article

ll
OPEN ACCESS
14. Huhmann, B., Harvey, C.F., Uddin, A., Choudhury, I., Ahmed, K.M., Dux-

bury, J.M., Ellis, T., van Geen, A., and van Geen, A. (2019). Inversion of

high-arsenic soil for improved rice yield in Bangladesh. Environ. Sci. Tech-

nol. 53, 3410–3418. https://doi.org/10.1021/acs.est.8b06064.

15. Lehmann, J., Rillig, M.C., Thies, J., Masiello, C.A., Hockaday, W.C., and

Crowley, D. (2011). Biochar effects on soil biota–a review. Soil Biol. Bio-

chem. 43, 1812–1836. https://doi.org/10.1016/j.soilbio.2011.04.022.

16. Khan, S., Chao, C., Waqas, M., Arp, H.P.H., and Zhu, Y.G. (2013). Sewage

sludge biochar influence upon rice (Oryza sativa L) yield, metal bio-

accumulation and greenhouse gas emissions from acidic paddy soil. En-

viron. Sci. Technol. 47, 8624–8632. https://doi.org/10.1021/es400554x.

17. Rinklebe, J., Shaheen, S.M., and Frohne, T. (2016). Amendment of biochar

reduces the release of toxic elements under dynamic redox conditions in a

contaminated floodplain soil. Chemosphere 142, 41–47. https://doi.org/

10.1016/j.chemosphere.2015.03.067.

18. O’Connor, D., Peng, T., Li, G., Wang, S., Duan, L., Mulder, J., Cornelissen,

G., Cheng, Z., Yang, S., Hou, D., and Hou, D. (2018). Sulfur-modified rice

husk biochar: a green method for the remediation of mercury contami-

nated soil. Sci. Total Environ. 621, 819–826. https://doi.org/10.1016/j.sci-

totenv.2017.11.213.

19. Cho, D.W., Yoon, K., Ahn, Y., Sun, Y., Tsang, D.C.W., Hou, D., Ok, Y.S.,

Song, H., and Song, H. (2019). Fabrication and environmental applications

of multifunctional mixed metal-biochar composites (MMBC) from red mud

and lignin wastes. J. Hazard Mater. 374, 412–419. https://doi.org/10.

1016/j.jhazmat.2019.04.071.

20. Laird, D., Fleming, P., Wang, B., Horton, R., and Karlen, D. (2010). Biochar

impact on nutrient leaching from aMidwestern agricultural soil. Geoderma

158, 436–442. https://doi.org/10.1016/j.geoderma.2010.05.012.

21. J. Lehmann and S. Joseph, eds. (2015). Biochar for environmental man-

agement: science, technology and implementation (Routledge).

22. Peiris, C., Gunatilake, S.R., Wewalwela, J.J., and Vithanage, M. (2019).

Biochar for sustainable agriculture: Nutrient dynamics, soil enzymes,

and crop growth. In Biochar from biomass and waste (Elsevier),

pp. 211–224. https://doi.org/10.1016/B978-0-12-811729-3.00011-X.

23. Capaldi, F.R., Grat~ao, P.L., Reis, A.R., Lima, L.W., and Azevedo, R.A.

(2015). Sulfur metabolism and stress defense responses in plants. Trop.

Plant Biol. 8, 60–73. https://doi.org/10.1007/s12042-015-9152-1.

24. Saito, K. (2000). Regulation of sulfate transport and synthesis of sulfur-

containing amino acids. Curr. Opin. Plant Biol. 3, 188–195. https://doi.

org/10.1016/S1369-5266(00)80064-3.

25. Dixit, G., Singh, A.P., Kumar, A., Mishra, S., Dwivedi, S., Kumar, S., Trivedi,

P.K., Pandey, V., Tripathi, R.D., and Tripathi, R.D. (2016). Reduced arsenic

accumulation in rice (Oryza sativa L.) shoot involves sulfur mediated

improved thiol metabolism, antioxidant system and altered arsenic trans-

porters. Plant Physiol. Biochem. 99, 86–96. https://doi.org/10.1016/j.pla-

phy.2015.11.005.

26. Hashimoto, Y., and Kanke, Y. (2018). Redox changes in speciation and

solubility of arsenic in paddy soils as affected by sulfur concentrations. En-

viron. Pollut. 238, 617–623. https://doi.org/10.1016/j.envpol.2018.03.039.

27. Tang, X., Li, L., Wu, C., Khan, M.I., Manzoor, M., Zou, L., and Shi, J. (2020).

The response of arsenic bioavailability and microbial community in paddy

soil with the application of sulfur fertilizers. Environ. Pollut. 264, 114679.

https://doi.org/10.1016/j.envpol.2020.114679.

28. Zhang, J., Bai, Z., Huang, J., Hussain, S., Zhao, F., Zhu, C., Zhu, L., Cao,

X., Jin, Q., and Jin, Q. (2019). Biochar alleviated the salt stress of induced

saline paddy soil and improved the biochemical characteristics of rice

seedlings differing in salt tolerance. Soil Tillage Res. 195, 104372.

https://doi.org/10.1016/j.still.2019.104372.

29. Wu, W., Yang, M., Feng, Q., McGrouther, K., Wang, H., Lu, H., and Chen,

Y. (2012). Chemical characterization of rice straw-derived biochar for soil

amendment. Biomass Bioenergy 47, 268–276. https://doi.org/10.1016/j.

biombioe.2012.09.034.
12 iScience 27, 111445, December 20, 2024
30. Yue, W., Mo, W.L., Gong, W.T., Wei, X.Y., Xing, F., and Zhang, S.P. (2021).

Functional groups of sequential extracts and corresponding residues from

Hefeng sub-bituminous coal based on FT-IR analysis. J. Fuel Chem. Tech-

nol. 49, 890–901. https://doi.org/10.1016/S1872-5813(21)60055-5.

31. Pap, S., Boyd, K.G., Taggart, M.A., and Turk Sekulic, M. (2021). Circular

economy based landfill leachate treatment with sulphur-doped micropo-

rous biochar. Waste Manag. 124, 160–171. https://doi.org/10.1016/j.was-

man.2021.01.037.

32. Wu, C., Shi, L., Xue, S., Li,W., Jiang, X., Rajendran, M., andQian, Z. (2019).

Effect of sulfur-iron modified biochar on the available cadmium and bac-

terial community structure in contaminated soils. Sci. Total Environ. 647,

1158–1168. https://doi.org/10.1016/j.scitotenv.2018.08.087.

33. Jiang, T.Y., Jiang, J., Xu, R.K., and Li, Z. (2012). Adsorption of Pb (II) on var-

iable charge soils amended with rice-straw derived biochar. Chemosphere

89, 249–256. https://doi.org/10.1016/j.chemosphere.2012.04.028.

34. Zhang, K., Chen, Y., and Fang, Z. (2023). Highly Efficient Removal of Cad-

mium by Sulfur-Modified Biochar: Process and Mechanism. Water Air Soil

Pollut. 234, 26. https://doi.org/10.1007/s11270-022-06005-w.

35. Wang, Z., Zheng, H., Luo, Y., Deng, X., Herbert, S., and Xing, B. (2013).

Characterization and influence of biochars on nitrous oxide emission

from agricultural soil. Environ. Pollut. 174, 289–296. https://doi.org/10.

1016/j.envpol.2012.12.003.

36. Kashif Irshad, M., Chen, C., Noman, A., Ibrahim,M., Adeel, M., and Shang,

J. (2020). Goethite-modified biochar restricts the mobility and transfer of

cadmium in soil-rice system. Chemosphere 242, 125152. https://doi.

org/10.1016/j.chemosphere.2019.125152.

37. Khan, M.A., Islam, M.R., Panaullah, G.M., Duxbury, J.M., Jahiruddin, M.,

and Loeppert, R.H. (2010). Accumulation of arsenic in soil and rice under

wetland condition in Bangladesh. Plant Soil 333, 263–274. https://doi.org/

10.1007/s11104-010-0340-3.

38. Arai, Y., Lanzirotti, A., Sutton, S., Davis, J.A., and Sparks, D.L. (2003).

Arsenic speciation and reactivity in poultry litter. Environ. Sci. Technol.

37, 4083–4090. https://doi.org/10.1021/es0340580.

39. Jin, Z., Chen, C., Chen, X., Hopkins, I., Zhang, X., Han, Z., Jiang, F., Billy,

G., and Billy, G. (2019). The crucial factors of soil fertility and rapeseed

yield-A five year field trial with biochar addition in upland red soil, China.

Sci. Total Environ. 649, 1467–1480. https://doi.org/10.1016/j.scitotenv.

2018.08.412.

40. Majumdar, A., Upadhyay, M.K., Kumar, J.S., Barla, A., Barla, A., Srivas-

tava, S., Jaiswal, M.K., and Bose, S. (2019). Ultra-structure alteration via

enhanced silicon uptake in arsenic stressed rice cultivars under intermit-

tent irrigation practices in Bengal delta basin. Ecotoxicol. Environ. Saf.

180, 770–779. https://doi.org/10.1016/j.ecoenv.2019.05.028.

41. Li, G., Khan, S., Ibrahim, M., Sun, T.R., Tang, J.F., Cotner, J.B., and Xu,

Y.Y. (2018). Biochars induced modification of dissolved organic matter

(DOM) in soil and its impact on mobility and bioaccumulation of arsenic

and cadmium. J. Hazard Mater. 348, 100–108. https://doi.org/10.1016/j.

jhazmat.2018.01.031.

42. El-Naggar, A., El-Naggar, A.H., Shaheen, S.M., Sarkar, B., Chang, S.X.,

Tsang, D.C.W., Rinklebe, J., Ok, Y.S., and Ok, Y.S. (2019). Biochar

composition-dependent impacts on soil nutrient release, carbon mineral-

ization, and potential environmental risk: a review. J. Environ. Manage.

241, 458–467. https://doi.org/10.1016/j.jenvman.2019.02.044.

43. Fu, Y., Chen, M., Bi, X., He, Y., Ren, L., Xiang, W., Qiao, S., Yan, S., Li, Z.,

Ma, Z., and Ma, Z. (2011). Occurrence of arsenic in brown rice and its rela-

tionship to soil properties from Hainan Island, China. Environ. Pollut. 159,

1757–1762. https://doi.org/10.1016/j.envpol.2011.04.018.

44. Zhao, W., Zhou, Q., Tian, Z., Cui, Y., Liang, Y., and Wang, H. (2020). Apply

biochar to ameliorate soda saline-alkali land, improve soil function and in-

crease corn nutrient availability in the Songnen Plain. Sci. Total Environ.

722, 137428. https://doi.org/10.1016/j.scitotenv.2020.137428.

45. Zhu, P., Zhu, J., Pang, J., Xu, W., Shu, L., Hu, H., Wu, Y., Tang, C., and

Tang, C. (2020). Biochar improves the growth performance of maize

https://doi.org/10.1021/acs.est.8b06064
https://doi.org/10.1016/j.soilbio.2011.04.022
https://doi.org/10.1021/es400554x
https://doi.org/10.1016/j.chemosphere.2015.03.067
https://doi.org/10.1016/j.chemosphere.2015.03.067
https://doi.org/10.1016/j.scitotenv.2017.11.213
https://doi.org/10.1016/j.scitotenv.2017.11.213
https://doi.org/10.1016/j.jhazmat.2019.04.071
https://doi.org/10.1016/j.jhazmat.2019.04.071
https://doi.org/10.1016/j.geoderma.2010.05.012
http://refhub.elsevier.com/S2589-0042(24)02672-5/sref21
http://refhub.elsevier.com/S2589-0042(24)02672-5/sref21
https://doi.org/10.1016/B978-0-12-811729-3.00011-X
https://doi.org/10.1007/s12042-015-9152-1
https://doi.org/10.1016/S1369-5266(00)80064-3
https://doi.org/10.1016/S1369-5266(00)80064-3
https://doi.org/10.1016/j.plaphy.2015.11.005
https://doi.org/10.1016/j.plaphy.2015.11.005
https://doi.org/10.1016/j.envpol.2018.03.039
https://doi.org/10.1016/j.envpol.2020.114679
https://doi.org/10.1016/j.still.2019.104372
https://doi.org/10.1016/j.biombioe.2012.09.034
https://doi.org/10.1016/j.biombioe.2012.09.034
https://doi.org/10.1016/S1872-5813(21)60055-5
https://doi.org/10.1016/j.wasman.2021.01.037
https://doi.org/10.1016/j.wasman.2021.01.037
https://doi.org/10.1016/j.scitotenv.2018.08.087
https://doi.org/10.1016/j.chemosphere.2012.04.028
https://doi.org/10.1007/s11270-022-06005-w
https://doi.org/10.1016/j.envpol.2012.12.003
https://doi.org/10.1016/j.envpol.2012.12.003
https://doi.org/10.1016/j.chemosphere.2019.125152
https://doi.org/10.1016/j.chemosphere.2019.125152
https://doi.org/10.1007/s11104-010-0340-3
https://doi.org/10.1007/s11104-010-0340-3
https://doi.org/10.1021/es0340580
https://doi.org/10.1016/j.scitotenv.2018.08.412
https://doi.org/10.1016/j.scitotenv.2018.08.412
https://doi.org/10.1016/j.ecoenv.2019.05.028
https://doi.org/10.1016/j.jhazmat.2018.01.031
https://doi.org/10.1016/j.jhazmat.2018.01.031
https://doi.org/10.1016/j.jenvman.2019.02.044
https://doi.org/10.1016/j.envpol.2011.04.018
https://doi.org/10.1016/j.scitotenv.2020.137428


iScience
Article

ll
OPEN ACCESS
seedling in response to antimony stress. Water Air Soil Pollut. 231, 154.

https://doi.org/10.1007/s11270-020-04521-1.

46. Farnese, F.S., Oliveira, J.A., Paiva, E.A.S., Menezes-Silva, P.E., da Silva,

A.A., Campos, F.V., and Ribeiro, C. (2017). The involvement of nitric oxide

in integration of plant physiological and ultrastructural adjustments in

response to arsenic. Front. Plant Sci. 8, 516. https://doi.org/10.3389/

fpls.2017.00516.

47. AbdElgawad, H., Schoenaers, S., Zinta, G., Hassan, Y.M., Abdel-Maw-

goud, M., Alkhalifah, D.H.M., Hozzein, W.N., Asard, H., Abuelsoud, W.,

and Abuelsoud, W. (2021). Soil arsenic toxicity differentially impacts C3

(barley) and C4 (maize) crops under future climate atmospheric CO2.

J. Hazard Mater. 414, 125331. https://doi.org/10.1016/j.jhazmat.2021.

125331.

48. Gupta, P., and Seth, C.S. (2019). Nitrate supplementation attenuates As

(V) toxicity in Solanum lycopersicum L. cv Pusa Rohini: Insights into As

(V) sub-cellular distribution, photosynthesis, nitrogen assimilation, and

DNA damage. Plant Physiol. Biochem. 139, 44–55. https://doi.org/10.

1016/j.plaphy.2019.03.007.

49. Wu, J., Li, Z., Huang, D., Liu, X., Tang, C., Parikh, S.J., and Xu, J. (2020).

A novel calcium-based magnetic biochar is effective in stabilization of

arsenic and cadmium co-contamination in aerobic soils. J. Hazard Mater.

387, 122010. https://doi.org/10.1016/j.jhazmat.2019.122010.

50. Khan, M.A.H., Baset Mia, M.A., Quddus, M.A., Sarker, K.K., Rahman, M.,

Skalicky, M., Brestic, M., Gaber, A., Alsuhaibani, A.M., Hossain, A., and

Hossain, A. (2022). Salinity-induced physiological changes in pea (Pisum

sativum L.): Germination rate, biomass accumulation, relative water con-

tent, seedling vigor and salt tolerance index. Plants 11, 3493. https://doi.

org/10.3390/plants11243493.

51. Alam, M.Z., McGee, R., Hoque, M.A., Ahammed, G.J., and Carpenter-

Boggs, L. (2019). Effect of arbuscular mycorrhizal fungi, selenium and

biochar on photosynthetic pigments and antioxidant enzyme activity un-

der arsenic stress in mung bean (Vigna radiata). Front. Physiol. 10, 193.

https://doi.org/10.3389/fphys.2019.00193.

52. Wang, F., Zhang, W., Miao, L., Ji, T., Wang, Y., Zhang, H., Ding, Y., Zhu,

W., and Zhu, W. (2021). The effects of vermicompost and shell powder

addition on Cd bioavailability, enzyme activity and bacterial community

in Cd-contaminated soil: A field study. Ecotoxicol. Environ. Saf. 215,

112163. https://doi.org/10.1016/j.ecoenv.2021.112163.

53. Majumdar, A., Upadhyay, M.K., Giri, B., Karwadiya, J., Bose, S., and

Jaiswal, M.K. (2023). Iron oxide doped rice biochar reduces soil-plant

arsenic stress, improves nutrient values: an amendment towards sustain-

able development goals. Chemosphere 312, 137117. https://doi.org/10.

1016/j.chemosphere.2022.137117.

54. Shukla, A., Kumar, M., Tiwari, H., and Shukla, A. (2022). Alternative uses of

rice straw in North-Western regions of India: a review. Int. J. Environ. Clim.

Change 12, 206–216. https://doi.org/10.9734/ijecc/2022/v12i1130962.

55. Zhu, S., Zhao, J., Zhao, N., Yang, X., Chen, C., and Shang, J. (2020).

Goethite modified biochar as a multifunctional amendment for cationic

Cd (II), anionic As (III), roxarsone, and phosphorus in soil and water.

J. Clean. Prod. 247, 119579. https://doi.org/10.1016/j.jclepro.2019.

119579.

56. Alam, M.Z., Hoque, M.A., Ahammed, G.J., and Carpenter-Boggs, L.

(2019). Arbuscular mycorrhizal fungi reduce arsenic uptake and improve

plant growth in Lens culinaris. PLoS One 14, e0211441. https://doi.org/

10.1371/journal.pone.0211441.

57. Dumanovi�c, J., Nepovimova, E., Nati�c, M., Ku�ca, K., and Ja�cevi�c, V.

(2021). The significance of reactive oxygen species and antioxidant de-

fense system in plants: A concise overview. Front. Plant Sci. 11, 552969.

https://doi.org/10.3389/fpls.2020.552969.

58. Singh, A.P., Dixit, G., Kumar, A., Mishra, S., Kumar, N., Dixit, S., Singh,

P.K., Dwivedi, S., Trivedi, P.K., Pandey, V., et al. (2017). A protective

role for nitric oxide and salicylic acid for arsenite phytotoxicity in rice

(Oryza sativa L.). Plant Physiol. Biochem. 115, 163–173. https://doi.org/

10.1016/j.plaphy.2017.02.019.
59. Shabbir, Z., Sardar, A., Shabbir, A., Abbas, G., Shamshad, S., Khalid, S.,

Natasha; Murtaza, G., Dumat, C., Shahid, M., and Shahid, M. (2020). Cop-

per uptake, essentiality, toxicity, detoxification and risk assessment in

soil-plant environment. Chemosphere 259, 127436. https://doi.org/10.

1016/j.chemosphere.2020.127436.

60. Hafez, Y., Attia, K., Alamery, S., Ghazy, A., Al-Doss, A., Ibrahim, E.,

Rashwan, E., El-Maghraby, L., Awad, A., Abdelaal, K., and Abdelaal, K.

(2020). Beneficial effects of biochar and chitosan on antioxidative

capacity, osmolytes accumulation, and anatomical characters of water-

stressed barley plants. Agronomy 10, 630. https://doi.org/10.3390/

agronomy10050630.

61. Awasthi, S., Chauhan, R., Dwivedi, S., Srivastava, S., Srivastava, S., and

Tripathi, R.D. (2018). A consortium of alga (Chlorella vulgaris) and bacte-

rium (Pseudomonas putida) for amelioration of arsenic toxicity in rice:

A promising and feasible approach. Environ. Exp. Bot. 150, 115–126.

https://doi.org/10.1016/j.envexpbot.2018.03.001.

62. Chauhan, R., Awasthi, S., Tripathi, P., Mishra, S., Dwivedi, S., Niranjan,

A., Mallick, S., Tripathi, P., Pande, V., Tripathi, R.D., and Tripathi, R.D.

(2017). Selenite modulates the level of phenolics and nutrient

element to alleviate the toxicity of arsenite in rice (Oryza sativa L.). Eco-

toxicol. Environ. Saf. 138, 47–55. https://doi.org/10.1016/j.ecoenv.

2016.11.015.

63. Shrivastava, A., Barla, A., Singh, S., Mandraha, S., and Bose, S. (2017).

Arsenic contamination in agricultural soils of Bengal deltaic region of

West Bengal and its higher assimilation in monsoon rice. J. Hazard Mater.

324, 526–534. https://doi.org/10.1016/j.jhazmat.2016.11.022.

64. Chowdhury, N.R., Das, R., Joardar, M., Ghosh, S., Bhowmick, S., and

Roychowdhury, T. (2018). Arsenic accumulation in paddy plants

at different phases of pre-monsoon cultivation. Chemosphere 210,

987–997. https://doi.org/10.1016/j.chemosphere.2018.07.041.

65. Parvez, S., Abbas, G., Shahid, M., Amjad, M., Hussain, M., Asad, S.A., Im-

ran, M., Naeem, M.A., and Naeem, M.A. (2020). Effect of salinity on phys-

iological, biochemical and photostabilizing attributes of two genotypes of

quinoa (Chenopodium quinoa Willd.) exposed to arsenic stress. Ecotoxi-

col. Environ. Saf. 187, 109814. https://doi.org/10.1016/j.ecoenv.2019.

109814.

66. Namgay, T., Singh, B., and Singh, B.P. (2010). Influence of biochar appli-

cation to soil on the availability of As, Cd, Cu, Pb, and Zn to maize (Zea

mays L.). Soil Res. 48, 638–647. https://doi.org/10.1071/SR10049.

67. Hina, K., Abbas, M., Hussain, Q., Arshad, M., Ali, S., and Rizwan, M.

(2019). Investigation into arsenic retention in arid contaminated soils

with biochar application. Arab. J. Geosci. 12, 671–678. https://doi.org/

10.1007/s12517-019-4865-3.

68. Beesley, L., Marmiroli, M., Pagano, L., Pigoni, V., Fellet, G., Fresno, T., Va-

merali, T., Bandiera, M., Marmiroli, N., and Marmiroli, N. (2013). Biochar

addition to an arsenic contaminated soil increases arsenic concentrations

in the pore water but reduces uptake to tomato plants (Solanum lycoper-

sicum L.). Sci. Total Environ. 454–455, 598–603. https://doi.org/10.1016/j.

scitotenv.2013.02.047.

69. Arnon, D.I. (1949). Copper enzymes in isolated chloroplasts. Polypheno-

loxidase in Beta vulgaris. Plant Physiol. 24, 1–15. https://doi.org/10.

1104/pp.24.1.1.

70. Duxbury, A.C., and Yentsch, C.S. (1956). Plankton pigment nomographs.

71. Heath, R.L., and Packer, L. (1968). Photoperoxidation in isolated chloro-

plasts: I. Kinetics and stoichiometry of fatty acid peroxidation. Arch. Bio-

chem. Biophys. 125, 189–198. https://doi.org/10.1016/0003-9861(68)

90654-1.

72. Bradford, M.M. (1976). A rapid and sensitive method for the quantitation of

microgram quantities of protein utilizing the principle of protein-dye bind-

ing. Anal. Biochem. 72, 248–254. https://doi.org/10.1016/0003-2697(76)

90527-3.

73. Srivastava, S., Mishra, S., Tripathi, R.D., Dwivedi, S., and Gupta, D.K.

(2006). Copper-induced oxidative stress and responses of antioxidants
iScience 27, 111445, December 20, 2024 13

https://doi.org/10.1007/s11270-020-04521-1
https://doi.org/10.3389/fpls.2017.00516
https://doi.org/10.3389/fpls.2017.00516
https://doi.org/10.1016/j.jhazmat.2021.125331
https://doi.org/10.1016/j.jhazmat.2021.125331
https://doi.org/10.1016/j.plaphy.2019.03.007
https://doi.org/10.1016/j.plaphy.2019.03.007
https://doi.org/10.1016/j.jhazmat.2019.122010
https://doi.org/10.3390/plants11243493
https://doi.org/10.3390/plants11243493
https://doi.org/10.3389/fphys.2019.00193
https://doi.org/10.1016/j.ecoenv.2021.112163
https://doi.org/10.1016/j.chemosphere.2022.137117
https://doi.org/10.1016/j.chemosphere.2022.137117
https://doi.org/10.9734/ijecc/2022/v12i1130962
https://doi.org/10.1016/j.jclepro.2019.119579
https://doi.org/10.1016/j.jclepro.2019.119579
https://doi.org/10.1371/journal.pone.0211441
https://doi.org/10.1371/journal.pone.0211441
https://doi.org/10.3389/fpls.2020.552969
https://doi.org/10.1016/j.plaphy.2017.02.019
https://doi.org/10.1016/j.plaphy.2017.02.019
https://doi.org/10.1016/j.chemosphere.2020.127436
https://doi.org/10.1016/j.chemosphere.2020.127436
https://doi.org/10.3390/agronomy10050630
https://doi.org/10.3390/agronomy10050630
https://doi.org/10.1016/j.envexpbot.2018.03.001
https://doi.org/10.1016/j.ecoenv.2016.11.015
https://doi.org/10.1016/j.ecoenv.2016.11.015
https://doi.org/10.1016/j.jhazmat.2016.11.022
https://doi.org/10.1016/j.chemosphere.2018.07.041
https://doi.org/10.1016/j.ecoenv.2019.109814
https://doi.org/10.1016/j.ecoenv.2019.109814
https://doi.org/10.1071/SR10049
https://doi.org/10.1007/s12517-019-4865-3
https://doi.org/10.1007/s12517-019-4865-3
https://doi.org/10.1016/j.scitotenv.2013.02.047
https://doi.org/10.1016/j.scitotenv.2013.02.047
https://doi.org/10.1104/pp.24.1.1
https://doi.org/10.1104/pp.24.1.1
http://refhub.elsevier.com/S2589-0042(24)02672-5/sref70
https://doi.org/10.1016/0003-9861(68)90654-1
https://doi.org/10.1016/0003-9861(68)90654-1
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/0003-2697(76)90527-3


iScience
Article

ll
OPEN ACCESS
and phytochelatins in Hydrilla verticillata (Lf) Royle. Aquat. Toxicol. 80,

405–415. https://doi.org/10.1016/j.aquatox.2006.10.006.

74. Beauchamp, C., and Fridovich, I. (1971). Superoxide dismutase: improved

assays and an assay applicable to acrylamide gels. Anal. Biochem. 44,

276–287. https://doi.org/10.1016/0003-2697(71)90370-8.

75. Hemeda, H.M., and Klein, B.P. (1990). Effects of naturally occurring anti-

oxidants on peroxidase activity of vegetable extracts. J. Food Sci. 55,

184–185. https://doi.org/10.1111/j.1365-2621.1990.tb06048.x.

76. Aebi, H. (1974). Catalase. In Methods of enzymatic analysis (Academic

press), pp. 673–684.

77. Nakano, Y., and Asada, K. (1981). Hydrogen peroxide is scavenged by

ascorbate-specific peroxidase in spinach chloroplasts. Plant Cell Physiol.

22, 867–880. https://doi.org/10.1093/oxfordjournals.pcp.a076232.
14 iScience 27, 111445, December 20, 2024
78. Walkley, A., and Black, I.A. (1934). An examination of the Degtjareff

method for determining soil organic matter, and a proposed modification

of the chromic acid titration method. Soil Sci. 37, 29–38.

79. Olsen, S.R. (1954). Estimation of Available Phosphorus in Soils by Extrac-

tion with Sodium Bicarbonate (No. 939) (US Department of Agriculture).

80. Tyagi, N., Upadhyay, M.K., Majumdar, A., Pathak, S.K., Giri, B., Jaiswal,

M.K., and Srivastava, S. (2022). An assessment of various potentially toxic

elements and associated health risks in agricultural soil along the middle

Gangetic basin, India. Chemosphere 300, 134433. https://doi.org/10.

1016/j.chemosphere.2022.134433.

81. Srivastava, S., and Singh, N. (2014). Mitigation approach of arsenic toxicity

in chickpea grown in arsenic amended soil with arsenic tolerant plant

growth promoting Acinetobacter sp. Ecol. Eng. 70, 146–153. https://doi.

org/10.1016/j.ecoleng.2014.05.008.

https://doi.org/10.1016/j.aquatox.2006.10.006
https://doi.org/10.1016/0003-2697(71)90370-8
https://doi.org/10.1111/j.1365-2621.1990.tb06048.x
http://refhub.elsevier.com/S2589-0042(24)02672-5/sref76
http://refhub.elsevier.com/S2589-0042(24)02672-5/sref76
https://doi.org/10.1093/oxfordjournals.pcp.a076232
http://refhub.elsevier.com/S2589-0042(24)02672-5/sref78
http://refhub.elsevier.com/S2589-0042(24)02672-5/sref78
http://refhub.elsevier.com/S2589-0042(24)02672-5/sref78
http://refhub.elsevier.com/S2589-0042(24)02672-5/sref79
http://refhub.elsevier.com/S2589-0042(24)02672-5/sref79
https://doi.org/10.1016/j.chemosphere.2022.134433
https://doi.org/10.1016/j.chemosphere.2022.134433
https://doi.org/10.1016/j.ecoleng.2014.05.008
https://doi.org/10.1016/j.ecoleng.2014.05.008


iScience
Article

ll
OPEN ACCESS
STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Sodium sulfide Sigma-Aldrich 1313822

Sodium (meta)arsenite Loba Chemie 05775

Thiourea Merck (GR grade) 62566

2-Thiobarbituric acid Himedia 67527

Trichloroacetic acid Loba Chemie 06356

Coomassie Brilliant blue G 250 Himedia MB092

ortho-Phosphoric acid 85% Merck (ACS grade) 7664-38-2

Polyvinylpyrrolidone Merck 9003-39-8
METHOD DETAILS

Biochar preparation, modification, and characterization
In this study, tea-waste was used as a feedstock to produce biochar. Tea-waste was collected from tea shops from local markets

around Banaras Hindu University. After collection, it was washed with running tap water several times and then washed with double

distilled water (DDW). The tea-waste was dried in the oven at 100�C for 24 h (h). Dried biomass was packed well in an airtight box and

pyrolyzed in a muffle furnace at 500�C under nitrogen atmosphere. The feedstock was heated to the desired temperature at a rate of

7 �Cmin�1 and held for 1 h. Then, it was allowed to cool inside the furnace overnight to avoid air oxidation. The produced tea-waste

biochar (TWB) was washed with deionized water (DDW) until washings were clear and oven dried at 80�C for 12 h. Washed TWBwas

ground and sieved to retain the 0.5–1 mmmesh fraction. In the modification process, 100 mL of 0.78 M Na2S.9H2O (Sodium Sulfide;

SS) and 100 mL of 6.57 mM NH2CSNH2 (Thiourea; TU) were taken in 2 separate beakers. 10 g of biochar was weighed and added in

each. After stirring for 6 h at 500 rpm, the mixture was filtered and washed with DDW for several times to remove excess SS and TU.

After that, filtered biochar was dried at 80�C for 12 h and kept in desiccators for further use. Modified biochar was named as sodium

sulfide modified tea-waste biochar (SSTWB) and thiourea modified tea-waste biochar (TUTWB). Using Fourier transform infrared

spectroscopy (FTIR) (BRUKER Ettlingen, Germany), the different functional groups in the biochar were observed. The surface

area of the biochar was determined by using BET; Brunauer–Emmett–Teller analysis (Quantachrome Instruments (USA)

Model-Autosorb (IQ2)). To monitor the surface morphology of biochar, scanning electron microscopy (SEM) (Model Carl Zeiss

EVO 18, Germany) analysis was performed.

Biochar dose optimisation experiment
Apreliminary experiment was conducted to determine optimal biochar application rates for rice grown in As-amended soil. Five treat-

ments were established, each with three replicates (total n = 15), to investigate the effects of biochar on rice plants grown in As-

amended soil. Treatments were named as control (no biochar and no As amendment), As (50 mg kg�1), As+Biochar in which As

amendment with biochar applied at three different rates (w/w based on dry soil weight). The three different doses were As+0.5B

(0.5% biochar), As+1B (1% biochar) and As+2B (2% biochar). For each treatment, 700 g of soil was placed in a plastic pot. Biochar

(at the designated level for As+Biochar treatments) was thoroughly mixed with the soil before planting. Rice seeds were surface ster-

ilized and incubated. After incubation an equal number of seeds were sown in each pot. Plant sample was taken as three different

time point at 7, 14 and 21 days after germinations (DAG). Three replicates were collected for each treatment at each time point. Plant

height in terms of root length, shoot length, total length and chlorophyll were measured. MDA content was also analyzed as a marker

of cellular stress and lipid peroxidation. These optimized biochar application rates provided a baseline for later experiments involving

biochar and sulfur-modified biochar under similar conditions and sampling intervals.

Experimental design and sampling methods
Soil used in pot experiments was collected from the top 0–20 cm of farmland located in Banaras Hindu University, Varanasi, India.

The collected soil was sieved through a 2-mm sieve to obtain a uniform particle size distribution. The experiment was carried out

using polyvinyl chloride (PVC) pots of 20 cm in diameter and 25 cm in height. A total of 3 kg of sieved (2 mm) soil (dry-weight basis)

was filled into each pot. In this study, a total of five different treatments, each consisting of three replicates, were used. The treat-

ments were named as control (without biochar and As), soil spiked with 50mg kg�1 sodiummeta arsenite (As), As+TWB, As+SSTWB
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and As+TUTWB. The amount of biochar was kept at 1% (w/W). This rate was determined from the preliminary dose optimization

experiment. Each of the five setups was sampled for soil at three different time points; zero-days after transplant (DAT), 15 DAT,

and 30 DAT. The sampling of rice plants was done at 15 and 30 DAT. Rice seeds (Moti, local variety) were first sterilized in 30%

ethanol, followed by washing several times using DDW to remove pathogens, and then incubated under controlled conditions for

24 h. After the incubation, rice seeds were sown directly into prepared flooded field plots for nursery, followed by gentle watering

to facilitate germination. Six plants of identical height were transplanted into each pot after the rice seedlings had grown for

20 days. The morphological characteristics of the plant sample assessed were fresh weight (g), dry weight (g), shoot length (cm),

and root length (cm). The height of the plant was measured in centimeters, starting from the base and ending at the tip of the tallest

leaf (or panicle, depending on which was longer). The total number of panicles in each plant sample was determined by counting the

tillers of each plant.

Estimation of rice plant stress-responsive markers and stress regulatory enzymes
Using Arnon’s69 method, the concentrations of photosynthetic pigments were measured. A spectrophotometer was used to detect

the optical density at wavelengths of 480 nm, 510 nm, 645 nm, and 663 nm in order to determine the concentration of carotenoids,

chlorophyll a and b. The carotenoid concentration was determined using the Duxbury and Yentsch70 formula. MDA content in plant

tissue was determined using protocol given by Heath and Packer.71 Approximately 100 mg of fresh rice plant leaves were ground in

20% trichloroacetic acid (TCA) containing 0.5% 2-thiobarbituric acid (TBA). The homogenate was centrifuged for 15 min at 4 �C at

10,000 rpm. The supernatant was collected and incubated in a water bath for 30 min at 95�C. Absorbance was measured at 532 nm

and corrected for nonspecific background absorbance at 600 nm. A blank containing only the TBA and TCA mixture was used for

reference. The MDA concentration was calculated using an extinction coefficient of 155 mM�1 cm�1.1 For enzyme analyses, a

100 mg sample of fresh plant material was homogenized at 4�C in 100 mM chilled potassium phosphate buffer (pH 7.0) with

1 mM EDTA, 2% polyvinyl pyrrolidone (PVP) (w/v), 2% glycerol (v/v), and 5 mM sodium ascorbate. A cooling centrifuge was used

to centrifuge the homogenate for 15 min at 10,000 rpm at 4�C. Total protein content in enzyme extract was determined following

the method described by Bradford.72 Following the procedures outlined in Srivastava et al.,73 the activity of superoxide dismutase

(SOD), guaiacol peroxidase (GPX), catalase (CAT), and ascorbate peroxidase (APX) were measured in the supernatant by following

the methods of Beauchamp and Fridovich,74 Hemeda and Klein,75 Aebi76 and Nakano and Asada77 respectively.

Analysis of physicochemical parameters of soil
A 10 g soil sample was collected using a scraper from each of the 15 pots at three distinct intervals. These samples were kept in a

zipper bag and brought to the laboratory for further analysis. The samples were first sun-dried and then ground to a fine powder with

the help of a mortar pestle, followed by sieving with a 2 mm sieve. Mettler Toledo’s portable, waterproof PCSTestrTM 35 series was

used to measure the physicochemical properties such as pH, and electrical conductivity (EC mS cm�1). An Aquasol handheld ORP

meter (AM-ORP-01) was used to measure the oxidation-reduction potential (ORP mV). The Walkley and Black78 and Oleson79 pro-

tocols were followed for the estimation of percentage soil organic carbon (SOC) and available phosphorus (Kg ha�1), respectively.

Arsenic estimation in soil and plant samples
Wavelength Dispersive X-ray Fluorescence (WD-XRF) (S8 TIGER, Bruker, Mannheim, Germany) was used for elemental analysis in

soil samples. Press pellet method (for trace elements) and fused beadmethod (for essential elements) were used to prepare the sam-

ple as detailed previously.9 For WD-XRF analysis, this procedure was carried out with the support of the xrFuse2 Electric Automatic

Fusion Furnace.80

The concentration of total As in root and shoot samples was determined following acid digestion, as described by Srivastava and

Singh.81 After digestion, 10 mL of Milli-Q water was added to each sample’s residue. The samples were then filtered via filter paper

with a 0.22 mm pore size (Merck-MF-MilliporeTM, MCE membrane filter). A graphite furnace atomic absorption spectrophotometer

(Analytic Jena ContrAA 300, Analytic Jena) fitted with a hydride production device was used to analyze arsenic. Based on ten rep-

licates, the recovery rate of spiked samples was determined to be between 90 and 95%. Standard referencematerial containing 1 mg

mL�1 of arsenic was frequently evaluated to ensure the quality of analytical data, and the results were determined to be consistent

with certified values.

QUANTIFICATION AND STATISTICAL ANALYSIS

All the data is presented as themean of three replicates along with the standard deviation; in plant analysis, each replicate represents

six plants. To compare mean values between treatments, one-way ANOVA was performed, followed by Tukey’s HSD post-hoc test

for pairwise comparisons. All tests were conducted at a confidence level of 95%. The analyses were performed by SPSS 16.0 (SPSS

Inc., Chicago, IL, USA) software (In Figures 3, 5, 6, 7, and 8).
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