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Abstract
Metal(loid) pollution has become one of the most pressing environmental issues, threatening all living organisms. Metal(loid) 
stress adversely impacts plant growth, physiology, and overall productivity. Numerous physicochemical approaches have 
been developed and employed to counteract and reduce the detrimental effects of metal(loid)s. However, these methods 
have raised environmental concerns, leading to questions about their appropriateness and efficacy. Consequently, alternative 
and eco-friendly solutions, such as the application of biochar, have gained prominence. Biochar is a carbon-rich material 
derived from the pyrolysis and hydrothermal processes of various organic materials. Due to its exceptional physicochemi-
cal properties, biochar is believed to enhance soil quality and fertility. Several global studies have underscored the positive 
role of biochar in reducing the uptake of metal(loid)s by plants in polluted soils. In this article, we explore various facets of 
plant reactions to metal(loid)s toxicity and attempt to draw links between biochar use and improvements in plant physiol-
ogy and performance. We also review the effectiveness of biochar in phytoremediation, its influence on nutrient adsorption 
mechanisms, and its role in assisting plant growth and defense systems.
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Introduction

Metal(iod) pollution has emerged as a global environmental 
threat, affecting every facet of life on Earth. This environ-
mental challenge has captured significant public attention, 
largely driven by increasing concerns over food and health 

security (Alsafran et al. 2023a, b). Metal(iod) toxicity is 
characterized by a high density, exceeding 4 g cm−3, and 
is notorious for its harmful effects even in trace quantities 
(Rahman and Singh 2019). Various methods exist for the 
stabilization or removal of metals. While conventional phys-
icochemical approaches have proven effective, they have 
also faced criticism due to associated environmental issues 
like air pollution, high energy demands, long-term metal 
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leaching, and greenhouse gas emissions (Duan et al. 2021; 
Alsafran et al. 2023a). In response to these challenges, a 
green and sustainable initiative has taken root, seeking to 
develop eco-friendly solutions to these environmental prob-
lems. Environmentally friendly soil amendments, such as 
biochar (BC), stand out due to their minimal environmen-
tal impact, affordability, and wide social acceptance (Wang 
et al. 2021; Boorboori and Lackóová 2023).

Biochar is produced from agriculture, animal waste, and 
sewage (Mansoor et al. 2021). This carbon-rich organic 
material is created using thermal processes in anaerobic con-
ditions or under reduced oxygen concentrations (Shaaban 
et al. 2018). Biochar’s agricultural applications are exten-
sive, mainly serving as a soil amendment to assist crop 
growth by improving soil conditions (Dai et al. 2020). This 
popularity is due to its exceptional physicochemical proper-
ties and beneficial traits. Biochar enhances various soil func-
tions, such as adsorption capacity, cation exchange capacity 
(CEC), mechanical strength, water retention, organic car-
bon (C) content, and nutrient-holding capacity, ultimately 
increasing soil fertility (Palansooriya et al. 2019). Addition-
ally, BC can be a source of essential plant growth elements 
like macronutrients (e.g., N, P, K, Mg, Ca) and micronutri-
ents (e.g., Zn, Cu, Mn, Fe). It contains ashes, which con-
stitute 5–60% of its weight (Hui 2021). Recently, BC has 
received notable attention for its roles in bioenergy conver-
sion, carbon sequestration, and metal remediation (Haider 
et al. 2022). Studies suggest that BC can influence metal 
abundance and mobility in polluted soils through direct and 
indirect mechanisms, as outlined by Khan et al. (2022). This 
review offers a focused overview of the positive impacts 
of BC on plant responses to metal(loid) stress, highlighting 
the primary mechanisms. The potential role of BC in future 
agricultural practices in polluted areas is also discussed in 
this review.

Plant Responses to Metal/Metalloid Toxicity

Plants respond differently toward different metal stresses, 
and they are negatively affected due to exposure to high 
concentrations of metal(loid) (Hidangmayum et al. 2019). 
The major impact of metal(loid) stress is the accumulation 
of ROS in plants and the cellular damage caused by free 
radicals (Nabi et al. 2019). Metal(loid) toxicity impairs 
plant metabolisms like photosynthesis, respiration, transpi-
ration, minerals/N acquisition, and finally the normal growth 
and development of plants (Nabi et al. 2019). Moreover, 
metal(loid) toxicity inhibits root growth as well as root hair 
formation. Crop yield and quality were also reduced due to 
the phytotoxicity induced by metal ions. Figure 1 represents 
the impact of metal(loid) on the plant system.

Effect of Metal(loid) Stress on Seed Germination 
and Early Seedling Growth

Seed germination, seedling growth, and the development of 
reproductive stages are inhibited in plants due to metal(iod) 
stress (Seneviratne et al. 2019). The plants such as Sorghum 
bicolor, Oryza sativa, and Vigna radiata exhibited low seed 
germination rate under metal stress due to the loss of turgor 
pressure (at a higher relative water content). Inhibition of 
physiological and metabolic activities of seed is also results 
in the prevention of germination (Seneviratne et al. 2019). 
Root has direct contact with all these toxic metals in soil 
and an inhibition of root and coleoptile growth has been 
observed in seedlings (Muhammad et al. 2015). Metal(iod)s 
stress is directly reduced the fresh weight, root growth, shoot 
growth, and biomass production of the plant (Gavrilescu 
2022). Metal(iod) exposure induced morphological modifi-
cation in roots by changing the root length, thickening, root 
hair formation, and pattern of branching (Rizvi and Khan 
2018). Under exposure to Cu and lead (Pb), the roots of 
maize (Zea mays) plants had a substantial distortive impact 
with prominent cell death (Rizvi and Khan 2018).

Effect of Metal(loid) Stress on Plant Photosynthesis

Chlorophyll biosynthesis, chloroplast structural modifi-
cation, membrane damage, inefficient electron transport, 
and reduced ribulose bisphosphate carboxylase oxyge-
nase (Rubisco) activity are the major negative imprints of 
metal(iod) stress on photosynthesis (Sharma et al. 2020). 
Cadmium (Cd) toxicity leads to reduced size and number 
of chloroplasts, degradation of chlorophyll, and reduced 
accumulation of starch but enhanced accumulation of plas-
toglobuli in plants (Muhammad et al. 2021). Photosynthetic 
processes of Picris divaricata, Hordeum vulgare, Limnan-
themum cristatum, Spirodela polyrhiza, Oryza sativa, and 
Zea mays were severely affected under metal(iod) toxicity 
(Sharma et al. 2020). Metal ions potentially hinder the res-
piration processes of plants (Nowicka 2022). The impact of 
Cd on dark respiration and transpiration was evaluated in the 
leaves of Acer saccharinum (Lamoreaux and Chaney 1978). 
An increase in the rate of respiration is a major effect of 
metal(iod) stress, especially root respiration (Qi et al. 2021). 
Inactivation of enzymes such as succinate dehydrogenase 
complex, malate dehydrogenase, and isocitrate dehydroge-
nase severely affects the electron transport in Calvin cycles 
(Garmash and Golovko 2009). Moreover, the alternative oxi-
dase pathway also had modulations under metal(iod) stress, 
and it was analyzed in barley (Hordeum vulgare) plants 
exposed to Cd stress which had an increase in activity (Gar-
mash and Golovko 2009).
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Effects of Metal(loid) Stress on Plant Redox 
Homeostasis

The most common symptom of metal(iod) toxicity is the 
induction of oxidative stress in plants by the generation of 
reactive oxygen/nitrogen species (ROS and RNS), which 
induces cellular damage as well as the signaling cascades 
for different tolerance functions. ROS such as superoxide 
(O2

.−) and hydroxyl radicals (•OH), as well as non-radicals, 
such as hydrogen peroxide (H2O2) and singlet oxygen (1O2), 
are dangerous to plants. Moreover, the excess accumulation 
of nitric oxide (NO), S-nitrosothiols (SNOs), higher nitrogen 
oxides (NOx), dinitrosyl iron complexes, and peroxynitrite 
(ONOO−) are toxic to plants and all of these radicles are 
grouped as RNS. ROS and RNS cause damage to cellu-
lar lipids, proteins and nucleic acids, membrane leakage, 
enzyme inactivation and DNA damage or mutation, which 
can severely damage a cell (Romero-Puertas et al. 2019). 
Under metal and metalloid stress, it is essential to scavenge 

the reactive molecules and a dual cellular system based on 
both enzymatic and non-enzymatic biomolecules effectively 
operating this (Bhaduri and Fulekar 2012). Major antioxi-
dant enzymes such as superoxide dismutase (SOD), ascor-
bate/guaiacol peroxidase (APX/GPX), glutathione S-trans-
ferases (GST) and catalase (CAT), and non-enzymatic 
molecules such as polyamines, glutathione (GSH), ascorbic 
acid, α-tocopherol, proline, and metallothionein participat-
ing in the scavenging of reactive oxygen/nitrogen molecules 
(Berni et al. 2019). Metal(iod) significantly interfere with 
the uptake and transport of macro and microelements essen-
tial for the growth and development of plants, especially N 
acquisition (Sjøgren et al. 2023).

Effect of Metal(loid)s on Mineral Assimilation 
by Plants

Most of the macro and micro minerals have the same trans-
location pathway of metal(iod)s. This creates a competition 

Fig. 1   Impact of metal(iod) toxicity on the metabolic and physiological responses of plants
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in the translocation of essential mineral ions and metal ions 
which inhibit transporters functional in the plant system 
for mineral uptake. Nickel (Ni)-induced reduction in the N 
accumulation was detected in tomato leaves and roots by 
reducing its absorption (Gajewska and Skłodowska 2009). 
Normally, some plants have the biological N fixation ability 
by maintaining symbiotic association with cyanobacteria or 
N fixing bacteria, but metal(iod) toxicity severely affects 
the microbial population and reduces the N fixation ability 
(Arnao and Hernández-Ruiz 2019). But different symbi-
otic association can maintain the N accumulation potential 
of plants even under the exposure of metal(iod) stresses. 
Azotobacter chroococcum maintained the N assimilation 
and protein production in maize plants under metal(iod)s 
contamination as compared to the plants under optimal Cu 
and Pb availability (Rizvi and Khan 2018). The major meta-
bolic pathways such as photosynthesis and respiration get 
impaired under metal(iod)s stress.

Biochar: The Black Gold for Soil

Biochar is a product formed under oxygen-free environments 
and high temperatures (Ji et al. 2022). The production con-
dition and structural framework of the substrate directly 
depend on the properties of BC (Kamali et al. 2022). These 
properties of BC influence the efficiency of soil amendment. 
The soil modification based on BC application depends on 
other factors such as soil characteristics as well as soil man-
agement targets (He et al. 2021). Soil pH, soil aggregate 
stability, soil organic matter, erosion rate, crop productiv-
ity, and ecotoxicity are different indicators to evaluate the 
impact of BC on soil (He et al. 2021). Different studies noted 
that BC can sequester pollutants in soils (Tan et al. 2022). 
The application of BC is beneficial to the soil as it is help-
ful in maintaining the moisture status, fertility, and cation 
exchange capacity. Remediation of soil xenobiotics, preven-
tion of soil erosion, and modification in soil pH are the other 
important beneficial contribution of BC (Chagas et al. 2022). 
The effect of BC on soil can be extended to the modifica-
tions in microbial communality. The soil C content, min-
eralization, nutrient cycling, and enzyme activities are the 
factors that influence the microbial population and all these 
four factors can be altered with the help of BC application 
(Palansooriya et al. 2019). Biochar with high lignin content 
increased the density of negative bacteria in soil, but BC 
with high P, K, Mg, and other nutrients induced microbial 
enzyme activity (Ji et al. 2022).

Additionally, the application of BC aids the plants in 
improving their performance under metal(loids) stress. 
Biochar significantly modifies the ROS scavenging enzymes 
and provides an efficient electron-transferring mechanism 
to tackle the toxic effects of ROS in plants. Biochar is an 

efficient tool for the effective management of crop produc-
tivity and various environmental stresses (Yang et al. 2022).

Biochar for Limiting Plant Metal/Metalloid 
Uptake

Accumulation of metals and metalloids such as arsenic (As) 
antimony (Sb), Pb, Zn, Ni, Mn, mercury (Hg), chromium 
(Cr), Cu, and Cd (Asad et al. 2019) in agricultural land is 
one of the major issues for several decades. The presence of 
its high concentration impacts soil fertility which cause mul-
tiple hindrances of plant growth parameters (Sandeep et al. 
2019; Yadav et al. 2021). The risk associated with metal(iod)
s toxicity majorly affects human health and environmental 
stability by deteriorating the food chain (Mtemi et al. 2023). 
However, the use of carbonaceous material such as BC has 
emerged as a promising tool for soil amendments with the 
potential to restrict metal(iod) uptake in plants (Radziemska 
et al. 2022). The potential of BC on restricting metal avail-
ability depends its features such as the capacity to alter soil 
pH (Wei et al. 2023), highly porous structure (Tomczyk et al. 
2020), active functional groups for sorption of ions and fixa-
tion of metal(loid)s (Wang et al. 2022), ability to improve 
soil fertility, better water-holding capacity (Alghamdi et al. 
2020), and maximal carbon sequestration power (Mansoor 
et al. 2021). Here are some mechanisms depicting the rela-
tion of BC with the metal(iod) uptake.

pH Adjustment and Ion Exchange

Plants uptake and accumulate metal(iod)s from soil through 
roots (Feng et al. 2021). Therefore, the main role of BC is to 
limit the metal(loid) concentration in soil to reduce uptake 
and availability for plants and to increase crop yields (Haider 
et al. 2022). Changes pertaining to BC’s effect on plant metal 
uptake depend on soil pH and have differential responses 
for different metal(iod)s present in soil (Masud et al. 2020; 
Kannan et al. 2021; Zhang et al. 2021a). Jing et al. (2020) 
reported that wheat straw-derived BC application increased 
soil pH, reducing cadmium uptake and accumulation by O. 
sativa. The CEC of BC also plays a crucial role in modifying 
soil pH, influencing metal(iod) speciation and availability 
(Kannan et al. 2021). Further research suggests that add-
ing BC to soil decreases the concentration of Cd and Pb in 
plant tissues (Xu et al. 2018). The decrease in the uptake 
and transportation of metal(iod) to the plant is linked to the 
high amount of BC (10 mg kg−1) (Bian et al. 2016). Accord-
ing to a study done by Wang et al. (2017), manure-derived 
BC often includes more Ca than plant-derived BC; there-
fore, they can attract metal(loid)s such as Cd2+ and Cu2+ 
through ion exchange. Another successful experiment con-
ducted by Meier et al. (2021) specifies that in soil polluted 
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by Cu mines, BC made from chicken manure can reduce 
the uptake of Cu in the aerial part of Oenothera picensis. In 
acidic soil, BC increases soil pH and restricts aluminum (Al) 
and other metal uptake by plant root (Bian et al. 2016; Wang 
et al. 2017; Meier et al. 2021; Qian et al. 2023). Reportedly, 
BC enhances the mobility of anionic metalloids (AsO4

3−, 
AsO3

3−) by reducing positively charged sites responsible for 
lowering the binding sites for As as soil pH increases (Iga-
lavithana et al. 2017). A meta-analysis established that BC 
decreases the average amount of metals (Cd, Pb, Cu and Zn) 
in plant tissues under metal-contaminated soil by affecting 
the soil pH. Metal(iod)s present in soil either make bonds 
with clay particles or iron oxide or are free as ligand cations. 
Biochar immobilizes cationic metal by increasing the nega-
tively charged exchange sites on clay particles through the 
action of liming effect (alkalinity) which raises pH of acidic 
soils (Bolan et al. 2022). While, on the contrary, a recent 
study demonstrated that on a condition where changes in 
soil pH remained negligible, BC effectively reduced extract-
ability and metal uptake in plant by lowering the availabil-
ity of Cu, Zn, and Pb except Cd in the rhizospheric region 
(Medyńska-Juraszek et al. 2020). This study has impacted 
well because limiting metal uptake without increasing pH is 
important, as high pH is linked with minimum availability 
of plant nutrients, thus may hamper growth and nutritious 
quality of plant. Moreover, another study, reported decreased 
concentration of Cd in plant responding to BC application 
in both acid and alkaline soils as well as during neutral pH 
condition (Chen et al. 2020). Depending on many factors, 
structural, chemical, and electrochemical changes occur 
between particles of BC and soil; therefore, water-soluble 
organic compounds (K, Na, Ca and P, N, S, and Cl) get dis-
solved in the soil results in change in pH (Qin et al. 2020; 
Rombolà et al. 2022).

Nutrients Regulation and Adsorption Mechanism

On the soil surface, metal(loid) immobilization occurs 
through different mechanisms such as ion exchange, pre-
cipitation, reduction, electron shuttling, and physio-sorption 
with O-functional groups available on BC (Singh 2021; 
Sun et al. 2022; Sha et al. 2023). The high surface area and 
porous structure of BC provide abundant active sites for 
metal(iod) binding (Gupta et al. 2021). Research by Deng 
et al. (2022) found that BC derived from bamboo residues 
effectively adsorbed Cr, reducing their availability to wheat 
plants. The aromatic C structure and functional groups pre-
sent in BC, such as carboxylic and phenolic groups, contrib-
ute to strong electrostatic interactions and complexation with 
metal(iod) ions (Quan et al. 2020; Deng et al. 2022). Engi-
neered BC such as nano-BC with special characteristics such 
as nano-sized pores, surface oxygen functional groups, and 
high surface reactivity triggers rapid metal immobilization 

in the soil altogether restricting metal(iod) uptake in plant 
cells (Shahcheraghi et al. 2022). Moreover, unsaturated 
bonds, radicals, lattice vacancies, and other defect structures 
become preferential reaction sites for binding and absorp-
tion or locking of metals into the C lattice. Biochar also 
enhances plants productivity by introducing organic mat-
ter and essential minerals (N, P, K, Ca, Mg) in the soil so 
as to increase the soil water retention, saturated hydraulic 
conductivity, enzymes, and microbial activity and thereby 
limit the plant metal uptake (Tanure et al. 2019; Toková 
et al. 2020; Lopes et al. 2021; Aon et al. 2023). Results of 
numerous studies show that, on average, BC decreases the 
concentration of metal(loid)s in plant tissues and increases 
soil minerals, particularly P availability (Yang et al. 2021; 
Lai et al. 2022; Mihoub et al. 2022). Consecutively, a 3-year 
period study on BC application showed reduced Cd and Pb 
content in O. sativa fields by increasing soil pH, organic 
supply, and immobilization of metal(loid)s present in the 
soil through precipitation, surface adsorption, and increas-
ing level of soil-available minerals such as; Si, P, and K 
(Bian et al. 2014). A decrease in metal(iod) bioavailability 
is directly linked with the presence of a high concentration 
of mineral availability as evidenced by a reduction in Pb 
toxicity through C coated mineral particles found on BC 
surfaces (Kiran and Prasad 2019). The toxic Cr(VI) avail-
ability to plants can be reduced to Cr(III) by the inclusion of 
organo-mineral micro-agglomerates through the interaction 
of BC that reduced Fe, organic compounds, and free radi-
cals (Kumar et al. 2020; Joseph et al. 2021). Uchimiya et al. 
(2011) found that the release of K, Na, Mg, and Ca from BC 
could be correlated with the adsorption of Cu on BC parti-
cles. Xing et al. (2020) reported that the Hg content in rice 
grain decreased after adding rice-husk-derived BC to soil 
with high Hg input through increasing mineral uptake and 
acclimatization. Similarly, Zhang et al. (2013) also found the 
lowered translocation of Cd in Juncus subsecundus when 
BC was added to the soil by increasing Si concentration in 
soil (Chen et al. 2016). Similarly, Li et al. (2020) used BC 
derived from soybean straw and added it to the soil contami-
nated with Cd and As. The results showed a reduction in the 
bioaccumulation of As and Cd in O. sativa which is related 
to the enhanced mineral availability to plants.

Biochar for Enhancing Plant Defense Against 
Metal/Metalloid Stress

Modulation of Antioxidant Defense

The presence of metal(loid)s in soil triggers ROS and causes 
oxidative damage to plant cellular organelles (proteins, 
DNA, lipids, etc.), and it further causes necrosis and there-
fore diminishes the survival capacity of the plant (Sachdev 
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et al. 2021; Thakur et al. 2022). Biochar, due to its unique 
surface area, defective sites, and the presence of functional 
groups, is reported to expedite the radical oxidation pro-
cess in which ·OH, H2O2, SO4

.−, and O2
.− participate (Ren 

et al. 2021; Shi et al. 2022; Fig. 2). Further BC has been 
found to enhance the antioxidant defense systems in plants, 
enabling them to cope with metal(iod)-induced oxidative 
stress (Mehmood et al. 2020). Wang et al. (2021) reported 
that BC application increases the activities of antioxidant 
enzymes such as SOD and CAT, thereby reducing oxidative 
damage in plants exposed to metal(loid)s. The presence of 
BC in the soil matrix can stimulate the synthesis of phy-
tochelatins and metal-binding peptides that help sequester 
metal(loid) toxicity (Shi et al. 2022). Further, a study done 
by Gong et al. (2019) shows that Cd-induced growth inhi-
bition of ramie (Boehmeria nivea (L.) Gaudich.) seedlings 
was countered by BC through reverting oxidative damage 
(lipid peroxidation and H2O2 accumulation) in plants. Bio-
char releases functional groups and free radicals that par-
ticipate in ROS scavenging in plants against metal(loid)s 

stress (Rashid et al. 2023). Studies on Spinacia oleracea 
(Qayyum et al. 2019) and Triticum aestivum (Abbas et al. 
2017) showed similar results against Cd tolerance, where BC 
decreased malondialdehyde (MDA) and H2O2 content by up-
regulating the level of protein. It has also been proven that 
BC application enhances antioxidative enzymes in plants 
under Cr stress (Naveed et al. 2021), and similar observa-
tion was also recorded in Zea mays (Bashir et al. 2020), S. 
oleracea (Sehrish et al. 2019), and Brassica rapa through 
increase in CAT, GSH, GR, GP, GPX, SOD, APX, and GST 
(Ali et al. 2018). Biochar application reportedly improves 
the proline and other metabolites with similar capabilities 
such as phenolic compounds, soluble sugars, and total solu-
ble proteins (TSP) (Rohani et al. 2019; Mehdizadeh et al. 
2020; Hussain et al. 2022; Tang et al. 2022; Meihana et al. 
2023). Phenolic compound and protein content enhanced 
under BC application and was reported against Cd toxic-
ity in radish (Raphanus sativus) plants (Dad et al. 2021). 
A stress regulator proline has a variety of roles in plants, 
including protecting enzymes, adjusting osmotic pressure, 

Fig. 2   Biochar and plants against metal(iod) stress
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removing ROS, and maintaining protein synthesis (Hayat 
et al. 2012), thereby it participates in enhancing the antioxi-
dative machinery of the plant by reducing oxidative stress 
(Mazhar et al. 2023). For instance, the high level of antioxi-
dative enzymes improves the CMP (sialic acid transporter-
like protein) and decreases MDA and H2O2 accumulation 
under Cd stress in radish (Dad et al. 2021) and in cotton by 
increasing the activities of CuZn-SOD, Mn-SOD, and Fe-
SOD (Zhu et al. 2020).

Moreover, Khan et  al. (2022) demonstrated that BC 
treatment up-regulated the expression of genes involved in 
metal(loid)s detoxification, antioxidative defense, and ion 
homeostasis in plants exposed to metals. This genetic regu-
lation can improve plant resilience and reduce metal(iod) 
accumulation in tissues. It has been acknowledged that 
plants primed with BC in the initial stage induce stronger 
up-regulation of defense-related genes (Viger et al. 2015; 
Kolton et al. 2017) which helps in the activation of cellular 
oxidative defense reaction against metal(iod) stress in plants 
(Khan et al. 2022). Therefore, BC intervene plant resist-
ant develops due to the involvement of the expression of 
defense-related gene, as evidenced by study on tomato plant 
against metal(loid)s-induced oxidative damage (Mehari et al. 
2015). It has been also suggested that the suppression of 
toxicity is concentration dependent, as BC at low concentra-
tion proved to reduce Cd and Zn-induced oxidative stress in 
plants more effectively (Kang et al. 2022). Moreover, BC 
also enhances stress resistance of plants under metal(loid)
s stress by intervening signaling pathways of jasmonic acid 
and H2O2 by gene expression regulation (Mehari et al. 2015). 
The up-regulation of the genes associated with antioxidative 
enzymes such as SOD, peroxidase (POD), ascorbate per-
oxidase (APX), glutathione s-transferase (GST), superoxide 
dismutase (SOD), catalase (CAT) and metal-tolerant confer-
ring gene (OsFSD1) were observed and linked to vanadium 
toxicity tolerance in O. sativa (Mehmood et al. 2021). Simi-
lar observations were recorded in muskmelon against Cd 
toxicity (Cheng et al. 2023). Moreover, Kang et al. (2022) 
observed that BC application enhanced Mn-SOD, CAT, and 
glutathione reductase (GR) activities to suppress oxidative 
stress and increase Cd and Zn tolerance in foxtail millet 
(Setaira italica L.).

Biochar and Microbial Interaction Under 
Metal(iod)‑Polluted Sites

Biochar-rhizosphere mechanism causes systematic resist-
ance in plants against various biotic and abiotic stresses (Li 
et al. 2022). It enhances plant defense against metal(iod) 
through persuading change in microbial activity (Gong et al. 
2019). Numerous proven records are available showing the 
positive impact of BC on soil bacteria for catalyzing exces-
sive metal (Cd, Zn, Pb, Cr) concentration in soil (Andrey 

et al. 2019; Liu et al. 2020a; Wei et al. 2022; Ali et al. 2022; 
Shi et al. 2023). Biochar stimulates the activity of defen-
sive bacterial reaction through different processes such as 
adsorption, adhesion, electron transport, and ion exchange 
(Ghassemi-Golezani et al. 2023; Nawaz e al. 2023). Pro-
teobacteria are also more prevalent as a result of the appli-
cation of BC which decreases metal(loid) toxicity through 
their special metabolic and ecological capacity to adapt to 
metal(iod)-contaminated soils (Awasthi et al. 2020). Biochar 
regulates the level of enzymes which indicates the health 
of microbial activity in soil. Several studies have been con-
ducted proving its potential to regulate microbial activity by 
modulating plant enzymes (Shen et al. 2019; Ibrahim et al. 
2020; Lin et al. 2021). Furthermore, BC at low availability is 
linked with high activity of dehydrogenase and phosphatase 
enzymes (Pokharel et al. 2020), while at high level, it creates 
unfavorable conditions for microbial activity (Zhang et al. 
2021b). Lu et al. (2014) worked on bamboo and rice straw-
derived BC and observed an increased number of microbial 
activities that participated in enhancing the tolerance level of 
Sedum plumbizincicola plant in Cd, Cu, Pb, and Zn-contam-
inated soil. Furthermore, Ahmad et al. (2016) also observed 
that soybean stover and pine needle-derived BCs stimulated 
a higher accumulation of microbial community in Pb and 
As-contaminated agricultural soil. Biochar provides better 
habitat for the growth of microbial communities because of 
high surface area reactivity, secretion from microbes modu-
lates metal concentration and create favorable condition for 
plant growth by enhancing its tolerance (Andrey et al. 2019).

Molecular Insights into Biochar‑Mediated 
Metal/Metalloid Tolerance

Different BC soil amendments effectively attenuate 
metal(iod) toxicity by up-regulating and downregulating 
genes involved in stress tolerance, for instance, Mehmood 
et al. (2021) reported that HNO3-modified BC (3%) derived 
from rice straw plays a crucial role in improving phytore-
mediation capacity and vanadium tolerance (60 mg L−1) 
by modulating antioxidant activity and genetic expression 
of genes encoding antioxidant enzymes (OsSOD, OsPOD, 
OsCAT​, and OsAPX) and regulating a metal confront-
ing gene (OsFSD1). They noted that the application of 
HNO3-modified BC increased antioxidant activities, and the 
percent change for OsSOD, OsPOD, OsCAT​, OsAPX, and 
OsFSD1 was 5.57-, 5.04-, 4.97-, 5.25-, and 4.80-fold change, 
respectively, as compared with relative control plants 
(Fig. 3), suggesting that oxidative BC mitigates the detri-
mental effect of vanadium stress by enhancing plant defense 
mechanisms. In contrast, Kang et al. (2022) found non-sig-
nificant differences in CAT in Foxtail millet with the applica-
tion of corn straw BC (2%, pyrolyzed at 300 °C, 400 °C, and 
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500 °C) under Zn (407 mg kg−1), Cd (0.83 mg kg−1), DTPA 
(diethylenetriamine pentaacetic acid)-Zn (9.32 mg kg−1), and 
DTPA-Cd (0.18 mg kg−1). However, Mn-SOD and GR expres-
sion decreased following the application of BC with increased 
pyrolysis temperature. Moreover, Hannan et al. (2021) reported 
that bamboo BC (3%) and their connections significantly 
reduced the transcript level of SOD-related gene in brassica 
(Brassica napus L.) under Ni stress (100 mg kg−1), which 
show mitigation of Ni stress in the presence of BC amend-
ments. They noted higher levels of CAT, APX, and GR-related 
genes with the addition of BC. Moreover, BC soil amendment 
significantly drops the Ni transporter expression (BnNi-T and  
BnNRAMP3) and iron-regulated transporter 1 (BnIRT1) 
involved in Ni transport. The results of gene expression related 
to secondary metabolites revealed significant up-regulation of 
cinnamyl alcohol dehydrogenase and phenylalanine ammonia-
lyase with the addition of BC, suggesting that soil amendment 
reduces the expression of Ni transport genes and increases 
stress-tolerant genes in brassica. In another study, Wang et al. 
(2020a) used rice husk as the precursor of silicon (Si)-rich 
BCs (RH-300, RH-700) and wood sawdust (WB) as a 

precursor of Si-deficient BCs (WB300 and WB700) at 2% 
to attenuated Cd stress (50 mg kg−1) toxicity. They noted 
that Si-rich BC amendment immobilizes Cd in soil inhibits 
root transport of Cd via Si gene regulation and prevents its 
translocation via Si-Cd composite formation. The effect of 
Si-rich BC (RH-300) was more pronounced as compared 
with Si-deficient BC and Si-rich (RH-700) treatments. Their 
findings suggested that Si-rich BC treatments reduce the 
gene expression of Si transporter (LSi1 and LSi3) channel in 
rice roots thereby inhibiting Cd uptake in plants and its grain 
parts, probably due to the utilization of the same channel for 
Cd and Si transport. Contrarily, Ma et al. (2021) reported 
that the reduced uptake of Cd in different parts of the strictly 
controlled by plant genetics as compared to BC application. 
Moreover, Cheng et al. (2023) reported the alleviating effect 
of wood BC (1%, 3%, and 5%) on Cd stress (400 mg kg−1) by 
studying muskmelon (Cucumis melo) as a model plant. They 
noted that BC application at 1%, 3%, and 5% downregulates 
the expression of genes related to stress tolerance (17, 5, and 
16 genes) and phenylpropanoid pathway (3, 0, and 7 genes) 
as compared to Cd-exposed plants. Moreover, genes related 

Fig. 3   Effect of biochar soil amendments on gene regulation of molecular basis of plants under metal(iod) stress
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to the WRKY transcription factor, annexin, and P450 protein 
family were also downregulated with the application of BC 
under Cd stress. This indicates that muskmelons with the 
addition of BC are less susceptible to Cd stress.

In addition, Zhang et al. (2023) reported that As(III) 
proportion decreased significantly along with an increase 
in As(V) proportion after rice straw BC addition (3%). 
They suggested that BC addition mitigates As(III) toxic-
ity (102 µg/g) by lowering its uptake and proportion which 
may plausibly be attributed to the contribution of As func-
tional genes. According to Herath et al. (2020), rice husk 
BC decreased the abundance of arsC gene responsible for 
reducing As(V) to As(III) and increased the abundance of 
aioA gene capable of As(III) oxidation. In conclusion, pub-
lished works are inconsistent, which may reflect the absence 
of a “one-size-fits-all” model for BC effect on genetic regu-
lation, with differences in BC type, species, and environ-
ment. PAL: phenylalanine amonia-lyase, CAD: cinnamyl 
alcohol dehydrogenase.

Biochar Enhances Phytoremediation 
of Metal/Metalloids

The restoration of contaminated soil for healthy and safe 
food production can be achieved by reducing the phytoavail-
ability of metal(loid)s (Yan et al. 2020). Traditional remedia-
tion techniques often have limitations and can be expensive, 
leading researchers to explore more sustainable and cost-
effective alternatives. Among these innovative approaches, 
the combination of BC with phytoremediation has emerged 
as a promising solution.

Biochar is one of the organic materials that efficiently 
used for the management of metal(iod)s, which absorbs 
metal(iod)s and reduces its potential bioavailability and 
accumulation in plants (Alkharabsheh et al. 2021; Rajput 
et al. 2022). Biochar chemically stabilizes the metal(iod)
s due to its highly porous structure, reactivity, active func-
tional groups, and generally high pH and CEC (Bian et al. 
2014; Liu et al. 2020b), whereas phytoremediation is a mul-
tidisciplinary field that uses to mobilize and immobilize con-
taminants, either by facilitating their uptake and storage in 
plant tissues or by enhancing their availability for removal 
from the environment (Shah and Daverey 2020). Phytoreme-
diation encompasses phytostabilization, rhizoremediation, 
phytoextraction, phytodegradation, and phytovolatilization 
in general (Shah and Daverey 2020; Fig. 4). Phytoextrac-
tion is a soil remediation method that uses accumulators/
hyperaccumulators, which are plants capable of absorbing 
and storing pollutants like metalloids from contaminated 
soil (Rezania et al. 2016). The combination of BC’s sorp-
tion capabilities heightened reactivity, and phytoremedia-
tion’s inherent ecological benefits synergistically enhance 

the remediation process. So far, many research findings 
have shown that the application of BC to plants consider-
ably reduces metal and metalloid bioavailability. Gu et al. 
(2020) reported that cornstalk BC amendment reduced the 
DTPA-extractable Cd concentration and stimulated the root 
growth of Beta vulgaris. Furthermore, the BC amendment 
led to increased levels of soil-available phosphorus, labile 
organic carbon, total N, and total organic carbon, these 
improvements in soil fertility and organic matter content 
are favorable for plant growth and microbial activity. The 
enhanced microbial activity can contribute to the breakdown 
of organic matter and nutrient cycling, supporting root bio-
mass production and overall plant growth. Correspondingly, 
Zanganeh et al. (2022) also reported the combined applica-
tion of BC and cyanobacteria effectively immobilized the 
metals (Cr(III), Cr(VI), Fe, Al, and Zn) in the soil, reducing 
their bioavailability by enhancing the S3 fraction (bound to 
organic matter and sulfides) of all metal(iod)s. Biochar and 
bioaugmentation with cyanobacteria alter the solubility and 
binding properties of metal(iod)s to the soil matrix and mak-
ing them less accessible to plants and reducing their poten-
tial toxic impacts on Portulaca oleracea. Likewise, Kiran 
and Prasad (2019) studied the phytoremediation of Pb-con-
taminated soils using rice husk BC and reported the declin-
ing Pb accumulation in plants due to the phytoremediation 
potential of rice husk BC. Several studies also reported the 
role of BC with hyperaccumulators, for instance, B. napus 
(hyperaccumulator) in conjunction with BC to retrieve Cd 
from the contaminated agricultural soil (Houben and Sonnet 
2015; Narayanan and Ma 2022). Similarly, Amaranthus tri-
color (hyperaccummulator) along with BC for phytoextrac-
tion to treat Cd-polluted agricultural soils (Lu et al. 2015; 
Narayanan and Ma 2022). While hardwood BC, combined 
with B. campestris, was also found to be effective in reduc-
ing the phytoavailable contents of Cu, Pb, Ni, and Zn in 
mine degraded soil (Forján et al. 2017). Moreover, supple-
mentation of rice husk and groundnut shell BC was found to 
enhance the Pb accumulation potentials of Moringa oleifera 
(Ogundiran et al. 2018).

Scope of Using Biochar for Next‑Generation 
Agriculture in Contaminated Areas

In the current scenario, agriculture area faces several issues 
like climatic change and technogenic issues which are com-
bined with unbalanced use of resources and environmental 
problems like eutrophication, surface runoff, use of conven-
tional fertilizers, and industrial waste emission (De Salvo 
et al. 2013; Withers et al. 2014; Rajput et al. 2022). Bio-
char offers promising solutions for mitigating agricultural 
issues, and it effectively reduces the biological availability of 
environmental contaminants, thereby improving soil quality 
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and enhancing its suitability for plant growth and develop-
ment (Oni et al. 2019). Presently, BC, as a soil supplement, 
significantly enhances soil fertility by positively modifying 
the chemical, biological, and physical properties of the soil 
(Awad et al. 2018; Xiao et al. 2018). Biochar is an organic 
material that has been accepted for several positive interac-
tions in agriculture fields such as plant growth and devel-
opment, disease management, pesticide remediation, soil 
fertility, and increased microbial growth (Rawat et al. 2019; 
Zhang et al. 2022). So, its use in agriculture, particularly in 
contaminated areas, has gained interest due to its potential 
to address soil degradation, improve fertility, and mitigate 
certain environmental issues. Biochar can be used to remedi-
ate contaminated soils by adsorbing or binding certain con-
taminants, such as metals, pesticides, and organic pollutants. 
Its porous structure and high surface area provide ample 
binding sites for these contaminants, effectively reducing 
their mobility and availability to plants and the environment 
(Wang et al. 2020b). In contaminated areas, the soil's fertility 
is often compromised. Biochar application can enhance soil 
fertility by providing a stable source of organic C and essen-
tial plant nutrients. It helps to retain nutrients like N, P, and 
K, reducing nutrient leaching and making them more avail-
able to plants over time (Rawat et al. 2019). Contaminated 

soils may have extreme pH levels, which can adversely affect 
plant growth (Kicińska et al. 2022). Biochar has a buffer-
ing effect on soil pH, which can help to neutralize acidic or 
alkaline soils and create a more favorable environment for 
plants. Contaminated soils are often less capable of retain-
ing water, leading to drought stress for plants (Murtaza et al. 
2021). Biochar's porous structure can help retain moisture in 
the soil, making water more available to plants and reducing 
the frequency of irrigation. Biochar can serve as a habitat for 
beneficial soil microorganisms, promoting their growth and 
activity. These microbes contribute to soil health, nutrient 
cycling, and overall plant growth.

Conclusion and Future Perspectives

Metal(iod)s are the dominant constraint to successful crop 
production and develop a range of nefarious responses in 
plants due to intensive industrialization in the modern era, 
so, the development of effective control and remediation 
has become imperative. Biochar soil amendment is a cost-
effective, eco-friendly, and easy-to-obtain remediation mate-
rial that offers efficient metal(iod)s removal through adsorp-
tion, electrostatic attraction, ion exchange, pH modification, 

Fig. 4   Biochar lessens the uptake and availability of metal(iod) 
through the phytostabilization, rhizoremediation, phytoextraction, 
phytodegradation, and phytovolatilization as well as maintain the 

plant growth by increasing the levels of soil-available phosphorus, 
labile organic carbon, total N, and total organic carbon
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precipitation, complexation, surface oxidation and reduction, 
CO2 sequestration, slow release of nutrients, and soil micro-
bial activities that reduce metals bioavailability and mobil-
ity in soils. Metal(iod) stress-relieving role of BC in plants 
includes the restriction of metal(iod)s uptake, rampaging 
of ROS, nutrient management, enhanced microbial activi-
ties, and induced genetic regulation to combat the stress 
responses. However, BC feedstock, designer BC nanomate-
rials, and pyrolysis temperature affect the mechanisms that 
are tweaked to deal with metal(iod)s and plant tolerance 
responses. In addition, the adsorption characteristics of BCs, 
and their dosage, soil pH, microbes, initial concentration of 
soil nutrients, and types of metal(iod)s depend on remedia-
tion efficiency. Further research directions and BC stand-
ardization for long-term field trials will also be proposed 
to enable large-scale applications for metal(iod)remediation 
from contaminated soil and decelerate the close-range trans-
fer of these metals in our food chain. Moreover, correspond-
ing monitoring before and after the remediation of soil with 
BC will also be needed for effective follow-up checking of 
metal bioactivity and environmental protections.

Author Contributions  MS and MH conceived and designed the con-
tents. MS, EJ, NA, VY, NZ, SB, and MH wrote the first draft. MS, EJ, 
NA, VY, NZ, SB, IM, RY, and MH revised the manuscript. All authors 
read and approved the final manuscript.

Funding  Open access funding provided by Hungarian University of 
Agriculture and Life Sciences. Not applicable.

Data Availability  Not applicable.

Declarations 

Conflict of interest  The authors declare that they have no known com-
peting financial interests or personal relationships that could have ap-
peared to influence the work reported in this paper.

Ethical Approval  Not applicable.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abbas T, Rizwan M, Ali S, Zia-ur-Rehman M, Qayyum MF, Abbas F, 
Hannan F, Rinklebe J, Ok YS (2017) Effect of biochar on cad-
mium bioavailability and uptake in wheat (Triticum aestivum L.) 
grown in a soil with aged contamination. Ecotoxicol Environ Saf 
140:37–47. https://​doi.​org/​10.​1016/j.​ecoenv.​2017.​02.​028

Ahmad M, Ok YS, Kim BY, Ahn JH, Lee YH, Zhang M, Moon DH, 
Al-Wabel MI, Lee SS (2016) Impact of soybean stover-and pine 
needle-derived biochars on Pb and As mobility, microbial com-
munity, and carbon stability in a contaminated agricultural soil. 
J Environ Manag 166:131–139. https://​doi.​org/​10.​1016/j.​jenvm​
an.​2015.​10.​006

Alghamdi AG, Alkhasha A, Ibrahim HM (2020) Effect of biochar par-
ticle size on water retention and availability in a sandy loam soil. 
J Saudi Chem Soc 24(12):1042–1050. https://​doi.​org/​10.​1016/j.​
jscs.​2020.​11.​003

Ali S, Rizwan M, Bano R, Bharwana SA, Rehman MZU, Hussain 
MB, Al-Wabel MI (2018) Effects of biochar on growth, pho-
tosynthesis, and chromium (Cr) uptake in Brassica rapa L. 
under Cr stress. Arab J Geosci 11:507. https://​doi.​org/​10.​1007/​
s12517-​018-​3861-3

Ali M, Farooq MA, Siddiq Z, Alamri SA, Siddiqui MH, Khan WUD 
(2022) Comparative efficiency of silica gel, biochar, and plant 
growth promoting bacteria on Cr and Pb availability to Solanum 
melongena L. in contaminated soil irrigated with wastewater. 
Front Plant Sci 13:950362. https://​doi.​org/​10.​3389/​fpls.​2022.​
950362

Alkharabsheh HM, Seleiman MF, Battaglia ML, Shami A, Jalal RS, 
Alhammad BA, Almutairi KF, Al-Saif AM (2021) Biochar and 
its broad impacts in soil quality and fertility, nutrient leaching 
and crop productivity: a review. Agronomy 11(5):993. https://​
doi.​org/​10.​3390/​agron​omy11​050993

Alsafran M, Saleem MH, Al Jabri H, Rizwan M, Usman K (2023a) 
Principles and applicability of integrated remediation strategies 
for heavy metal removal/recovery from contaminated environ-
ments. J Plant Growth Regul 42:3419–3440. https://​doi.​org/​10.​
1007/​s00344-​022-​10803-1

Alsafran M, Saleem MH, Rizwan M, Al Jabri H, Usman K, Fahad S 
(2023b) An overview of heavy metals toxicity in plants, tolerance 
mechanism, and alleviation through lysine-chelation with micro-
nutrients-a novel approach. Plant Growth Regul 100:337–354. 
https://​doi.​org/​10.​1007/​s10725-​022-​00940-8

Andrey G, Rajput V, Tatiana M, Saglara M, Svetlana S, Igor K, Grigo-
ryeva TV, Vasily C, Iraida A, Vladislav Z, Elena F, Hasmik M 
(2019) The role of biochar–microbe interaction in alleviating 
heavy metal toxicity in Hordeum vulgare L. grown in highly 
polluted soils. Appl Geochem 104:93–101. https://​doi.​org/​10.​
1016/j.​apgeo​chem.​2019.​03.​017

Aon M, Aslam Z, Hussain S, Bashir MA, Shaaban M, Masood S, Iqbal 
S, Khalid M, Rehim A, Mosa WFA, Sas-Paszt L, Marey SA, 
Hatamleh AA (2023) Wheat straw biochar produced at a low 
temperature enhanced maize growth and yield by influencing 
soil properties of Typic calciargid. Sustainability 15(12):9488. 
https://​doi.​org/​10.​3390/​su151​29488

Arnao MB, Hernández-Ruiz J (2019) Melatonin as a chemical sub-
stance or as phytomelatonin rich-extracts for use as plant pro-
tector and/or biostimulant in accordance with EC legislation. 
Agronomy 9:570. https://​doi.​org/​10.​3390/​agron​omy91​00570

Asad SA, Farooq M, Afzal A, West H (2019) Integrated phytobial 
heavy metal remediation strategies for a sustainable clean envi-
ronment-a review. Chemosphere 217:925–941. https://​doi.​org/​
10.​1016/j.​chemo​sphere.​2018.​11.​021

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.ecoenv.2017.02.028
https://doi.org/10.1016/j.jenvman.2015.10.006
https://doi.org/10.1016/j.jenvman.2015.10.006
https://doi.org/10.1016/j.jscs.2020.11.003
https://doi.org/10.1016/j.jscs.2020.11.003
https://doi.org/10.1007/s12517-018-3861-3
https://doi.org/10.1007/s12517-018-3861-3
https://doi.org/10.3389/fpls.2022.950362
https://doi.org/10.3389/fpls.2022.950362
https://doi.org/10.3390/agronomy11050993
https://doi.org/10.3390/agronomy11050993
https://doi.org/10.1007/s00344-022-10803-1
https://doi.org/10.1007/s00344-022-10803-1
https://doi.org/10.1007/s10725-022-00940-8
https://doi.org/10.1016/j.apgeochem.2019.03.017
https://doi.org/10.1016/j.apgeochem.2019.03.017
https://doi.org/10.3390/su15129488
https://doi.org/10.3390/agronomy9100570
https://doi.org/10.1016/j.chemosphere.2018.11.021
https://doi.org/10.1016/j.chemosphere.2018.11.021


	 Journal of Plant Growth Regulation

Awad YM, Wang J, Igalavithana AD, Tsang DC, Kim KH, Lee SS, 
Ok YS (2018) Biochar effects on rice paddy: meta-analysis. Adv 
Agron 148:1–32. https://​doi.​org/​10.​1016/​bs.​agron.​2017.​11.​005

Awasthi SK, Liu T, Awasthi MK, Zhang Z (2020) Evaluation of bio-
char amendment on heavy metal resistant bacteria abundance in 
biosolids compost. Bioresour Technol 306:123114. https://​doi.​
org/​10.​1016/j.​biort​ech.​2020.​123114

Bashir MA, Naveed M, Ahmad Z, Gao B, Mustafa A, Núñez-Delgado 
A (2020) Combined application of biochar and sulfur regulated 
growth, physiological, antioxidant responses and Cr removal 
capacity of maize (Zea mays L.) in tannery polluted soils. J 
Environ Manag 259:110051. https://​doi.​org/​10.​1016/j.​jenvm​an.​
2019.​110051

Berni R, Luyckx M, Xu X, Legay S, Sergeant K, Hausman J-F, Lutts 
S, Cai G, Guerriero G (2019) Reactive oxygen species and heavy 
metal stress in plants: impact on the cell wall and secondary 
metabolism. Environ Exp Bot 161:98–106. https://​doi.​org/​10.​
1016/j.​envex​pbot.​2018.​10.​017

Bhaduri AM, Fulekar MH (2012) Antioxidant enzyme responses 
of plants to heavy metal stress. Rev Environ Sci Biotechnol 
11:55–69. https://​doi.​org/​10.​1007/​s11157-​011-​9251-x

Bian R, Joseph S, Cui L, Pan G, Li L, Liu X, Zhang A, Rutlidge H, 
Wong S, Chia C, Marjo C, Gong B, Munroe P, Donne S (2014) 
A three-year experiment confirms continuous immobilization 
of cadmium and lead in contaminated paddy field with biochar 
amendment. J Hazard Mater 272:121–128. https://​doi.​org/​10.​
1016/j.​jhazm​at.​2014.​03.​017

Bian R, Li L, Bao D, Zheng J, Zhang X, Zheng J, Liu X, Cheng L, 
Pan G (2016) Cd immobilization in a contaminated rice paddy 
by inorganic stabilizers of calcium hydroxide and silicon slag 
and by organic stabilizer of biochar. Environ Sci Pollut Res 
23:10028–10036. https://​doi.​org/​10.​1007/​s11356-​016-​6214-3

Bolan N, Sarmah AK, Bordoloi S, Bolan S, Padhye L, Van Zwieten 
L, Sooriyakumar P, Khan BA, Ahmad M, Solaiman ZM, Rin-
klebe J, Wang H, Singh BP, Siddique KH (2022) Soil acidi-
fication and the liming potential of biochar. Environ Pollut 
317:120632. https://​doi.​org/​10.​1016/j.​envpol.​2022.​120632

Boorboori MR, Lackóová L (2023) Biochar; an effective factor in 
improving phytoremediation of metal(iod)s in polluted sites. 
Front Environ Sci. https://​doi.​org/​10.​3389/​fenvs.​2023.​12531​44

Chagas JKM, de Figueiredo CC, Ramos MLG (2022) Biochar 
increases soil carbon pools: evidence from a global meta-anal-
ysis. J Environ Manag 305:114403. https://​doi.​org/​10.​1016/j.​
jenvm​an.​2021.​114403

Chen D, Guo H, Li R, Li L, Pan G, Chang A, Joseph S (2016) Low 
uptake affinity cultivars with biochar to tackle Cd-tainted 
rice—a field study over four rice seasons in Hunan, China. Sci 
Total Environ 541:1489–1498. https://​doi.​org/​10.​1016/j.​scito​
tenv.​2015.​10.​052

Chen X, He HZ, Chen GK, Li HS (2020) Effects of biochar and 
crop straws on the bioavailability of cadmium in contami-
nated soil. Sci Rep 10(1):9528. https://​doi.​org/​10.​1038/​
s41598-​020-​65631-8

Cheng Y, Qiu L, Shen P, Wang Y, Li J, Dai Z, Qi M, Zhou Y, Zou Z 
(2023) Transcriptome studies on cadmium tolerance and biochar 
mitigating cadmium stress in muskmelon. Plant Physiol Biochem 
197:107661. https://​doi.​org/​10.​1016/j.​plaphy.​2023.​107661

Dad FP, Khan WUD, Tanveer M, Ramzani PMA, Shaukat R, Muktadir 
A (2021) Influence of iron-enriched biochar on Cd sorption, its 
ionic concentration and redox regulation of radish under cad-
mium toxicity. Agriculture 11(1):1. https://​doi.​org/​10.​3390/​agric​
ultur​e1101​0001

Dai Y, Zheng H, Jiang Z, Xing B (2020) Combined effects of biochar 
properties and soil conditions on plant growth: a meta-analysis. 
Sci Total Environ 713:136635. https://​doi.​org/​10.​1016/j.​scito​
tenv.​2020.​136635

De Salvo M, Raffaelli R, Moser R (2013) The impact of climate change 
on permanent crops in an Alpine region: a Ricardian analysis. 
Agric Syst 118:23–32. https://​doi.​org/​10.​1016/j.​agsy.​2013.​02.​
005

Deng P, Wan W, Azeem M, Riaz L, Zhang W, Yang Y, Li C, Yuan 
W (2022) Characterization of biochar derived from bamboo 
and its application to modulate the toxic effects of chromium 
on wheat plant. Biomass Conv Bioref. https://​doi.​org/​10.​1007/​
s13399-​022-​02879-2

Duan Y, Yang J, Guo Y, Wu X, Tian Y, Li H, Awasthi MK (2021) Pol-
lution control in biochar-driven clean composting: emphasize 
on heavy metal passivation and gaseous emissions mitigation. 
J Hazard Mater 420:126635. https://​doi.​org/​10.​1016/j.​jhazm​at.​
2021.​126635

Feng R, Wang L, Yang J, Zhao P, Zhu Y, Li Y, Yu YS, Liu H, Rens-
ing C, Wu Z, Ni RX, Zheng S (2021) Underlying mechanisms 
responsible for restriction of uptake and translocation of heavy 
metals (metalloids) by selenium via root application in plants. 
J Hazard Mater 402:123570. https://​doi.​org/​10.​1016/j.​jhazm​at.​
2020.​123570

Forján R, Rodríguez-Vila A, Cerqueira B, Covelo EF (2017) Com-
parison of the effects of compost versus compost and biochar on 
the recovery of a mine soil by improving the nutrient content. 
J Geochem Explor 183:46–57. https://​doi.​org/​10.​1016/j.​gexplo.​
2017.​09.​013

Gajewska E, Skłodowska M (2009) Nickel-induced changes in nitro-
gen metabolism in wheat shoots. J Plant Physiol 166:1034–1044. 
https://​doi.​org/​10.​1016/j.​jplph.​2008.​12.​004

Garmash EV, Golovko TK (2009) Effect of cadmium on growth 
and respiration of barley plants grown under two temperature 
regimes. Russ J Plant Physiol 56:343–347. https://​doi.​org/​10.​
1134/​S1021​44370​90300​66

Gavrilescu M (2022) Enhancing phytoremediation of soils polluted 
with heavy metals. Curr Opin Biotechnol 74:21–31. https://​doi.​
org/​10.​1016/j.​copbio.​2021.​10.​024

Ghassemi-Golezani K, Abdoli S (2023) Alleviation of salt stress in 
rapeseed (Brassica napus L.) plants by biochar-based rhizobacte-
ria: new insights into the mechanisms regulating nutrient uptake, 
antioxidant activity, root growth and productivity. Arch Agric 
Soil Sci 69(9):1548–1565. https://​doi.​org/​10.​1080/​03650​340.​
2022.​21035​47

Gong X, Huang D, Liu Y, Zeng G, Chen S, Wang R, Xu P, Cheng M, 
Zhang C, Xue W (2019) Biochar facilitated the phytoremediation 
of cadmium contaminated sediments: metal behavior, plant tox-
icity, and microbial activity. Sci Total Environ 666:1126–1133. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2019.​02.​215

Gu P, Zhang Y, Xie H, Wei J, Zhang X, Huang X, Wang J, Lou X 
(2020) Effect of cornstalk biochar on phytoremediation of Cd-
contaminated soil by Beta vulgaris var. cicla L. Ecotoxicol 
Environ Saf 205:111144. https://​doi.​org/​10.​1016/j.​ecoenv.​2020.​
111144

Gupta K, Joshi P, Gusain R, Khatri OP (2021) Recent advances in 
adsorptive removal of heavy metal and metalloid ions by metal 
oxide-based nanomaterials. Coord Chem Rev 445:214100. 
https://​doi.​org/​10.​1016/j.​ccr.​2021.​214100

Haider FU, Wang X, Farooq M, Hussain S, Cheema SA, Ul Ain N, 
Virk AL, Ejaz M, Janyshova U, Liqun C (2022) Biochar appli-
cation for the remediation of trace metals in contaminated soils: 
implications for stress tolerance and crop production. Ecotoxicol 
Environ Saf 230:113165. https://​doi.​org/​10.​1016/j.​ecoenv.​2022.​
113165

Hannan F, Islam F, Huang Q, Farooq MA, Ayyaz A, Fang R, Ali B, 
Xie X, Zhou W (2021) Interactive effects of biochar and mussel 
shell activated concoctions on immobilization of nickel and their 
amelioration on the growth of rapeseed in contaminated aged 

https://doi.org/10.1016/bs.agron.2017.11.005
https://doi.org/10.1016/j.biortech.2020.123114
https://doi.org/10.1016/j.biortech.2020.123114
https://doi.org/10.1016/j.jenvman.2019.110051
https://doi.org/10.1016/j.jenvman.2019.110051
https://doi.org/10.1016/j.envexpbot.2018.10.017
https://doi.org/10.1016/j.envexpbot.2018.10.017
https://doi.org/10.1007/s11157-011-9251-x
https://doi.org/10.1016/j.jhazmat.2014.03.017
https://doi.org/10.1016/j.jhazmat.2014.03.017
https://doi.org/10.1007/s11356-016-6214-3
https://doi.org/10.1016/j.envpol.2022.120632
https://doi.org/10.3389/fenvs.2023.1253144
https://doi.org/10.1016/j.jenvman.2021.114403
https://doi.org/10.1016/j.jenvman.2021.114403
https://doi.org/10.1016/j.scitotenv.2015.10.052
https://doi.org/10.1016/j.scitotenv.2015.10.052
https://doi.org/10.1038/s41598-020-65631-8
https://doi.org/10.1038/s41598-020-65631-8
https://doi.org/10.1016/j.plaphy.2023.107661
https://doi.org/10.3390/agriculture11010001
https://doi.org/10.3390/agriculture11010001
https://doi.org/10.1016/j.scitotenv.2020.136635
https://doi.org/10.1016/j.scitotenv.2020.136635
https://doi.org/10.1016/j.agsy.2013.02.005
https://doi.org/10.1016/j.agsy.2013.02.005
https://doi.org/10.1007/s13399-022-02879-2
https://doi.org/10.1007/s13399-022-02879-2
https://doi.org/10.1016/j.jhazmat.2021.126635
https://doi.org/10.1016/j.jhazmat.2021.126635
https://doi.org/10.1016/j.jhazmat.2020.123570
https://doi.org/10.1016/j.jhazmat.2020.123570
https://doi.org/10.1016/j.gexplo.2017.09.013
https://doi.org/10.1016/j.gexplo.2017.09.013
https://doi.org/10.1016/j.jplph.2008.12.004
https://doi.org/10.1134/S1021443709030066
https://doi.org/10.1134/S1021443709030066
https://doi.org/10.1016/j.copbio.2021.10.024
https://doi.org/10.1016/j.copbio.2021.10.024
https://doi.org/10.1080/03650340.2022.2103547
https://doi.org/10.1080/03650340.2022.2103547
https://doi.org/10.1016/j.scitotenv.2019.02.215
https://doi.org/10.1016/j.ecoenv.2020.111144
https://doi.org/10.1016/j.ecoenv.2020.111144
https://doi.org/10.1016/j.ccr.2021.214100
https://doi.org/10.1016/j.ecoenv.2022.113165
https://doi.org/10.1016/j.ecoenv.2022.113165


Journal of Plant Growth Regulation	

soil. Chemosphere 282:130897. https://​doi.​org/​10.​1016/j.​chemo​
sphere.​2021.​130897

Hayat S, Hayat Q, Alyemeni MN, Wani AS, Pichtel J, Ahmad A (2012) 
Role of proline under changing environments. Plant Signal Behav 
7:1456–1466. https://​doi.​org/​10.​4161/​psb.​21949

He M, Xiong X, Wang L, Hou D, Bolan NS, Ok YS, Rinklebe J, Tsang 
DCW (2021) A critical review on performance indicators for 
evaluating soil biota and soil health of biochar-amended soils. 
J Hazard Mater 414:125378. https://​doi.​org/​10.​1016/j.​jhazm​at.​
2021.​125378

Herath I, Zhao F-J, Bundschuh J, Wang P, Wang J, Ok YS, Palansoor-
iya KN, Vithanage M (2020) Microbe mediated immobilization 
of arsenic in the rice rhizosphere after incorporation of silica 
impregnated biochar composites. J Hazard Mater 398:123096. 
https://​doi.​org/​10.​1016/j.​jhazm​at.​2020.​123096

Hidangmayum A, Dwivedi P, Katiyar D, Hemantaranjan A (2019) 
Application of chitosan on plant responses with special reference 
to abiotic stress. Physiol Mol Biol Plants 25:313–326. https://​doi.​
org/​10.​1007/​s12298-​018-​0633-1

Houben D, Sonnet P (2015) Impact of biochar and root-induced 
changes on metal dynamics in the rhizosphere of Agrostis capil-
laris and Lupinus albus. Chemosphere 139:644–651. https://​doi.​
org/​10.​1016/j.​chemo​sphere.​2014.​12.​036

Hui D (2021) Effects of Biochar application on soil properties, plant 
biomass production, and soil greenhouse gas emissions: a mini-
review. Agric Sci 12:213–236. https://​doi.​org/​10.​4236/​as.​2021.​
123014

Hussain S, Irfan M, Sattar A, Hussain S, Ullah S, Abbas T, Ur-Rehman 
H, Nawaz F, Al-Hashimi A, Elshikh MS, Cheema M, Yang J 
(2022) Alleviation of cadmium stress in wheat through the com-
bined application of boron and biochar via regulating morpho-
physiological and antioxidant defense mechanisms. Agronomy 
12:434. https://​doi.​org/​10.​3390/​agron​omy12​020434

Ibrahim MM, Tong C, Hu K, Zhou B, Xing S, Mao Y (2020) Biochar-
fertilizer interaction modifies N-sorption, enzyme activities and 
microbial functional abundance regulating nitrogen retention in 
rhizosphere soil. Sci Total Environ 739:140065. https://​doi.​org/​
10.​1016/j.​scito​tenv.​2020.​140065

Igalavithana AD, Lee SE, Lee YH, Tsang DC, Rinklebe J, Kwon EE, 
Ok YS (2017) Heavy metal immobilization and microbial com-
munity abundance by vegetable waste and pine cone biochar of 
agricultural soils. Chemosphere 174:593–603. https://​doi.​org/​10.​
1016/j.​chemo​sphere.​2017.​01.​148

Ji M, Wang X, Usman M, Liu F, Dan Y, Zhou L, Campanaro S, Luo G, 
Sang W (2022) Effects of different feedstocks-based biochar on 
soil remediation: a review. Environ Pollut 294:118655. https://​
doi.​org/​10.​1016/j.​envpol.​2021.​118655

Jing F, Chen C, Chen X, Liu W, Wen X, Hu S, Yang Z, Guo B, Xu Y, 
Yu Q (2020) Effects of wheat straw derived biochar on cadmium 
availability in a paddy soil and its accumulation in rice. Environ 
Pollut 257:113592. https://​doi.​org/​10.​1016/j.​envpol.​2019.​113592

Joseph S, Cowie AL, Van Zwieten L, Bolan N, Budai A, Buss W et al 
(2021) How biochar works, and when it doesn’t: a review of 
mechanisms controlling soil and plant responses to biochar. 
GCB Bioenergy 13(11):1731–1764. https://​doi.​org/​10.​1111/​
gcbb.​12885

Kamali M, Sweygers N, Al-Salem S, Appels L, Aminabhavi TM, Dewil 
R (2022) Biochar for soil applications-sustainability aspects, 
challenges and future prospects. Chem Eng J 428:131189. https://​
doi.​org/​10.​1016/j.​cej.​2021.​131189

Kang X, Geng N, Li X, Yu J, Wang H, Pan H, Yang Q, Zhuge Y, Lou 
Y (2022) Biochar alleviates phytotoxicity by minimizing bio-
availability and oxidative stress in foxtail millet (Setaria italica 
L.) cultivated in Cd-and Zn-contaminated soil. Front Plant Sci 
13:782963. https://​doi.​org/​10.​3389/​fpls.​2022.​782963

Kannan P, Paramasivan M, Marimuthu S, Swaminathan C, Bose J 
(2021) Applying both biochar and phosphobacteria enhances 
Vigna mungo L. growth and yield in acid soils by increasing 
soil pH, moisture content, microbial growth and P availability. 
Agric Ecosyst Environ 308:107258. https://​doi.​org/​10.​1016/j.​
agee.​2020.​107258

Khan Z, Xianting F, Khan MN, Khan MA, Zhang K, Fu Y, Shen H 
(2022) The toxicity of heavy metals and plant signaling facili-
tated by biochar application: implications for stress mitigation 
and crop production. Chemosphere 308:136466. https://​doi.​org/​
10.​1016/j.​chemo​sphere.​2022.​136466

Kicińska A, Pomykała R, Izquierdo-Diaz M (2022) Changes in soil pH 
and mobility of heavy metals in contaminated soils. Eur J Soil 
Sci 73(1):e13203. https://​doi.​org/​10.​1111/​ejss.​13203

Kiran BR, Prasad MNV (2019) Biochar and rice husk ash assisted 
phytoremediation potentials of Ricinus communis L. for lead-
spiked soils. Ecotoxicol Environ Saf 183:109574. https://​doi.​org/​
10.​1016/j.​ecoenv.​2019.​109574

Kolton M, Graber ER, Tsehansky L, Elad Y, Cytryn E (2017) Bio-
char-stimulated plant performance is strongly linked to microbial 
diversity and metabolic potential in the rhizosphere. New Phytol 
213(3):1393–1404. https://​doi.​org/​10.​1111/​nph.​14253

Kumar A, Joseph S, Tsechansky L, Schreiter IJ, Schüth C, Taherys-
oosavi S, Mitchell DRG, Graber ER (2020) Mechanistic evalu-
ation of biochar potential for plant growth promotion and alle-
viation of chromium-induced phytotoxicity in Ficus elastica. 
Chemosphere 243:125332. https://​doi.​org/​10.​1016/j.​chemo​
sphere.​2019.​125332

Lai W, Wu Y, Zhang C, Dilinuer Y, Pasang L, Lu Y, Wang Y, Chen H, 
Li Z (2022) Combination of biochar and phosphorus solubilizing 
bacteria to improve the stable form of toxic metal minerals and 
microbial abundance in lead/cadmium-contaminated soil. Agron-
omy 12(5):1003. https://​doi.​org/​10.​3390/​agron​omy12​051003

Lamoreaux RJ, Chaney WR (1978) The effect of cadmium on net 
photosynthesis, transpiration, and dark respiration of excised 
silver maple leaves. Physiol Plant 43:231–236. https://​doi.​org/​
10.​1111/j.​1399-​3054.​1978.​tb025​69.x

Li G, Chen F, Jia S, Wang Z, Zuo Q, He H (2020) Effect of biochar on 
Cd and pyrene removal and bacteria communities variations in 
soils with culturing ryegrass (Lolium perenne L.). Environ Pol-
lut 265:114887. https://​doi.​org/​10.​1016/j.​envpol.​2020.​114887

Li C, Ahmed W, Li D, Yu L, Xu L, Xu T, Zhao Z (2022) Biochar sup-
presses bacterial wilt disease of flue-cured tobacco by improv-
ing soil health and functional diversity of rhizosphere microor-
ganisms. Appl Soil Ecol 171:104314. https://​doi.​org/​10.​1016/j.​
apsoil.​2021.​104314

Lin H, Liu C, Li B, Dong Y (2021) Trifolium repens L. regulated phy-
toremediation of heavy metal contaminated soil by promoting 
soil enzyme activities and beneficial rhizosphere associated 
microorganisms. J Hazard Mater 402:123829. https://​doi.​org/​
10.​1016/j.​jhazm​at.​2020.​123829

Liu N, Liao P, Zhang J, Zhou Y, Luo L, Huang H, Zhang L (2020a) 
Characteristics of denitrification genes and relevant enzyme 
activities in heavy-metal polluted soils remediated by biochar 
and compost. Sci Total Environ 739:139987. https://​doi.​org/​10.​
1016/j.​scito​tenv.​2020.​139987

Liu W, Li Y, Feng Y, Qiao J, Zhao H, Xie J, Fang Y, Shen S, Liang 
S (2020b) The effectiveness of nanobiochar for reducing 
phytotoxicity and improving soil remediation in cadmium-
contaminated soil. Sci Rep 10:858. https://​doi.​org/​10.​1038/​
s41598-​020-​57954-3

Lopes ÉMG, Reis MM, Frazão LA, da Mata Terra LE, Lopes EF, Dos 
Santos MM, Fernandes LA (2021) Biochar increases enzyme 
activity and total microbial quality of soil grown with sugarcane. 
Environ Technol Innov 21:101270. https://​doi.​org/​10.​1016/j.​eti.​
2020.​101270

https://doi.org/10.1016/j.chemosphere.2021.130897
https://doi.org/10.1016/j.chemosphere.2021.130897
https://doi.org/10.4161/psb.21949
https://doi.org/10.1016/j.jhazmat.2021.125378
https://doi.org/10.1016/j.jhazmat.2021.125378
https://doi.org/10.1016/j.jhazmat.2020.123096
https://doi.org/10.1007/s12298-018-0633-1
https://doi.org/10.1007/s12298-018-0633-1
https://doi.org/10.1016/j.chemosphere.2014.12.036
https://doi.org/10.1016/j.chemosphere.2014.12.036
https://doi.org/10.4236/as.2021.123014
https://doi.org/10.4236/as.2021.123014
https://doi.org/10.3390/agronomy12020434
https://doi.org/10.1016/j.scitotenv.2020.140065
https://doi.org/10.1016/j.scitotenv.2020.140065
https://doi.org/10.1016/j.chemosphere.2017.01.148
https://doi.org/10.1016/j.chemosphere.2017.01.148
https://doi.org/10.1016/j.envpol.2021.118655
https://doi.org/10.1016/j.envpol.2021.118655
https://doi.org/10.1016/j.envpol.2019.113592
https://doi.org/10.1111/gcbb.12885
https://doi.org/10.1111/gcbb.12885
https://doi.org/10.1016/j.cej.2021.131189
https://doi.org/10.1016/j.cej.2021.131189
https://doi.org/10.3389/fpls.2022.782963
https://doi.org/10.1016/j.agee.2020.107258
https://doi.org/10.1016/j.agee.2020.107258
https://doi.org/10.1016/j.chemosphere.2022.136466
https://doi.org/10.1016/j.chemosphere.2022.136466
https://doi.org/10.1111/ejss.13203
https://doi.org/10.1016/j.ecoenv.2019.109574
https://doi.org/10.1016/j.ecoenv.2019.109574
https://doi.org/10.1111/nph.14253
https://doi.org/10.1016/j.chemosphere.2019.125332
https://doi.org/10.1016/j.chemosphere.2019.125332
https://doi.org/10.3390/agronomy12051003
https://doi.org/10.1111/j.1399-3054.1978.tb02569.x
https://doi.org/10.1111/j.1399-3054.1978.tb02569.x
https://doi.org/10.1016/j.envpol.2020.114887
https://doi.org/10.1016/j.apsoil.2021.104314
https://doi.org/10.1016/j.apsoil.2021.104314
https://doi.org/10.1016/j.jhazmat.2020.123829
https://doi.org/10.1016/j.jhazmat.2020.123829
https://doi.org/10.1016/j.scitotenv.2020.139987
https://doi.org/10.1016/j.scitotenv.2020.139987
https://doi.org/10.1038/s41598-020-57954-3
https://doi.org/10.1038/s41598-020-57954-3
https://doi.org/10.1016/j.eti.2020.101270
https://doi.org/10.1016/j.eti.2020.101270


	 Journal of Plant Growth Regulation

Lu K, Yang X, Shen J, Robinson B, Huang H, Liu D, Bolan N, Pei J, 
Wang H (2014) Effect of bamboo and rice straw biochars on the 
bioavailability of Cd, Cu, Pb and Zn to Sedum plumbizincicola. 
Agric Ecosyst Environ 191:124–132. https://​doi.​org/​10.​1016/j.​
agee.​2014.​04.​010

Lu H, Li Z, Fu S, Méndez A, Gascó G, Paz-Ferreiro J (2015) Effect 
of biochar in cadmium availability and soil biological activity in 
an anthrosol following acid rain deposition and aging. Water Air 
Soil Pollut 226:164. https://​doi.​org/​10.​1007/​s11270-​015-​2401-y

Ma J, Ni X, Huang Q, Liu D, Ye Z (2021) Effect of bamboo biochar 
on reducing grain cadmium content in two contrasting wheat 
genotypes. Environ Sci Pollut Res 28:17405–17416. https://​doi.​
org/​10.​1007/​s11356-​020-​12007-0

Mansoor S, Kour N, Manhas S, Zahid S, Wani OA, Sharma V, Wijaya 
L, Alyemeni MN, Alsahli AA, El-Serehy HA, Paray BA, Ahmad 
P (2021) Biochar as a tool for effective management of drought 
and heavy metal toxicity. Chemosphere 271:129458. https://​doi.​
org/​10.​1016/j.​chemo​sphere.​2020.​129458

Masud MM, Abdulaha-Al Baquy M, Akhter S, Sen R, Barman A, Kha-
tun MR (2020) Liming effects of poultry litter derived biochar on 
soil acidity amelioration and maize growth. Ecotoxicol Environ 
Saf 202:110865. https://​doi.​org/​10.​1016/j.​ecoenv.​2020.​110865

Mazhar MW, Ishtiaq M, Maqbool M, Atiq Hussain S, Casini R, Abd-
ElGawad AM, Elansary HO (2023) Seed nano-priming with cal-
cium oxide maintains the redox state by boosting the antioxidant 
defense system in water-stressed carom (Trachyspermum ammi 
L.) olants to confer drought tolerance. Nanomaterials 13(9):1453. 
https://​doi.​org/​10.​3390/​nano1​30914​53

Medyńska-Juraszek A, Rivier PA, Rasse D, Joner EJ (2020) Biochar 
affects heavy metal uptake in plants through interactions in the 
rhizosphere. Appl Sci 10(15):5105. https://​doi.​org/​10.​3390/​
app10​155105

Mehari ZH, Elad Y, Rav-David D, Graber ER, Meller Harel Y (2015) 
Induced systemic resistance in tomato (Solanum lycopersicum) 
against Botrytis cinerea by biochar amendment involves jas-
monic acid signaling. Plant Soil 395:31–44. https://​doi.​org/​10.​
1007/​s11104-​015-​2445-1

Mehdizadeh L, Moghaddam M, Lakzian A (2020) Amelioration of soil 
properties, growth and leaf mineral elements of summer savory 
under salt stress and biochar application in alkaline soil. Sci Hort 
267:109319. https://​doi.​org/​10.​1016/j.​scien​ta.​2020.​109319

Mehmood S, Ahmed W, Ikram M, Imtiaz M, Mahmood S, Tu S, Chen 
D (2020) Chitosan modified biochar increases soybean (Glycine 
max L.) resistance to salt-stress by augmenting root morphology, 
antioxidant defense mechanisms and the expression of stress-
responsive genes. Plants 9(9):1173. https://​doi.​org/​10.​3390/​plant​
s9091​173

Mehmood S, Ahmed W, Rizwan M, Imtiaz M, Elnahal ASMA, Ditta 
A, Irshad S, Ikram M, Li W (2021) Comparative efficacy of raw 
and HNO3-modified biochar derived from rice straw on vana-
dium transformation and its uptake by rice (Oryza sativa L.): 
insights from photosynthesis, antioxidative response, and gene-
expression profile. Environ Pollut 289:117916. https://​doi.​org/​
10.​1016/j.​envpol.​2021.​117916

Meier S, Moore F, Khan N, González ME, Medina J, Cumming J, 
Morales A, Durán P, Seguel A, Aponte H (2021) Effect of 
poultry manure compost and arbuscular mycorrhizal fungi on 
Cu immobilization and soil microbial communities in a Cu-
contaminated soil using the metallophyte Oenothera Picensis. 
J Soil Sci Plant Nutr 21(3):1957–1967. https://​doi.​org/​10.​1007/​
s42729-​021-​00493-1

Meihana M, Lakitan B, Harun MU, Susilawati S, Siaga E, Widuri LI, 
Kartika K (2023) Proline accumulation and growth of Bean leaf 
(Phaseolus vulgaris L.) with biochar application in the shallow 
water table environment. J Trop Crop Sci 10(01):46–56. https://​
doi.​org/​10.​29244/​jtcs.​10.1.​46-​56

Mihoub A, Amin AEEAZ, Motaghian HR, Saeed MF, Naeem A (2022) 
Citric acid (CA)–modified biochar improved available phospho-
rus concentration and its half-life in a P-fertilized calcareous 
sandy soil. J Soil Sci Plant Nutr 22:465–474. https://​doi.​org/​10.​
1007/​s42729-​021-​00662-2

Mtemi WM, Xu X, Liu S, Qiu G, Wang X, Goodale E, Jiang A (2023) 
Metal and metalloid sources apportionment in soil of two major 
agroecosystems of southern China. Environ Monit Assess 
195(2):311. https://​doi.​org/​10.​1007/​s10661-​023-​10938-y

Muhammad ZI, Maria KS, Mohammad A, Muhammad S, Zia-ur-
Rehman F, Muhammad K (2015) Effect of mercury on seed ger-
mination and seedling growth of mungbean (Vigna radiata (L.) 
Wilczek). J Appl Sci Environ Manag 19:191–199. https://​doi.​
org/​10.​4314/​jasem.​v19i2

Muhammad I, Shalmani A, Ali M, Yang Q-H, Ahmad H, Li FB (2021) 
Mechanisms regulating the dynamics of photosynthesis under 
abiotic stresses. Front Plant Sci 11:615942. https://​doi.​org/​10.​
3389/​fpls.​2020.​615942

Murtaza G, Ahmed Z, Usman M, Tariq W, Ullah Z, Shareef M, Iqbal 
H, Waqas M, Tariq A, Wu Y, Zhang Z, Ditta A (2021) Biochar 
induced modifications in soil properties and its impacts on crop 
growth and production. J Plant Nutr 44(11):1677–1691. https://​
doi.​org/​10.​1080/​01904​167.​2021.​18717​46

Nabi RBS, Tayade R, Hussain A, Kulkarni KP, Imran QM, Mun 
B-G, Yun B-W (2019) Nitric oxide regulates plant responses 
to drought, salinity, and heavy metal stress. Environ Exp Bot 
161:120–133. https://​doi.​org/​10.​1016/j.​envex​pbot.​2019.​02.​003

Narayanan M, Ma Y (2022) Influences of biochar on bioremediation/
phytoremediation potential of metal-contaminated soils. Front 
Microbiol 13:929730. https://​doi.​org/​10.​3389/​fmicb.​2022.​
929730

Naveed M, Tanvir B, Xiukang W, Brtnicky M, Ditta A, Kucerik J, 
Subhani Z, Nazir MZ, Radziemska M, Saeed Q, Mustafa A 
(2021) Co-composted biochar enhances growth, physiological, 
and phytostabilization efficiency of brassica napus and reduces 
associated health risks under chromium stress. Front Plant Sci 
12:775785. https://​doi.​org/​10.​3389/​fpls.​2021.​775785

Nawaz F, Rafeeq R, Majeed S, Ismail MS, Ahsan M, Ahmad KS, 
Akram A, Haider G (2023) Biochar amendment in combination 
with endophytic bacteria stimulates photosynthetic activity and 
antioxidant enzymes to improve soybean yield under drought 
stress. J Soil Sci Plant Nutr 23:746–760. https://​doi.​org/​10.​1007/​
s42729-​022-​01079-1

Nowicka B (2022) Heavy metal–induced stress in eukaryotic algae—
mechanisms of heavy metal toxicity and tolerance with particular 
emphasis on oxidative stress in exposed cells and the role of 
antioxidant response. Environ Sci Pollut Res 29:16860–16911. 
https://​doi.​org/​10.​1007/​s11356-​021-​18419-w

Ogundiran MB, Mekwunyei NS, Adejumo SA (2018) Compost and 
biochar assisted phytoremediation potentials of Moringa oleifera 
for remediation of lead contaminated soil. J Environ Chem Eng 
6(2):2206–2213. https://​doi.​org/​10.​1016/j.​jece.​2018.​03.​025

Oni BA, Oziegbe O, Olawole OO (2019) Significance of biochar 
application to the environment and economy. Ann Agric Sci 
64(2):222–236. https://​doi.​org/​10.​1016/j.​aoas.​2019.​12.​006

Palansooriya KN, Wong JTF, Hashimoto Y, Huang L, Rinklebe J, 
Chang SX, Bolan N, Wang H, Ok YS (2019) Response of micro-
bial communities to biochar-amended soils: a critical review. 
Biochar 1:3–22. https://​doi.​org/​10.​1007/​s42773-​019-​00009-2

Pokharel P, Ma Z, Chang SX (2020) Biochar increases soil microbial 
biomass with changes in extra-and intracellular enzyme activi-
ties: a global meta-analysis. Biochar 2:65–79. https://​doi.​org/​10.​
1007/​s42773-​020-​00039-1

Qayyum MF, Rehman RA, Liaqat S, Ikram M, Ali S, Rizwan M, 
Zia ur Rehman M, Zafar-ul-Hye M, Hussain Q (2019) Cad-
mium immobilization in the soil and accumulation by spinach 

https://doi.org/10.1016/j.agee.2014.04.010
https://doi.org/10.1016/j.agee.2014.04.010
https://doi.org/10.1007/s11270-015-2401-y
https://doi.org/10.1007/s11356-020-12007-0
https://doi.org/10.1007/s11356-020-12007-0
https://doi.org/10.1016/j.chemosphere.2020.129458
https://doi.org/10.1016/j.chemosphere.2020.129458
https://doi.org/10.1016/j.ecoenv.2020.110865
https://doi.org/10.3390/nano13091453
https://doi.org/10.3390/app10155105
https://doi.org/10.3390/app10155105
https://doi.org/10.1007/s11104-015-2445-1
https://doi.org/10.1007/s11104-015-2445-1
https://doi.org/10.1016/j.scienta.2020.109319
https://doi.org/10.3390/plants9091173
https://doi.org/10.3390/plants9091173
https://doi.org/10.1016/j.envpol.2021.117916
https://doi.org/10.1016/j.envpol.2021.117916
https://doi.org/10.1007/s42729-021-00493-1
https://doi.org/10.1007/s42729-021-00493-1
https://doi.org/10.29244/jtcs.10.1.46-56
https://doi.org/10.29244/jtcs.10.1.46-56
https://doi.org/10.1007/s42729-021-00662-2
https://doi.org/10.1007/s42729-021-00662-2
https://doi.org/10.1007/s10661-023-10938-y
https://doi.org/10.4314/jasem.v19i2
https://doi.org/10.4314/jasem.v19i2
https://doi.org/10.3389/fpls.2020.615942
https://doi.org/10.3389/fpls.2020.615942
https://doi.org/10.1080/01904167.2021.1871746
https://doi.org/10.1080/01904167.2021.1871746
https://doi.org/10.1016/j.envexpbot.2019.02.003
https://doi.org/10.3389/fmicb.2022.929730
https://doi.org/10.3389/fmicb.2022.929730
https://doi.org/10.3389/fpls.2021.775785
https://doi.org/10.1007/s42729-022-01079-1
https://doi.org/10.1007/s42729-022-01079-1
https://doi.org/10.1007/s11356-021-18419-w
https://doi.org/10.1016/j.jece.2018.03.025
https://doi.org/10.1016/j.aoas.2019.12.006
https://doi.org/10.1007/s42773-019-00009-2
https://doi.org/10.1007/s42773-020-00039-1
https://doi.org/10.1007/s42773-020-00039-1


Journal of Plant Growth Regulation	

(Spinacia oleracea) depend on biochar types under controlled 
and field conditions. Arab J Geosci 12:493. https://​doi.​org/​10.​
1007/​s12517-​019-​4681-9

Qi W-Y, Li Q, Chen H, Liu J, Xing S-F, Xu M, Yan Z, Song C, Wang 
S-G (2021) Selenium nanoparticles ameliorate Brassica napus L. 
cadmium toxicity by inhibiting the respiratory burst and scaveng-
ing reactive oxygen species. J Hazard Mater 417:125900. https://​
doi.​org/​10.​1016/j.​jhazm​at.​2021.​125900

Qian LW, Hu RX, Liang XJ, Wang YX (2023) Effect of biochar on soil 
acidity and aluminum morphology in tea plantations. E3S Web 
Conf 393:02021. https://​doi.​org/​10.​1051/​e3sco​nf/​20233​93020​21

Qin C, Wang H, Yuan X, Xiong T, Zhang J, Zhang J (2020) Under-
standing structure-performance correlation of biochar materials 
in environmental remediation and electrochemical devices. Chem 
Eng J 382:122977. https://​doi.​org/​10.​1016/j.​cej.​2019.​122977

Quan G, Fan Q, Cui L, Zimmerman AR, Wang H, Zhu Z, Gao B, 
Wu L, Yan J (2020) Simulated photocatalytic aging of biochar 
in soil ecosystem: insight into organic carbon release, surface 
physicochemical properties and cadmium sorption. Environ Res 
183:109241. https://​doi.​org/​10.​1016/j.​envres.​2020.​109241

Radziemska M, Gusiatin MZ, Cydzik-Kwiatkowska A, Blazejczyk 
A, Kumar V, Kintl A, Brtnicky M (2022) Effect of biochar 
on metal distribution and microbiome dynamic of a phyto-
stabilized metalloid-contaminated soil following freeze–thaw 
cycles. Materials 15(11):3801. https://​doi.​org/​10.​3390/​ma151​
13801

Rahman Z, Singh VP (2019) The relative impact of toxic heavy met-
als (THMs) (arsenic (As), cadmium (Cd), chromium (Cr)(VI), 
mercury (Hg), and lead (Pb)) on the total environment: an over-
view. Environ Monit Assess 191:419. https://​doi.​org/​10.​1007/​
s10661-​019-​7528-7

Rajput VD, Minkina T, Ahmed B, Singh VK, Mandzhieva S, Sushkova 
S et al (2022) Nano-biochar: a novel solution for sustainable agri-
culture and environmental remediation. Environ Res 210:112891. 
https://​doi.​org/​10.​1016/j.​envres.​2022.​112891

Rashid MS, Liu G, Yousaf B, Hamid Y, Rehman A, Arif M, Ahmed 
R, Song Y, Ashraf A (2023) Role of biochar-based free radicals 
in immobilization and speciation of metals in the contaminated 
soil-plant environment. J Environ Manag 325:116620. https://​
doi.​org/​10.​1016/j.​jenvm​an.​2022.​116620

Rawat J, Saxena J, Sanwal P (2019) Biochar: a sustainable approach for 
improving plant growth and soil properties. In: Abrol V, Sharma 
P (eds) Biochar—an imperative amendment for soil and the envi-
ronment. IntechOpen, London, pp 1–17

Ren X, Wang J, Yu J, Song B, Feng H, Shen M, Zhang H, Zou J, Zeng 
G, Wang J (2021) Waste valorization: transforming the fishbone 
biowaste into biochar as an efficient persulfate catalyst for degra-
dation of organic pollutant. J Clean Produc 291:125225. https://​
doi.​org/​10.​1016/j.​jclep​ro.​2020.​125225

Rezania S, Taib SM, Din MFM, Dahalan FA, Kamyab H (2016) Com-
prehensive review on phytotechnology: heavy metals removal by 
diverse aquatic plants species from wastewater. J Hazard Mater 
318:587–599. https://​doi.​org/​10.​1016/j.​jhazm​at.​2016.​07.​053

Rizvi A, Khan MS (2018) Heavy metal induced oxidative damage and 
root morphology alterations of maize (Zea mays L.) plants and 
stress mitigation by metal tolerant nitrogen fixing Azotobacter 
chroococcum. Ecotoxicol Environ Saf 157:9–20. https://​doi.​org/​
10.​1016/j.​ecoenv.​2018.​03.​063

Rohani N, Daneshmand F, Vaziri A, Mahmoudi M, Saber-Mahani F 
(2019) Growth and some physiological characteristics of Pistacia 
vera L. cv Ahmad Aghaei in response to cadmium stress and 
Glomus mosseae symbiosis. S Afr J Bot 124:499–507. https://​
doi.​org/​10.​1016/j.​sajb.​2019.​06.​001

Rombolà AG, Torri C, Vassura I, Venturini E, Reggiani R, Fabbri D 
(2022) Effect of biochar amendment on organic matter and dis-
solved organic matter composition of agricultural soils from a 

two-year field experiment. Sci Total Environ 812:151422. https://​
doi.​org/​10.​1016/j.​scito​tenv.​2021.​151422

Romero-Puertas MC, Terrón-Camero LC, Peláez-Vico MÁ, Olmedilla 
A, Sandalio LM (2019) Reactive oxygen and nitrogen species as 
key indicators of plant responses to Cd stress. Environ Exp Bot 
161:107–119. https://​doi.​org/​10.​1016/j.​envex​pbot.​2018.​10.​012

Sachdev S, Ansari SA, Ansari MI, Fujita M, Hasanuzzaman M (2021) 
Abiotic stress and reactive oxygen species: generation, signaling, 
and defense mechanisms. Antioxidants 10(2):277. https://​doi.​org/​
10.​3390/​antio​x1002​0277

Sandeep G, Vijayalatha KR, Anitha T (2019) Heavy metals and its 
impact in vegetable crops. Int J Chem Stud 7(1):1612–1621

Sehrish AK, Aziz R, Hussain MM, Rafiq MT, Rizwan M, Muhammad 
N et al (2019) Effect of poultry litter biochar on chromium (Cr) 
bioavailability and accumulation in spinach (Spinacia oleracea) 
grown in Cr-polluted soil. Arab J Geosci 12:57. https://​doi.​org/​
10.​1007/​s12517-​018-​4213-z

Seneviratne M, Rajakaruna N, Rizwan M, Madawala HMSP, Ok YS, 
Vithanage M (2019) Heavy metal-induced oxidative stress on 
seed germination and seedling development: a critical review. 
Environ Geochem Health 41:1813–1831. https://​doi.​org/​10.​1007/​
s10653-​017-​0005-8

Sha H, Li J, Wang L, Nong H, Wang G, Zeng T (2023) Preparation of 
phosphorus-modified biochar for the immobilization of heavy 
metals in typical lead-zinc contaminated mining soil: perfor-
mance, mechanism and microbial community. Environ Res 
218:114769. https://​doi.​org/​10.​1016/j.​envres.​2022.​114769

Shaaban M, Van Zwieten L, Bashir S, Younas A, Núñez-Delgado A, 
Chhajro MA, Kubar KA, Ali U, Rana MS, Mehmood MA, Hu 
R (2018) A concise review of biochar application to agricultural 
soils to improve soil conditions and fight pollution. J Environ 
Manag 228:429–440. https://​doi.​org/​10.​1016/j.​jenvm​an.​2018.​
09.​006

Shah V, Daverey A (2020) Phytoremediation: a multidisciplinary 
approach to clean up heavy metal contaminated soil. Environ 
Technol Innov 18:100774. https://​doi.​org/​10.​1016/j.​eti.​2020.​
100774

Shahcheraghi N, Golchin H, Sadri Z, Tabari Y, Borhanifar F, Makani 
S (2022) Nano-biotechnology, an applicable approach for sus-
tainable future. 3 Biotech 12(3):65. https://​doi.​org/​10.​1007/​
s13205-​021-​03108-9

Sharma A, Kumar V, Shahzad B, Ramakrishnan M, Singh Sidhu 
GP, Bali AS, Handa N, Kapoor D et al (2020) Photosynthetic 
response of plants under different abiotic stresses: a review. 
J Plant Growth Regul 39:509–531. https://​doi.​org/​10.​1007/​
s00344-​019-​10018-x

Shen F, Wu J, Fan H, Liu W, Guo X, Duan H, Hu L, Lei X, Wei 
X (2019) Soil N/P and C/P ratio regulate the responses of soil 
microbial community composition and enzyme activities in a 
long-term nitrogen loaded Chinese fir forest. Plant Soil 436:91–
107. https://​doi.​org/​10.​1007/​s11104-​018-​03912-y

Shi Q, Deng S, Zheng Y, Du Y, Li L, Yang S, Zhang G, Du L, Wang 
G, Cheng M, Liu Y (2022) The application of transition metal-
modified biochar in sulfate radical based advanced oxidation 
processes. Environ Res 212:113340. https://​doi.​org/​10.​1016/j.​
envres.​2022.​113340

Shi A, Hu Y, Zhang X, Zhou D, Xu J, Rensing C, Zhang L, Xing S, 
Ni W, Yang W (2023) Biochar loaded with bacteria enhanced 
Cd/Zn phytoextraction by facilitating plant growth and shaping 
rhizospheric microbial community. Environ Pollut 327:121559. 
https://​doi.​org/​10.​1016/j.​envpol.​2023.​121559

Singh P (2021) Biochar as a catalytic material. In: Pant KK, Gupta SK, 
Ahmad E (eds) Catalysis for clean energy and environmental 
sustainability. Springer, Cham, pp 767–801

Sjøgren TD, Wang Y, Rousk K (2023) Nitrogen fixation associated with 
two cohabiting moss species expresses different patterns under 

https://doi.org/10.1007/s12517-019-4681-9
https://doi.org/10.1007/s12517-019-4681-9
https://doi.org/10.1016/j.jhazmat.2021.125900
https://doi.org/10.1016/j.jhazmat.2021.125900
https://doi.org/10.1051/e3sconf/202339302021
https://doi.org/10.1016/j.cej.2019.122977
https://doi.org/10.1016/j.envres.2020.109241
https://doi.org/10.3390/ma15113801
https://doi.org/10.3390/ma15113801
https://doi.org/10.1007/s10661-019-7528-7
https://doi.org/10.1007/s10661-019-7528-7
https://doi.org/10.1016/j.envres.2022.112891
https://doi.org/10.1016/j.jenvman.2022.116620
https://doi.org/10.1016/j.jenvman.2022.116620
https://doi.org/10.1016/j.jclepro.2020.125225
https://doi.org/10.1016/j.jclepro.2020.125225
https://doi.org/10.1016/j.jhazmat.2016.07.053
https://doi.org/10.1016/j.ecoenv.2018.03.063
https://doi.org/10.1016/j.ecoenv.2018.03.063
https://doi.org/10.1016/j.sajb.2019.06.001
https://doi.org/10.1016/j.sajb.2019.06.001
https://doi.org/10.1016/j.scitotenv.2021.151422
https://doi.org/10.1016/j.scitotenv.2021.151422
https://doi.org/10.1016/j.envexpbot.2018.10.012
https://doi.org/10.3390/antiox10020277
https://doi.org/10.3390/antiox10020277
https://doi.org/10.1007/s12517-018-4213-z
https://doi.org/10.1007/s12517-018-4213-z
https://doi.org/10.1007/s10653-017-0005-8
https://doi.org/10.1007/s10653-017-0005-8
https://doi.org/10.1016/j.envres.2022.114769
https://doi.org/10.1016/j.jenvman.2018.09.006
https://doi.org/10.1016/j.jenvman.2018.09.006
https://doi.org/10.1016/j.eti.2020.100774
https://doi.org/10.1016/j.eti.2020.100774
https://doi.org/10.1007/s13205-021-03108-9
https://doi.org/10.1007/s13205-021-03108-9
https://doi.org/10.1007/s00344-019-10018-x
https://doi.org/10.1007/s00344-019-10018-x
https://doi.org/10.1007/s11104-018-03912-y
https://doi.org/10.1016/j.envres.2022.113340
https://doi.org/10.1016/j.envres.2022.113340
https://doi.org/10.1016/j.envpol.2023.121559


	 Journal of Plant Growth Regulation

Cu and Zn contamination. Environ Sci Pollut Res 30:85701–
85707. https://​doi.​org/​10.​1007/​s11356-​023-​28404-0

Sun Y, Yin WM, Wang Y, Zhao ND, Wang XY, Zhang JG, Guo Y-R, 
Li S, Pan QJ (2022) Fabrication of ultra-thin MgAl layered dou-
ble oxide by cellulose templating and its immobilization effect 
toward heavy metal ions: cation-exchange and deposition mech-
anism. Chem Eng J 427:132017. https://​doi.​org/​10.​1016/j.​cej.​
2021.​132017

Tan S, Narayanan M, Thu Huong DT, Ito N, Unpaprom Y, Pugazhen-
dhi A, Lan Chi NT, Liu J (2022) A perspective on the interac-
tion between biochar and soil microbes: a way to regain soil 
eminence. Environ Res 214:113832. https://​doi.​org/​10.​1016/j.​
envres.​2022.​113832

Tang H, Wang S, Liu W, Hassan MU, Song Y, Huang G, Hashem M, 
Alamri S, Mostafa YS (2022) Biochar: a promising soil amend-
ment to mitigate heavy metals toxicity in plants. Not Bot Horti 
Agrobot 50(3):12778–12778. https://​doi.​org/​10.​15835/​nbha5​
03127​78

Tanure MMC, da Costa LM, Huiz HA, Fernandes RBA, Cecon PR, Jun-
ior JDP, da Luz JMR (2019) Soil water retention, physiological 
characteristics, and growth of maize plants in response to biochar 
application to soil. Soil Tillage Res 192:164–173. https://​doi.​org/​
10.​1016/j.​still.​2019.​05.​007

Thakur M, Praveen S, Divte PR, Mitra R, Kumar M, Gupta CK, Kalidindi 
U, Bansal R, Roy S, Anand A, Singh B (2022) Metal tolerance in 
plants: molecular and physicochemical interface determines the “not 
so heavy effect” of heavy metals. Chemosphere 287:131957. https://​
doi.​org/​10.​1016/j.​chemo​sphere.​2021.​131957

Toková L, Igaz D, Horák J, Aydin E (2020) Effect of biochar application 
and re-application on soil bulk density, porosity, saturated hydraulic 
conductivity, water content and soil water availability in a silty loam 
haplic luvisol. Agronomy 10(7):1005. https://​doi.​org/​10.​3390/​agron​
omy10​071005

Tomczyk A, Sokołowska Z, Boguta P (2020) Biochar physicochemi-
cal properties: pyrolysis temperature and feedstock kind effects. 
Rev Environ Sci Biotechnol 19:191–215. https://​doi.​org/​10.​1007/​
s11157-​020-​09523-3

Uchimiya M, Klasson KT, Wartelle LH, Lima IM (2011) Influence of soil 
properties on heavy metal sequestration by biochar amendment: 1. 
Copper sorption isotherms and the release of cations. Chemosphere 
82(10):1431–1437. https://​doi.​org/​10.​1016/j.​chemo​sphere.​2010.​11.​
050

Viger M, Hancock RD, Miglietta F, Taylor G (2015) More plant growth 
but less plant defence? First global gene expression data for plants 
grown in soil amended with biochar. GCB Bioenergy 7(4):658–672. 
https://​doi.​org/​10.​1111/​gcbb.​12182

Wang Z, Shen F, Shen D, Jiang Y, Xiao R (2017) Immobilization of Cu2+ 
and Cd2+ by earthworm manure derived biochar in acidic circum-
stance. J Environ Sci 53:293–300. https://​doi.​org/​10.​1016/j.​jes.​2016.​
05.​017

Wang F, Zhang S, Cheng P, Zhang S, Sun Y (2020a) Effects of soil amend-
ments on heavy metal immobilization and accumulation by maize 
grown in a multiple-metal-contaminated soil and their potential for 
safe crop production. Toxics 8(4):102. https://​doi.​org/​10.​3390/​toxic​
s8040​102

Wang Y, Zhang K, Lu L, Xiao X, Chen B (2020b) Novel insights into 
effects of silicon-rich biochar (Sichar) amendment on cadmium 
uptake, translocation and accumulation in rice plants. Environ Pollut 
265:114772. https://​doi.​org/​10.​1016/j.​envpol.​2020.​114772

Wang F, Wang X, Song N (2021) Biochar and vermicompost improve 
the soil properties and the yield and quality of cucumber (Cucumis 
sativus L.) grown in plastic shed soil continuously cropped for dif-
ferent years. Agric Ecosyst Environ 315:107425. https://​doi.​org/​10.​
1016/j.​agee.​2021.​107425

Wang Y, Li H, Lin S (2022) Advances in the study of heavy metal adsorp-
tion from water and soil by modified biochar. Water 14(23):3894. 
https://​doi.​org/​10.​3390/​w1423​3894

Wei T, Li X, Li H, Gao H, Guo J, Li Y, Ren X, Hua L, Jia H (2022) The 
potential effectiveness of mixed bacteria-loaded biochar/activated 
carbon to remediate Cd, Pb co-contaminated soil and improve the 
performance of pakchoi plants. J Hazard Mater 435:129006. https://​
doi.​org/​10.​1016/j.​jhazm​at.​2022.​129006

Wei B, Peng Y, Jeyakumar P, Lin L, Zhang D, Yang M, Zhu J, Lin CSK, 
Wang H, Li C (2023) Soil pH restricts the ability of biochar to pas-
sivate cadmium: a meta-analysis. Environ Res 219:115110. https://​
doi.​org/​10.​1016/j.​envres.​2022.​115110

Withers PJ, Neal C, Jarvie HP, Doody DG (2014) Agriculture and eutrophi-
cation: where do we go from here? Sustainability 6(9):5853–5875. 
https://​doi.​org/​10.​3390/​su609​5853

Xiao X, Chen B, Chen Z, Zhu L, Schnoor JL (2018) Insight into multiple 
and multilevel structures of biochars and their potential environmen-
tal applications: a critical review. Environ Sci Technol 52(9):5027–
5047. https://​doi.​org/​10.​1021/​acs.​est.​7b064​87

Xing Y, Wang J, Shaheen SM, Feng X, Chen Z, Zhang H, Rinklebe J 
(2020) Mitigation of mercury accumulation in rice using rice hull-
derived biochar as soil amendment: a field investigation. J Hazard 
Mater 388:121747. https://​doi.​org/​10.​1016/j.​jhazm​at.​2019.​121747

Xu C, Chen HX, Xiang Q, Zhu HH, Wang S, Zhu QH, Huang DY, Zhang 
YZ (2018) Effect of peanut shell and wheat straw biochar on the 
availability of Cd and Pb in a soil–rice (Oryza sativa L.) system. 
Environ Sci Pollut Res 25:1147–1156. https://​doi.​org/​10.​1007/​
s11356-​017-​0495-z

Yadav V, Arif N, Kováč J, Singh VP, Tripathi DK, Chauhan DK, Vaculík M 
(2021) Structural modifications of plant organs and tissues by metals 
and metalloids in the environment: a review. Plant Physiol Biochem 
159:100–112. https://​doi.​org/​10.​1016/j.​plaphy.​2020.​11.​047

Yan A, Wang Y, Tan SN, Mohd Yusof ML, Ghosh S, Chen Z (2020) 
Phytoremediation: a promising approach for revegetation of heavy 
metal-polluted land. Front Plant Sci 11:359. https://​doi.​org/​10.​3389/​
fpls.​2020.​00359

Yang L, Wu Y, Wang Y, An W, Jin J, Sun K, Wang X (2021) Effects of 
biochar addition on the abundance, speciation, availability, and leach-
ing loss of soil phosphorus. Sci Total Environ 758:143657. https://​
doi.​org/​10.​1016/j.​scito​tenv.​2020.​143657

Yang X, Wang L, Guo J, Wang H, Mašek O, Wang H, Bolan NS, Alessi 
DS, Hou D (2022) Aging features of metal(loid)s in biochar-
amended soil: effects of biochar type and aging method. Sci Total 
Environ 815:152922. https://​doi.​org/​10.​1016/j.​scito​tenv.​2022.​152922

Zanganeh F, Heidari A, Sepehr A, Rohani A (2022) Bioaugmentation and 
bioaugmentation–assisted phytoremediation of heavy metal con-
taminated soil by a synergistic effect of cyanobacteria inoculation, 
biochar, and purslane (Portulaca oleracea L.). Environ Sci Pollut 
Res 29(4):6040–6059. https://​doi.​org/​10.​1007/​s11356-​021-​16061-0

Zhang Z, Solaiman ZM, Meney K, Murphy DV, Rengel Z (2013) Bio-
chars immobilize soil cadmium, but do not improve growth of 
emergent wetland species Juncus subsecundus in cadmium-contam-
inated soil. J Soil Sediments 13:140–151. https://​doi.​org/​10.​1007/​
s11368-​012-​0571-4

Zhang J, Li C, Li G, He Y, Yang J, Zhang J (2021a) Effects of biochar on 
heavy metal bioavailability and uptake by tobacco (Nicotiana taba-
cum) in two soils. Agric Ecosyst Environ 317:107453. https://​doi.​
org/​10.​1016/j.​agee.​2021.​107453

Zhang Y, Wang J, Feng Y (2021b) The effects of biochar addition on soil 
physicochemical properties: a review. CATENA 202:105284. https://​
doi.​org/​10.​1016/j.​catena.​2021.​105284

Zhang X, Wells M, Niazi NK, Bolan N, Shaheen S, Hou D, Gao B, Wang 
H, Rinklebe J, Wang Z (2022) Nanobiochar-rhizosphere interactions: 
Implications for the remediation of heavy-metal contaminated soils. 
Environ Pollut 299:118810. https://​doi.​org/​10.​1016/j.​envpol.​2022.​
118810

https://doi.org/10.1007/s11356-023-28404-0
https://doi.org/10.1016/j.cej.2021.132017
https://doi.org/10.1016/j.cej.2021.132017
https://doi.org/10.1016/j.envres.2022.113832
https://doi.org/10.1016/j.envres.2022.113832
https://doi.org/10.15835/nbha50312778
https://doi.org/10.15835/nbha50312778
https://doi.org/10.1016/j.still.2019.05.007
https://doi.org/10.1016/j.still.2019.05.007
https://doi.org/10.1016/j.chemosphere.2021.131957
https://doi.org/10.1016/j.chemosphere.2021.131957
https://doi.org/10.3390/agronomy10071005
https://doi.org/10.3390/agronomy10071005
https://doi.org/10.1007/s11157-020-09523-3
https://doi.org/10.1007/s11157-020-09523-3
https://doi.org/10.1016/j.chemosphere.2010.11.050
https://doi.org/10.1016/j.chemosphere.2010.11.050
https://doi.org/10.1111/gcbb.12182
https://doi.org/10.1016/j.jes.2016.05.017
https://doi.org/10.1016/j.jes.2016.05.017
https://doi.org/10.3390/toxics8040102
https://doi.org/10.3390/toxics8040102
https://doi.org/10.1016/j.envpol.2020.114772
https://doi.org/10.1016/j.agee.2021.107425
https://doi.org/10.1016/j.agee.2021.107425
https://doi.org/10.3390/w14233894
https://doi.org/10.1016/j.jhazmat.2022.129006
https://doi.org/10.1016/j.jhazmat.2022.129006
https://doi.org/10.1016/j.envres.2022.115110
https://doi.org/10.1016/j.envres.2022.115110
https://doi.org/10.3390/su6095853
https://doi.org/10.1021/acs.est.7b06487
https://doi.org/10.1016/j.jhazmat.2019.121747
https://doi.org/10.1007/s11356-017-0495-z
https://doi.org/10.1007/s11356-017-0495-z
https://doi.org/10.1016/j.plaphy.2020.11.047
https://doi.org/10.3389/fpls.2020.00359
https://doi.org/10.3389/fpls.2020.00359
https://doi.org/10.1016/j.scitotenv.2020.143657
https://doi.org/10.1016/j.scitotenv.2020.143657
https://doi.org/10.1016/j.scitotenv.2022.152922
https://doi.org/10.1007/s11356-021-16061-0
https://doi.org/10.1007/s11368-012-0571-4
https://doi.org/10.1007/s11368-012-0571-4
https://doi.org/10.1016/j.agee.2021.107453
https://doi.org/10.1016/j.agee.2021.107453
https://doi.org/10.1016/j.catena.2021.105284
https://doi.org/10.1016/j.catena.2021.105284
https://doi.org/10.1016/j.envpol.2022.118810
https://doi.org/10.1016/j.envpol.2022.118810


Journal of Plant Growth Regulation	

Zhang C, Shi D, Wang C, Sun G-X, Li H-F, Hu Y-X, Li X-N, Hou Y-H, 
Zheng R-L (2023) Pristine/magnesium-loaded biochar and ZVI 
affect rice grain arsenic speciation and cadmium accumulation 
through different pathways in an alkaline paddy soil. J Environ Sci. 
https://​doi.​org/​10.​1016/j.​jes.​2023.​07.​033

Zhu Y, Wang H, Lv X, Zhang Y, Wang W (2020) Effects of biochar and 
biofertilizer on cadmium-contaminated cotton growth and the 

antioxidative defense system. Sci Rep 10(1):20112. https://​doi.​org/​
10.​1038/​s41598-​020-​77142-7

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.jes.2023.07.033
https://doi.org/10.1038/s41598-020-77142-7
https://doi.org/10.1038/s41598-020-77142-7

	Biochar for the Mitigation of MetalMetalloid Stress in Plants
	Abstract
	Introduction
	Plant Responses to MetalMetalloid Toxicity
	Effect of Metal(loid) Stress on Seed Germination and Early Seedling Growth
	Effect of Metal(loid) Stress on Plant Photosynthesis
	Effects of Metal(loid) Stress on Plant Redox Homeostasis
	Effect of Metal(loid)s on Mineral Assimilation by Plants

	Biochar: The Black Gold for Soil
	Biochar for Limiting Plant MetalMetalloid Uptake
	pH Adjustment and Ion Exchange
	Nutrients Regulation and Adsorption Mechanism

	Biochar for Enhancing Plant Defense Against MetalMetalloid Stress
	Modulation of Antioxidant Defense
	Biochar and Microbial Interaction Under Metal(iod)-Polluted Sites

	Molecular Insights into Biochar-Mediated MetalMetalloid Tolerance
	Biochar Enhances Phytoremediation of MetalMetalloids
	Scope of Using Biochar for Next-Generation Agriculture in Contaminated Areas
	Conclusion and Future Perspectives
	References


