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Drought stress (DS) is a potential abiotic stress that is substantially reducing crop

productivity across the globe. Likewise, salinity stress (SS) is another serious abiotic

stress that is also amajor threat to global crop productivity. The rapid climate change

increased the intensity of both stresses which pose a serious threat to global food

security; therefore, it is urgently needed to tackle both stresses to ensure better crop

production. Globally, differentmeasures are being used to improve crop productivity

under stress conditions. Among these measures, biochar (BC) has been widely used

to improve soil health and promote crop yield under stress conditions. The

application of BC improves soil organic matter, soil structure, soil aggregate

stability, water and nutrient holding capacity, and the activity of both beneficial

microbes and fungi, which leads to an appreciable increase in tolerance to both

damaging and abiotic stresses. BC biochar protects membrane stability, improves

water uptake, maintains nutrient homeostasis, and reduces reactive oxygen species

production (ROS) through enhanced antioxidant activities, thereby substantially

improving tolerance to both stresses. Moreover, BC-mediated improvements in

soil properties also substantially improve photosynthetic activity, chlorophyll

synthesis, gene expression, the activity of stress-responsive proteins, and maintain

the osmolytes and hormonal balance, which in turn improve tolerance against

osmotic and ionic stresses. In conclusion, BC could be a promising amendment to

bring tolerance against both drought and salinity stresses. Therefore, in the present

review,we have discussed variousmechanisms throughwhich BC improves drought

and salt tolerance. This review will help readers to learn more about the role of

biochar in causing drought and salinity stress in plants, and it will also provide new

suggestions on how this current knowledge about biochar can be used to develop

drought and salinity tolerance.
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Introduction

Abiotic stresses are a serious threat to crop productivity and

global food security. The intensity of abiotic stresses (drought, heat,

heavy metals, and salinity) is continuously increasing, which is

negatively affecting crop productivity (Hassan et al., 2021). Among

these abiotic stresses, drought and salinity stress (SS) are serious

abiotic stresses that are responsible for a substantial reduction in crop

yields across the globe (Singh and Takhur, 2018). Drought stress (DS)

is a serious abiotic stress responsible for a substantial reduction in

crop productivity (Liang et al., 2020; Latif et al., 2022). Drought stress

disturbs various functions from morphological levels to physiological

and anatomical levels (Figure 1; Zhao et al., 2022). DS increases leaf

senescence and decreases chlorophyll synthesis, which leads to a

substantial decline in photosynthesis and crop productivity (Sunaina

et al., 2019; Ma et al., 2021). DS also induces the overproduction of

ROS (Vijayaraghavareddy et al., 2022), which damages proteins,

lipids, DNA, and enzymatic reactions (Cui et al., 2017). Besides

this, DS also negatively affects physiological processes and impacts

agronomic traits, which cause a decline in grain productivity (Zhou

et al., 2007). However, yield losses largely depend on the severity and

duration of DS and plant species (Agarwal et al., 2016). Moreover, DS

also causes stomata to close which decreases the conductance of

stomata to the loss of water and negatively affects photosynthesis and

transpiration rates (Mahmoud and Swaefy, 2020). Additionally, DS

causes the destruction of enzymes and proteins along with a

reduction in the synthesis of chlorophyll, which in turn causes a

marked reduction in photosynthesis and, subsequently, plant

productivity (Mahmoud et al., 2022a; Mahmoud et al., 2022b).

Salinity stress is continuously increasing globally, and it has

been reported that 900 million hectares around the globe are salt-

affected (Hernández-Herrera et al., 2022). By the end of 2050, half

of the arable land will be damaged by SS (Denaxa et al., 2022) owing

to the continuous accumulation of salts due to fertilization, salty

irrigation, and climate change (Denaxa et al., 2022). Salinity stress

inhibits the germination, growth, development, and productivity of

plants in both dry and irrigated regions (Sultan et al., 2021). Salinity

stress is an intense abiotic stress that negatively affects plant

physiological and biochemical processes and leads to a serious

reduction in growth and yield (Sofy et al., 2020).

Salinity stress limits germination, growth, and development by

inducing osmotic stress and pseudo-drought stress (Parida and Das,

2005). The increased concentration of salts in the root zone under SS

causes metabolic disorders, affects the photosynthetic efficiency, and

assimilates production, which resultantly affects plant growth rate

(Ghaderi et al., 2018; Mushtaq et al., 2022; Raza et al., 2022). Salinity
Abbreviations: ABA, abscisic acid; AMF, arbuscular mycorrhiza; APX, ascorbate

peroxidase; AQP, aquaporins; BC, biochar; CAT, catalase; CEC, cation exchange

capacity; DNA, deoxyribonucleic acid; DS, drought stress; EL, electrolyte leakage;

GA, gibberellic acid; GPX, glutathione peroxidase; GR, glutathione reductase; FC,

field capacity; HM, heavy metals; IAA, indole-3-acetic acid; MDA,

malondialdehyde; NADPH, reduced nicotinamide adenine dinucleotide

phosphate; RWC, relative water contents; SOC, soil organic carbon; SOD,

superoxide dismutase; SMB, Soil microbial biomass; SS, salinity stress; WUE,

water use efficiency.
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stress also disrupts the ionic balance in cells and leads to excessive

production of reactive oxygen species (ROS) (Hasanuzzaman et al,

2021), which causes oxidation of crucial molecules such as

membranes, lipids, proteins, and carbohydrates (Table 1), alters

redox homeostasis, and hinders the plant growth (Aref et al., 2016;

Sultan et al., 2021). Moreover, SS also increases electrolyte leakage

andMDA accumulation, and it also disturbs nutrient uptake, thereby

reducing plant growth (Sultan et al., 2021). Therefore, as a matter of

global food security, solutions must be put forth to reclaim and treat

salt-affected soils to support better plant growth and productivity

under SS conditions (Hernández-Herrera et al., 2022).

Biochar (BC) has emerged as an excellent tool to improve crop

productivity (Palviainen et al., 2020; Moragues Saitua et al., 2023) and

tolerance to abiotic stresses (Tang et al., 2022). It has a high cation

exchange capacity and an alkaline nature, which makes it an

important amendment for the reclamation of salt-affected soils

(Lehmann and Joseph, 2009; Lashari et al., 2013). The application

of BC reduced the harmful impacts of SS by improving soil

physiochemical and biological processes and Na leaching (Dahlawi

et al., 2018). Biochar addition to salt-affected soils improves

potassium (K+) uptake and reduces Na+ uptake, which in turn

improves plant performance under SS (Drake et al., 2016; Usman

et al., 2016). Recently, BC has also been identified as an important

tool to improve crop productivity and water use efficiency (WUE)

(Singh et al., 2019). The application of BC-enhanced nutrient uptake,

carbon assimilation, and antioxidant activities, therefore, leads to an

appreciable increase in plant growth under DS (Sorrenti et al., 2016;

Wang et al., 2018; Wang et al., 2020). Moreover, BC also improves

chlorophyll synthesis, WUE, and stomata conductance, thereby

improving plant growth under DS (Paneque et al., 2016; Ramzani

et al., 2017; Langeroodi et al., 2019; Haider et al., 2020). Further, BC

application also improves soil physiochemical and biological

properties that also induce favorable impacts on plant growth

under DS (Agbna et al., 2017). Therefore, in this review, we have

presented information on various mechanisms of BC in mitigating

drought and salinity stresses in plants. We also identified the various

research gaps that must be filled to realize the promising future of

biochar as a soil amendment. This is the first detailed review of the

role of BC in mitigating salinity and drought stress, and it will provide

better insights into existing knowledge of BC in improving plant

tolerance to both SS and DS.
Why biochar is an
important amendment

Biochar (BC) is a carbon-rich material that can be used as a soil

conditioner to improve soil carbon sequestration and soil quality.

Biochar is prepared from organic materials through a pyrolysis

process (250–700°C; Rajakumar and Sankar, 2016), and it has

various unique and special properties that make it an efficient,

environment-friendly, and economical source of soil conditioner

(Oliveira et al., 2017). Biochar is a porous and fine-grained material,

and it has a similar appearance to charcoal; however, the only

difference between the two is their utilitarian intention (Kapoor

et al., 2022). The characteristics of BC depend on feedstock and
frontiersin.org
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pyrolysis conditions (Bird, 2015; Agegnehu et al., 2017). The

pyrolysis temperature makes a difference in the properties of BC.

For instance, Jindo et al. (2014) prepared the BC at different

temperatures (400, 500, 600, 700, and 800°C), and they found

that the BC obtained at 600°C has high recalcitrant characteristics

as compared to the BC obtained at other temperatures (Kapoor

et al., 2022). BC has a porous structure with many pores, which

provides excellent habitat for soil microbes (bacteria, action-

myocytes, and AMF) to colonize, grow, and reproduce, which in

turn improves soil health and plant performance (Kapoor et al.,

2022). Moreover, BC also improves soil nutrient holding capacity,

water uptake efficiency, soil organic matter, and soil physiochemical

and biological properties, which improve plant growth (Minamino

et al., 2019; Ohtsuka et al., 2021; Kapoor et al., 2022; Qu et al., 2022).
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Biochar production and important
feed stocks for biochar preparation

Biochar is produced through the pyrolysis process, which

involves the heating of biomass in the complete or near absence

of oxygen. During the pyrolysis process, oil, char, and gases are

produced; however, processing conditions largely affect the quantity

of these materials (Kapoor et al., 2022). The chemical composition

of feedstock is reflected in the composition of BC, which also defines

BC behavior, function, and fate in soil (Kapoor et al., 2022).

Secondly, the extent of physio-chemical properties undergone by

biomass during pyrolysis also depends on pyrolysis conditions like

residence time and temperature (Verheijen et al., 2009). Globally,

different materials, including wood, nut shells, husks, manures, and
FIGURE 1

Effects of drought stress on plants. Drought stress disturbs the gas exchange characteristics, transpiration rate, stomata density, chlorophyll contents,
soil microbial activities, soil aeration, and nutrients, thereby leadings to a significant reduction in plant growth.
TABLE 1 Effect of drought stress on growth, physio-biochemical process, and antioxidant activities of various crops.

Crop
species

Drought stress Effects References

Wheat 60% FC The fresh and dry weight of shoot and roots chlorophyll contents total soluble protein and free amino
acids decreased under DS.

Noreen et al.
(2017)

Maize 75% FC DS significantly reduced shoot weight (fresh and dry), root weight (fresh and dry), Chlorophyll (a, b,
and total chl), and increased free proline, GB, H2O2, ASA and POD activity.

Shafiq et al.
(2019)

Wheat 40% FC DS reduced root fresh weight, root dry weight, Chl b and total chlorophyll, while increased EL, SOD,
POD, CAT and MDA contents.

Amjad et al.
(2021)

Sugar beat 30% FC for ten days at 30
days old stage seedling

DS resulted in a sharp increase in H2O2 and MDA and decrease in RWC, chlorophyll and carotenoids
contents.

Islam et al.
(2022)

Sunflower 30% FC DS reduced the yield components, RWC, chlorophyll contents and increased proline and soluble
sugars, phenylalanine ammonia lyase (PAL) and POD activities.

Ibrahim et al.
(2016)

Maize 60% FC DS increased MDA and H2O2 contents and increased CAT, POD and SOD activities. DS also triggered
accumulation of soluble sugars, GB, proline, and phenolic contents.

Parveen et al.
(2019)

Radish 70% FC DS reduced growth and yield related traits along with increased in POD and SOD activities. Noman et al.
(2018)
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crop residues, are being used as feedstock to prepare the BC

(González et al., 2009). Similarly, other feedstocks, including

sewage sludge and municipal wastes, are also being used to

prepare the BC; however, a risk is associated with the use of these

materials owing to the presence of heavy metals (HM) in these

feedstocks (Kapoor et al., 2022). The biomass with high mineral

contents, like grasses, grain husks, and straw residue, produce BC

rich in ash (Demirbas, 2004). Additionally, pyrolysis of wood-based

feedstocks produces coarser and more resistant BC with carbon

contents up to 80% (Winsley, 2007). Therefore, BC application

could be an effective approach to improving soil health and plant

productivity (Brown, 2009).
Biochar a promising amendment to
mitigate drought stress

Biochar has emerged as an excellent tool to mitigate the

deleterious effects of drought stress (Siebielec et al., 2020).

Biochar, being the black gold of agriculture, has received

significant attention in recent times to offset the negative effects

of DS (Zhang et al., 2019). The BC amendment increases SOC, soil

moisture contents, water and nutrient uptake, CEC, and aggregate

stability, which helps with drought tolerance (Zheng et al., 2018b;

Odugbenro et al., 2020).
Biochar maintains membrane
stability and plant water relations
under drought stress

Drought stress induces harmful effects on plasma membranes,

and it also causes dehydration of the cytoplasm (Figure 1), which
Frontiers in Plant Science 04
consequently increases electrolyte leakage and lipid peroxidation

(Table 2, Hassan et al., 2021). The BC and chitosan addition

enhanced DS tolerance in barley plants by decreasing EL and lipid

peroxidation by improving membrane stability, RWC, and water

pressure (Hafez et al., 2020). In another study, Medicago ciliaris

plants grown under DS treated with BC showed a significant

reduction in MDA concentration. Likewise, Yildirim et al. (2021)

also found that BC decreases MDA accretion in Brassica oleracea by

increasing the activity of antioxidant enzymes (Yildirim et al., 2021).

There is a controversial role of BC on plant water status; for example,

it was noted that BC improved the WUE and biomass production,

but did not improve the RWC (Table 2). The assumption is that BC

improved the plant nutrition status and increased the K uptake,

which enhanced the stress resistance (Mannan et al., 2021).

However, some authors noticed that BC application not only

improved the WUE, but it also improved soil water holding

capacity, and consequently plant water status (Laird et al., 2010;

Licht and Smith, 2017). Likewise, another group of authors also

noticed that BC amendment in sandy loam enhanced the plant

available water (PAW) and improved RWC under DS (Aller et al.,

2017). In another study, Licht and Smith (2017) found that BC

application to frozen soil mitigated the adverse effect of DS by

improving soil water contents, photosynthesis, leaf transpiration,

and water under water stress conditions. Moreover, in maize plants,

it was also reported that BC applications (2% and 3%) appreciably

improved the leaf water potential and photosynthesis under DS

(Ahmed et al., 2016). Haider et al. (2015) also found that BC

application improved the RWC in poor sandy soil, whereas Lyu

et al. (2016) revealed that BC addition strengthened antioxidant

activities and plant water relations; however, they also found that

BC response to DS varies according to plant species, soil, and BC

type. In conclusion, BC application improves water uptake and

RWC and thereby improves drought tolerance by increasing plant

physiological functioning.
TABLE 2 Effect of biochar on growth, and physiological attributes under drought stress.

Crop Drought stress Biochar
application

Effects References

Wheat 30% FC 37.18 g kg−1 BC significantly improved tillers, spike length, grains, grain weight, chlorophyll contents,
stomatal conductance and RWC.

Haider et al.
(2020)

Soybean Pots were watered
after 2 days

20 t ha−1 BC amendments improved seed vigor, germination percentage, shoot length, membrane
stability index, chlorophyll and carotenoid contents and decreased sugar and proline contents.

Hafeez et al.
(2017)

Wheat Skip irrigation at
tillering/grain
formation

38 g kg−1 Biochar increased plant height, spike length, grain weight, photosynthetic activity, and grain
yield.

Zaheer et al.
(2021)

Chickpea 60% FC 3% (w/w) BC improved root and shoot length, chlorophyll contents, RWC, and membrane stability
index.

Hashem et al.
(2019)

Eggplant 50% FC 500 g m-2 BC improved growth and yield components along with increase in Chl a and b contents and
anti-oxidative activity.

Ebrahimi
et al. (2021)

Ehretia
asperula

DS was imposed by
skipping irrigation.

15 t ha−1 BC increased in plant height; leaves/plant, REW and membrane stability. Hoang et al.
(2021)

Cabbage 50%FC 10% Biochar amendment increased the RWC, photosynthetic activities, plant growth, nutrient
uptake, and reduced MDA, H2O2, proline, and sucrose content.

Yildirim et al.
(2021)
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Biochar improves nutrient uptake
and maintain nutrient homeostasis
under drought stress

Drought stress disturbs nutrient homeostasis and causes

significant growth and yield losses. However, BC, being a

promising soil amendment, improves nutrient homeostasis and

leads to an appreciable increase in plant growth. For instance, BC

applications (0.75% and 1.5%) improved the N uptake, which could

be due to a BC-mediated increase in N retention in soil

(Muhammed et al., 2020). Similarly, Ibrahim et al. (2020b)

suggested that BC effectively works as a slow-release N fertilizer

and improves plant performance under DS. In addition, BC-

mediated increase in N uptake is linked with improved CEC, as

soil with a higher CEC has a better ability to NH4+ and N utilization

(Liang et al., 2014). Glaser et al. (2002) also noted that BC

application improves Ca, Mg, and K concentrations in soil

solution, which in turn increases the availability of nutrients

under DS.

Further, according to Van Zwieten et al. (2010), BC increases

soil nutrient availability by affecting soil pH (Figure 2). In another

study, it was found that BC applications (0.75% and 1.5%)

improved the N uptake and mitigated the adverse effects of DS

on peanuts by improving the N uptake (Zhang et al., 2021). Zoghi

et al. (2019) found that BC application improves nutrient uptake,

possibly by increasing soil WUC and WUE under DS conditions.

Egamberdieva et al. (2017) reported that BC in combination with

Bradyrhizobium substantially improved growth and NP uptake as

compared to control conditions. Likewise, Liu et al. (2017) noted

that BC (birch wood, 500°C) in combination with Rhizophagus

irregularis increased the leaf area, N and P uptake, and WUE;
Frontiers in Plant Science 05
however, BC in combination with R. irregularis had no significant

impact on soil pH and root biomass under DS.

Şahin et al. (2016) found that BC enhanced N concentration,

whereas Durukan et al. (2020) exposed the sugar beet plants to DS

and BC. They found a higher concentration of P under 100% FC

(field capacity) with 0.5% BC; however, P concentration was

decreased with a parallel increase in BC application, which

indicates that the rate of BC plays a significant role in nutrient

uptake under DS. Langeroodi et al. (2019) treated the pumpkin

plants with different DS levels (45%, 60%, 75%, and 90%) and BC

rates (0, 5, 10, and 20 t ha−1). They found that Mg concentration

was increasing with BC rate, and higher Mg concentration was

noted under medium DS with 20 t ha−1. In another study,

Poormansour et al. (2019) reported that increasing the rate of BC

application (0%, 1.25%, 2.5%, 3.75%, and 5%) to faba bean plants

under diverse irrigation levels (100%, 75%, and 50% of the water

requirement) increased the Ca and Mg uptake and concentration in

soil. To summarize, BC increased the CEC and nutrient uptake,

which in turn improved drought tolerance by favoring a substantial

increase in antioxidant activity and physiological functioning.
Biochar protects photosynthetic
apparatus and improves
photosynthesis under drought stress

The devastating impact of DS on photosynthesis contributes to

a reduction in chlorophyll synthesis, leaf area, and electron

transport. It is well established that BC application improves the

synthesis of growth-regulating substances, which improve plant

functioning under DS (Manolikaki and Diamadopoulos, 2019). BC
FIGURE 2

Biochar application increases antioxidant activities, membrane stability, photosynthesis, water use efficiency, gas exchange characteristics, water
holding capacity, genes expression, and osmolytes accumulation and leads to a significant increase in drought tolerance.
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addition supports water deficit conditions by increasing chlorophyll

contents and antioxidant activities (Lyu et al., 2016). Previously, it

has been reported that BC amendment buffers the effects of DS on

carbon assimilation and photosynthesis, which is linked with

boosted chlorophyll synthesis and a less pronounced reduction in

stomata conductance (Zainul et al., 2017; Wang et al., 2021).

Under DS conditions, BC application enhanced the WUE,

which in turn improved the net photosynthetic rate and reduced

non-stomatal limitations (Paneque et al., 2016). Likewise, BC

application mitigated the adverse effect of DS by improving

WUE, stomata conductance, and chlorophyll synthesis in cowpea,

okra, and tomato plants (Farooq et al., 2021). Recently, it has also

been reported that BC treatment increases productivity and reduces

ROS damage by increasing chlorophyll synthesis and

photosynthetic rate, and lowering electrolyte leakage (Gharred

et al., 2022). Besides, this BC also brings ultra-structural changes

to improve photosynthesis. For instance, BC application improved

the stomata length, as well as the width and density of stomata,

which significantly improved WUE and photosynthetic rate under

DS conditions (Akhtar et al., 2014; Khan et al., 2021).

The application of BC increased the RWC, which improved the

transpiration and photosynthetic rates as well as leaf osmotic

potential under DS conditions (Haider et al., 2015). Kammann

and Graber (2015) studied the impact of DS on drought tolerance in

quinoa plants. They found that BC improved the soil properties, leaf

water status, and photosynthesis and led to an appreciable increase

in overall plant photosynthetic efficiency and assimilation

production under water-scarce conditions (Haider et al., 2015;

Ahmed et al., 2016; Lyu et al., 2016). The BC application to poor

sandy soil improves plant water relations, photosynthesis, and

growth by reducing toxic effects, or ROS (Haider et al., 2015;

Table 3). In another study, Lyu et al. (2016) noted that BC

application improves electron transport and enzymatic activities,

by reducing the damaging effects of DS on the photosynthetic

apparatus. In essence, BC protects the photosynthetic apparatus

from drought-induced oxidative stress and increases the synthesis
Frontiers in Plant Science 06
of photosynthetic pigments, thus resulting in a significant increase

in photosynthesis under drought stress.
Biochar maintains osmolytes
accumulation and hormonal
balance under drought stress

Osmolytes play an indispensable role against DS; however, it has

been reported that DS disturbs the hormonal balance and osmolyte

accumulation. Proline produced under stress conditions works as an

ROS scavenger as well as for osmotic adjustment. For instance, DS inM.

ciliaris leaves significantly increased the proline accumulation; however,

findings of Yildirim et al., 2021 showed that BC-treated plants reduced

the proline contents, possibly due to less ROS production and reduced

oxidative and osmotic stresses in BC-amended plants. In another study,

BC in combination with chitosan markedly reduced the soluble sugars,

sucrose, and starch contents in stressed and controlled barley plants

(Hafez et al., 2020). In a study, Gullap et al. (2022) found that BC

application and irrigation levels significantly affected the ABA, IAA, and

GA contents of soybean plants. These authors noted that IAA and GA

contents were reduced, whereas ABA contents were increased under DS.

Nonetheless, BC also increased the IAA and GA and decreased the ABA

contents of soybean-treated plants (Gullap et al., 2022). Thus, BC

maintains hormones and osmolyte accumulation, which protect the

plants from drought-induced oxidative stress and substantially improve

drought tolerance.

Biochar improves antioxidant
systems and detoxify ROS
under drought stress

Drought stress induces oxidative stress by increasing ROS that

damage the major molecules of plants. For instance, an increase in

SOD activity in the water-stressed plant was linked with improved
TABLE 3 Effect of biochar on various oxidative stress markers under drought stress.

Crop Drought
stress

BC
application

Effects References

Tall reed 40% FC 0.75% BC application significantly lowered MDA accumulation due to increased
antioxidant activities.

Abideen et al.
(2020)

Rapeseed 35% FC 30 t ha−1 BC reduced H2O2, MDA and electrolyte leakage owing to increased antioxidant
activities.

Khan et al. (2021)

Pumpkin 60% FC 20 t ha−1 Biochar ameliorated the adverse effect of ROS and improved membrane stability
index.

Langeroodi et al.
(2019)

Pyrus ussuriensis
Maxim.

80% 9 t ha−1 BC protected membrane by reducing the activity of MDA and H2O2. Lyu et al. (2016)

Wheat 75% FC 2% Biochar enhanced membrane stability by reducing H2O2 and MDA. Lalarukh et al.
(2022)

Ryegrass 25% FC 10% BC improved membrane stability by decreasing by H2O2 contents and increasing
antioxidant activities.

Safari et al. (2022)

Sainfoin 64% FC 1.7% Biochar enhanced leaf RWC and membrane stability index by reducing MDA and
H2O2 accumulation.

Roy et al. (2022)
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photoprotection and an increase in membrane stability (Gharred

et al., 2022). BC application strengthens antioxidant activities; for

instance, an increase in SOD and APX activity in control and water-

stressed plants was observed with BC application (Gharred et al.,

2022). BC application buffers the toxic effects of DS on the plant

photosynthetic apparatus by regulating electron transport and

antioxidant activity (Chaves et al., 2009). Foyer et al. (2009)

found an increase in the AsA/DHAsA ratio and SOD, APX, GPX,

and GR activities at DS, which was not sufficient to counter the

effects of DS (Table 4). However, BC application (2%) under DS

increased the AsA/DHAsA ratio, SOD, APX, GPX, and GR

activities and encountered the toxic effects of DS through ROS

scavenging (Foyer et al., 2009).

Khan et al. (2021) found that BC application markedly

improved the TSS and TSP contents, while BC proline contents

indicated that BC could reduce the harmful effects of DS (Khan

et al., 2021). Moreover, it was observed that BC in combination with

AMF enhanced drought tolerance by improving osmotic

adjustments, hormonal balance, and antioxidant activity (Mickan

et al., 2016). Biochar addition to soil improves CAT, POD, and SOD

activity (Table 5) by improving plant metabolic functioning, cell

growth, and reducing ROS production, which results in substantial
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Additionally, barley plants treated with BC and chitosan under DS

showed a marked improvement in CAT, POD, and GR activities,

which resultantly reduced the drought-induced oxidative damage

on barley plants (Hafez et al., 2020). In conclusion, a BC-mediated

increase in antioxidant activities reduces ROS and protects the

plants from the deleterious impacts of drought stress, therefore

improving plant growth under drought stress.
Biochar improves genes expression
and stress responsive proteins
under drought stress

BC application also improves gene expression to induce

drought stress in plants. For instance, plants showed increased

expression of CAT, APX, and Mn-SOD genes under 50% FC as

compared to 75% and 100% FC; nonetheless, BC and vermin-

compost applications reduced the expression level of CAT, APX,

and MnSOD genes under all irrigation levels (Hafez et al., 2021).

Conversely, BC application increased the expression of all these
TABLE 5 Effect of biochar on accumulation of various osmolyte and antioxidant activities under drought stress.

Crop Drought
stress

Biochar
application

Effects References

Rapeseed 35% FC 30 t ha−1 BC application increased SOD, POD, CAT, ASA, and GSH, proline, TSS and TSP accumulation. Khan et al.
(2021)

Pumpkin 60% FC 20 t ha−1 BC ameliorated the adverse effect of ROS, by increasing activity of SOD, POD, CAT, PPO, and
APX and proline accumulation.

Langeroodi
et al. (2019)

Ryegrass 25% FC 10% (w/w) BC improved membrane stability, proline accumulation, and increased APX, POD and SOD
activities.

Safari et al.
(2022)

Sainfoin 64% FC 1.7% Biochar decreased the content of soluble sugar (SS) and the activities of SOD, CAT, POD, APX
and decreased MDA, H2O2 and proline contents.

Roy et al.
(2022)

Wheat 75% FC 2% Biochar upraised the levels proline, flavonoids, anthocyanin, phenolics, ascorbic acid, protein,
glycine betaine and APX, POD and SOD.

Lalarukh et al.
(2022)
TABLE 4 Effect of biochar on various osmolyte and antioxidant activities under salinity stress.

Crop Salinity
stress

BC
application

Effects References

Common
bean

12 dS m-1 NaCl 20% total pot
mass

BC increased magnitudes of proline, glycine betaine, soluble sugar, and TSP and increased
APX and POD activities.

Farhangi-Abriz and
Torabian (2017)

Cowpea 10 dS m−1 25 g per pot Biochar application reduced the MDA content and antioxidant activity under SS. Farooq et al. (2020)

Soybean 80 mM NaCl 3 g biochar Biochar boosted the expression of CAT, APX, POD and SOD and reduced the salinity-
induced increase in the NaH2O2 and MDA level.

Mehmood et al. (2020)

Jute 150 mM NaCl 2 g kg−1 soil BC stimulated both non-enzymatic (e.g., ascorbate and glutathione) and enzymatic (e.g.,
APX, POD, and SOD) activities.

Hasanuzzaman et al,
(2021)

Maize 150 mM NaCl 5% BC application reduced sodium content, improved proline contents and POD under SS. Fazal and Bano (2016)

Faba bean 1,500–3,000
ppm NaCl

15 t ha−1 BC decreased level of MDA, EL, O2
-, and H2O2, through increased CAT, SOD, GR and

POD activities.
El Nahhas et al. (2021)

Wheat 100 mM NaCl 5% BC application increased proline, sugars and GB and activities of SOD, CAT, APX,
DHAR, MDHAR and GR.

Alharbi and Alaklabi
(2022)
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genes under DS (Racioppi et al., 2019). BC application also activates

the auxin-responsive growth-promoting pathway, which stimulates

the germination and growth of wheat plants treated with BC

(Vissenberg et al., 2005). Xyloglucan endotransglucosylase/

hydrolase (XTH) genes are involved in controlling the

extensibility of the cell wall during plant growth stimulated by

GAs and IAA (Sánchez-Rodrıǵuez et al., 2010). The application of

BC increases the expression of the XTH gene in the Saragolla

cultivar, which stimulates the plant synthesis of GAs after BC

treatment (Racioppi et al., 2019). Viger et al. (2015) found that

modifications in soil pH and increase in K+ availability in BC-

treated soil activate Ca2+ and ROS-mediated cell signaling, which in

turn stimulate the IAA and BR growth-promoting pathways.
Biochar nutrition improves plant
growth, yield, and quality under
drought stress

Drought stress reduces the growth of plants by decreasing

photosynthesis, nutrient uptake, and increasing ROS production.

However, BC application improves growth and biomass production

by improving plant nutrition, antioxidant activities, and osmolytes

accumulation (Gharred et al., 2022). BC application increased the

leaf area of okra and maize plants (Batool et al., 2015; Haider et al.,

2015) under DS and it also increased the biomass of wheat grown in

the semi-arid Mediterranean (Olmo et al., 2014). BC-mediated

increases in plant leaf area do good and constant supply of

nutrients to plants by alleviating DS (Laird et al., 2010; Zhang

et al., 2021).

Plants use different mechanisms including signaling pathways,

gene expression, and accumulation of proteins and enzymes to cope

with DS. It has been reported that DS increased the protein of M.

ciliaris (Gharred et al., 2022) and they were further increased by the

application of BC. BC application also increased the vegetative

growth, seed production, and quality of sunflower plants grown

under DS (Paneque et al., 2016). Likewise, another group of authors

also found that BC application improved the growth, yield, and

quality of tomato and rapeseed plants under DS (Bamminger et al.,

2016; Agbna et al., 2017). Haider et al. (2015) noted that BC could

improve the growth of water stresses plants by increasing soil-plant

water relationships and photosynthesis. Egamberdieva et al. (2017)

found that BC with Bradyrhizobium showed a significant increase

in growth and biomass production and N and P concentration in

lupin plants.

In another study, it was found that BC application (0–30 t ha−1)

improved biomass and yield while BC application at the rate of 60 t

ha-1 had adverse impacts and it negatively affected the rapeseed

growth and seed production under DS. Similarly, BC application

(0–30 t ha−1) improved the biomass, pods/plant, and 1,000 seed

weight by 56%, 26%, and 15% and control conditions while BC

application improves biomass, pods/plant, and 1,000 seed weight by

23%, 32% and 21% in drought conditions (Khan et al., 2021). DS

also negatively affected the oil and protein contents; however, BC

treatment led to a marked improvement in oil and protein contents
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under DS (Khan et al., 2021). Drought also increased the erucic acid

contents, while BC application significantly decreased the erucic

acid contents. Drought stress also led to a significant decrease in

oleic acid; nonetheless, biochar appreciably improved oleic acid

concentration under DS conditions. Similarly, compared to control

conditions BC application (0–30 t ha−1) also showed a significant

increase in linoleic acid under normal and DS conditions (Khan

et al., 2021). Thus, the BC-mediated increase in growth and yield is

linked with an increase in photosynthetic performance, antioxidant

activities, gene expression, and osmolyte accumulation.
Biochar improves soil properties to
induce drought tolerance

Biochar has emerged as an excellent tool to improve soil health

and crop productivity. It has been reported that BC improves soil

physical properties, including soil density, soil moisture content,

and aggregate stability under DS (Ye et al., 2016; Bamminger et al.,

2016; Zhang et al., 2017). Zhang et al. (2017) reported that BC

improved the soil properties and abundance of bacteria, which

contributed to a substantial increase in the stress tolerance ability of

tobacco plants. Likewise, other authors also noted that BC

application improved soil bulk density, WHC, and water

retention, which led to a significant increase in drought tolerance

(Abel et al., 2013; Liang et al., 2014). Moreover, BC also improves

aggregate stability in coarse-textured soils and soil WHC; both

factors play a critical role in soil plant growth (Lehmann et al., 2011;

Foster et al., 2016).

BC-mediated increase in soil WHC is due to the porous

structure of BC and the higher CEC of BC (Laghari et al., 2016).

Soil microbial biomass (SMB) plays an imperative role in OM

decomposition. Higher SMB improves nutrient availability and soil

fertility, and it also works as the linkage between the source and sink

of soil nutrients (Marschner et al., 2015). Drought stress induces

osmotic stress, which causes microbial death and a reduction in

SMB (Sanaullah et al., 2011). Drought-mediated decrease in SMB

decreases the decomposition of OM under DS Hailegnaw et al.

(2019); however, BC has been reported to increase microbial

activity, OM, and nutrient contents, therefore improving the

SMB, which in turn improves soil fertility and plant growth

(Cornelissen et al., 2018). Moreover, BC also increases soil

organic carbon, which increases soil microflora and soil

enzymatic activities that positively affect plant performance

(Rahman et al., 2018; Rahman et al., 2021). DS imposes negative

effects on soil biological properties, and BC substantially offsets

these negative impacts and improves soil biochemical properties.

For instance, BC application (38 g kg−1) appreciably improved the

soil P (18.72%), K (7.44%), soil carbon (11.86%), nitrogen

mineralization (16.35%), and soil respiration (6.37%), which in

turn increased the soil microbial activities compared to the control

and lower rates (28 g kg−1) of BC application (Zaheer et al., 2021).

Therefore, a BC-mediated increase in OM, CEC, WHC, water

retention, and bulk improves drought stress by bringing about

favorable changes in plant functioning.
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How does biochar improve
salinity tolerance?

Soil salinity represents the most critical constraint to crop

productivity and global food security (Farouk et al., 2020; Sofy

et al., 2020). Soil salinization is continuously increasing, which is

posing a serious threat to crop productivity and food security (FAO,

2017). The area under soil salinity is significantly increasing, and

salinity stress causes 27.2 billion USD annual losses in irrigated

agriculture (Munns and Gilliham, 2015). It has been documented

that 20% of cultivated and 33% of irrigated land globally is affected

by salinity stress (Machado and Serralheiro, 2017). Further, soil

salinized area is increasing at a rate of 10% annually owing to

anthropogenic activities, which pose a serious threat to food

productivity (Jamil et al., 2011; Dadshani et al., 2019). Biochar is

a carbon-rich product used as an important soil conditioner to

improve soil quality and plant performance (Ali et al., 2021).

Further, BC application brought favorable changes in soil and

plant functioning to improve SS tolerance (Ibrahim et al., 2020;

Ali et al., 2021). The various mechanisms by which BC improves

salinity tolerance are presented below.
Biochar maintains membrane
stability and plant water relations
under salinity stress

Salinity stress negatively affects cellular membranes, and it damages

the membranes by increasing MDA accumulation (Guo et al., 2019).

The membrane damage due to SS also leads to the loss of important

solutes (Mata-Pérez et al., 2015). The concentration and composition

of fatty acids and lipids have a strong impact on membrane
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functioning, stability, and fluidity. For instance, unsaturated fatty

acids play a critical role in membrane protein activity and membrane

protection (Mikami andMurata, 2003). The application of BC has been

reported to increase the concentration of unsaturated fatty acids, which

in turn improves the membrane stability under SS (Ndiate et al., 2021).

The application of BC also improves antioxidant activities (APX, CAT,

POD, SOD, and GR), which also protects the membranes from the

damaging effects of SS (Kim et al., 2016).

Lashari et al. (2015) noted that the application of manure and

BC application appreciably improved the membrane stability by

decreasing MDA concentration (Figure 3). The application of BC

also reduced electrolyte leakage and increased the relative water

content (RWC) by making membranes stronger (Table 6) and

protecting membranes from the toxic effects of Na+ (Ran et al.,

2020). In another study, it was observed that BC addition improved

membrane integrity by improving the concentration of unsaturated

fatty acids and increasing the activities of antioxidant enzymes,

which protect membranes from the damaging effects of oxidative

stress (Ndiate et al., 2022). Biochar application also improves the

leaf water status and protects the plants from the damaging effects

of SS. For instance, it has been recorded that BC improved the leaf

water status of rice at the heading and grain-filling stages as

compared to no BC application (Ran et al., 2020). These authors

further stated that BC application prevents membrane damage by

decreasing Na+ content and increasing K+, which therefore

improves the leaf water status under SS (Ran et al., 2020). In fact,

BC improves the leaf water status by increasing K concentration, as

K is considered an important osmoprotectant in plant tissues (Ran

et al., 2020). The leaf RWC of plants is improved after BC

application, resulting in an increase in WUE efficiency by plants

(Naeem et al., 2017; Shabbir et al., 2021).

Other authors also found that BC is an excellent strategy to

improve the leaf RWC under SS. The application of BC improves
FIGURE 3

Biochar reduces ROS production, and increaseds membrane stability, antioxidant activities, osmolytes accumulation, gas exchange characteristics,
soil properties, and nutrient uptake, and decreases the accumulation of toxic ions, thereby improve improving salinity tolerance.
frontiersin.org

https://doi.org/10.3389/fpls.2023.1163451
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wu et al. 10.3389/fpls.2023.1163451
water uptake and maintains the osmotic potential, which in turn

improves the leaf RWC of plants growing under SS (Torabian et al.,

2018; Soliman et al., 2022). Aquaporins play an imperative role in

the transportation of water; for instance, PIPs not only improve the

uptake and transportation of water to plant leaves and roots, but

they also increase CO2 diffusion and ensure an abundant supply of

substrates for photosynthesis as well as carbohydrate assimilation

(Groszmann et al., 2017; Cui et al., 2021; Saibi, 2021). BC

application increased carbon assimilation and upregulated AQP

genes, which improved water uptake and leaf water status (Kayum

et al., 2017). BC application has been reported to improve the

activity of water transporter genes and improve the water-holding

capacity of the soil, thereby improving the leaf water status under SS

(Shashi et al., 2018; Soliman et al., 2022). Thus, BC reduces ROS,

which ensures membrane protection and maintains better plant

water relations under SS.
Biochar improves nutrient uptake
and maintain nutrient homeostasis
under salinity stress

Soil salinity negatively affects the accumulation and uptake of

various macro and micronutrients. For instance, it was reported

that salt-affected plants contained 35%, 61%, 59%, 12%, and 11%

lower N, P, K, Ca, and Mg in leaf tissues as compared to the control

treatment (Soliman et al., 2022). The application of BC promoted

the uptake of nutrients under controlled and SS conditions. BC

application improves Ca2+ content, which improves SS tolerance

through modification of cellular signaling pathways (Qin et al.,

2019). As a result, BC application increased the K+/Na+ ratio and

Ca2+ by the Ca2+- dependent SOS pathway (Soliman et al., 2022). In
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another study, it was reported that BC application improved P and

Mn concentrations in lettuce plants (Hammer et al., 2015).

In another study, it was reported that BC increased tissue P

contents in a dose-dependent way (Kim et al., 2016), whereas

Usman et al. (2016) also found that BC substantially increased

the P, K, Fe, Mn, Zn, and Cu concentrations (Table 7) in tomato

plants growing under SS. Nonetheless, wheat straw-based BC

increased P precipitation and reduced the P concentration in

plants growing under sodic soils (Xu et al., 2016). Similarly, Na+

uptake by plants was also reduced after BC application (Hammer

et al., 2015), which indicates that ionic homeostasis in plants is

improved after the application of BC (Akhtar et al., 2015a; Mansoor

et al., 2021). Hence, BC application is an effective approach to

reduce Na+ absorption and increase plant growth in saline soils

(Mansoor et al., 2021).

The application of BC also leads to a slight increase in the EC of

both normal and sodic soils, and an increase in this EC is linked with

the release of various nutrients (Ca, K, and Mg) after the application

of BC (Mehdizadeh et al., 2020). The higher quantity of Ca and mg

released by BC displaces Na+ on soil exchange sites, which reduces

the availability of Na+ for plants (Huang et al., 2019). The addition of

BC hinders the uptake and accumulation of Na+ owing to the fact BC

has a higher surface area, CEC, and porosity. Besides this, BC also has

a high adsorption capacity, which reduces the negative effects of SS by

increasing Na+ adsorption and increasing the release of beneficial

nutrients (Ca, Mg, and K) (Iqbal et al., 2019). Further BC also

improved the K/Na+ ratio and increased the water holding capacity,

plant available water, and WUE, which reduced salinity-induced

osmotic stress (Akhtar et al., 2015b; Naeem et al., 2017). The studies

indicate that BC application increases the uptake of minerals under

saline soils; nonetheless, more research is required to understand the

mechanism of BC-mediated increase in nutrient uptake.
TABLE 6 Effect of salinity stress on growth, physio-biochemical process, and antioxidant activities of various crops.

Crop
species

Salinity
stress

Effects References

Pea 100 mM
NaCl

SS reduced shoot length, leaves/plant, days to flowering and chlorophyll contents and increased, proline contents,
antioxidant activity and accumulation of Na+.

Ishrat et al.
(2022)

Wheat 250 mM
NaCl

SS reduced plant height, leaf area, biomass, grain weight, grain yield, chlorophyll, carotenoids, net photosynthetic rate,
transpiration and stomatal conductance and increased antioxidants (SOD, POD, CAT) activity.

Desoky et al.
(2021)

Water
Dropwort

200 mM
NaCl

The growth parameters, relative water contents, chlorophyll contents and Na+ accumulation was increased under SS. Kumar et al.
(2021)

Sweet
pepper

4000 ppm SS reduced chl a and b contents, RWC (%) while increased leakage, proline contents and activity of CAT and POD. Abdelaal et al.
(2019)

Tomato 100 mM
NaCl

SS caused a reduction in growth parameters, photosynthetic pigments (Chl a and b), soluble sugars, soluble proteins, and K+

content. However, SS increased concentration of proline, MDA and H2O2.
Attia et al.
(2021)

Cumin 100 mM
NaCl

SS reduced germination index, plant biomass, and chlorophyll contents, however, SS increased, leucine, glycine, proline,
H2O2, and MDA contents.

Pandey et al.
(2015)

Wheat 200 mM
NaCl

SS decreased K+ contents and K+/Na+ ratio, root and shoot length, relative growth rate chlorophyll fluorescence, and
chlorophyll contents.

Saddiq et al.
(2021)

Lettuce 100 mM
NaCl

SS significantly reduced the leaf area, root and shoot growth and photosynthetic efficiency. Al-Maskri
et al. (2010)
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Biochar protects photosynthetic
apparatus and improves
photosynthesis under salinity stress

Salinity stress predominantly decreases RWC and chlorophyll

synthesis and leads to a substantial reduction in photosynthesis

(Manan et al., 2016). BC application has been reported to increase

the chlorophyll contents owing to an increase in N (Akhtar et al.,

2015a). Under SS, BC has been shown to improve stomata

conductance and the synthesis of chlorophyll and lead to an

increase in photosynthetic efficiency (Feng et al., 2018; Shabbir

et al., 2021). The application of BC to saline soils improves stomata

density and stomata conductance, which improve leaf gas exchange

characteristics, resulting in substantial increase in photosynthetic

efficiency under SS (Thomas et al., 2013; Akhtar et al., 2015a).

Biochar-mediated improvement in photosynthetic pigments is

linked with nutrient uptake and availability (K, P, Mg, Ca, and S)

and improvements in the physiochemical and biological properties

of soil (Farhangi-Abriz and Torabian, 2018). The plants growing

under SS exhibited more damage to photosynthetic pigments (Kaya

et al., 2018); however, BC application appreciably improved the

antioxidant activities, which prevent the oxidative damage to

photosynthetic pigments and photosynthetic apparatus of plants

growing under SS (Rasheed et al., 2019).

Biochar addition leads to a significant increase in chlorophyll

and carotenoid contents under normal and stressful conditions,

leading to the maintenance of greenish leaves (Ran et al., 2020). The

increased nutrient uptake and assimilation in BC-treated soils

improved the enzymatic activity, chlorophyll synthesis,

photosynthesis, and tolerance against stress conditions (Soliman

et al., 2022). The impact of BC on chlorophyll and carotenoid

contents under SS is linked with accelerated antioxidant activity and

the building of antioxidant activity. BC supplementation also

provokes Mg2+ uptake, which is considered a building block in

the synthesis of chlorophyll (Farouk and Al-Huqail, 2022).

Moreover, BC also positively improves transpiration and stomata
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conductance, which leads to a substantial improvement in

photosynthetic efficiency under SS as compared to no BC

application (Akhtar et al., 2015b; Ghassemi-Golezani and

Farhangi-Abriz, 2021). The deficiency of K affects chlorophyll

fluorescence through an increase in thermal dissipation and a

reduction in the efficiency of electron transport. The reduction in

electron transport efficiency decreases NADPH and ATP

concentrations, which decreases the activity of ATPase and

increases NADP reduction under SS conditions (Ghassemi-

Golezani and Rahimzadeh, 2022). BC application decreases the

rate of NADP reduction through negative feedback from increasing

NADPH in the plant. BC treatments provide more energy

(NADPH, ATP) for photosynthetic activities by increasing the

Hill reaction and decreasing the rate of NADP reduction, thereby

increasing photosynthesis under SS (Lu et al., 2020). ATPases are

considered as essential enzymes for the formation of adenosine

diphosphate (ADP) and carbon assimilation during photosynthesis

(Lu et al., 2020). BC application increases the activity of the Hill

reaction, the functional integrity of PS-II, and electron transport

efficiency, which is useful to decrease ROS production and increase

plant photosynthetic efficiency (Ghassemi-Golezani and

Rahimzadeh , 2022) . Thus , BC-mediated increase in

photosynthesis is linked to better synthesis of photosynthetic

pigments, increased nutrient uptake, and improvements in soil

physicochemical properties.
Biochar strengthens antioxidant
systems and detoxify ROS
under salinity stress

Salt stress induces the excessive production of ROS that impose

devastating impacts on plants’ membranes, proteins, and lipids

(Abbas et al., 2022). BC treatment improved redox homeostasis and

prevented the overproduction of ROS. For instance, it was recorded

that BC application reduced the H2O2 and TBARS concentration at
TABLE 7 Effect of biochar on growth, and physiological attributes under salinity stress.

Crop Salinity
stress

BC
application

Effects References

Rice 25 mM
NaCl

3% BC application increased plant growth, shoot biomass, tiller/plant, chlorophyll (a and b), transpiration
rate, WUE, and concentration of K+.

Hafeez et al.
(2019)

Wheat 100 mM
NaCl

150 g BC improved the plant height, shoot fresh biomass, root fresh biomass, and partially increased enzymatic
activity and photosynthetic pigments.

Ndiate et al.
(2022)

Spinach 150 mM
NaCl

1% The morphological parameters membrane stability index and RWC (%), nutrient (N, P, K) uptake was
improved after BC application.

Sofy et al.
(2021)

Cowpea 10 dS m−1 25 g BC improved seedling emergence, ionic homeostasis, and redox balance, sugar metabolism, and
chlorophyll synthesis.

Farooq et al.
(2020)

Tomato 100 mM
NaCl

10% v/v Application of biochar augmented the plant height, leaf area, fresh and dry weight of shoot and root,
RWC and chlorophyll contents.

Kul et al.
(2021)

Wheat 150 mM
NaCl

2% Biochar application improved germination, seedling vigor index (SVI), and leaf water potential under SS. Kanwal et al.
(2018)

Wheat 100 mM
NaCl

1% Biochar application significantly enhanced physiological parameters along with shoot dry weight,
chlorophyll a and b concentrations by decreasing MDA contents.

Khan et al.
(2022)
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both levels of BC (1% and 2%) in saline-sodic soil. However, the

application of 2% BC markedly reduced the H2O2 concentration

(Table 8) as compared to 1%, which indicates that the rate of BC has

a strong influence on mitigating salinity-induced oxidative stress

(Abbas et al., 2022). BC application enhanced antioxidant activities

(CAT, POD, and SOD; Table 4); however, this increase was

sufficient to reduce the toxic effects of ROS (Abbas et al., 2021).

The improved function of the AsA–GSH cycle prevents H2O2-

mediated oxidative impacts by maintaining a redox balance, which

protects the metabolic pathways, photosynthesis, and enzyme

functions (Alam et al., 2020).

BC supplementation improves AsA–GSH activity and the

activities of other antioxidant enzymes that prevent the

production and accumulation of ROS (Soliman et al., 2022).

Likewise, Rasheed et al (2019) also noted that BC application

decreased ROS production and consequently reduced lipid

peroxidation with the help of enhanced antioxidant enzyme

activity. However, some authors found a reduction in antioxidant

activities (APX and GR) by using BC, possibly due to less uptake of

Na+ in BC-treated plants (Kim et al., 2016). Recently, it has also

been observed that BC application reduced the activity of

antioxidant enzymes and oxidative stress in bean seedlings

compared to control (Farhangi-Abriz and Torabian, 2017). The

application of BC improved the AsA and GSH contents and

reduced the DHA and GSSG content, therefore, improving the

capability for detoxification of ROS under SS (Hasanuzzaman et al.,

2021; Turan, 2021).

The increase in APX activity was also reported in soybean-

treated plants following BC application (Mehmood et al., 2020); on

the other hand, it was also reported that BC supply led to a

substantial increase in APX, MDHAR, DHAR, and GR activity in

jute plants growing under SS (Hasanuzzaman et al., 2021). Sofy

et al. (2021) also found that BC supplementation improves the

activities of SOD, CAT, and POD, reducing ROS accumulation
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under SS. Moreover, the BC amendment also improved the Gly-1

and Gly-II activity in SS plants, which therefore reduced the MG-

induced cellular damage to the plant growing under SS

(Hasanuzzaman et al., 2021). Thus, BC assisted in an increase in

antioxidant activities to protect the plant from salinity-induced

deleterious impacts, therefore improving plant performance

under SS.

Biochar improves genes expression
and stress responsive proteins
under salinity stress

BC application also improves gene expression to induce salt

tolerance. For instance, a BC-mediated increase in biomass and

carbon assimilation in wheat plants under SS was linked with the

up-regulation of water transporter genes (Soliman et al., 2022).

Aquaporins play an imperative role in water transportation,

particularly PIPs; they not only improve water uptake and

transportation to roots and leaves (Cui et al., 2021), but also

boost CO2 diffusion that ensures abundant substrate supply for

photosynthesis and carbohydrate assimilation (Groszmann et al.,

2017). It has been reported that BC in combination with Se-NPs

upregulates the aquaporin and ion transporter genes, which

regulate ionic homeostasis under SS (Santander et al., 2021).

Moreover, BC + Se-NP mediated increase in Ca2+ concentration

induced salinity tolerance by modifying cellular signaling pathways

(Qin et al., 2019).

It has also been recorded that BC + Se-NPs increase the K+/Na+

ratio and Ca2+ concentration via the Ca2+dependent SOS pathway.

Similarly, ion transport proteins such as NHX1, HKT1, and SOS1

also play a key role in regulating salinity tolerance (Assaha et al.,

2017; Li et al., 2022), and it has been reported that BC in

combination with Se-NPs improved the expression of these genes,
TABLE 8 Effect of biochar on various oxidative stress markers under salinity stress.

Crop Salinity
stress

BC
application

Effects References

Borage 50 mM
NaCl

5% The addition of biochar mitigated the effect of salinity by reducing Cl−, Na+, and Na+-translocation,
and H2O2 and MDA accumulation.

Farouk and Al-
Huqail (2022)

Spinach 150 mM
NaCl

1% Biochar reduced electrolyte leakage, lipid peroxidation, H2O2, OH contents, MDA and ROS
production SS.

Sofy et al. (2021)

Tomato 100 mM
NaCl

10% BC improved membrane leakage by increasing SOD, POD, CAT activity. Kul et al. (2021)

Wheat 150 mM
NaCl

2% Biochar application improved osmotic potential increasing membrane stability, proline content, and
soluble sugar percentage.

Kanwal et al. (2018)

Quinoa 30 mM
NaAsO2

2% Biochar ameliorated the oxidative stress by increasing the activities of antioxidant enzymes (SOD,
POD, CAT).

Shabbir et al. (2021)

Rapeseed 12 dS m−1

NaCl
30 g biochar
per kg soil

Biochar protected the membrane by decreasing lipid peroxidation, H2O2, and MDA accumulation
due to increase in SOD, POD, CAT, POX, phenols, and flavonoids.

Ghassemi-Golezani
and Abdoli (2022)

Wheat EC: 4.3 dS
m−1

1 kg m−2 The application of BC reduced the oxidative stress by increasing CAT, APX, and Mn-SOD genes. Hafez et al. (2021)

Sorghum 12.6 dS
m−1

5% BC protected the membrane stability by decreasing MDA accumulation owing to increased SOD,
POD and CAT.

Hussien Ibrahim
et al. (2020)
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leading to a significant increase in salinity tolerance (Soliman et al.,

2022). The findings of these authors also suggest a synergy between

BC and Se-NPs for stabilizing membrane potential for optimal

functioning of H + ATPase, favoring K uptake, and protecting

wheat plants from salt-induced injury (Soliman et al., 2022).

Further, SS also upregulates AQPs (P1P1, NIP, and N1P1), and

these proteins are further upregulated by BC + Se-NPs, which

promote water status equilibrium in plant cells and adjust their

position to ROS-induced membrane damage (Soliman et al., 2022).
Biochar maintains osmolytes
accumulation and hormonal
balance under salinity stress

Secondary metabolites, i.e., phenols and flavonoids, play an

important role in ROS scavenging by improving antioxidant

activities (Austen et al., 2019). According to Soliman et al. (2022),

BC application markedly improved the concentration of phenols

and flavonoids in salinity-stressed plants, with a parallel increase in

the accumulation of different osmolytes (glycine betaine, proline,

and carbohydrates). The BC-mediated increase in phenols and

flavonoids strengthened the antioxidant defense system that

prevents salinity-induced oxidative damage (Soliman et al., 2022).

Some studies also documented that BC decreased the SS in plants

and lowered the production of some hormones (Lashari et al., 2015;

Akhtar et al., 2015a). For instance, BC application decreased the

ABA contents of maize leaf sap growing under SS conditions

(Lashari et al., 2015). In another study, authors also noted that

BC application alone or in combination with entophytic bacteria

decreased the xylem ABA contents of maize and wheat plants

growing under SS as compared to controls (Akhtar et al., 2015b).

The improvement in soil properties, i.e., soil moisture and Na+

binding in BC-amended soil decreases the root’s sensitivity to

osmotic stress (Akhtar et al., 2015b). The incorporation of BC

into salt-affected soils mitigates the effects of SS by decreasing Na+

uptake, which leads to a reduction in the ABA contents of cabbage

plants grown under SS (Farhangi-Abriz and Torabian, 2018). BC

application also increases the concentration of osmolytes that

protect the plants from the damaging effects of SS. For instance,

BC-mediated increase in GB and proline results in better osmotic

adjustments under SS owing to the upregulation of antioxidant

activity (Rasheed et al., 2019). However, some authors also noted

that BC application reduced the accumulation of osmolytes. For

instance, BC addition leads to a significant decrease in osmolytes

accumulation owing to a reduction in exchangeable sodium under

SS (Ghassemi-Golezani et al., 2020). Further BC treatments

decrease the ABA, SA, and JA contents by decreasing the Na+

uptake and accumulation in plants (Ghassemi-Golezani and

Rahimzadeh, 2022). Conversely, BC application increased the

IAA synthesis by improving plant nutrient (Zn) uptake, owing to

the fact Zn triggers tryptophan synthesis which is an essential

amino acid for IAA production (Castillo-González et al., 2018).

The reduction in ABA concentration following BC application

substantially mitigated the adverse effects of SS (Ghassemi-
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Golezani and Rahimzadeh, 2022). The BC application improves

water uptake and turgor pressure, which cause a reduction in ABA

concentration (Ghassemi-Golezani and Rahimzadeh, 2022). The

endogenous JA and SA are stress hormones, and they are directly

linked with sodium concentration in plant parts (Ryu and Cho,

2015). Thus, BC has the potential to reduce oxidative stress and,

therefore, reduce the synthesis of these hormones under SS

(Ghassemi-Golezani and Rahimzadeh, 2022). In conclusion, BC

maintains the accumulation of favorable hormones and osmolytes

that protect plants from the toxic effects of SS and ensures better

plant performance under SS.
Biochar nutrition improves plant
growth, yield, and quality under
salinity stress

BC improves the growth and quality of plants grown under SS

through various mechanisms (Akhtar et al., 2015c). BC amendment

increased maize growth as well as biomass yield in soils containing a

high concentration of Na+ and exchangeable salts (Kim et al., 2016).

Likewise, BC supplementation improved the growth and biomass of

tomatoes under SS (3.6 dS m−1) as compared to control conditions

(Usman et al., 2016). In a field experiment, Lashari et al. (2013)

found that BC application for six weeks in saline soil substantially

improved the yield of wheat as compared to the control, whereas

again in a 2-year field study, Lashari et al. (2015) found that BC

amendments improved the plant height, leaf area, root density,

photosynthesis, and grain yield under SS (Lashari et al., 2015).

Akhtar et al, 2015b and Akhtar et al, 2015c found that BC

application improved the photosynthetic rate, root and shoot

growth, leaf area, and yield of maize and wheat plants under SS

as compared to the control treatment. Similarly, other authors also

reported the same trend of increased in plant growth and biomass

with BC application in saline-sodic soil (Lashari et al., 2015; Akhtar

et al., 2015b). BC-mediated increase in growth and yield under SS is

linked with improved soil physio-chemical and biological

properties, improved CEC, nutrient and water uptake, microbial

population, and a reduction in the uptake of Na+ (Akhtar et al.,

2015a; Farhangi-Abriz and Torabian, 2018; Mansoor et al., 2021).

BC-mediated increase in mineral and nutrient assimilation regulate

chlorophyll synthesis, photosynthesis, and stress tolerance, which in

turn improve plant growth (Soliman et al., 2022).

Soliman et al (2022) found that an increase in the growth of

beans following BC application is linked with an improvement in

soil pH and nutrient availability. Other authors also found that BC

amendment (3%) increased nutrient concentration, which is the

main factor responsible for the increase in plant growth; further,

BC-mediated reduction in H2O2 production also leads to a

substantial increase in plant growth under SS (Kaya et al., 2018).

BC application has no impact on the essential oil contents of

inflorescences and seeds in saline soils; however, an increase in

the oil content of vegetative plant parts was observed with the

application of BC (Ghassemi-Golezani and Rahimzadeh, 2022).

Other authors also found that BC application improves essential
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oil contents by increasing nutrient availability to plants (Yadegari,

2017). Salinity stress modifies the composition of borage oil;

however, BC + melatonin application appreciably increased

palmitoleic acid (0.24%), stearic acid (4.01%), oleic acid (19.58%),

linoleic acid (36.16%), a-linolenic-w6 acid (19.52%), a-linolenic-
w3 acid (0.17%), and arachidic acid (0.27 wt.%) as compared to the

control treatment (Farouk and Al-Huqail, 2022). Thus, a BC-

mediated increase in plant performance is linked with an increase

in soil properties, membrane stability, and antioxidant activities.
Biochar improves soil properties to
induce salinity tolerance

BC application plays an appreciable role in nutrient

homeostasis under SS, and it has been recorded that BC

application markedly decreased Na+ concentrations in potato

xylem sap while BC application increased the K+ in xylem sap

(Lashari et al., 2015; Akhtar et al., 2015a). Similarly, in another

study, BC application reduced the Na+ uptake in lettuce and maize

and increased the K uptake and accumulation (Hammer et al., 2015;

Kim et al., 2016). Likewise, BC also increased K, N, and P contents

and decreased the Na and Na+/K ratios of maize xylem sap (Lashari

et al., 2015). BC application is very effective in reducing the Na+

uptake, and salt-affected soils can be cultivated by adapting the

application of BC (Ding et al., 2020).

The use of organic amendments has emerged as an excellent

tool to improve plant growth by changing the soil’s physio-chemical

properties. Recently, the addition of BC to salt-affected soils has

gained considerable attention across the globe (Amini et al., 2016;

Ding et al., 2020). The application of BC to saline increases nutrient

concentration owing to a concomitant increase in CEC, surface

area, structure, porosity, and stability of soil structure (Zheng et al.,

2018a). In salt-affected soils, higher Na+ concentration impairs K+

uptake; however, BC application significantly improved the K+

uptake as compared to the control (Lin et al., 2015). Biochar

application also improves the NUE of crops owing to its porous

structure and large surface area, which are conducive to an increase

in NH4+ and a reduction in microbial de-nitrification (Liu

et al., 2019).

Researchers have reported that BC with a high pH (9.6–10.8)

increased the NH3 volatilization from salt-affected soil (Esfandbod

et al., 2017; Sun et al., 2017); therefore, BC application effectively

reduces the NH3 losses from saline and sodic soils. P availability is

higher at pH 5.5–7; however, at pH >7, P availability substantially

decreases. Nonetheless, BC addition increased the P availability in

saline soils because of its inherent P fertilizer value and increased

the growth of favorable bacteria (Flavobacterium, Pseudomonas,

and Thiobacillus) that solubilize the unavailable P in soils (Ding

et al., 2020). Similarly, BC application also improved nutrient

availability, soil quality, and soil organic matter. All the studied

BC rates increased the soil organic carbon (SOC); however, the

application of 2.5% BC significantly improved the SOC by 10% as

compared to other rates (Abo-Elyousr et al., 2022). Similarly, BC

application also improved dehydrogenase activity, enhanced soil
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microbial biomass and organic matter stability, and led to a

significant increase in nutrient absorption in saline soil (Abo-

Elyousr et al., 2022).
Biochar as an important amendment
to improve soil fertility

Biochar application has been reported to improve soil fertility

by incrassating soil pH, WHC, and CEC, retaining soil nutrients,

and stimulating the activity of beneficial bacteria and fungi

(Warnock et al., 2007). The incorporation of BC into soil alters

soil properties including soil texture, structure, pore size, WHC soil

bulk density, soil pore volume soil, soil porosity, WHC, and

saturated hydraulic conductivity and water retention in soil

(Figure 4, Downie et al., 2009; Abel et al., 2013; Zhang et al.,

2017; Adekiya et al., 2020; Kapoor et al., 2022). The soil’s physical as

well as hydraulic properties, directly and indirectly, affect the

services provided by soil. For example, these properties also

include root growth, soil aeration, soil compaction, and nutrient

and water uptake. Biochar has also been reported to increase soil

pH, soil organic carbon, CEC, and NUE and lead to an appreciable

increase in plant growth after BC application (Van Zwieten et al.,

2010; Agegnehu et al., 2017). Yamato et al. (2006) also noted that

BC made from Acacia magnum increased soil pH, soil calcium,

CEC, and base saturation, and according to Novak et al. (2009), BC

application to acidic coastal soil substantially increased the soil pH,

SOM, soil Ca, and Mg concentrations while BC decreased soil sulfur

and Zn concentrations.

Researchers have also documented that BC did not equally

increase the soil porosity when applied at the same rate due to the

difference in soil type and soil class (Alghamdi, 2018). Generally, BC

appreciably improved the soil porosity of coarse-textured soils as

compared to fine-textured soils (Alghamdi, 2018). BC particles have

porosity and intra-pore space that provide additional space for water

retention; therefore, the addition of BC (30 Mg ha−1) significantly

increased the moisture contents and water infiltration (Adekiya et al.,

2020). However, improvement in soil moisture is linked with the rate

of BC application (Kätterer et al., 2019).

El-Naggar et al. (2018) found that BC made from rice straw and

crop residues substantially improved SOM, whereas Adekiya et al.

(2020) found that BC made from hardwood (30 Mg ha−1)

substantially improved SOM by 18% as compared to the

unamended control. In another study, Yang and Lu (2020) noted

a substantial increase in SOM after applying BC to rice as well as

rapeseed straws. In a series of lab studies, a maximum decrease of

31% in soil BD was reported after BC application in sandy soil,

whereas in coarse and fine-texture soils, BD was decreased by 14.2%

and 9.2%, respectively, following BC application (Blanco-Canqui,

2017; Liu et al., 2017). El-Naggar et al. (2018) noted a sharp increase

in soil pH following the application of BC made from umbrella tree

residues and rice straw, respectively. Moreover, Chathurika et al.

(2016) amended soil with 1% and 2% acer woodchip BC and found

a significant increase in soil pH after 75 days as compared to control

un-amended soil.
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Zhang et al. (2017) noted an increase of 21% in CEC after BC

application, whereas El-Naggar et al. (2018) found that BC made

from rice straw, silver-grass residues, and umbrella trees to sandy

soils increased the CEC by 906, 180, and 130%, respectively. Ndor

et al. (2015) also found an increase of 21% in CEC after the

application of 5 Mg ha−1 made from rice husk and sawdust,

whereas they found an increase of 44% and 57% in CEC after the

application of BC at rates of 10 Mg ha−1. Rodrıǵuez-Vila et al.

(2016) and Adekiya et al. (2020) found a substantial increase in soil

N, P, K, S, Ca, and Mg status following BC application, whereas Yao

et al. (2017) found a substantial increase in soil N concentration and

decrease in total soil P after addition of maize straw BC (50–200 Mg

ha−1). BC structure provides a refuge for beneficial microbes

(bacteria and AMF), and it increases soil enzymatic activities. For

instance, Demisie et al. (2014) found that BC application improved

the activity of urease and b- glucosidase as compared to the control.

Likewise, BC also activates the Rhizobium, which in turn increases

the nodulation and nitrogenase activity and colonizes Azotobactor

and Azospirillum (Gabhane et al., 2020). Karimi et al. (2020)

observed a substantial increase in SMB after BC application,

whereas Yao et al. (2017) noted an increase from 6.6% to 31.2%

in fungal abundance after maize stalk BC application (50, 100, and

200 Mg ha−1) as compared to control.
Biochar as an important amendment
to improve crop growth and yield

Many authors have reported that BC application significantly

improved the growth as well as biomass of different plant species

(Seleiman et al., 2019). For example, Khan et al. (2017) found an
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increase of 49% in rapeseed yield following BC addition, whereas

Rafique et al. (2020) noted that soil amended with BC showed an

increase of 50%–55% in maize fresh and dry weights. Similarly, in

sunflowers, BC improved growth and oil yield under water deficit

conditions (Seleiman et al., 2019), while Zhang et al. (2020) noted

higher cotton physiological activity in cotton plants amended with

BC. Raboin et al. (2016) noted that maize yield in acid soil increased

yield from 48% to 56% after the application of BC at 50 Mg ha−1.

Agegnehu et al. (2015) also found an increase of 22% and 24% in

seed and pod yield of peanuts after the application of BC (25 Mg

ha−1) with inorganic fertilizers as compared to the control, while

according to Xu et al. (2015), BC application increased the kernel

quality of peanut.

Palansooriya et al., 2019 found a substantial increase in sweet

potato yield after BC application, whereas, Gholizadeh et al. (2020)

found no differences in yield between BC amended plots and

control plots. Also, Mclennon et al. (2020) found that BC in

combination with N fertilizer had no significant impacts on the

growth and biomass productivity of Schedonorus arundinacea and

Poa pratensis plants. These contradictory results could be due to

differences in the physiochemical properties of BC. For instance, BC

produced at a pyrolysis temperature of ≥600°C can absorb plant

nutrients, therefore decreasing nutrient uptake. Moreover,

Agegnehu et al. (2015) noted an increase in maize yield from 98%

to 150% due to a parallel increase in WUE between 91% and 139%.

Generally, increased crop yields and nutrient uptake might be due

to the direct addition of nutrients from applied BC, which therefore

increases the crop yield. Though crop responses to BC largely

depend on BC type, soil type, and plant species. Asai et al. (2009)

studied the impact of BC on the grain yield of rice grown in

northern Laos, and they found a double increase in rice yield
FIGURE 4

Biochar application improves soil fertility by increasing aggregate stability, microbial biomass, microbial activity, soil CEC, soil porosity, soil organic
carbon, water holding capacity, and soil aeration.
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following BC application at 8 t ha−1. The experiments conducted by

Abd-Elwahed et al. (2019) found that BC application (300 mg/L)

enhanced wheat yield. Moreover, Salama et al. (2021) found the

highest yields of 2.04 and 2.01 t ha−1 following the application

of BC.
Future implications

The use of biochar can reduce the negative impacts of abiotic

stress depending on its biomass properties, feedstock type, and

processing conditions. Biochar can be used to absorb air and water

pollutants and salts, and it can also be used as a soil conditioner,

compost additive, and carbon sequestration source to mitigate the

adverse effects of climate change. Besides this, biochar can also

contribute to the circular economy through its use in agriculture

and horticulture. Moreover, different benefits of biochar have an

appreciable potential for emerging bioenergy production systems.

As the application of biochar has significantly increased in recent

times, there is a need to develop guidelines and standards to

produce this black gold. For instance, crop productivity can be

decreased or increased by BC application depending on fertilizer

management and soil type, and the chemical attitude of BC is also

inconsistent with heavy metals. The interaction mechanisms,

productive technologies, applications, and properties between soil,

plant, and biochar are very critical and yet not thoroughly

discovered. Therefore, more efforts are needed to underpin all

these things for the promising future of biochar.
Conclusion

Drought and salinity stress induce serious alterations in plant

growth and development by disturbing various biochemical,

physiological, and molecular processes, BC application improves

membrane stability, nutrient uptake, and nutrient homeostasis,

thereby improving plant performance under drought and salinity

stress. The BC amendment also improves photosynthetic efficiency

and antioxidant activity, which maintains hormonal balance and

protects the plant from drought and salinity-induced oxidative and

osmotic stresses and improves plant performance. In the case of

salinity stress, BC also restricted the entry of noxious Na+ and

increased the entry of K+, which regulates stomata movements and

improves the leaf gas exchange characteristics under salinity stress.

Yet many unanswered questions exist regarding the role of BC

in different plant processes under drought and salinity stresses. For

instance, the role of seed germination under both stresses has not

been studied yet; therefore, future studies must be conducted to

determine the role of BC in the different mechanisms involved in

seed germination. More research studies are required to explore the

effect of BC on nutrient signaling via ionic transporters and nutrient

channels under both stresses. The role of BC in protecting the

photosynthetic apparatus from oxidative stress and the effect of BC

on stomatal signaling and the regulation of guard cells must be
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explored. The role of BC on plant reproductive characteristics hass

not been studied yet; therefore, it is crucial to study the effect of BC

on this aspect under both stresses. The role of BC on hormones and

osmolytes accumulation is poorly studied, so it is mandatory to

explore the role of BC in the accumulation of different osmolytes

and hormones under drought and salinity stress. It would also be

fascinating to determine the effect of BC on the complex

relationship between salicylic acid, IAA, gibberellic acid,

cytokinin, and ethylene at the transcriptomic level.

The role of BC under drought and salinity stresses is less studied

in field conditions; therefore, it is suggested to conduct long-term

field studies under a wide range of climate conditions to increase

understanding about the role of BC in mediating drought as well as

salinity stresses. The use of BC in combination with microbes would

enhance the plant’s tolerance to both stresses. However, detailed

studies are needed to determine the effectiveness of BC and

microbes in improving growth under water deficiency and salinity

stress. Moreover, pilot scale studies are also needed to develop

models to recommend the rates of BC application based on soil,

plant, and climatic conditions.
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(2019). Multi-dimensional evaluation of response to salt stress in wheat. PloS One 14,
e0222659. doi: 10.1371/journal.pone.0222659

Dahlawi, S., Naeem, A., Rengel, Z., and Naidu, R. (2018). Biochar application for the
remediation of salt-affected soils: Challenges and opportunities. Sci. Total Environ. 625,
320–335. doi: 10.1016/j.scitotenv.2017.12.257

Demirbas, A. (2004). Effects of temperature and particle size on bio-char yield from
pyrolysis of agricultural residues. J. Anal. Appl. Pyrolysis. 72, 243–248. doi: 10.1016/
j.jaap.2004.07.003

Demisie, W., Liu, Z., and Zhang, M. (2014). Effect of biochar on carbon fractions and
enzyme activity of red soil. Catena. 121, 214–221. doi: 10.1016/j.catena.2014.05.020
frontiersin.org

https://doi.org/10.1007/s11368-022-03159-2
https://doi.org/10.1111/jac.12451
https://doi.org/10.3390/agronomy10010026
https://doi.org/10.3390/agronomy10010026
https://doi.org/10.1080/01904167.2019.1609503
https://doi.org/10.1016/j.geoderma.2013.03.003
https://doi.org/10.1111/plb.13054
https://doi.org/10.1186/s12284-015-0073-2
https://doi.org/10.1016/j.scienta.2017.05.004
https://doi.org/10.1016/j.agee.2015.07.027
https://doi.org/10.1016/j.apsoil.2017.06.008
https://doi.org/10.1016/j.agwat.2015.04.010
https://doi.org/10.1111/jac.12132
https://doi.org/10.1071/FP15054
https://doi.org/10.1071/FP15054
https://doi.org/10.5958/2349-4433.2020.00015.X
https://doi.org/10.1007/s12517-018-4056-7
https://doi.org/10.1016/j.rhisph.2022.100603
https://doi.org/10.1007/s42729-021-00409-z
https://doi.org/10.1016/j.geoderma.2017.08.007
https://doi.org/10.1007/s11368-015-1293-1
https://doi.org/10.3390/su131911007
https://doi.org/10.1007/s00468-016-1399-0
https://doi.org/10.1016/j.fcr.2008.10.008
https://doi.org/10.3389/fphys.2017.00509
https://doi.org/10.3390/plants10020388
https://doi.org/10.3390/plants10020388
https://doi.org/10.3389/fpls.2019.01463
https://doi.org/10.3389/fpls.2019.01463
https://doi.org/10.1016/j.agee.2016.09.016
https://doi.org/10.1016/j.agee.2016.09.016
https://doi.org/10.3389/fpls.2015.00733
https://doi.org/10.3389/fpls.2015.00733
https://doi.org/10.2136/sssaj2017.01.0017
https://doi.org/10.1139/cjss-2015-0094
https://doi.org/10.1093/aob/mcn125
https://doi.org/10.1016/j.scitotenv.2018.03.380
https://doi.org/10.1016/j.scitotenv.2018.03.380
https://doi.org/10.1016/j.plaphy.2017.06.014
https://doi.org/10.1093/plphys/kiab007
https://doi.org/10.1371/journal.pone.0222659
https://doi.org/10.1016/j.scitotenv.2017.12.257
https://doi.org/10.1016/j.jaap.2004.07.003
https://doi.org/10.1016/j.jaap.2004.07.003
https://doi.org/10.1016/j.catena.2014.05.020
https://doi.org/10.3389/fpls.2023.1163451
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wu et al. 10.3389/fpls.2023.1163451
Denaxa, N.-K., Nomikou, A., Malamos, N., Liveri, E., Roussos, P. A., and
Papasotiropoulos, V. (2022). Salinity effect on plant growth parameters and fruit
bioactive compounds of two strawberry cultivars, coupled with environmental
conditions monitoring. Agron. 12, 2279. doi: 10.3390/agronomy12102279

Desoky, E. S. M., Merwad, A. R. M., Abo El-Maati, M. F., Mansour, E., Arnaout, S.
M., Awad, M. F., et al. (2021). Physiological and biochemical mechanisms of
exogenously applied selenium for alleviating destructive impacts induced by salinity
stress in bread wheat. Agron. 11, 926. doi: 10.3390/agronomy11050926

Ding, Z., Kheir, A. S., Ali, O. A., Hafez, E., Elshamey, E. A., Zhou, Z., et al. (2020).
Vermicompost and deep tillage system to improve saline-sodic soil quality and wheat
productivity. J. Environ. Manage. 277, 111388. doi: 10.1016/j.jenvman.2020.111388

Downie, A., Crosky, A., and Munroe, P. (2009). “Physical properties of biochar,” in
Biochar for environmental management: Science and technology. Eds. J. Lehmann and S.
Joseph (London: Earthscan), 13–32.

Drake, J. A., Cavagnaro, T. R., Cunningham, S. C., Jackson, W. R., and Patti, A. F.
(2016). Does biochar improve establishment of tree seedlings in saline sodic soils? land
degrad. Develop. 27, 52–59.

Durukan, H., Demirbas, A., and Turkekul, I. (2020). Effects of biochar rates on yield
and nutrient uptake of sugar beet plants grown under drought stress. Commu. Soil Sci.
Plant Anal. 51, 2735–2745. doi: 10.1080/00103624.2020.1849257

Ebrahimi, M., Souri, M. K., Mousavi, A., and Sahebani, N. (2021). Biochar and
vermicompost improve growth and physiological traits of eggplant (Solanum
melongena l.) under deficit irrigation. Chem. Biol. Tech. Agric. 8, 1–14. doi: 10.1186/
s40538-021-00216-9

Egamberdieva, D., Reckling, M., and Wirth, S. (2017). Biochar-based
bradyrhizobium inoculum improves growth of lupin (Lupinus angustifolius l.) under
drought stress. Eur. J. Soil Biol. 78, 03–10. doi: 10.1016/j.ejsobi.2016.11.007

El-Naggar, A., Lee, S. S., Awad, Y. M., Yang, X., Ryu, C., Rizwan, M., et al. (2018).
Influence of soil properties and feedstocks on biochar potential for carbon
mineralization and improvement of infertile soils. Geoderma. 332, 100–108. doi:
10.1016/j.geoderma.2018.06.017

El Nahhas, N., AlKahtani, M. D., Abdelaal, K. A., Al Husnain, L., AlGwaiz, H. I.,
Hafez, Y. M., et al. (2021). Biochar and jasmonic acid application attenuates
antioxidative systems and improves growth, physiology, nutrient uptake and
productivity of faba bean (Vicia faba l.) irrigated with saline water. plant physiol.
Biochem. 166, 807–817. doi: 10.1016/j.plaphy.2021.06.033

Esfandbod, M., Phillips, I. R., Miller, B., Rashti, M. R., Lan, Z. M., Srivastava, P., et al.
(2017). Aged acidic biochar increases nitrogen retention and decreases ammonia
volatilization in alkaline bauxite residue sand. Ecol. Eng. 98, 157–165. doi: 10.1016/
j.ecoleng.2016.10.077

FAO (2017). The future of food and agriculture: Trends and challenges, food and
agriculture organization of the united nations (Rome, Italy).

Farhangi-Abriz, S., and Torabian, S. (2017). Antioxidant enzyme and osmotic
adjustment changes in bean seedlings as affected by biochar under salt stress.
Ecotoxicol. Environ. Saf. 137, 64–70. doi: 10.1016/j.ecoenv.2016.11.029

Farhangi-Abriz, S., and Torabian, S. (2018). Effect of biochar on growth and ion
contents of bean plant under saline condition. Environ. Sci. pollut. Res. 25, 11556–
11564. doi: 10.1007/s11356-018-1446-z

Farooq, M., Rehman, A., Al-Alawi, A. K., Al-Busaidi, W. M., and Lee, D. J. (2020).
Integrated use of seed priming and biochar improves salt tolerance in cowpea. Sci.
Hortic. 272, 109507. doi: 10.1016/j.scienta.2020.109507

Farooq, M., Romdhane, L., Rehman, A., Al-Alawi, A. K., Al-Busaidi, W. M., Asad, S. A.,
et al. (2021). Integration of seed priming and biochar application improves drought tolerance
in cowpea. J. Plant Growth Regul. 40, 1972–1980. doi: 10.1007/s00344-020-10245-7

Farouk, S., and Al-Huqail, A. A. (2022). Sustainable biochar and/or melatonin
improve salinity tolerance in borage plants by modulating osmotic adjustment,
antioxidants, and ion homeostasis. Plant. 11, 765. doi: 10.3390/plants11060765

Farouk, S., Elhindi, K. M., and Alotaibi, M. A. (2020). Silicon supplementation
mitigates salinity stress on ocimum basilicum l. via improving water balance, ion
homeostasis, and antioxidant defense system. Ecotoxicol. Environ. Saf. 206, 111396.

Fazal, A., and Bano, A. (2016). Role of plant growth-promoting rhizobacteria
(PGPR), biochar, and chemical fertilizer under salinity stress. Commun. Soil Sci.
Plant Anal. 47, 1985–1993. doi: 10.1080/00103624.2016.1216562

Feng, J. I. N., Cheng, R. A. N., Qul, A. A., Yan, Q. G., Li, Y. G., Jian, B. L., et al. (2018).
Effects of biochar on sodium ion accumulation, yield and quality of rice in saline-sodic
soil of the west of songnen plain, northeast China. Plant Soil Environ. 64, 612–618. doi:
10.17221/359/2018-PSE

Foster, E. J., Hansen, N., Wallenstein, M., and Cotrufo, M. F. (2016). Biochar and
manure amendments impact soil nutrients and microbial enzymatic activities in a
semi-arid irrigated maize cropping system. Agric. Ecosyst. Environ. 233, 03–10. doi:
10.1016/j.agee.2016.09.029

Foyer, C. H., Bloom, A. J., Queval, G., and Noctor, G. (2009). Photorespiratory
metabolism: genes, mutants, energetics, and redox signaling. Annu. Rev. Plant. Biol. 60,
455–484.

Gabhane, J. W., Bhange, V. P., Patil, P. D., Bankar, S. T., and Kumar, S. (2020).
Recent trends in biochar production methods and its application as a soil health
conditioner: a review. SN Appl. Sci. 2, 1–21. doi: 10.1007/s42452-020-3121-5
Frontiers in Plant Science 18
Ghaderi, N., Hatami,M.,Mozafari, A., and Siosehmardeh, A. (2018). ). change in antioxidant
enzymes activity and somemorpho-physiological characteristics of strawberry under long-term
salt stress. Physiol. Mol. Biol. Plant 24, 833–843. doi: 10.1007/s12298-018-0535-2

Gharred, J., Derbali, W., Derbali, I., Badri, M., Abdelly, C., Slama, I., et al. (2022).
Impact of biochar application at water shortage on biochemical and physiological
processes in medicago ciliaris. Plant. 11, 2411. doi: 10.3390/plants11182411

Ghassemi-Golezani, K., and Abdoli, S. (2022). Alleviation of salt stress in rapeseed
(Brassica napus l.) plants by biochar-based rhizobacteria: new insights into the
mechanisms regulating nutrient uptake, antioxidant activity, root growth and
productivity. Arch. Agron. Soil Sci. 1–18. doi: 10.1080/03650340.2022.2103547

Ghassemi-Golezani, K., and Farhangi-Abriz, S. (2021). Biochar-based metal oxide
nanocomposites of magnesium and manganese improved root development and
productivity of safflower (Carthamus tinctorius l.) under salt stress. Rhizosphere. 19,
100416. doi: 10.1016/j.rhisph.2021.100416

Ghassemi-Golezani, K., Farhangi-Abriz, S., and Abdoli, S. (2020). How can biochar-
based metal oxide nanocomposites counter salt toxicity in plants? Environ. Geochem.
Health 43, 2007–2023. doi: 10.1007/s10653-020-00780-3

Ghassemi-Golezani, K., and Rahimzadeh, S. (2022). Biochar-based nutritional
nanocomposites: a superior treatment for alleviating salt toxicity and improving
physiological performance of dill (Anethum graveolens). Environ. Geochem. Health
68, 1–23. doi: 10.1007/s10653-022-01397-4

Gholizadeh, M., Li, C., Zhang, S., Wang, Y., Niu, S., Li, Y., et al. (2020). Progress of
the development of reactors for pyrolysis of municipal waste. Sustain. Energy Fuels 4,
5885–5915. doi: 10.1039/D0SE01122C

Glaser, B., Lehmann, J., and Zech, W. (2002). Ameliorating physical and chemical
properties of highly weathered soils in the tropics with charcoal–a review. Biol. Fertil.
Soil. 35, 219–230. doi: 10.1007/s00374-002-0466-4
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Stuczyński, T. (2020). Impact of water stress on microbial community and activity in
sandy and loamy soils. Agron. 10, 1429. doi: 10.3390/agronomy10091429

Singh, M., Saini, R. K., Singh, S., and Sharma, S. P. (2019). Potential of integrating
biochar and deficit irrigation strategies for sustaining vegetable production in water-
limited regions: A review. HortSci. 54, 1872–1878. doi: 10.21273/HORTSCI14271-19

Singh, J., and Takhur, J. K. (2018). “Photosynthesis and abiotic stress in plants,” in
Biotic and abiotic stress tolerance in plants. Ed. S. Vats (Singapore: Springer Nature
Singapore Private Ltd), 27–46.

Sofy, M. R., Elhawat, N., and Alshaal, T. (2020). Glycine betaine counters salinity
stress by maintaining high K+/Na+ ratio and antioxidant defense via limiting na+
uptake in common bean (Phaseolus vulgaris l.). Ecotoxicol. Environ. Saf. 200, 110732.
doi: 10.1016/j.ecoenv.2020.110732

Sofy, M., Mohamed, H., Dawood, M., Abu-Elsaoud, A., and Soliman, M. (2021).
Integrated usage of trichoderma harzianum and biochar to ameliorate salt stress on
spinach plants. Arch. Agron. Soil Sci. 68, 1–22.

Soliman, M. H., Alnusairi, G. S., Khan, A. A., Alnusaire, T. S., Fakhr, M. A.,
Abdulmajeed, A. M., et al. (2022). Biochar and selenium nanoparticles induce water
transporter genes for sustaining carbon assimilation and grain production in salt-
stressed wheat. J.Plant Growth Regul., 1–22.

Sorrenti, G., Masiello, C. A., and Toselli, M. (2016). Biochar interferes with kiwifruit fe-
nutrition in calcareous soil. Geoderma. 272, 10–19. doi: 10.1016/j.geoderma.2016.02.017
Frontiers in Plant Science 21
Sultan, I., Khan, I., Chattha, M. U., Hassan, M. U., Barbanti, L., Calone, R., et al.
(2021). Improved salinity tolerance in early growth stage of maize through salicylic acid
foliar application. Ital. J. Agron. 16 (3), 1–11. doi: 10.4081/ija.2021.1810

Sun, H., Lu, H., Chu, L., Shao, H., and Shi, W. (2017). Biochar applied with
appropriate rates can reduce n leaching, keep n retention and not increase NH3

volatilization in a coastal saline soil. Sci. Total Environ. 575, 820–825. doi: 10.1016/
j.scitotenv.2016.09.137

Sunaina, B., Kumar, J. R., Rupak, K., and Mahesh, R. A. (2019). Case study on soil
fertility status and maize productivity in dang district, nepal. malays. J. Sustain. Agric. 3,
56–59. doi: 10.26480/mjsa.02.2019.56.59

Tang, H., Shubin, W., Ying, L., Hassan, M. U., Ying, S., Huang, G., et al. (2022).
Biochar: A promising soil amendment to mitigate heavy metals toxicity in plants. Not.
Bot. Hortic. Agrobot. Cluj-Napoca 50, 12778–12778. doi: 10.15835/nbha50312778

Thomas, S. C., Frye, S., Gale, N., Garmon, M., Launchbury, R., Machado, N., et al.
(2013). Biochar mitigates negative effects salt additions two herbaceous Plant species. J.
Environ. Manage. 129, 62–68. doi: 10.1016/j.jenvman.2013.05.057

Torabian, S., Farhangi-Abriz, S., and Rathjen, J. (2018). Biochar and lignite affect H
+-ATPase and H+-PPase activities in root tonoplast and nutrient contents of mung
bean under salt stress. Plant Physiol. Biochem. 129, 141–149. doi: 10.1016/
j.plaphy.2018.05.030

Turan, V. (2021). Arbuscular mycorrhizal fungi and pistachio husk biochar
combination reduces Ni distribution in mungbean plant and improves plant
antioxidants and soil enzymes. Physiol. Plant 173, 1–12. doi: 10.1111/ppl.13490

Usman, A. R. A., Al-Wabel, M. I., Abdulaziz, A. H., Mahmoud, W. A., EL-Naggar, A.
H., Ahmad, M., et al. (2016). Conocarpus biochar induces changes in soil nutrient
availability and tomato growth under saline irrigation. Pedosphere. 26, 27–38. doi:
10.1016/S1002-0160(15)60019-4

Van Zwieten, L., Kimber, S., Morris, S., Chan, K. Y., Downie, A., Rust, J., et al. (2010).
Effects of biochar from slow pyrolysis of papermill waste on agronomic performance
and soil fertility. Plant Soil. 327, 235–246. doi: 10.1007/s11104-009-0050-x

Verheijen, F., Jeffery, S., Bastos, A. C., van der Velde, M., Diafas, I., Parsons, C., et al.
(2009). Biochar application to soils: a critical scientific review of effects on soil properties,
processes and functions (Ispra, Italy: Institute for Environment and Sustainability).

Viger, M., Hancock, R. D., Miglietta, F., and 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, 658–672. doi: 10.1111/gcbb.12182

Vijayaraghavareddy, P., Lekshmy, S. V., Struik, P. C., Makarla, U., Yin, X., and
Sreeman, S. (2022). Production and scavenging of reactive oxygen species confer to
differential sensitivity of rice and wheat to drought stress. Crop Environ. 1, 15–23. doi:
10.1016/j.crope.2022.03.010

Vissenberg, K., Oyama, M., Osato, Y., Yokoyama, R., Verbelen, J. P., and Nishitani,
K. (2005). Differential expression of AtXTH17, AtXTH18, AtXTH19 and AtXTH20
genes in arabidopsis roots. physiological roles in specification in cell wall construction.
Plant Cell Physiol. 46, 192–200. doi: 10.1093/pcp/pci013

Wang, H., Ren, T., Feng, Y., Liu, K., Feng, H., Liu, G., et al. (2020). Effects of the
application of biochar in four typical agricultural soils in China. Agron. 10, 1649. doi:
10.3390/agronomy10111649

Wang, Y., Xia, H., Yao, Z., and Jiang, C. (2018). Effects of biochar and other
amendments on the cabbage growth and soil fertility in yellow-brown soil and red soil.
Sci. Agric. Sinica. 51, 4306–4315.

Wang, S., Zheng, J., Wang, Y., Yang, Q., Chen, T., Chen, Y., et al. (2021).
Photosynthesis, chlorophyll fluorescence, and yield of peanut in response to biochar
application. Front. Plant Sci. 12, 1000. doi: 10.3389/fpls.2021.650432

Warnock, D. D., Lehmann, J., Kuyper, T. W., and Rillig, M. C. (2007). Mycorrhizal
responses to biochar in soil – concepts and mechanisms. Plant Soil. 300, 9–20. doi:
10.1007/s11104-007-9391-5

Winsley, P. (2007). Biochar and bioenergy production for climate change mitigation.
New Z. Sci. Rev. 64, 5–10.

Xu, C. Y., Bai, S. H., Hao, Y., Rachaputi, R. C. N., Xu, Z., and Wallace, H. M. (2015).
Peanut shell biochar improves soil properties and peanut kernel quality on a red
ferrosol. J. Soils Sediments. 15, 2220–2231. doi: 10.1007/s11368-015-1242-z

Xu, G., Zhang, Y., Sun, J., and Shao, H. (2016). Negative interactive effects between
biochar and phosphorus fertilization on phosphorus availability and plant yield in
saline sodic soil. Sci. Total Environ. 568, 910–915. doi: 10.1016/j.scitotenv.2016.06.079

Yadegari, M. (2017). Efects of zn, fe, Mn and Cu foliar application on essential oils
and morpho-physiological traits of lemon balm (Melissa ofcinalis l.). J. Essent. Oil-Bear.
Plant 20, 485–495. doi: 10.1080/0972060X.2017.1325010

Yamato, M., Okimori, Y., Wibowo, I. F., Anshori, S., and Ogawa, M. (2006). ). effects
of the application of charred bark of acacia mangium on the yield of maize, cowpea and
peanut, and soil chemical properties in south Sumatra, Indonesia. Soil Sci. Plant Nutr.
52, 489–495. doi: 10.1111/j.1747-0765.2006.00065.x

Yang, C. D., and Lu, S. G. (2020). Dynamic effects of direct returning of straw and
corresponding biochar on acidity, nutrients, and exchangeable properties of red soil.
Huan Jing Xue Huanjing Kexue. 41, 4246–4252.

Yao, Q., Liu, J., Yu, Z., Li, Y., Jin, J., Liu, X., et al. (2017). Three years of biochar
amendment alters soil physiochemical properties and fungal community composition
in a black soil of northeast China. Soil Biol. Biochem. 110, 56–67. doi: 10.1016/
j.soilbio.2017.03.005
frontiersin.org

https://doi.org/10.1080/07388551.2022.2093695
https://doi.org/10.1007/s11270-016-3155-x
https://doi.org/10.1016/j.envres.2021.112440
https://doi.org/10.1007/s12374-015-0103-z
https://doi.org/10.3390/agronomy11061193
https://doi.org/10.1016/S1002-0160(21)60024-3
https://doi.org/10.1016/j.apsoil.2011.02.004
https://doi.org/10.1016/j.tplants.2010.03.002
https://doi.org/10.1016/j.plaphy.2020.11.025
https://doi.org/10.1016/j.envpol.2021.117348
https://doi.org/10.30848/PJB2019-4(21)
https://doi.org/10.3390/agronomy10091429
https://doi.org/10.21273/HORTSCI14271-19
https://doi.org/10.1016/j.ecoenv.2020.110732
https://doi.org/10.1016/j.geoderma.2016.02.017
https://doi.org/10.4081/ija.2021.1810
https://doi.org/10.1016/j.scitotenv.2016.09.137
https://doi.org/10.1016/j.scitotenv.2016.09.137
https://doi.org/10.26480/mjsa.02.2019.56.59
https://doi.org/10.15835/nbha50312778
https://doi.org/10.1016/j.jenvman.2013.05.057
https://doi.org/10.1016/j.plaphy.2018.05.030
https://doi.org/10.1016/j.plaphy.2018.05.030
https://doi.org/10.1111/ppl.13490
https://doi.org/10.1016/S1002-0160(15)60019-4
https://doi.org/10.1007/s11104-009-0050-x
https://doi.org/10.1111/gcbb.12182
https://doi.org/10.1016/j.crope.2022.03.010
https://doi.org/10.1093/pcp/pci013
https://doi.org/10.3390/agronomy10111649
https://doi.org/10.3389/fpls.2021.650432
https://doi.org/10.1007/s11104-007-9391-5
https://doi.org/10.1007/s11368-015-1242-z
https://doi.org/10.1016/j.scitotenv.2016.06.079
https://doi.org/10.1080/0972060X.2017.1325010
https://doi.org/10.1111/j.1747-0765.2006.00065.x
https://doi.org/10.1016/j.soilbio.2017.03.005
https://doi.org/10.1016/j.soilbio.2017.03.005
https://doi.org/10.3389/fpls.2023.1163451
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wu et al. 10.3389/fpls.2023.1163451
Ye, J., Zhang, R., Nielsen, S., Joseph, S. D., Huang, D., and Thomas, T. (2016). A
combination of biochar–mineral complexes and compost improves soil bacterial processes,
soil quality, and plant properties. Front. Microbiol. 7, 372. doi: 10.3389/fmicb.2016.00372

Yildirim, E., Ekinci, M., and Turan, M. (2021). Impact of biochar in mitigating the
negative effect of drought stress on cabbage seedlings. J. Soil Sci. Plant Nutr. 21, 2297–
2309. doi: 10.1007/s42729-021-00522-z

Zaheer, M. S., Ali, H. H., Soufan, W., Iqbal, R., Habib-ur-Rahman, M., Iqbal, J., et al.
(2021). Potential effects of biochar application for improving wheat (Triticum aestivum l.)
growth and soil biochemical properties under drought stress conditions. Land. 10, 1125.

Zainul, A., Koyro, H. W., Huchzermeyer, B., Gul, B., and Khan, M. A. (2017). Impact
of a biochar or a compost-biochar mixture on water relation, nutrient uptake and
photosynthesis of phragmites karka. Pedosphere. 160, 1–22.

Zhang, Z., Dong, X., Wang, S., and Pu, X. (2020). Benefits of organic manure combined
with biochar amendments to cotton root growth and yield under continuous cropping
systems in xinjiang, China. Sci. Rep. 10, 1–10. doi: 10.1038/s41598-020-61118-8

Zhang, C., Lin, Y., Tian, X., Xu, Q., Chen, Z., and Lin, W. (2017). Tobacco bacterial
wilt suppression with biochar soil addition associates to improved soil physiochemical
properties and increased rhizosphere bacteria abundance. Appl. Soil Ecol. 112, 90–96.
doi: 10.1016/j.apsoil.2016.12.005

Zhang, M., Riaz, M., Zhang, L., El-Desouki, Z., and Jiang, C. (2019). Biochar induces
changes to basic soil properties and bacterial communities of different soils to varying
degrees at 25 mm rainfall: More effective on acidic soils. Front. Microbiol. 10, 1321. doi:
10.3389/fmicb.2019.01321
Frontiers in Plant Science 22
Zhang, Y., Wang, J., and Feng, Y. (2021). The effects of biochar addition on soil
physicochemical properties: A review. Catena 202, 105284. doi: 10.1016/j.catena.2021.105284

Zhao, Z. Y., Wang, P. Y., Xiong, X. B., Wang, Y. B., Zhou, R., Tao, H. Y., et al. (2022).
Environmental risk of multi-year polythene film mulching and its green solution in arid
irrigation region. J. Hazard. Mater. 435, 128981. doi: 10.1016/j.jhazmat.2022.128981

Zheng, H., Wang, X., Chen, L., Wang, Z., Xia, Y., Zhang, Y., et al. (2018a). Enhanced
growth of halophyte plants in biochar-amended coastal soil: Roles of nutrient
availability and rhizosphere microbial modulation. Plant Cell Environ. 41, 517–532.
doi: 10.1111/pce.12944

Zheng, H., Wang, X., Luo, X., Wang, Z., and Xing, B. (2018b). Biochar-induced
negative carbon mineralization priming effects in a coastal wetland soil: Roles of soil
aggregation and microbial modulation. Sci. Total Environ. 610, 951–960. doi: 10.1016/
j.scitotenv.2017.08.166

Zhou, J., Wang, X., Jiao, Y., Qin, Y., Liu, X., Zhang, Q., et al. (2007). Global genome
expression analysis of rice in response to drought and high-salinity stresses in shoot,
flag leaf, and panicle. Plant Mol. Biol. 63, 591–608. doi: 10.1007/s11103-006-9111-1

Zoghi, Z., Hosseini, S. M., Kouchaksaraei, M. T., Kooch, Y., and Guidi, L. (2019). The
effect of biochar amendment on the growth, morphology and physiology of quercus
castaneifolia seedlings under water-deficit stress. Eur. J. For. Res. 138, 967–979. doi:
10.1007/s10342-019-01217-y

Zulfiqar, B., Raza, M. A. S., Saleem, M. F., Aslam, M. U., Iqbal, R., Muhammad, F., et al.
(2022). ). biochar enhances wheat crop productivity by mitigating the effects of drought:
Insights into physiological and antioxidant defense mechanisms. PloS One 17, e0267819.
frontiersin.org

https://doi.org/10.3389/fmicb.2016.00372
https://doi.org/10.1007/s42729-021-00522-z
https://doi.org/10.1038/s41598-020-61118-8
https://doi.org/10.1016/j.apsoil.2016.12.005
https://doi.org/10.3389/fmicb.2019.01321
https://doi.org/10.1016/j.catena.2021.105284
https://doi.org/10.1016/j.jhazmat.2022.128981
https://doi.org/10.1111/pce.12944
https://doi.org/10.1016/j.scitotenv.2017.08.166
https://doi.org/10.1016/j.scitotenv.2017.08.166
https://doi.org/10.1007/s11103-006-9111-1
https://doi.org/10.1007/s10342-019-01217-y
https://doi.org/10.3389/fpls.2023.1163451
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	The critical role of biochar to mitigate the adverse impacts of drought and salinity stress in plants
	Introduction
	Why biochar is an important amendment
	Biochar production and important feed stocks for biochar preparation
	Biochar a promising amendment to mitigate drought stress
	Biochar maintains membrane stability and plant water relations under drought stress
	Biochar improves nutrient uptake and maintain nutrient homeostasis under drought stress
	Biochar protects photosynthetic apparatus and improves photosynthesis under drought stress
	Biochar maintains osmolytes accumulation and hormonal balance under drought stress
	Biochar improves antioxidant systems and detoxify ROS under drought stress
	Biochar improves genes expression and stress responsive proteins under drought stress
	Biochar nutrition improves plant growth, yield, and quality under drought stress
	Biochar improves soil properties to induce drought tolerance
	How does biochar improve salinity tolerance?
	Biochar maintains membrane stability and plant water relations under salinity stress
	Biochar improves nutrient uptake and maintain nutrient homeostasis under salinity stress
	Biochar protects photosynthetic apparatus and improves photosynthesis under salinity stress
	Biochar strengthens antioxidant systems and detoxify ROS under salinity stress
	Biochar improves genes expression and stress responsive proteins under salinity stress
	Biochar maintains osmolytes accumulation and hormonal balance under salinity stress
	Biochar nutrition improves plant growth, yield, and quality under salinity stress
	Biochar improves soil properties to induce salinity tolerance
	Biochar as an important amendment to improve soil fertility
	Biochar as an important amendment to improve crop growth and yield
	Future implications
	Conclusion
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


