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Abstract

Excessive cadmium (Cd) in soils is a serious threat to food safety. Combinations of fungal endophytes and biochar have been
shown to restrict Cd accumulation in crop plants, but the interactions of Paecilomyces variotii extracts (ZNC) and biochar on
the remediation of alkaline Cd-contaminated soil remain unclear. This work aimed to study the Cd immobilization ability by
amendment with ZNC and biochar via column experiments. The results indicated that ZNC alleviated the inhibition of Cd on
photosynthesis of maize, thus supporting Cd resistance by growth promotion. Biochar promoted the conversion of exchange-
able Cd into a less-available form, which reduced the content of DTPA-extractable Cd by 4.93~21.28% and —0.83~19.51%
in the 0-10- and 10-20-cm soil layers, respectively. The combination of biochar and ZNC substantially reduced Cd concen-
trations in maize plants, with more significantly lower grain Cd concentrations in higher biochar dosage treatments. These
findings indicate that the combination of ZNC and biochar has significant potential to promote plant growth by altering Cd

bioavailability and Cd tolerance in alkaline Cd-contaminated soil.
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1 Introduction

Soil heavy metal contamination, especially cadmium (Cd), is
a serious environmental issue of global concern. In China, a
nationwide survey indicated that over 7.0% of farmland soils
are polluted with Cd [1]. Excessive accumulation of Cd in
plant tissues can cause growth retardation by causing nega-
tive physiological processes, accompanied by the restriction
of the net photosynthetic rate and available nutrient absorp-
tion [2, 3]. Furthermore, Cd can readily accumulate in ani-
mals and the human body via food chains [4]. Therefore,
effective strategies must be taken to mitigate Cd pollution
and restrict excessive Cd entry into the food chain.
Biochar is a carbonaceous material produced by the
pyrolysis of organic feedstock under oxygen-limited con-
ditions [5]. The extraordinary physicochemical properties
of biochar, such as porous structures, larger surface areas,
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large pore volumes, and active oxygen-containing functional
groups, make it an ideal material for Cd remediation [6].
In addition to the direct sorption of Cd, the changed soil
properties with biochar amendment also played essential
roles in altering Cd polluted soils [7]. However, the effec-
tiveness of the Cd amelioration ability of biochar signifi-
cantly depends upon its properties, dosage, soil properties,
environmental conditions, and soil microbial community [8].
In addition, the results and mechanisms for Cd immobiliza-
tion were also inconsistent. For instance, some studies have
demonstrated the effective immobilization of Cd in soil via
surface complexation, electrostatic attraction, ion exchange,
and co-precipitation with biochar [9, 10]. However, other
studies have shown that the Cd immobilizing mechanisms
of biochar were mainly attributed to the changed properties
of soil (i.e., pH value, CEC, and redox potential) [11]. These
different responses of Cd-polluted soil remediation to bio-
char suggest that further analysis is still needed.
Microbe-assisted remediation with microbial strains,
which have vigorous Cd tolerance or sequestration abilities,
is another promising measure to alleviate Cd stress [12].
Many results have found that the existence of endophytes
in the rhizosphere restricts plant Cd absorption via chela-
tion systems, metal sequestration abilities, and physiological
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metabolism [13, 14]. In addition, the genes encoding the
metabolic pathways of these endophytes, which participate
in the synthesis of phytohormones, also enable plants to
alleviate Cd stress. However, the application of endophytes
in the remediation of Cd-contaminated soil is still limited
because specific microorganism needs suitable conditions to
obtain the optimal performance [15]. Recently, a novel endo-
phytic fungus (Paecilomyces variotii) extract, named ZNC,
has been highlighted as an outstanding candidate for the
promotion of plant growth in multistress conditions without
the abovementioned limitations [16, 17], but its effectiveness
on cereal crop growth is still unknown in Cd-polluted soils.
Compared with other plant growth regulators, ZNC has the
functionality to promote plant growth when applied at the
concentrations as low as 1-10 ng/mL.

The combination of biochar and microorganisms has been
considered an optimal strategy to recover soil functions con-
taminated by heavy metals [18, 19]. However, to the best of
our knowledge, no research has been conducted concerning
the interactions of biochar and ZNC on Cd remediation and
plants grown in alkaline soil. Therefore, to fill the research
gaps mentioned above, a column experiment with maize
growth was conducted to (1) evaluate the effects of ZNC on
the alleviation of the inhibition of Cd on photosynthesis; (2)
illustrate the effectiveness of biochar on Cd immobilization
in alkaline soil; and (3) provide insight into the interactive
effects and mechanism between ZNC and biochar. This study
will provide new insight into the remediation of Cd-polluted
soil in China.

2 Materials and methods
2.1 Preparation of biochar and ZNC

Rice hull was collected from a grain processing factory in
Yutai city, Shandong province, China. After being milled by
using a pestle and mortar, the treated rice hulls were trans-
ferred into a tube furnace (SKQ-30-12A, Longkou Furnace
Co., Ltd, China) which equipped with a quartz boat in the
presence of N,. The material was pyrolyzed at a rate of 5 °C/
min and then held for 3 h when the temperatures reached
450 °C. After the pyrolysis was complete, the biochar was
naturally cooled and ground to pass through a 10-mesh
sieve, and stored with plastic seal bags in a dry container
for further use.

The extracts from the endophytic fungus were provided
by Pengbo Biology Technology Co. Ltd. (Tai’an, Shandong
province, China). Briefly, Paecilomyces variotii (CGM-
CCNO.10114) was first inoculated onto PDA cultivation
media, incubated at 25°C for 6 days, transferred into 50-mL
seed culture media and shaken at 180 r min~' for 3 days.
After that, 10% of the above mediums were inoculated into
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150 mL of fermentation media and shaken at 180 r min~" for
5 days. The mycelium was smashed and extracted with ethyl
alcohol 3 times. Finally, the mixtures were ultrasonically
concentrated for 1 h and filtered to obtain ZNC. The amino
acids existed in the form of granules, leaves, and flakes in
ZNC were speculated to be the main active substances [20].

2.2 Soil column experiments

To determine the interactions of ZNC and biochar on soil
Cd remediation and plant growth, a column experiment with
maize growth was conducted at the Environment and Soil
Experiment Station at Liaocheng University (N 36° 43’ 45",
E 116° 00" 09"), Shandong province, China. The basic prop-
erties of the Typic Ochri-Aquic Cambosol soil in Chinese
soil taxonomy and the biochar used are listed in Table 1.
Before experiments, in situ soil samples in 0—100 cm
layers were dug out, and 18 PVC tubes (diameter 25 cm,
height 110 cm, and thickness 0.5 cm) were buried
in the site. CdCl, solution (2.0 g L~ was well mixed
with 0—10 cm soil to obtain target Cd-contaminated soil
(1.0 mg kg~!) and aged for 4 weeks before the incorpora-
tion of biochar at 60% saturated moisture content. The air-
dried soil (10-50 and 50-90 cm) was backfilled directly
in the same layer order and watered several times for con-
solidation to the initial bulk density. After that, mixtures
of Cd-contaminated soil and biochar (0, 2%, and 5% w/w,
respectively) were backfilled in each tube. Two seeds of
maize were planted into each column and thinned to one
per column at the V, stage. Half of the maize was well
sprayed with ZNC (20 ng mL™!) solution at the seed-
ing, VT (tasseling) and R; (milking) stages, while in the
remaining half of the maize plants were absent [21]. Other

Table 1 Initial physicochemical characteristics of biochar and soil
deployed in the experiment

Property Biochar Property Soil

pH (1:10 water) 8.42 pH (1:2.5 water) 8.81

C (%) 69.92 Ec (uScm™) 469

N (%) 1.37 CEC (cmol kg™ 8.64

H (%) 3.66 Organic matter (g 12.50
kg™

O (%) 5.16 Total N content (g 0.69
kg™h

S (%) 0.14 NO;™-N (mgkg™) 24.53

H/C (atomic ratio) 0.052 NH,*-N (mg kg’l) 6.54

O/C (atomic ratio) 0.135 Available P (mg kg’l) 17.19

(O+N)/C (atomic 0.155 Available K (mg kg’l) 143.51

ratio)

Ash (%) 7.03 Texture Silt loam

CEC(cmol kg™") 14.96

Zeta potential (MV) —34.73
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agricultural management, including irrigation, fertiliza-
tion, insects, and weed control of all treatments, were the
same as needed. All treatments were described as BCO
(without biochar and ZNC), BC2 (2% w/w biochar), BC5
(5% w/lw biochar), ZNC + BCO (ZNC but without biochar),
ZNC + BC2 (2%w/w biochar and ZNC), and ZNC + BC5
(5%w/w biochar and ZNC).

2.3 Characterization of biochar

The Barrett-Joyner-Halender (BJH) method was used to
calculate the pore size distribution of the biochar. The
surface morphology of the biochar was characterized
using SEM (ZEISS G300, Germany). FTIR spectroscopy
(Nicolet iS5 FTIR spectrometer, USA) was used to evalu-
ate the chemical structure of biochar and ZNC powder
within a KBr pellet. The surface mineral crystallographic
composition of the biochar was measured using XRD (D8
ADVANCE, Bruker Co., Germany).
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2.4 Soil-plant measurement

After maize was harvested, soil samples were collected
from the 0-70 cm layer at 10 cm intervals. The avail-
able Cd was determined with DTPA extractable Cd as
described by Hamid et al. [22]. The contents and frac-
tions of Cd in the 0-70 cm soil were analyzed following
the BCR sequential extraction method according to Ure
et al. (1993) [23], which divided the fractions into the
HOAc-extractable (exchangeable, soluble, and carbonate
fractions), reducible (iron and manganese oxyhydroxide
fractions), oxidizable (organically and sulfide bound frac-
tions), and residual fractions. The detailed process for the
measurement of Cd contents and fractions is shown in the
supplementary materials.

The net photosynthetic rate (P,) of maize was measured
at the seeding, jointing, V12, silking, and maturity stages.
The fully expanded upper leaves were recorded between
9:00 and 11:00 a.m. by an LI-6800 portable photosynthe-
sis system (LI-Cor, Lincoln, NE, USA) with an average
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Fig. 1 FTIR spectroscopy (a), XRD pattern (b), isotherm to N, (¢), and aperture analysis (d) of biochar

@ Springer



Biomass Conversion and Biorefinery (2024) 14:13353-13362

Fig.2 SEM images of biochar at 100 (a), 50 (b), and 20 (c) pm

leaf temperature of 25+ 1 °C, photosynthetic activity of = aromatic C=C or carboxylic C=0 bonds in the broad spec-
800 pmol m~2s~! and CO, concentration of 400 pmol CO, trum between 1429 and 1565 cm™!, and C—H stretching at
mol . 2934 cm™!. The existence of these functional groups indi-
After maize harvested, plant samples were collected and  cates that the interaction of Cd>*-x on the aromatic struc-
separated into biomass (including stems, leaves, and cobs) ture of biochar [25] and the complexation of Cd>* with oxy-
and grains. The dried samples were weighed, ground, and  containing functional groups are vital for the retention of Cd
passed through a 100-mesh sieve for Cd determination. [26]. The XRD patterns of biochar at 26 =25.64°, 28.39°,
Approximately 0.2 g of plant samples was digested in a  and 30.14°corresponded to the (222), (200), and (220) lat-
5-mL 3:1 (v/v) mixture of HNO; and HCIO, at 180°C for tice planes, respectively (Fig. 1b), which also verified the
4 h. The Cd concentrations of plants were measured using  potential of biochar to immobilize Cd through complexa-
ICP-MS (Perkin Elmer 600X, USA). tion by the formation of intermolecular and intramolecular
hydrogen bonds [27].

2.5 Data analysis

Data were expressed as the standard deviations with the
average value. Statistical analyses were performed by SPSS

Statistics 19.0 software. ANOVA tests by least-significant o
difference (LSD) were conducted to verify the different let- e -~
ters (P <0.05). Excel 2010 and Origin 9.5 were used for B BCS 035
[ ZNC+BCO
| [_lznctBC2 0.3

basic processing of the obtained data and to plot the graphs. ]
ZNC+BCS

o
&
Cd contents (mg ke

3 Results and discussion

3.1 Characterization of biochar

D7pq exlractaple

The biochar used was an alkaline material with high ash
content (Table 1), which was mainly caused by the exist-
ence of alkaline compounds and inorganic minerals. The
high ash components and inorganic anions, such as Mg?™,
Fe3+, CO32', and PO43', released from biochar are positively
correlated with Cd remediation in soil [24], which promotes
sorption or precipitation reactions, ultimately limiting the

Fig.3 Changes in DTPA extracted available Cd in 0-70 cm soil

mobility and toxicity of Cd. 4 :
I i FTIR sh hich f : 1 : _ under different treatments. Data points represent the means=+ SD.

. n add.ltlon, . s OW?da l,g unctiona grf)up H,lten BCO, BC2, and BC5 denote the soil samples with 0%, 2%, and
sity of biochar (Fig. la), including -OH stretching vibra- 5%w/w biochar, respectively. ZNC denote endophytic fungus (Pae-

tion at 3430 cm™!, aromatic C-H bending at 892 cm™!, cilomyces variotii) extract
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The sorption isotherms of biochar are categorized as type
IV according to the IUPAC classification (Fig. 1c), which
has H2-type hysteresis loops. The BET surface area, average
pore size, and pore volume of biochar were calculated to be
3.42m? g~!, and 19.54 nm of 0.786 cm? (STP) g, respec-
tively. Meanwhile, the pore size distribution of biochar was
in the range of 2-22 nm (Fig. 1d). These results are also con-
sistent with the biochar SEM images (Fig. 2), which showed
coarse surface and porous structures with some mineral par-
ticles. All the traits mentioned above of biochar exhibited
great potential in facilitating the immobilization of Cd.

The growth-promoting mechanism of ZNC is difficult
to identify due to its multiple bioactive components which
may contribute to specific effects on plants. Therefore, the
material composition and chemical structure of ZNC were
verified. The FTIR results of ZNC indicate the existence
of carbohydrate structures and aliphatics in ZNC (Fig.S1).
In addition, ZNC had many amino acids, especially Thr,

I Acid-soluble [ | Reducible [ Oxidizable | | Residue

Gly, Glu, Gly, and Mann (Fig.S2). These amino acids were
speculated to be the main active substances in ZNC for plant
growth [21].

3.2 Changes in Cd bioavailability and fraction in soil

The DTPA-extractable Cd (available Cd) in rhizosphere soil
is highly active and can be easily absorbed by plants [4].
The available Cd contents were highest in 0—10-cm soil pro-
file, followed by the 10-20-cm profile, and were nearly the
same in the soil layers below 20 cm (Fig. 3). This could be
explained by the fact that there were more organic matter and
root exudates in the surface soil, which could prompt the for-
mation of a stable organic matter-Cd complex, thus restrict-
ing the downward migration of Cd [28]. In our study, the
available Cd in the 0-10 cm soil decreased by 4.92~14.59%
and 12.28 ~21.28% at the 2% and 5% doses, respectively,
whereas the available Cd decreased by 2.3~4.7% and
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Fig.4 Changes of Cd contents (a and c¢) and Cd fractions (b and d)
after maize harvested. Data points represent the means+SD. BCO,
BC2, and BC5 denote the soil samples with 0%, 2%, and 5%w/w
biochar, respectively. ZNC denote endophytic fungus (Paecilomyces
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variotii) extract. Lowercase letters above the error bars indicate sig-
nificant differences among different treatments in same soil layer ana-
lyzed by Duncan test (p <0.05)
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8.9~12.4% in the 10-20 cm soil with the application of bio-
char. The effectiveness of biochar in limiting the availability
of Cd was more dramatic at higher dosages, indicating that
biochar amendment is an effective measure to renovate soil
functions contaminated by Cd. Fellet et al. [29] also found
that manure biochar applied at 1.5% and 3% w/w was able
to reduce the contents of DTPA-Cd by 27.9% and 70.7%,
respectively, in mine tailing soil. However, Janus et al. [30]
reported that the amendment of 2% w/w biochar did not sig-
nificantly decrease the bio-accessible Cd content in slightly
alkaline soil. This may be due to the efficiency of biochar in
Cd remediation being affected by soil traits, environmental
conditions, pollutant types and concentrations, and biochar
properties.

The use of endophytic microorganisms is another effec-
tive measure to remediate Cd-polluted soil. However, in our
study, the use of ZNC only slightly decreased the available
Cd contents by 0.68 ~8.57% in the 0-10 cm soil layer and
3.32~14.67% in the 10-20 cm soil layer compared with
those in the control (Fig. 3). The high available Cd contents
in the rhizosphere are toxic to plants. Our previous results
found that ZNC enhanced plant growth by improving stress
tolerance and resistance, accompanied by the promotion or
reduction of biochemical activities (i.e., SOD, CAT, MDA,
and NR) and alleviated the damage to cell membranes [31].
In addition, the application of ZNC could enable crops to
take up more nutrients by promoting root morphological
characteristics and vitality [32]. Thus, more root exudates,
which can chelate with Cd, may exist in the rhizosphere and
are helpful of the inhibition on Cd bioavailability. However,
some researchers hold the view that the organic exudates
excreted from roots, which are rich in hydroxyl, carboxylate,
and other oxygen-containing functional groups, can chelate
Cd and further improve its mobility and bioavailability [33].
Therefore, more investigations need to be completed that
investigate the molecular mechanisms to solidify the theo-
retical foundations of ZNC-assisted pollutant remediation.

The fraction of Cd influences its potential toxicity and the
hazard level of contaminated soil. Since the amendment of
biochar and ZNC alleviates the bioavailable of Cd, the speci-
ation variations in Cd were measured using BCR sequential
extraction (Fig. 4). HOAc-extractable Cd, which can easily
absorbed by plant roots, is highly mobile and sensitive to
environmental changes [34], while the residual fraction is
considered to be a stable form and difficult to extract [35].
HOACc-extractable and reducible Cd were the main fractions
in the 0-10-cm soil layer, while the fraction was not sig-
nificantly affected in deeper soil layers (Fig. 4 and Fig.S3).
HOAc-extractable, reducible, oxidizable, and residual Cd
in the 0-10 cm soil changed by —8.09~ —16.96%, 1.03 ~
10.70%, — 13.99 ~ 14.64%, and 8.79 ~45.94%, respectively,
with biochar amendments. The decreases in available soil
Cd with biochar application were more pronounced than
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those in HOAc-extractable Cd, indicating that parts of water-
soluble Cd have immobilized into CO,*~ or organic matter
[36]. Some researchers believe that restricts the bioavail-
ability of Cd, which is mainly associated with soil pH [37].
Houben and Sonnet [37] suggested that biochar amendment
shifted the Cd exchangeable fraction to the insoluble pool
due to an increasing soil pH value. However, in our study,
the amendment of biochar did not increase or even slightly
decrease the rhizosphere soil pH values compared with the
corresponding control (Fig.S4), possibly due to the buffering
effect of alkaline soil.

3.3 Plant growth and biomass accumulation

Excess Cd in mesophyll cells can induce stomatal closure,
reduce transpiration and intrinsic CO, assimilation, and
restrict stomatal or nonstomatal ions [38]. Meanwhile, ultra-
structural damage in the chloroplast, destruction of thylakoid
membranes, and disturbance in electron transport chains of
the photosystem caused by Cd stress can also be reasonable
for the net photosynthetic rate (P,) restrictions [39]. In the
present study, the treatment effects on P, varied with growth
stage and were lowest in the CK treatment in all growth
stages (Fig. 5). With the same biochar dosage, the use of
ZNC alleviated the inhibition of P, caused by Cd stress.
However, since ZNC does not supply available nutrients for
maize growth, the possible reason for the activated photosyn-
thetic physiology was the stimulated secretion of auxin in the
root. Our previous research has found that ZNC induces the
expression of genes associated with auxin biosynthesis, such
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Fig.5 Changes of net photosynthetic rates (P,) during maize growth.
Data points represent the means+SD. BCO, BC2, and BC5 denote
the soil samples with 0%, 2%, and 5%w/w biochar, respectively. ZNC
denote endophytic fungus (Paecilomyces variotii) extract. Lowercase
letters above the error bars indicate significant differences among dif-
ferent treatments in same soil layer analyzed by Duncan test (p <0.05)



Biomass Conversion and Biorefinery (2024) 14:13353-13362

13359

as YUC3 and YUC9, thus promoting auxin accumulation in
root tips [32]. In addition, this increased P, is also reasonable
for enhancing maize biomass and grain under Cd toxicity.
Compared with the corresponding control, biochar
enhanced the P, values of maize, especially during the
jointing and filling stages (Fig. 5). In addition to the posi-
tive effects of biochar in reducing soil moisture infiltra-
tion, inhibiting soil water evaporation, increasing soil
volumetric water content, and improving soil water hold-
ing capacity [40], nutrients released from biochar can also
absorbed by roots, thus promoting the growth of maize.
Similar results were observed by Kamran et al. [41], who
found that biochar significantly increased the P, of pak
choi (Brassica chinensis L.) by 18 ~46% under 20 mg kg™
Cd stress. The negative relationship between Cd contents
in maize plants and these characteristics (Fig.S5) also
strengthened our findings that the application of biochar

could minimize Cd accumulation in plant tissues and
thereby improve the physiological parameters of maize.

3.4 Plant Cd concentration and accumulation

In the present study, the Cd contents in the biomass (stem, leaf,
and cob) and grains of maize were significantly reduced by
9.55~19.52% and 14.58 ~26.78%, respectively, with biochar
application (Fig. 6). This suggests that biochar is effective in
preventing excess Cd accumulation in maize grain. Similar
results also reported that the Cd contents in rice grains were
reduced by 57-61% with biochar application [10]. In addition
to the larger specific surface area and higher CEC, the alkaline
substances and the dissolved organic matter released from bio-
char can also decrease the bioavailability of Cd [42], thus reduc-
ing Cd accumulation in plants. However, the inconsistent result
between the reductions in grain Cd contents (approximately
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Fig.7 Schematic illustration of
the mechanisms for remediation
of alkaline Cd-contaminated
soil by the paecilomyces variotii
extracts and biochar
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9.55~26.67%) and the dinky changes in soil Cd bioavailability
(7.31~21.28% and — 0.83~10.11% in 0-10 and 10-20 cm soil,
respectively) also indicates that the Cd content reduces in maize
with biochar amendment not only by limiting Cd bioavailability
in the soil [43]. In addition, biochar in the rhizosphere can also
act as a natural barrier to Cd uptake by maize roots (Fig. 7).
Biochar also helps to shape specific soil microorganism com-
munities, especially bacteria, actinomycete, and fungal taxes
which are associated with growth promotion and Cd resistance
[33], ultimately resulting in lower Cd contents in plant tissues.

The application of ZNC reduced the concentration of Cd
in grain by 2.71 ~5.79%. Nevertheless, it did not significantly
decrease the Cd content in the biomass, indicating that ZNC
induced a reduction in Cd translocation from the biomass
(stem, leaf) to the grain in maize. The main pathways for
reducing Cd concentration in grains may be due to the inhibi-
tion of Cd entering into plant cells via Cd-related transport-
ers and channels, thus enhancing sequestration of Cd into the
vacuole [44]. In addition, decreasing the Cd concentration in
grains could also contribute to the decreased Cd translocation
from roots to shoots by improving the fixation of Cd in cell
vacuoles and/or reducing the xylem loading of Cd. Similarly,
some studies also found that exogenous hormones have the
potential to decrease Cd accumulation in plants and restrict
Cd transport from plants to grain [45]. Since ZNC does not
contain nutrients [21], it is possible that the accumulation of
biomass was activated by the induced expression of genes
associated with auxin biosynthesis, such as YUC3 and YUCO9,
which enhanced nutrient uptake and biomass accumulation
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[32]. However, the valid reasons for ZNC why Cd reduces
accumulation in maize grains are still not well studied.
Combination of biochar and ZNC decreased the Cd con-
centration in grains and alleviated the growth inhibition in
maize under Cd stress, which cannot be explained simply by
the decreased Cd bioavailability in soils. In addition to the
separate benefits of biochar in restricting Cd bioavailabil-
ity and ZNC in enhancing plant Cd tolerance, the synergy
between biochar and ZNC could also be understood in the
context of two mechanisms (Fig. 7). That is, biochar acts as
an ideal inhibitor in rhizosphere soil to reduce the mobility
and bioavailability and consequently mitigate the toxicity of
Cd, while ZNC is used as a promoter to protect the normal
nutrient uptake, net photosynthesis activity, and biomass
accumulation of maize under Cd-stressed conditions. Hence,
the combination of ZNC and biochar amendment could be a
promising measure for the remediation of Cd-contaminated
soil. However, for safety and cost-effectiveness, more studies
considering the potential physiological and soil biogeochemi-
cal mechanisms of ZNC and biochar performance for the
steady remediation of Cd-contaminated soils are still needed.

4 Conclusions

The application of ZNC to Cd-contaminated soil alleviated
the inhibition of Cd on photosynthesis, thus promoting
plant growth of maize. Biochar is an efficient material for
tackling Cd pollution in alkaline soil, especially at a higher
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dosage. The combined application of ZNC and biochar sig-
nificantly reduced the available Cd content in the 0—-10 cm
soil, decreasing the extractable Cd fraction, and increasing
the stable Cd fraction in the rhizosphere. In summary, the
combination of biochar and ZNC to alkaline soils could be
an emerging approach for the sustainable remediation of
alkaline Cd-polluted soil. Our results provide a theoretical
basis for further applying ZNC and biochar in the field to
simultaneously increase Cd tolerance and reduce Cd risk
in cereal crops.
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