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Abstract:
Cadmium (Cd) is the primary inorganic pollutant that affects the cultivated land quality

in China, and seriously affects the safe use of soil and human health. Our previous
studies showed that arbuscular mycorrhizal fungi (AMF) significantly promoted Cd
accumulation in the Cd-hyperaccumulator Solanum nigrum (S. nigrum), but the related
mechanism is still unclear. This project focuses on the mycorrhizal regulation mechanism
on promoting Cd accumulation in S. nigrum. Based on the previous work, the Cd stable
isotope and the transcriptome technique will be used to prove the direct and indirect
effects, and the contribution rate of the mycorrhizal absorption pathway to Cd
accumulation in S. nigrum. And the effects of key environmental factors at the root—soil
interface on the Cd activation in this symbiosis system will be identified by the
multi—-compartment pot culture system, the X-ray fluorescence spectrometry, and the
high—-throughput sequencing technique. The rhizosphere and mycelial mechanism regulating
the Cd uptake of the S. nigrum—AMF system will be revealed, by analyzing the physical and
chemical parameters, the biological characteristics of the rhizosphere and mycelium, and
the difference in the microbial interactions. This project will provide a scientific
basis for plant-microbe interaction to enhance the remediation ability of
hyperaccumulators, and realize the green remediation of the heavy metal-contaminated

soil.

RKegE (HS5070) . B y: W AEGNRERE, B, Y-y aeE

Keywords (FHH4r54FF) : Hyperaccumulator; Cadmium; Arbuscular mycorrhizal
fungi; Hypha; Plant-microbe interactions
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Intercropping of hyperaccumulators with crops is a promising measure to enhance phytoremediation without
impeding agricultural production. A Cd-hyperaccumulator, Solanum nigrum L. (S. nigrum), was intercropped with
upland rice in a pot and rhizo-box experiment with Cd-contaminated soil to evaluate the combined effects of
intercropping and arbuscular mycorrhizal fungi on plant growth and Cd accumulation. The results showed that,
compared with monoculture, the combined treatments markedly decreased Cd concentration in rice parts, with
the lowest Cd concentration in brown rice (reducing by 64.5%). The spatial distribution of root surface area and
DTPA-Cd in the rhizo-box indicated competitive Cd uptake by neighbouring S. nigrum. Moreover, the combined
treatments reduced Nramp5 expression but increased HMA3 levels in rice roots, leading to lower bio-
accumulation and transfer coefficients. Additionally, fewer secreted organic acids and a higher rhizosphere pH
were observed in rice. Conversely, the combined treatments promoted biomass, root length, root surface area,
and decreased the rhizosphere pH in S. nigrum, thus increasing the Cd accumulation. Although the intercropping
system with AMF inoculation notably reduced rice yield, the land-use efficiency was higher. These results pro-
vided insights into the role of AMF in the upland rice/S. nigrum system and demonstrated an alternative system
for Cd phytoremediation.

1. Introduction hyperaccumulators, and low bioavailability of metals in soil (Sarwar

et al., 2017).

Agricultural farmlands contaminated with cadmium (Cd) is a serious
public health concern worldwide due to its potential threat to human
health (Wiggenhauser et al., 2016). Cd is one of the most concerning
pollutants in China, with 7% of the land area impaired by Cd contami-
nation (Wu et al., 2018). At present, three predominant measures are
used to lower the Cd bioavailability in soil: isolation, removal, and
stabilization (Ji et al., 2011). Compared to some physical and chemical
methods, phytoremediation by plants (e.g., hyperaccumulator species)
is the most promising because of its advantages of high efficiency, low
cost, lack of secondary pollution, and in situ nature (Ma et al., 2020).
However, large-scale application of hyperaccumulator plants is still
limited because of the small biomass, slow growth of

It is well documented that intercropping has the advantages of
enabling better light usage in plants, soil fertility, time, and space re-
sources (Y. Tang et al., 2017). In recent years, it has been proposed to use
the hyperaccumulators and the relatively low-accumulator crops in
intercropping systems in combination to improve the remediation effi-
ciency in agricultural practices (Hu et al., 2013; Tang et al., 2020). These
intercropping systems can increase the biomass and the metal acquisi-
tion of hyperaccumulators, while decrease the metal uptake in the target
plants, being a potential way to remediate the contaminated soil without
impeding agricultural production (Xia et al., 2018; Luo et al., 2019).
When intercropped with a hyperaccumulator, interlacing of the roots
elevates the remediation of soil contaminated by heavy metals, thus
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reducing heavy metal acquisition by the target crops (Y. Tang et al.,
2017). In our previous study, the cassava/peanut and the water spinach/
rice intercropping systems notably indicate a yield advantage and
reduce Cd content in the target crops (Zeng et al., 2019; Kang et al.,
2020).

Solanum nigrum L. (S. nigrum), a Cd hyperaccumulator, has showed
good prospects in remediating Cd-polluted soils in many studies (Wei
et al., 2005; Yang et al., 2020). Some measures are taken to promote the
remediation efficiency of S. nigrum, such as AMF (Rhizophagus irregu-
laris) inoculation (G. Wang et al., 2020), changes to the electric condi-
tions (Xu et al., 2020), or improvements to the soil nutrients (Yang et al.,
2020), etc. Funnelliformis mosseae, one of the common AMF species, has
been reported to promote metal bioavailability and facilitate root to
shoot translocation of hyperaccumulators (Al Agely et al., 2005; Puna-
miya et al., 2010). For example, after symbiotic with Funnelliformis
mosseae, S. nigrum exhibits better growth and markedly increase Cd
uptake with better metal-induced stress tolerance (Jiang et al., 2016).
S. nigrum inoculated with AMF ameliorates growth by enhancement of
productivity and nutrient acquisition and reduces pH to increase Cd
bioavailability in the soil, thus increasing Cd uptake in the plant (G.
Wang et al., 2020). However, to our knowledge, there have been few
investigations conducted to study the remediation effects of S. nigrum-
inoculated AMF in an intercropping system.

Rice (Oryza sativa L.) is the main staple crop in Asian countries, and
the high Cd intake from rice plants potentially leads to serious impacts
on public health (Chen et al., 2019). Water scarcity hinders the sus-
tainability of agricultural systems in different parts of Asia, and rice
cultivation expends more than half of the irrigation water in agricultural
production (Dawe, 2005; Hu et al., 2015). Therefore, the cultivation of
upland rice is considered as an effective way to increase water use ef-
ficiency for food production (Khaliq et al., 2019). Many investigations
have demonstrated the major transport processes for rice Cd accumu-
lation: (1) Cd uptake by root, (2) root-to-shoot translocation by xylem
flow, (3) redirection at nodes, (4) Cd remobilization from leaves, and
finally, (5) transportation into the grain (Uraguchi and Fujiwara, 2012;
H. Li et al., 2017). The transport of Cd from the apoplast into the root
cells mainly involves Nramp5, Nrampl, IRT1/IRT2, ZIP4, LCT1, and
YSL (Sasaki et al., 2012; Qin et al., 2020). Some measures, such as
knockout of OsNramp5, are applied to attain low Cd-accumulating rice
cultivars (L. Tang et al., 2017), but whether intercropping affects the
expression of related Cd transporters in rice roots remains unclear.

Therefore, this study aimed to investigate the effects of an S. nigrum
and upland rice intercropping system inoculated with and without AMF
on plant growth, Cd accumulation, root morphological change, organic
acid contents, pH change in the rhizosphere, and gene expression of the
related Cd transporters in rice when spiked with Cd. We hypothesized
that (i) AMF inoculation would improve Cd uptake via the improvement
of S. nigrum growth, increase organic acid and root parameters
(including the total root length, the different root diameter ranges, and
the root surface area), and reduce the rhizosphere pH of S. nigrum, ul-
timately accelerating Cd removal in the intercropping system, that (ii)
the intercropping system coupled with AMF would decrease the Cd
concentration in various parts of upland rice by the downregulation of
Cd transporter genes in the root, increase the rhizosphere pH, and
reduce the rhizospheric organic acid fractions, the root length, and root
surface area, and that (iii) a significant competitive depletion zone of
available Cd could be observed in the upland rice/S. nigrum intercrop-
ping system with AMF. Our findings provided a theoretical basis for
further understanding of the combined use of intercropping and AMF
inoculation to improve phytoremediation in Cd-contaminated soils.

2. Materials and methods
2.1. Plant cultivation

The rice seeds used in this experiment were upland rice (Hanyou 73),
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obtained from Shanghai Tiangu Biotechnology Co., LTD. Hanyou 73 is a
three-line Indica hybrid with water-saving, drought-resistant, and wide
adaptability traits. The seeds of S. nigrum were provided by the Institute
of Applied Ecology, Chinese Academy of Sciences. These seeds were
sterilized in 10% H50 for 15 min and then were rinsed with deionized
water several times. Subsequently, the seeds were grown in sterile
moistened sands with 50% Yoshida’s solution (Yoshida, 1976). The
macroelement compositions (M) of Yoshida’s solution were N (1.1419),
P (0.258), K (0.4097), Mg (1.1315), Ca (0.7982), and S (1.541); the
microelement compositions (mM) were Fe (28.487), Mn (6.428), B
(15.105), Cu (0.1242), Zn (0.1217), and Mo (0.0599); and the Si sup-
plement was 15.834 M. After 30 days, uniform seedlings of upland rice
and S. nigrum were selected for the pot trials.

2.2. Soil and AMF preparation

The soil was collected from the experimental field of the Ecology
Department, South China Agricultural University (23°16'N, 113°37'E),
Guangzhou, PR China. The collected soil sample was dried naturally and
sifted through a 2 mm sieve, without any soil gravel, leaves, or other
debris. The tested soil contained 19.60 g/kg organic matter content,
0.09 g/kg available N, 0.17 g/kg available P, and 0.12 g/kg available K,
with a pH value of 7.02. The soil pH, the soil carbon content, and the
available content of N, P, K were determined by the method of Bao (Bao,
2008). The total Cd content in the soil was 1.12 mg/kg and was supplied
as CdCly-5/2H20. The tested soil was thoroughly blended with the
CdCl,-5/2H50 for a month to stay homogeneous. And the air-dried soil
was autoclaved at 121 °C for 120 min to eliminate indigenous AMF. The
available Cd content (DTPA-Cd) in the tested soil was 0.21 mg/kg.

One type of arbuscular mycorrhizal fungi, Funnelliformis mosseae,
provided by the College of Agriculture, Guangxi University, was used in
this experiment. This AMF was propagated on the roots of maize plants
in a pot culture for 12 weeks. The inoculum contained a growth medium
of spores and infected maize root fragments (Wang et al., 2008).

2.3. Experimental setup

2.3.1. Pot experiment

The pot experiment started in June 2019. The uniform cultivated
seedlings of upland rice (height: ~12 cm) and S. nigrum (~8 cm) were
transferred into each pot (length xwidth xheight =30 x16 x13 cm)
with 3.0 kg soil (soil: sand = 4:1). Inoculum (100 g) was mixed with the
1/3-2/3 depth soil for each inoculated seedling (Luo et al., 2017). The
pot experiment was conducted in a completely randomized design with
the following variables: upland rice monoculture (inoculation without
or with AMF), S. nigrum monoculture (inoculation without or with
AMF), and upland rice/S. nigrum intercropping culture (inoculation
without or with AMF), with seven replicates in each treatment, for a
total of 42 pots (Fig. S1). The soil was maintained at 70% holding water
capacity during the growing period. Yoshida’s nutrient solution (20%)
was added to each pot every week to maintain an adequate soil nutrient
level for plant growth (Li et al., 2016).

2.3.2. Rhizo-box experiment

The rhizo-box experiment also started in June 2019. A total of 3.5 kg
of soil (soil: sand = 4:1) was placed inside a 24 x 30 x 2 cm plastic rhizo-
box, with two valves at the bottom for water drainage. The treatments
were consistent with the treatment of the above pot experiment with
100 g inoculum (2.3.1). Treatments were the same as the pot experi-
ments, with four replicates in each treatment (Fig. S2). Growing man-
agement was consistent with the above pot experiment (2.3.1).

2.4. Sampling

Samples of the pot experiment were harvested in August (Heading
stage of upland rice, 56 days) and October (Maturity stage of upland
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rice, 118 days), 2019, respectively. The rhizosphere exudates of rice and
S. nigrum were carefully collected by the method described by Wen et al.
(2017), with a 50 mL 0.2 mM CacClj; solution. Two 10-mL aliquots of soil
suspension were acquired; one was for the measurement of the rhizo-
sphere pH, and the other was stored at —40 °C for further analysis (Wen
et al., 2017). Moreover, one replicate of each treatment in the heading
stage was selected for non-destructive measurements of pH change
around roots using the method of bromocresol purple (pH=>5.2-6.8) in
agar (Shane et al., 2006). Subsequently, the root and shoot parts of rice
and S. nigrum were separated and then were rinsed successively with tap
water and distilled water to remove the attached impurities. The rice
plants were separated into the seed (hulled grain), husk, straw, and root
at the ripening stage.

After measuring the fresh weight, one part of the root samples (~1.0
g) was stored in 50% ethanol for mycorrhizal colonization assessment
(Luo et al., 2017). In addition, ~0.1 g of rice root subsamples were
frozen in liquid N5 and stored at —80 °C for the following analyses of Cd
transporter genes. The remaining part of the root system was then used
for root scanning by a root scanner (Epson Expression 1600 pro, Model
EU-35, Japan) and analysed by WinRHIZO Reg2009 to acquire the root
parameters (Yang et al., 2019a). Finally, the remaining root samples and
the other parts of the plants were oven-dried at 70 °C to attain a constant
weight.

As for the rhizo-box experiment, the plants were harvested in
September 2019 (90 days). One replicate of each treatment was selected
to harvest the soil and root samples using the grid method (length x
width = 2 cm x 2 cm), namely, the rhizo-box was divided into 2 cm x 2
cm grids for soil samples, in total 180 soil pieces for each rhizo-box.
Subsequently, the roots in the soil pieces were picked out carefully
with tweezers and washed with tap water for several times before the
root scanning to acquire the root parameters. Then the air-dry soil
samples were extracted with 25 mL DTPA (diethylenetriaminepenta-
acetic acid) extractant to detect the DTPA-Cd content with the graphite
furnace atomic absorption spectrometry (ZEEnit700P, Jena, Germany)
(Zeng et al., 2019). The root and shoot parts of the other three replicates
were harvested. The root parts were washed with tap water and distilled
water for several times to remove the attached soil particles. Then the
harvested samples were oven-dried at 70 °C for about a week to obtain a
constant weight.

2.5. Element analysis and AM fungal colonization

The dried samples were ground in a stainless-steel mill and subjected
to microwave digestion (MARS6, CEM Corporation, USA). At the same
time, the quality control (CDHK-GBW(E)100349, certified reference
material for the chemical composition of rice flour) and the blank
samples were generated. The total Cd content was detected by induc-
tively coupled plasma-mass spectrometry (ICP-MS, NexION 2000, USA).
The recovery of the standard ranged between ~90% and ~120%.

The percentage of root length colonized by AMF was estimated by
the method described by Luo et al. (2017) with slight modifications (Luo
et al., 2017). The root samples stored in 50% ethanol were cut into ~1
cm segments, then soaked in 10% (w/w) KOH at 90 °C for 1 h in a water
bath. Next, the roots were acidified with 5% lactic acid for 5 min and
then stained with 0.05% Trypan Blue (w/w) at 90 °C for 30 min (Li et al.,
2011). The AMF colonization rates were calculated using the grid-line
intersect method (Giovannetti and Mosse, 1980). There were three
replicates for each subsample.

2.6. Determination of organic acids in rhizospheric soil

The organic acid extracts were filtered with a PR cartridge and a
0.22 ym membrane to remove interfering substances in the extract.
Then, the organic acid contents were measured by ion chromatography
(ICS-900, DIONEX, USA) using an IonPac ICE-AS6 analytical column.
The eluent was 0.4 mM heptafluorobutyric acid, with a flow rate of 1.0
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mL/min. The regenerant was 5 mM tetrabutylammonium acid, and the
sample loop volume was 50 pL (Baziramakenga et al., 1995). The re-
covery of the standard substances for the organic acids was 78.1% =+
0.17 (n = 3).

2.7. Expression analysis of Cd transporters in rice

Total RNA was extracted from the rice roots using the RNeasy plant
Mini Kit (Qiagen, Hilden, Germany). The yield of RNA was determined
using a NanoDrop 2000 spectrophotometer (Thermo Scientific, USA),
and the integrity was evaluated by agarose gel electrophoresis stained
with ethidium bromide. The RNA was reverse transcribed using the
HiScript II Q RT SuperMix for qPCR (+gDNA wiper) (Vazyme,
R223-01). Nramp5, HMA3, HMAZ2, and GAPDH (Glyceraldehyde 3-phos-
phate dehydrogenase, as an internal control) were amplified by a
GeneAmp® PCR System 9700 (Applied Biosystems, USA) for real-time
polymerase chain reaction (PCR). The designed primer pairs used in
this study were listed in Table S1 (Chen et al., 2019). Relative expression
of Nramp5, HMA3, and HMA2 were calculated using the 2~22Ct method
(Livak and Schmittgen, 2001).

2.8. Data analysis

Experimental data analysis was performed using a one-way, or two-
way analysis of variance (ANOVA), and the means were compared using
a significant difference (Duncan) method at a 5% level (SPSS 17.0).
Before analyzing the parametric statistics (one-way or two-way
ANOVA), the Shapiro-Wilk test and the Kolmogorov-Smirnov test
(SPSS 17.0) were used to check the data normality. And SPSS 17.0 was
used to perform the function conversion (Sqrt, LN, or Lgl0 function)
based on the results of the Shapiro-Wilk and Kolmogorov-Smirnov test
(SPSS17.0). All data are showed as the mean =+ standard error (n = 3). In
addition, figures were generated using Sigmaplot for Windows Version
10.0.

The calculation of the bioconcentration factor (BCF) was as follows:

BCF = Cp/Cs, where Cp and Cs refer to the Cd contents in the plant
and soil, respectively, in mg/kg.

The calculation of transfer factors (TF) was as follows:

TF = Cissue1/Ctissue2, Where Ciissue1 and Ciissue2 refer to the Cd con-
tents in the different parts of the rice plant, in mg/kg (Zeng et al., 2019).

The calculation of total Cd accumulation per plant was as followed:

Total Cd accumulation per plant = C, x B, where n is a part of the
plant (shoot, root), and B is the biomass of the relevant part of a plant.

The calculation of Seed Accumulation Factor (SAF) was as follows:

SAF = Cseed or fruit/Cshoots where Cseed or fruit and Cshoot refer to the Cd
contents in the different parts of the rice plant, in mg/kg (Zhan et al.,
2019).

(SAF<1.0 indicates the prevalence of a protective mechanism
against Cd accumulation in seeds. SAF<0.5 indicates a high seed pro-
tection level. SAF=1.0 shows that there is no specific protection against
Cd accumulation in seeds. SAF> 1.0 indicates that seeds are particularly
susceptible to Cd accumulation).

3. Results
3.1. Plant biomass

Both the cropping system and AMF treatments affected the biomass
of upland rice and S. nigrum (Table 1). At the heading stage, the rice root
and shoot biomass decreased significantly in the intercropping system
with AMF addition. Compared with M treatment, the root and shoot
biomass of IN + A was reduced by 80.0% and 84.7%, respectively.
However, the rice root and shoot biomass showed no significant dif-
ferences among M, IN, and M+A treatments at the heading stage. This
showed that both the cropping system and AMF treatment significantly
influenced the shoot biomass (P < 0.05). Similarly, at the maturity stage,
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Table 1
Biomass of upland rice and S. nigrum under different treatments (g/plant DW).
Treatments Upland rice S. nigrum
Root Shoot Grain Root Shoot Fruits
Heading
stage
M 0.2+ 3.66 + - 0.19 + 4.68 + 0.41 +
0.06a 0.86a 0.02b 0.91b 0.08ab
IN 0.22 + 2.98 + - 0.49 + 5.52 + 0.32 +
0.00a 0.25a 0.06a 0.78b 0.16b
M+A 0.23 + 271 + - 0.45 + 591 + 0.23 +
0.07a 0.57a 0.03a 0.25ab 0.07b
IN+A 0.04 + 0.56 + - 0.57 + 8.35 + 0.73 +
0.01b 0.08b 0.01a 1.15a 0.14a
Cropping n.s. o * n.s. n.s.
AMF n.s. n.s.
Cropping x n.s. n.s. n.s.
AMF
Maturity
stage
M 0.30 + 4.50 + 4.85 + 0.12 + 5.94 + 0.37 +
0.03a 0.63a 0.37a 0.01b 0.44b 0.09b
IN 0.22 + 4.10 + 3.99 + 0.16 + 4.75 + 215+
0.05b 0.32a 0.71a 0.03b 0.53b 0.07a
M+A 0.33 + 3.42 + 3.78 £ 0.17 + 5.41 + 0.41 +
0.05a 0.13a 0.48a 0.02b 0.66b 0.03b
IN+A 0.12 + 1.49 + 1.00 + 0.41 + 10.39 + 0.69 +
0.01b 0.17b 0.09b 0.10a 1.39a 0.20b
Cropping n.s.
AMF n.s.
Cropping x n.s. ns. ns. ns.
AMF

M — monoculture, IN — upland rice/S. nigrum intercropping; +A — with AMF
inoculation. Data of each row marked by the same lowercase letters for the same
treatment are not significantly different at P < 0.05 (means + SE, n = 3).

“ denotes P < 0.01,

" denotes P < 0.05. n.s. denotes no significant difference.

the root, shoot, and grain biomass of IN + A were much lower than with
the other three treatments. The root biomass under IN treatment
decreased by 26.67%, compared with M treatment. However, the shoot
and grain biomass showed no marked difference among M, IN, and M+A
treatments. The two-way ANOVA indicated that both the cropping sys-
tem and AMF treatment significantly affected the root (except AMF),
shoot, and grain biomass of upland rice at the maturity stage, but the
interaction of the cropping system and AMF showed no remarkable
effect.

Inversely, markedly higher root, shoot, and fruit biomasses were
observed in S. nigrum in the intercropping system with AMF addition
(Table 1). The root, shoot, and fruit biomass of IN + A were 3.0-, 1.78-,
and 1.78-fold that of M treatment, respectively, at the heading stage.
Moreover, the root and shoot biomass of S. nigrum under IN + A were
also the highest at the maturity stage, which was 3.42 and 1.75 times
that of M treatment. The two-way ANOVA denoted that AMF treatment
markedly increased the root and shoot biomass of S. nigrum. Similar
results for the biomass of rice and S. nigrum were also observed in the
rhizo-box experiment (Fig. S3).

3.2. Cd concentration and total Cd accumulation

The effects of intercropping and AMF treatments on the Cd concen-
tration and total Cd accumulation in the shoot and root of upland rice
were showed in Fig. 1a, b, c. Compared with monoculture treatments,
the Cd concentration in rice shoots and roots markedly decreased by
80-87% and 54-81%, respectively, for the other treatments at the
heading stage. The lowest Cd concentration in shoot and root was
observed in the IN + A (Fig. 1a). Analogously, the Cd concentration in
shoot, root, husk, and brown rice of upland rice were all remarkably
reduced under the IN, M + A, and IN + A treatments, compared with M
treatment (Fig. 1b). The lowest Cd concentration of all parts in upland
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rice was observed in the IN + A group. Cd concentrations in brown rice
were 1.073, 0.62, 0.40, and 0.38 mg/kg, respectively, for the M, IN, M +
A, and IN + A treatments. Additionally, the lowest total Cd accumula-
tion per plant was also observed in the IN + A group (Fig. 1¢). Compared
with the other three treatments, IN + A significantly decreased the total
Cd accumulation in rice by 85.7-97.3%, 60.9-84.1% for the shoot, and
89.4-96.2%, 75.8-80.4% for root, respectively, at the heading and
maturity stages.

In general, the superposition treatments showed no notable effects
on the Cd concentration in the root, shoot, or fruit of S. nigrum (only IN
notably enhanced the Cd concentration in the shoot and root) (Fig. 1d).
Conversely, the highest total Cd accumulation in the root and shoot
(including fruit) was all observed in the IN + A group, compared with
the other three treatment groups at the heading stage (Fig. le).
Comparably to M treatment, the total Cd accumulation in the root and
shoot of IN + A increased by 179.2% and 84.4%, respectively, at the
heading stage. At the maturity stage, only the shoot Cd accumulation of
IN + A was significantly increased by 1.3-, 1.2-, and 1.9-fold that of the
M, IN, and M + A treatments, respectively. Overall, the Cd concentration
trends of upland rice and S. nigrum in the rhizo-box experiment were
similar to those of potted upland rice and S. nigrum, respectively
(Fig. S4).

3.3. Bioconcentration factors (BCF), transfer factors (TF), and seed
accumulation factor (SAF) of plant

Both the cropping system and AMF treatments affected the BCF, TF,
and SAF of S. nigrum and upland rice in different ways (Table 2). The
highest BCFgpoot/50il Of S. nigrum was present in IN treatment, and the
BCFghoot/soil Of IN + A decreased significantly compared with M and IN
treatments. The two-way ANOVA showed that the cropping system, the
AMF, and the interaction of the cropping system and AMF all notably
affected the BCFghoot/s0il Of S. nigrum at the maturity stage (P < 0.05).
The TFshoot/root Of S. nigrum in all treatments was higher than 1.0, but
there was no obvious difference among different treatments. Besides, the
SAFfryit/shoot Of S. nigrum was all lower than 1.0, indicating a protective
mechanism against Cd accumulation in seeds of S. nigrum.

For upland rice, the BCFghoot/50il Of M treatment was markedly higher
than that of IN, M + A, and IN + A treatments at the heading stage. In
addition, the lowest BCFghoot/s0il Was exhibited in M + A and IN + A
treatments, reducing by 67.5% and 45.2%, respectively compared with
M and IN treatment. The two-way ANOVA indicated that the cropping
system, the AMF, and the interaction of the cropping system and AMF all
significantly affected the BCFgpoot/s0il Of rice (P < 0.01). Additionally,
only the TFghoot/root Of M + A was markedly lower than M treatment at
the heading stage, but the TFghoot/ro0t Of IN, M + A, and IN + A treat-
ments were all notably lower than M treatment at the maturity stage.
Based on the two-way ANOVA, the cropping system, the AMF, and the
interaction of the cropping system and the AMF, all remarkably influ-
enced the TFghoot/root Of rice at the maturity stage (P < 0.01). Noticeably,
the SAFseed/shoot Of rice was lower than 0.5, indicating a high seed pro-
tection level in upland rice.

3.4. Total root length and root length in different root diameter ranges

The cropping system and AMF treatments differentially affected the
total root length and the root length in different root diameter ranges of
upland rice and S. nigrum (Fig. 2). In general, the total root length of
S. nigrum showed a tendency of IN + A > M + A > IN > M. The number
of roots in the 0-0.2 mm root diameter range was the largest, accounting
for approximately 47.9-57.0% and 61.0-75.9%, respectively, for the
heading and maturity stages. Noticeably, comparably to M treatment,
the root length in each root diameter range of S. nigrum was significantly
higher with IN + A treatment (Fig. 2a, b).

Similarly, the largest root length in the 0-0.2 mm root diameter
range was also observed in rice, accounting for 62.8-87.2% and
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Fig. 1. Cd concentrations and total Cd accumulation in upland rice (a, b, ¢) and in S. nigrum (d, e) under different treatments. M — monoculture, IN - upland rice/
S. nigrum intercropping; +A — with AMF inoculation. Data over bars marked by the same lowercase letters for the same treatment are not significantly different at
P < 0.05 (means + SE, n = 3). * denotes P < 0.05.

Table 2
The BCF, TF, and SAF of S. nigrum and upland rice under different treatments.
Treatments S. nigrum Upland rice
BCFshoot/soil TFshoot/root SAFfruit/shoot BCFshoot/soil TFshoot/root SAFjeed/shoot

Heading stage
M 4.38 £+ 0.33ab 1.35 + 0.25a 0.32 £ 0.02¢ 2.94 + 0.43a 0.20 £ 0.05a
IN 5.53 £0.75a 1.54 + 0.06a 0.50 + 0.02b 0.69 + 0.05b 0.12 + 0.01ab
M+A 3.04 £ 0.12b 1.37 + 0.26a 0.77 £ 0.07a 0.73 £+ 0.08b 0.09 + 0.02b
IN+A 4.09 £ 0.59ab 1.27 + 0.09a 0.59 + 0.04b 0.47 £ 0.01b 0.12 + 0.00ab
Cropping n.s. n.s. n.s. n.s.
AMF o n.s. * n.s.
Cropping x AMF n.s. n.s. n.s.
Maturity stage
M 4.38 £0.33b 3.19 £ 0.55a 0.56 £+ 0.01c 2.68 + 0.08a 0.27 £+ 0.01a 0.36 £+ 0.02a
IN 6.16 + 0.24a 1.16 + 0.60b 0.48 + 0.01c 1.46 + 0.01b 0.17 + 0.00b 0.40 + 0.04a
M+ A 3.52 + 0.45 BCE 2.24 £ 0.27a 0.69 + 0.05b 0.87 £ 0.04c 0.12 £ 0.01c 0.42 £+ 0.03a
IN+A 3.23 £0.21c 2.60 £ 0.11a 0.90 £ 0.05a 0.80 £ 0.09¢ 0.15 + 0.00b 0.37 £ 0.04a
Cropping n.s. n.s.
AMF n.s. n.s.

n.s.

Cropping x AMF

M — monoculture, IN — upland rice/S. nigrum intercropping; +A — with AMF inoculation. Data of each row marked by the same lowercase letters for the same

treatment are not significantly different at P < 0.05 (means + SE, n = 3).
" denotes P < 0.01,

" denotes P < 0.05. n.s. denotes no significant difference.

56.6-64.2%, respectively for the heading and maturity stages (Fig. 2c,
d). For upland rice, under the intercropping conditions, the total root
length was markedly reduced at the heading stage (Fig. 2c). The lowest

total root length and the root length in different root diameter ranges
were also observed in IN + A. However, at the maturity stage, the dif-
ferences in total root length between treatments were not significant
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(Fig. 2d).

3.5. Spatial distribution of root surface area of upland rice and S. nigrum

The spatial distribution of roots in the rhizo-box was showed in
Fig. 3. This indicated that the root surface area of S. nigrum and upland
rice was markedly enhanced with the addition of AMF (Fig. 3a, c),
compared to those without AMF (Fig. 3b, d). In the intercropping sys-
tem, the root surface area of S. nigrum with/without AMF inoculation
(Fig. 3e, f) was larger than that of sole S. nigrum without AMF (Fig. 3b).
However, the rice root was significantly inhibited in the intercropping
system (Fig. 3e, f), compared with sole rice with/without AMF (Fig. 3c,
d). These results were consistent with the root length patterns in Fig. 2.
This denoted an avoidant tendency in rice intercropped with S. nigrum,
as more roots distributed in the right side of the rhizo-box (Fig. 3e, f),
compared with sole rice cultivation.

3.6. Spatial distribution of DTPA-Cd in soils

The spatial distribution of DTPA-Cd of S. nigrum and rice in a rhizo-
box under different treatments showed various patterns (Fig. 4).
Compared to S. nigrum without AMF, the DTPA-Cd level in S. nigrum
with AMF inoculation was higher, and this showed that the location with
the highest Cd concentration in soil was coincidently where the roots
were the densest (Fig. 4a, b). Lower DTPA-Cd concentrations were
observed in rice with AMF inoculation, showing a hollow of Cd in the
rhizosphere, compared with rice without AMF (Fig. 4c). Noticeably, a
clear Cd depletion zone appeared along with the root system in the

intercropping system with AMF inoculation (Fig. 4e), while a relatively
higher DTPA-Cd content was observed in the intercropping system
without AMF (Fig. 4f).

3.7. Changes in rhizosphere pH and rhizospheric organic acid fractions

The agar (initial pH of 5.6) was acidified by the root segments of
S. nigrum. However, alkalinization of the agar was observed in rice root
segments (Fig. 5b, c¢). Moreover, the rhizosphere pH value of rice and
S. nigrum showed similar patterns with the agar results. For upland rice,
the lowest rhizosphere pH was observed in sole rice, while the pH of the
intercropping system was markedly higher. However, for S. nigrum, the
lowest rhizosphere pH was observed in the intercropping system with
AMF inoculation. Overall, the rhizosphere pH of S. nigrum was signifi-
cantly lower than that of rice (Fig. 5d).

The cropping and AMF treatments differentially affected the organic
acid fractions in rhizospheric soil of rice and S. nigrum (Fig. Se, f). For
S. nigrum, the organic acid fractions in the rhizospheres were mainly
oxalic, citric, and malic acids (Fig. 5e). Compared to M treatment, the
citric and malic acids of IN + A were significantly higher. No marked
difference in the oxalic acid content was observed between treatments.
For upland rice, a significant increase of oxalic, citric, and malic acids
was observed in rhizospheric soil in the M treatment, while the organic
acid fractions of IN + A were below the detection level (Fig. 5f).

3.8. Relative expression of Nramp5, HMA3, and HMA2 in rice root

The relative expression levels of Nramp5, HMA3, and HMA2 in

88



X. Yang et al.

<

Oy

Distance (cm)

4 6 8 10 12 4 6 8 10

Distance (cm) Distance (cm)

Distance (cm)

4 6 8101214161820

Distance (cm)

S. nigrum-A  (c)

Journal of Hazardous Materials 406 (2021) 124325

12 4 6 8 10 12 4 6 8 10 12
Distance (cm)

Distance (cm)

. 5
0
I
|

5
i

4 6 8101214161820
Distance (cm)

Fig. 3. Spatial distribution of root surface area of upland rice and S. nigrum under different treatments (cm?/plant).

upland rice roots showed a different pattern among treatments (Fig. 5).
Compared to M treatment, the relative expression of Nramp5 in rice
roots did not significantly change in IN treatment, but a notable decrease
was showed in IN + A. However, a significantly higher level of Nramp5
was observed in M+A, compared with M treatment (Fig. 5a). Addi-
tionally, the relative expression of HMA3 in IN, M + A, and IN + A
treatments was markedly higher, compared with M treatment (Fig. 5b).
However, HMA2 expression indicated no significant differences among
treatments, and only HMA2 expression in IN + A was notably lower than
that of IN treatment (Fig. 5¢).

3.9. AMF colonization rate

For inoculated treatments, the AM fungal colonization rates ranged
from 18.77% to 31.76%, while for the treatments without AMF, the
colonization rate ranged from 2.03% to 3.76% (Table 3). Additionally, a
significantly higher colonization rate was observed in plants inoculated
with AMF, compared with no AMF colorization. However, the colori-
zation rate of upland rice and S. nigrum showed no remarkable differ-
ences among different treatments.

4. Discussion

4.1. Effects of intercropping and AMF on plant biomass and AM fungal
colorization

Numerous studies have showed that intercropping can improve the
use efficiency of mineral nutrients, light, water, and space resources,
thus enhancing crop yield/quality (Agegnehu et al., 2006; Lu et al.,
2017). The yield advantages are commonly generated by complemen-
tary effects, better resource use efficiency, or buffering effects against

diseases and weeds (Hauggaard-Nielsen et al., 2008; Raseduzzaman and
Jensen, 2017; Li et al., 2020). However, it has also been suggested that
intercropping systems inoculated with AMF could sometimes result in
unpredictable outcomes because of the growth and nutrients, and heavy
metal uptake of the two intercropped plants. In this study, intercropping
negatively affected upland rice biomass and rice grain, especially with
AMF inoculation (Table 1). It indicated that the rice yield of IN + A was
markedly decreased by 79.4% and 74.9%, respectively, compared with
that of M and IN treatment. However, without AMF colonization, there
was no significant difference between the M treatment (4.85 g/plant)
and IN treatment (3.99 g/plant) groups. Conversely, the highest root
and shoot biomass of S. nigrum were all observed in the IN + A group.
This trend suggested that S. nigrum had a dominant advantage when
competing with rice, and the addition of mycorrhiza further strength-
ened the competitive advantage of S. nigrum (Table 1). Though the land
equivalent ratios (LER) of the upland rice/S. nigrum intercropping sys-
tem with and without AMF were 2.28 and 1.95 (>1.0), respectively, it
still denoted a lower yield in upland rice in the IN + A group. Huang
et al. (2019) suggested that even if the sum of relative yields (LER) is
often greater than one, the intercrop yields would also be lower than
those obtained in sole crop production (Huang et al., 2019). Similar
results from the wheat/maize and the maize/watermelon intercropping
system in the field trials were showed by Gou et al. (2016) and Huang
et al. (2018). Additionally, many studies have demonstrated that AMF
inoculation promotes the plant growth of S. nigrum (Marques et al.,
2008; Liet al., 2018; G. Wang et al., 2020). Therefore, in this controlled
pot experiment, the reduced biomass in upland rice may mainly relate to
the inevitable competition for nutrients, water, and space between up-
land rice and S. nigrum (Hu et al., 2017; X. Li et al., 2017). Furthermore,
the total root length in S. nigrum was much higher than that of upland
rice in IN + A at the heading stage (Fig. 2), and the root surface area
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Table 3

AM fungal colorization rate of upland rice and S. nigrum under different treatments.
Treatments Upland rice S. nigrum

Heading stage Maturity stage Heading stage Maturity stage

M 3.10% + 1.27b 2.19% =+ 0.53b 3.23% + 0.79b 3.39% + 0.79b
IN 3.38% =+ 0.23b 3.76% =+ 0.42b 2.03% =+ 0.48b 3.61% + 1.32b
M+A 18.77% + 6.41a 22.23% + 3.88a 29.69% + 4.38a 31.76% + 5.42a
IN+A 24.60% + 6.02a 19.20% + 2.92a 27.68% + 0.73a 23.82% + 2.08a

M — monoculture, IN — upland rice/S. nigrum intercropping; +A — with AMF inoculation. Data of each row marked by the same lowercase letters for the same

treatment are not significantly different at P < 0.05 (means + SE, n = 3).

distribution also proved that the root growth of rice was inhibited in the
intercropping system with AMF inoculation (Fig. 3). In addition, it
denoted that total root length was positively correlated with the biomass
of upland rice (P < 0.01) and of S. nigrum (P < 0.01) (Craine and Dyb-
zinski, 2013).

Successful AMF colonization was observed in the plant roots
(Table 3). The root colonization rates in the mycorrhizal treatments
were significantly higher than those without mycorrhizal inoculation.
However, the AM fungal colonization rates in this study were lower than
some reported results, which ranged from 32% —43% (Chen et al.,
2019) or 49.5-72.4% (G. Wang et al., 2020). We speculate that this may
be related to a relatively high background value of soil phosphorus (P)
content in this study, as mycorrhiza is more likely to form a symbiotic
relationship with plants at a low P level (Kazantseva et al., 2009). It
could also be related to differences in various plant species, the soil
condition, etc. (Hu et al., 2013; Zhang et al., 2019).

4.2. Effects of intercropping and AMF on BCF, TF, SAF, root parameters,
PH, and organic acid content

TF is an important indicator for assessing the phytoextraction abili-
ties of pollutants by plants, and BCF is an essential index for the
permitted limit of contaminants for different crops (Tang et al., 2020). In
this study, the TF of S. nigrum in all treatments was higher than 1.0,
identifying the hyperaccumulating features of S. nigrum (Kacalkova
et al., 2015). In contrast, the intercropping and AMF treatments both
decreased the BCF and TF values of upland rice, suggesting a lower Cd
uptake and translocation in rice. This was probably related to the
changes in expression of some critical trace element transporters, such
as HMA and Nramp families (Tiong et al., 2015), which is in line with
our gene expression results for the Cd transporters (Fig. 6). These results
are well supported by the Cd acquisition results in rice (Fig. 1). Addi-
tionally, the SAFeed/shoot Of upland rice was lower than 0.5, showing a
protective mechanism against Cd accumulation in seeds of upland rice
(Zhan et al., 2019).

It is suggested that coarse roots retain more Cd in the tissue, while
longer roots or more fine roots promote Cd uptake in plants (Huang
et al., 2015; Yang et al., 2019a). Our results showed that the total root
length, the root surface area, and fine roots in the 0-0.2 mm range were
significantly higher in S. nigrum in the intercropping system with AMF
inoculation. These results were in agreement with the root surface area
in Fig. 3. This is probably attributed to the improvement of mineral
nutrients, photosynthesis, and stress resistance of S. nigrum with AMF,
while upland rice was at a competitive disadvantage (He et al., 2019).
The total root length and fine root length of S. nigrum were positively
related to the shoot Cd acquisition (P < 0.05). Additionally, Li et al.
(2009) found that the thinner root of the hyperaccumulating ecotype
was mainly constituted by roots with diameters between 0.2 and 0.4 mm
(Li et al., 2009). J. Wang et al. (2020) showed that the thinner roots in
the alligator flag contribute to larger Cd accumulation in the rice/alli-
gator flag intercropping system.

The secretion of root exudates is one of the important mechanisms
for altering the rhizosphere to promote metal acquisition in plants,
especially for the hyperaccumulator (Rajniak et al., 2018). For example,

Nramp5/GAPDH
(relative abundance)

HMA3/GAPDH
(relative abundance)

IN+A

HMA2/GAPDH
(relative abundance)
N

M IN

M+A IN+A

Fig. 6. The relative abundances of Nramp5, HMA3, and HMAZ2 genes in upland
rice roots under different treatments, compared to monoculture without AMF
colonization (M treatment). M -monoculture, IN -upland rice/S. nigrum inter-
cropping; +A — with AMF inoculation. Data over bars marked by the same
lowercase letters for the same treatment are not significantly different at
P < 0.05 (means + SE, n = 3). * denotes P < 0.01, * denotes P < 0.05. n.s.
denotes no significant difference.

Tao et al. (2020) proved that tartaric acid enhances Cd mobilization and
uptake in the Cd-hyperaccumulator Sedum alfredii (Tao et al., 2020). Bao
et al. (2011) indicated that S. nigrum with higher organic acid concen-
trations in roots accumulated more Cd in the plants (Bao et al., 2011).
This speculates that the increased organic acid contents lead to rhizo-
sphere soil acidification, and decreased soil pH value (Fig. 5d), further
improving the metal availability (Zu et al., 2020). It has been proven
that a decrease in pH of only 0.2 units leads to a 3-5 times increase in the
labile Cd pool (Zhu et al., 2016). In our results, the total organic acid
content in S. nigrum was higher than that of upland rice, which was
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consistent with the lower rhizosphere pH in S. nigrum (Fig. 5d). The
greater organic acid content in S. nigrum may be related to the larger
biomass with AMF inoculation. This subsequently leads to a higher
production in photosynthate (Mathur et al., 2018), which partially
transforms into a wide range of root exudates in the rhizosphere (Old-
royd, 2013). In addition, the inoculated AMF markedly decreased the
release of organic acid content in rice, which probably led to lower Cd
availability in the rhizosphere, thus reducing Cd uptake in rice tissues
(Fig. 1). Furthermore, in this study, the main organic acid fractions of
upland rice and S. nigrum were oxalic, citric, and malate acids, which
probably related to the plant species and the different soil environments
(Pearse et al., 2006).

4.3. Effects of intercropping and AMF on the expression of Cd
transporters

Abundant documents have verified that Cd enters into root cells via
the transporters NRAMP5 or IRT1, and NRAMPS5 is predominantly
applied in rice roots (Sasaki et al., 2012; Gao et al., 2016). Then, Cd is
transported to the vacuole by OsHMA3 for compartmentalization
(Miyadate et al., 2011), and the OsHMAZ2 transporter is involved in root-
to-shoot translocation of Cd (Takahashi et al., 2012). In our results, the
gene expression of Nramp5 in the superposition treatment (IN + A) was
significantly lower than that in monoculture (Fig. 5a), but the Nramp5
expression in M + A was the highest. To our knowledge, this interesting
result is found in the upland rice/S. nigrum intercropping system with
AMF inoculation for the first time. Although a similar higher Nramp5
level was observed in sole upland rice inoculated with Funnelliformis
mosseae, compared with no-AMF treatment (Chen et al., 2019). How-
ever, the related researches on how the cropping system or AMF inoc-
ulation directly affects the gene expression of Nramp5 is not clear yet.
Based on our present work, we speculate that there are two possible
mechanisms: (i) The intercropping and mycorrhizal symbiosis directly
trigger and regulate the expression of related gene in rice root (Direct
mechanism). For example, Zhou et al. (2020) suggested that
S. maltophilia R5-5 inoculation may directly down-regulate the expres-
sion of Nramp5 and HMA2 in rice roots by its own antibiotic resistance
phenotypes (Zhou et al., 2020). (ii) The expression of Cd transporters in
rice roots is indirectly affected by feedback regulation of Mn concen-
tration in rice root. Nramp5 is a major transporter responsible for Mn and
Cd uptake in rice roots (Sasaki et al., 2012). In our results, although the
Cd concentration in the roots under the IN + A treatment was the lowest,
the Mn concentration was significantly higher than that of M and IN
treatments (Fig. S5). Therefore, we speculate that the Mn concentration
in rice roots negatively regulated the expression of Nramp5. Our results
revealed a new close linkage among the intercropping, the AMF inocu-
lation, and Mn concentration on the Cd transporter gene expression in
upland rice. Besides, the HMA3 expression was lowest in the sole rice
without AMF inoculation, and relatively lower HMA2 expression was
observed in IN + A. This tendency coincidently followed the Cd con-
centration (Fig. 1) and Cd transfer coefficients (Table 2) in rice. As far as
we know, the regulation of Nramp5, HMA3, and HMAZ2 genes expression
upon intercropping and mycorrhizal symbiosis in upland rice was re-
ported for the first time.

4.4. Effects of intercropping and AMF on Cd acquisition in upland rice
and S. nigrum, and the phytoremediation potential

Many studies have considered intercropping as a promising alter-
native to address the heavy metal pollution in agricultural ecosystems
(Cao et al., 2020). Our results indicated a marked decrease in Cd con-
centration in various parts of rice in the intercropping system with and
without AMF inoculation (Fig. 1a, b). Inversely, the total Cd acquisition
in S. nigrum was significantly increased by the intercropping and AMF
treatments (Fig. 1e). However, the intercropping and AMF treatments
showed no significant effects on the Cd concentration in shoots or roots
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of S. nigrum (Fig. 1d), which was probably due to a notable dilution
effect (P < 0.05) on the Cd concentration with the increased biomass
(Table 1) (Hu et al., 2013).

Similar results (decreased Cd concentration in field crops, while
increased Cd acquisition in hyperaccumulators) were observed in the
intercropping system of pak choi and Sedum or fava bean and Sedum
with inoculated endophytes (Ma et al., 2020; Tang et al., 2020), the
intercropped Pteris vittata/Morus alba (Wan et al., 2017), and the
intercropped S. nigrum/eggplant (Y. Tang et al., 2017). These results
mentioned above were attributed to the increased root exudates, the
decreased rhizosphere pH value in hyperaccumulator plants, the
competition for phytoavailable Cd, or the change in the microbial
community structure in the rhizosphere (Wan et al., 2017; Cao et al.,
2020; Tao et al., 2020; Zhou et al., 2020). In our results, we perceived
that the increased Cd acquisition in S. nigrum and the reduced Cd con-
centration in upland rice were also probably related to the competitive
advantages of S. nigrum in this intercropping system inoculated with
AMF. As suggested in Fig. 4, significantly lower DTPA-Cd was observed
in the intercropping system with AMF inoculation (Fig. 4), indicating a
competitive depletion zone between S. nigrum and rice (Wan et al.,
2017). Moreover, the significant decrease in BCF and TF in rice
(Table 2), the increase in total root length and absorptive surface area in
S. nigrum (Figs. 2, 3), the release of total organic acid content (Fig. 5),
and the downregulated expression of Cd transporter genes (Nramp5)
(Fig. 6) also played important roles in reducing the Cd content in various
parts of rice.

In this upland rice/S. nigrum system, the lowest Cd concentration of
brown rice was showed in IN + A (0.38 mg/kg), reduced by 64.5%,
compared with sole upland rice (1.07 mg/kg) without AMF. This value
was lower than the limit established by the Codex Alimentarius Com-
mission of FAO/WHO (<0.4 mg/kg, CXS 193-1995) and the Hygienical
standard for feeds of China (<0.5 mg/kg, GB 13078-2017). Although
this upland rice/S. nigrum system with AMF inoculation did not guar-
antee rice production, it guaranteed food security and increased biomass
of the neighbouring S. nigrum. Besides, the land-use efficiency of inter-
cropping was higher than that of sole cropping of upland rice or
S. nigrum, as the LER of the intercropping system with and without AMF
were much greater than 1.0 (2.28 and 1.95, respectively). The total Cd
accumulation in S. nigrum under IN + A treatment was 42.01 pg/plant,
which was significantly higher than that of M, IN, M+A treatments
(31.04, 36.51, 22.20 pg/plant respectively). Taken together, the system
of upland rice/S. nigrum with AMF inoculation indicated interesting
results, it reduced the grain Cd concentration while increased the Cd
phytoremediation, the land-use efficiency, and the biomass of S. nigrum
in this work, but with a disadvantage of reducing the rice yield. How-
ever, there are unavoidable environment differences (including light,
water, temperature) between the lab and field experiments, which ac-
count for unexpected results in plant performance between the field and
the lab condition (Poorter et al., 2016; Xu et al., 2019). Therefore, the
potted system may not be representative enough because Cd uptake
could be affected by various conditions (such as soil property, crop
category, and climate conditions, etc.) (Puschenreiter et al., 2005).
Hence, more field trials are needed to verify the practicality of this up-
land rice-S. nigrum system with AMF inoculation.

5. Conclusions and prospects

This study illustrated that intercropping upland rice with the
hyperaccumulator S. nigrum, coupled with AMF inoculation, resulted in
the lowest Cd concentration in various parts of the rice plants, and the
Cd concentration in brown rice met the FAO/WHO standard (<0.4 mg/
kg). This decrease was achieved because of the competitive Cd uptake of
the neighbouring S. nigrum, with a significant competitive depletion
zone (lower DTPA-CA) in the intercropping system with AMF inocula-
tion. Moreover, the superposition treatments markedly downregulated
Nramp5 gene expression, while upregulating the HMA3 gene in rice
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roots, resulting in lower Cd bioaccumulation and transfer coefficients.
Besides, fewer root parameters (root length and root surface area) and
lower organic acid exudation also led to lower Cd concentration in rice
parts. In contrast, the coupled treatments of intercropping and AMF
inoculation promoted biomass production, as well as total root length
and fine root length in the 0-0.2 mm diameter range in S. nigrum, and
lower rhizosphere pH with higher rhizospheric organic acids in
S. nigrum, thus increasing total Cd accumulation. Our results also pro-
vided a better understanding of the role of AMF in the upland rice/
S. nigrum intercropping system in Cd-polluted soils. Although the upland
rice/S. nigrum with AMF inoculation showed a negative effect on the rice
yield, it reduced the grain Cd concentration while increased the Cd
phytoremediation, the land-use efficiency, and the biomass of S. nigrum.
It still presents phytoremediation potential for the Cd-contaminated
area.

In sum, the above results provided a better understanding of the
possible regulatory mechanisms of the intercropping of hyper-
accumulators and crops. However, more field experiments are needed to
evaluate the feasibility of this upland rice-S. nigrum system with AMF
inoculation. Further in-depth studies at the rhizosphere processes, the
root-root interaction, and the plant-microbe interaction of the
hyperaccumulator-cash crops intercropping system with mycorrhiza
will provide insights into accelerating the remediation efficiency of
phytoremediation. Moreover, further research into the soil types, the
species of mycorrhiza, hyperaccumulators, and cash crops would help to
fulfil the whole picture of phytoremediation coupled with intercropping
and mycorrhiza. The information gained from such research would
contribute to considerably improving the phytoremediation potential of
the heavy metal contaminated soil.
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ARTICLE INFO ABSTRACT

Keywords: Arbuscular mycorrhizal fungi (AMF) enhance the remediation potential of hyperaccumulator-crop co-planting
AMF . systems, yet the mechanisms governing cadmium (Cd) and phosphorus (P) allocation remain unclear. To
Icr;te;croppmg . investigate these strategies, pot experiments were conducted using Cd-contaminated soil (1.0 mg kg~ Cd) where
Ph;gﬂz:f:umu ator the Cd hyperaccumulator Solanum nigrum (S. nigrum) was intercropped with upland rice under Funneliformis

mosseae inoculation. Rhizospheric GRSP content, Cd/P allocation patterns, and microbial community structure
were analyzed using in situ analysis using laser ablation inductively coupled plasma mass spectrometry (LA-ICP-
MS), sequential chemical extraction, and 16S rRNA sequencing. Results showed that AMF increased total Cd
accumulation in S. nigrum shoots by 25.37 % while reducing Cd uptake in rice shoots and roots by 45.18 % and
55.54 %, respectively. AMF also enhanced the P uptake rate of S. nigrum by 1.76 times compared to non-
inoculated conditions, thereby increasing the total P accumulation in S. nigrum by 25.62 % under Cd stress.
Conversely, AMF negatively impacted the P content and total P accumulation in neighboring rice. Rhizospheric
GRSP content increased significantly, indicating AMF’s role in reducing Cd availability for rice. In situ analysis of
LA-ICP-MS confirmed lower Cd content in rice rhizosphere and root surfaces, with minimal effects on S. nigrum.
Lower DTPA-Cd concentrations in the rhizosphere of intercropped rice further substantiated the mycorrhizal Cd-
blocking effects of AMF. Furthermore, AMF inoculation was the principal factor influencing alterations in the
bacterial community structure within the intercropping system, by increasing the abundance of phosphate-
solubilizing bacteria (mainly Ramlibacter, Roseisolibacter, and Bacillus) in the rhizosphere. AMF reduced the
relative abundance of metal-tolerant bacteria (primarily Flavisolibacter) in the S. nigrum rhizosphere while
enhancing their presence in the rice rhizosphere. This work revealed the resource acquisition effect (especially P
uptake) of AMF on S. nigrum, thereby promoting Cd uptake and its preferential strengthening of the Cd-defending
effect of the intercropped rice.

Allocation strategy

1. Introduction Co-planting combinations of hyperaccumulators and crops vary ac-
cording to the purpose of safety cropping or soil cleanup. Increasing
The co-planting of hyperaccumulating plants and crops typically greenhouse and field studies suggest that co-planting hyper-

increases the biomass and metal uptake of hyperaccumulating plants, accumulators and crops is a sustainable strategy for safely utilizing
while reducing the absorption of metals by target plants; This is a po- contaminated soil. Some commonly used combinations include arsenic
tential method for repairing contaminated soil without affecting agri- (As) hyperaccumulators Pteris vittate and Cd hyperaccumulators Solanum

cultural production (Luo et al., 2019; Wan et al., 2023; Xia et al., 2018). nigrum (Yang et al., 2021), Sedum alfredii (Cao et al., 2021), etc., with
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crops such as Zea mays, Vicia faba, Morus alba, and Oryza sativa (Kang
et al., 2020; Wan et al., 2017; Zu et al., 2017). Research has shown that
root exudate, microbial communities, and root foraging behaviors often
coexist and work together to directly or indirectly affect metal avail-
ability by shaping the rhizospheric properties in the co-planting system
of hyperaccumulators and crops (Wan et al., 2023), including through
changes in root exudate components (organic acids and amino acids
with carboxyl functional groups), changes in soil pH and
oxidation-reduction potential under intercropping mode (Wan et al.,
2023; Yang et al., 2021; Zhan et al., 2016), effects on soil microorganism
recruitment (Wang et al., 2020b) and the ability to absorb and transport
heavy metals (Wan et al., 2017).

In other cases, with the low bioavailability of heavy metals in soil
and the slow growth of hyperaccumulating plants, the phytoremediation
efficiency of the co-planting system is still limited. Mycorrhizal associ-
ations are present in almost all ecosystems and more than 80% of
terrestrial plant species form symbioses with arbuscular mycorrhizal
fungi (AMF) (Smith and Smith, 2011). The addition of
growth-promoting microorganisms (e.g., AMF) is widely used to
improve extraction efficiency (Ma et al., 2020; Tang et al., 2020; Zhu
et al., 2023). For example, S. nigrum inoculated with AMF ameliorates
growth by enhancing productivity and nutrient acquisition and reducing
the pH to increase Cd bioavailability in the soil, thus increasing plant Cd
uptake (Wang et al., 2020a). Interestingly, the literature suggests that
AMF inoculation further promotes heavy metal extraction by hyper-
accumulating plants and reduces the heavy metal uptake of inter-
cropped plants. For example, our previous work proved that AMF
significantly enhanced the efficiency of extracting soil Cd from the
Cd-hyperaccumulator S. nigrum and reduced the Cd concentration of the
intercropped target rice (Yang et al., 2021). Wang et al., (2023a,b,c) also
suggested that cocultivation with S. nigrum and inoculation with Rhi-
zophagus intraradices could improve plant photosynthesis and antioxi-
dant defense to alleviate Cd toxicity to the intercropped soybean (Wang
et al., 2023c). The mentioned studies have mainly explained the effects
of AMF inoculation on the intercropping system, but how AMF differ-
entially affects the Cd uptake of the two neighboring plants still needs to
be further explored.

Additionally, AMF has a good cooperative relationship with the host
plant, with the hyphae having access to nutrient patches (especially P)
and water outside the rhizosphere, beyond the influence of the root, and
in soil pores that are inaccessible to roots (Jiang et al., 2021). AMF can
contribute up to 80 % of the host plant’s inorganic P requirements (Van
Der Heijden and Horton, 2009; Wipf et al., 2019). In return, the host
plant provides carbohydrates to ensure the growth of AMF (Millar and
Bennett, 2016). The literature indicates that AMF also helps plants ac-
quire more P content in the intercropping system. For example, AMF
inoculation increases the P utilization in upland rice-mungbean inter-
cropping systems (Xiao et al., 2010). Zhang et al. (2018) found that AMF
promotes the P concentration of the intercropped alfalfa (Zhang et al.,
2018). Lei et al. (2021) indicated that AMF enhanced plant growth and
the P content of the intercropped upland rice and Cd-hyperaccumulator
S. calendulacea (Lei et al., 2021). However, little is known about how
AMF affects the allocation strategies of soil Cd and P in intercropped
systems of hyperaccumulating plants and crops in Cd-contaminated soil.

AM fungi-bacterial interactions aid plant growth by improving
nutrient access and enhancing tolerance to biotic and abiotic stresses
(Pan et al., 2024; Wang et al., 2023b). AMF stimulates the growth of
different microorganisms via hyphal secretions, by transferring the
carbon of the photosynthetic products to the hyphae that are external to
the soil (Emmett et al., 2021). Jin et al. (2024) indicated that AMF can
prioritize recruiting mycorrhizal helper bacteria (MHB) from cultivable
bacterial populations that can improve their P nutrition (Jin et al.,
2024). Additionally, AMF also immobilizes heavy metals by changing
rhizospheric microbial communities. For example, Chen et al. (2019)
found that AMF lowers the soil Cd availability of rice by enhancing the
relative abundance of Actinobacteria (Chen et al., 2019). Other similar
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studies also indicate that AMF markedly affects key bacterial taxa
(Actinobacteria and Fusobacteria) to improve Medicago sativa resistance
to Cd stress (Wang et al., 2021). These works indicate that AMF works in
conjunction with other soil bacteria to strengthen host plant growth and
resistance to heavy metals. However, how AMF affects microbial
recruitment to assist the acquisition of soil Cd and P in the intercropped
hyperaccumulating plants and crops remains unclear.

Our previous study showed that intercropping S. nigrum with upland
rice, when inoculated with AMF, is an effective system for Cd phytor-
emediation in farmland (Yang et al., 2021). However, the role of AMF in
regulating the uptake of Cd and P in this system remains unclear.
Therefore, the present study further investigated the AMF-mediated soil
Cd and P uptake trade-off strategies in the intercropping system of Cd
hyperaccumulator S. nigrum and upland rice (Oryza sativa L.). In-situ
analyses of Cd and P availability and the microbial structure in the
rhizosphere of this intercropping system were also performed. Using in
situ analyses of Cd and P availability, rhizosphere microbial structure,
and root surface dynamics, we aim to unravel the complex interactions
governing resource allocation and Cd immobilization. The findings have
practical implications for optimizing intercropping systems to simulta-
neously enhance phytoremediation efficiency and ensure crop safety
and nutrient uptake in Cd-contaminated farmlands. Furthermore, this
work contributes to theoretical advancements by elucidating the role of
AMF in mediating plant-microbe-soil interactions, particularly in the
context of resource competition and heavy metal defense. The following
hypotheses were tested. 1) AMF inoculation induces distinct Cd and P
allocation strategies between intercropped S. nigrum and rice by differ-
entially regulating rhizosphere processes (e.g., GRSP secretion, micro-
bial restructuring, and nutrient competition). This results in preferential
Cd accumulation in S. nigrum and reduced Cd bioavailability for rice. 2)
P nutrition of S. nigrum is governed by AMF addition, thereby enhancing
Cd accumulation; that is, the addition of AMF has a resource acquisition
effect (P uptake) for Cd-hyperaccumulator S. nigrum and strengthens the
Cd-defending effect of the intercropped rice.

2. Materials and methods
2.1. Plant cultivation

The rice seeds used in this study were upland rice (Oryza sativa L.,
Hanyou 73, HY 73, Shanghai Tiangu Biotechnology Co., Ltd). S. nigrum
seeds were provided by the Institute of Applied Ecology, Chinese
Academy of Sciences. These seeds were sterilized in 10 % H05 for 15
min and were then rinsed with deionized water several times. Subse-
quently, the seeds were grown in sterile moistened sand, germinated
seeds were watered with 50 % Hoagland nutrient solution (Cui et al.,
2019). The nutrient solution was composed of (in pM) 2500 KNO3, 2500
Ca(NO3)2-4H,0, 1000 MgS04-7H,0, 250 K2SO4, 80 Fe-Na-EDTA, 500
KH3PO4, 4.5 MnCly-4H50, 0.3 ZnSO4-7H20, 0.16 CuSO4.5H20, 0.16
(NH4)6Mo07024-4H20, and 20 H3BOs3. After 30 days, uniform seedlings of
upland rice and S. nigrum were selected for the pot trials.

2.2. Soil and AMF preparation

Tested soil was collected from the experimental paddy field of South
China Agricultural University (23°16'N, 113°37'E), Guangzhou,
Guangdong Province, PR China. Each collected soil sample (paddy soil)
was dried naturally and sifted through a 5 mm sieve to remove soil
gravel, leaves, and other debris. The tested soil (soil: sand = 4:1) con-
tained 18.80 g kg™! organic matter content, 44.10 mg kg~ available
NO3, 6.65 mg kg~! available NHZ, 0.06 g kg ™! Olsen-P and 0.13 g kg~!
available K and was pH 7.12. The soil pH, the soil carbon content, and
the available N, P, and K content were determined via the method of Bao
(Bao, 2008; Yang et al., 2019). The DTPA-Cd content in the soil was 0.11
mg kg~ L.

The experimental soil was thoroughly mixed with CdCly-5/2H50,
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and two different Cd levels (0 and 1 mg kg’l) were set for one month to
make it uniform. The choice of this Cd concentration (1 mg kg_l) was
based on our previous research and the relatively high soil Cd concen-
trations in southern China (Hu et al., 2021; Yang et al., 2021). The
air-dried soil was autoclaved at 121 °C for 120 min to eliminate native
AMF. One type of AMF used in this study was Funneliformis mosseae,
which was provided by the College of Agriculture, Guangxi University.
This AMF was propagated in the roots of potted maize plants for 12
weeks. The inoculum contains the growth medium of spores and frag-
ments of infected maize roots (Wang et al., 2008).

2.3. Experiment setup

The pot experiment was started in a greenhouse (16 h light/8 h dark,
25 °C/30 °C). Uniform seedlings of S. nigrum and upland rice (~8 cm)
were transplanted into each pot (22 x 8 x 10 cm) with 2.0 kg of soil
(soil: sand = 4:1) and 40 g of inoculum per plant. Based on our previous
study, the intercropped S. nigrum with upland rice in the pot experiment
followed a completely randomized design with two treatment variables:
1) Cd levels: 0 mg kg~! (control) and 1 mg kg™'; 2) AMF inoculation:
With or without Funneliformis mosseae inoculation. Four replicates were
set for each treatment, with a total of 16 pots.

The rhizo-box experiment was conducted in a greenhouse (16 h
light/8 h dark, 25 °C/30 °C). A total of 2.0 kg of soil (soil: sand = 4:1)
was placed inside a 24 x 30 x 2 cm plastic rhizo-box, with two valves at
the bottom for water drainage. The rhizo-box experiment was conducted
in a completely randomized design with the following: 1) rice mono-
culture (inoculation without or with AMF), 2) S. nigrum monoculture
(inoculation without or with AMF), and 3) upland rice/S. nigrum inter-
cropped culture (inoculation without or with AMF). Only one Cd level
(1 mg kg™! Cd) was set in this rhizo-box experiment. There were four
replicates in each treatment and a total of 24 pots. The treatments were
supplied with 40 g inoculum per plant. By conducting both experiments
simultaneously, we were able to corroborate findings across different
scales (whole-plant vs. rhizosphere) and validate the consistency of AMF
effects on Cd and P dynamics in the intercropping system.

The AMF inoculum used in the pot experiment or the rhizo-box
experiment was mixed with 1/3-2/3 of the depth of the tested soil for
each inoculated seedling (Luo et al., 2017). Every non-mycorrhizal
potted seedling received an equivalent amount of 5 mL of filtrate of
unsterilized AMF inoculum, meanwhile, all potted seedlings were sup-
plied with 5 mL of filtrate of unsterilized primitive soil to provide the
same microflora except for the absence of AMF. The filtrate was ob-
tained by suspending 100 g of unsterilized inoculum (or unsterilized
primitive soil) in 900 mL of sterile water and filtering through five-layer
quantitative filter paper (Whatman No.1). This allowed the passage of
common soil microbes but efficiently retained the spores and hyphae of
AMF (Wang et al., 2016). The experimental soil was maintained at
60-70 % holding water capacity during the growth period. Low-P
Hoagland nutrient solution (50 pM P) was added to each pot every
week to maintain adequate soil P levels for plant growth (Cui et al.,
2019; Li et al., 2016). All pots were watered with the same amount of
nutrient solution.

2.4. Sampling and analysis

2.4.1. Plant harvest and pot experiment Cd/P determination

Pot experiment samples were harvested 56 days after planting
(Booting stage). Upland rice and S. nigrum were separated into shoot and
root, and the roots were rinsed with tap and distilled water to remove
the attached impurities. After the fresh weight was determined, some
root samples (~1.0 g) were stored in 50 % ethanol for the evaluation of
mycorrhizal colonization (Luo et al., 2017). The remaining root samples
and the rest of the plant were dried in an oven at 70 °C to achieve a
constant weight.

Dried plant samples were ground in a stainless steel mill and
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microwave digested (MARS6, CEM Corporation, USA). Quality control
(CDHK-GBW(E)100349 rice flour chemical composition reference ma-
terial) and blank samples were also prepared. Total Cd and P contents
were determined by ICP-OES (Avio 500, PerkinElmer, Singapore) and
ICP-MS (NexION 350D, PerkinElmer, USA) (Yang et al., 2021).

2.4.2. Plant harvest and parameter determinations of the rhizo-box
experiment

2.4.2.1. In situ analysis by laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS). As for the rhizo-box experiment, the plants
were harvested 72 days after planting. One replicate of each treatment
was selected to harvest the root-soil interface samples for trace element
mapping (LA-ICP-MS). The selected root-soil interface samples of
S. nigrum and rice were carefully located and dug out (about 2 cm in
length and 2 cm in width). These samples were then glued to glass slides
and fixed with an epoxy curing agent. After drying, the samples were
polished with a file until the root-soil interface was exposed for Cd and P
mapping. The trace element mapping was performed using an NWR 193
nm ArF Excimer laser-ablation system coupled to an iCAP RQ ICPMS at
the Guangzhou Tuoyan Analytical Technology Co. Ltd., Guangzhou,
China. The ICP-MS was tuned using NIST 610 and NIST 612 standard
glass to yield low oxide production rates. Helium carrier gas at 0.7 L
min~! was fed into the cup and the aerosol was subsequently mixed with
0.79 L min~! Ar make-up gas. The raw isotope data were reduced using
the ‘Baseline Subtract’ and ‘Trace Elements’ data reduction scheme
(DRS), the latter running within the IOLITE package. In IOLITE, user-
defined time intervals are established for the baseline correction pro-
cedure to calculate session-wide baseline-corrected values for each
isotope. The trace elements were calibrated using NIST 610 as the
external standard (Paton et al., 2011).

2.4.2.2. DTPA-Cd content and GRSP content of soil. An additional three
replicates of roots and shoots were harvested. The root and shoot parts of
rice and S. nigrum were separated. The shaking method was then
employed to collect the rhizosphere soil adhering to the root surfaces of
both plants (Wen et al., 2017). Subsequently, the roots were rinsed
sequentially with tap water and distilled water to remove any attached
impurities. The cleaned roots were then scanned using a root scanner
(Epson Expression 1600 Pro, Model EU-35, Japan) and analyzed with
WinRHIZO Reg2009 software to obtain root parameters. 25 mL of
diethylenetriaminepentaacetic acid (DTPA) was used to extract air-dried
samples of rhizosphere soil and the content of DTPA-Cd was determined
by graphite furnace atomic absorption spectrometry (ZEEnit700P, Jena,
Germany) (Zeng et al., 2019).

Glomalin-related soil protein (GRSP) is a glycoprotein produced in
the soil by AMF and possesses the ability to reduce the bioavailability
and toxicity of heavy metals such as Cu, Cd, and Pb. The extraction and
determination of glomalin-related soil proteins (GRSP) were carried out
according to the method of Malekzadeh et al. (2016). The easily
extractable GRSP (EE-GRSP) was extracted from 1.00 g of air-dried bulk
soil or rhizosphere soil with sodium citrate solution (pH 7.0, 20 mM, 8
mL), and the resulting mixture was autoclaved for 30 min at 121 °C (0.1
MPa). For total GRSP (T-GRSP), 1.00 g samples of air-dried bulk soil or
rhizosphere soil were extracted with sodium citrate solution (pH 8.0, 50
mM, 8 mL), and the resulting mixture was autoclaved for 60 min at
121 °C (0.1 MPa). The supernatant was separated by centrifugation at
5000xg (EE-GRSP) and 6000xg (T-GRSP) for 20 min. The T-GRSP
extraction was performed four times until the supernatant was colour-
less, then the supernatant was mixed well and centrifuged at 10000xg
for 3 min.

The T-GRSP or EE-GRSP supernatant was reacted with an acidic
Coomassie Brilliant Blue G-250 solution. Bovine serum protein was used
as the standard, and its absorption at 596 nm was measured using a
spectrophotometer. Then, the content of GRSP was calculated according
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to the standard curve. After obtaining the absorbance value, the sample
concentration was calculated (mg-g~! dry soil) according to the stan-
dard curve fitting equation: y = 20.921x — 0.2957 (R? = 0.999) (Jia
et al., 2016).

2.4.2.3. S rRNA gene amplification and PacBio sequencing. Total soil
DNA from the rhizosphere soil samples of upland rice and S. nigrum in
the intercropping system was extracted from fresh sample (3.0 g) using
the PowerSoil® DNA Isolation kit (QIAGEN, Germany) according to the
manufacturer’s protocols. The near-full-length bacterial 16S rRNA gene
(V1-V9) was amplified from samples using the primers 27F
(GRGTTTGATYNTGGCTCAG) and 1492R (TASGGHT-
ACCTTGTTASGACTT). The sequencing was performed on the PacBio
sequencing platform and the SMRT sequence reads were processed
through the SMRT Portal (SMRT Link, version 8.0) to filter sequences for
length (<1340 or >1640 bp) and quality. By filtering the circular con-
sumption sequencing (CCS) sequence using UCHIME, version 8.1, opti-
mised CCS was obtained (using USEARCH, version 10.0) for operational
taxonomic unit (OTU) clustering. The database for species annotation
and taxonomic analysis was Silva (Releasel32, http://www.arb-silva.
de; (Wang et al., 2007). To compare the bacterial communities in
different samples, an analysis of similarity (ANOSIM) was performed
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using PRIMER 6 (Zheng et al., 2020). The p-analysis with the principal
component analysis (PCoA) was used to visualize the similarity or
dissimilarity of data.

2.5. AM fungal colonization

The percentage of root length colonized by AMF was estimated ac-
cording to the method described by Cui et al. (2019), with slight mod-
ifications. Fresh root samples were stored in 50 % ethanol, cut into
approximately 1 cm segments, and immersed in 10 % (w/w) KOH in a
90 °C water bath (20~30 min for S. nigrum roots, ~40 min for rice root).
Next, the roots were stained with 5 % ink-vinegar solution for 5 min (Cui
et al.,, 2019). The AMF colonization rate was calculated using the
grid-line intersect method (Giovannetti and Mosse, 1980).

2.6. Data analysis

Experimental data analysis was performed using one-way or two-
way analysis of variance (ANOVA). The means were compared using a
significant difference (Duncan) method at a 5 % level (SPSS 17.0). All
data are shown as the mean + standard error (n = 3 or 4). Figures were
generated using Sigmaplot for Windows Version 10.0.

— (d) HY 73
2 3000
() Cd (F=0.65) n.s.
o AMF (F=11.81) **
ﬁ) 2500 g CA*AMF (F=0.81)n.s.
*
g/ 2000 b ab Cd (F=0.004) n.s.
= AMF (F=1.22) n.s.
2 1500 Cd*AMF (F=4.71) ns.
<
St
= 1000
3
£ 500
Q
A~ 0
0 0+A 1 1+A 0 0+A 1 1+A
~ (¢) HYT3
Z 10
a Cd (F=1.92) ns.
= AMF (F=3.75) n.s.
& 8 | Cd*AMF (F=2.12) ns.
A
%0 6 a Cd (F=0.34) n.s.
et AMF (F=0.81) n.s.
g 4 Cd*AMF (F=6.43) *
=
=
g 2
=1
3
< 0
A~ 0 0+4A 1 1+A 0 0+A 1 1+A
(f) HY73
Cd (F=031 ns.

AMEF (F=1.57) n.s.
3 1 Cd*AMF (F=0.58) n.s.

21 ]

a
a
a
| WT
0 : : :

0 0+tA 1 1+A

P uptake per root length (ng/cm)

Fig. 1. P uptake patterns of interplanted S. nigrum and upland rice. (a) The P concentration of S. nigrum shoot and root; (b) The P accumulation of S. nigrum shoot and
root; (c) The P uptake rate of S. nigrum shoot and root; (d) The P concentration of upland rice shoot and root; (e) The P accumulation of upland rice shoot and root; (f)
The P uptake rate of upland rice shoot and root. +A-with AMF inoculation. 0- without Cd addition (control), 1- Cd level with 1 mg/kg. Each value is the mean (+SE)
of three replicates. Different lowercase letters show statistically significant differences among different treatments (P < 0.05), and the t-test was run to assess the

difference between AMF inoculation and no-AMF inoculation. *P < 0.05.
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3. Results
3.1. Plant P accumulation and P uptake rate

AMF inoculation resulted in a significantly higher colonization rate
compared to non-inoculated plants, as depicted in Fig. S1. However, the
impact of AMF on the biomass of intercropped rice and S. nigrum was
found to be minimal (Fig. S2), thereby eliminating the potential bio-
logical dilution effect associated with increased biomass. The total P
accumulation of S. nigrum increased by 25.62 % with the addition of
AMF under Cd stress (Fig. 1). However, negative effects of AMF and
intercropping showed in the P uptake of rice (Fig. 1b). AMF treatment
significantly decreased the shoot P concentration of the target rice, by
22.03 % and 14.13 % respectively in the CdO and Cd1 groups (Fig. 1d).
However, AMF treatment enhanced the P uptake rate of S. nigrum by
1.92- and 1.76-fold in the Cd0 and Cd1 groups compared to the no-AMF
treatment, but had little effect on the P uptake rate of rice (Fig. 1f). The
ANOVA analysis indicated that the AMF treatment (P < 0.05) had a
considerable effect on the total P uptake rate of S. nigrum and the shoot P
concentration of upland rice.

3.2. Plant Cd accumulation and Cd uptake rate

The results indicated that the addition of AMF significantly increased
the total Cd accumulation of S.nigrum shoots by 25.37 % (Fig. 2a). AMF
treatment markedly reduced the Cd accumulation in rice shoots and
roots by 45.18 % and 55.54 %, respectively (Fig. 2b) but increased the
total Cd extracted by the intercropping system (by 18.93 %). Interest-
ingly, AMF increased the Cd uptake rate of S. nigrum roots but lowered
the Cd uptake efficiency of rice roots (Fig. 2de). The ANOVA analysis
indicated that Cd treatment (P < 0.01) markedly affected the Cd accu-
mulation and Cd uptake rate in both S. nigrum and rice plants. AMF
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addition only influenced the Cd accumulation of S. nigrum shoots and the
total Cd extraction by the intercropping system (P < 0.01).

3.3. Cd and P concentration in the root-soil interface

The rhizo-box experiment served as a further approach to assess the
in situ characterization of soil Cd and phosphorus P levels. As depicted in
Fig. 3, the in situ laser ablation-inductively coupled plasma-mass spec-
trometry (LA-ICP-MS) analysis revealed that the presence of AMF
significantly diminished the concentrations of Cd and P in the rhizo-
sphere and on the root surface of upland rice. This indicates that AMF
could play a role in reducing the Cd bioavailability. Furthermore, the
experiment highlighted that AMF inoculation exerted minimal influence
on the Cd content of S. nigrum, suggesting that the soil Cd avaiblity is less
susceptible to mycorrhizal influence. Conversely, the inoculation did
enhance the availability of P at the root-soil interface of S. nigrum,
implying a positive effect on P nutrition. Moreover, the intercropped
S. nigrum exhibited higher Cd and P contents compared to the target rice.

3.4. GRSP content and DTPA-Cd concentration in the rhizosphere

AMF inoculation had been shown to enhance the content of
glomalin-related soil protein (GRSP) in intercropping systems. In com-
parison to monoculture system, the extracellular (EE)-GRSP and total
(T)-GRSP contents were found to increase by 36.47 % and 19.01 %,
respectively (Fig. 4a). Furthermore, an analysis of the diethylene-
triaminepentaacetic acid (DTPA)-extractable cadmium (Cd) content in
the rhizosphere of intercropped rice revealed that the mycorrhizal
treatment substantially decreased the DTPA-Cd content by 53.52 %
relative to the monoculture system (Fig. 4b). This reduction in DTPA-Cd
content implied a potential role of AMF in mitigating the bioavailability
and toxicity of heavy metals in the soil environment. Correlation
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Fig. 2. Cd accumulation and Cd uptake rate of interplanted S. nigrum and upland rice. (a) Cd accumulation of S. nigrum shoot and root; (b) Cd accumulation of upland
rice shoot and root; (c) Total Cd accumulation of the intercropping system; (d) Cd uptake rate of S. nigrum root; (e) Cd uptake rate of rice root. +A-with AMF. 0-
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differences among different treatments (P < 0.05).
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Fig. 3. Cd and P in situ analysis of roots-soil interface mediated by AMF of interplanted S. nigrum and upland rice. R-rice (HY 73), S-S. nigrum, +A-with AMF
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analysis demonstrated a significant positive correlation between the
concentration of DTPA-extractable Cd and the total GRSP concentration
(P < 0.05; Fig. 4d), indicating that higher GRSP concentrations may be
associated with lower bioavailable Cd levels. However, no significant
correlation was observed between the EE-GRSP concentration in the soil
and the DTPA-Cd concentration (P > 0.05), suggesting that the extra-
cellular fraction of GRSP may not be as closely linked to Cd bioavail-
ability as the total GRSP content.These findings underscored the
potential of AMF inoculation in modifying soil properties and reducing
the environmental risk associated with heavy metal contamination,
likely through the mediation of GRSP.

3.5. The microbial structure of the intercropping system

The near-full-length bacterial 16S rRNA gene (V1-V9) was amplified
using PCR and sequenced using the Illumina MiSeq platform, yielding a
total OUT number of 2388 for further analysis (Figs. S3 and S4). The
alpha diversity of the bacterial communities, as assessed by the Shan-
non, Chao 1, and ACE indices, was significantly higher in the mycor-
rhizal rhizosphere samples compared to the non-mycorrhizal
rhizosphere samples in this intercropping system (P < 0.05; Table S1).
This observation indicates that the introduction of AMF resulted in an
increase in the richness of the rhizosphere microbial communities. The
PCoA based on the Binary_jaccard distance of bacterial communities
(OUT level) of S. nigrum and upland rice demonstrated that the AMF
inoculation was the dominant factor influencing the similarity of the
rhizosphere bacterial communities in the intercropping system of up-
land rice and S. nigrum (Fig. 5 ab), while monoculture or intercropping
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patterns did not affect the structural similarity of the bacterial com-
munity within this system (Fig. S5). These findings highlight an
important role of mycorrhizal associations in shaping the composition
and structure of the rhizosphere microbiome in this study.

Proteobacteria (37.13-49.59 %), Bacteriodota (14.73-24.11 %),
Gemmatimonadota (9.88-16.49 %), Actinobacteriota (2.50-6.12 %)
and Verrucomicrobiota (3.24-4.81 %) were the five dominant bacterial
phyla across all treatments (Fig. 5c). Compared with the no-AMF
treatment, AMF inoculation increased the abundance of Gemmatimo-
nadota (by 40.08 % and 31.25 %), Acidobacteriota (by 58.26 % and
54.31 %) and Firmicutes (by 31.80 % and 46.70 %) for upland rice and
S. nigrum, respectively, while the addition of AMF decreased the abun-
dance of Proteobacteria (by 15.86 % and 25.13 %), Bacteriodota (by
15.59 % and 26.55 %) and Verrucomicrobiota (by 32.64 % and 12.00 %)
for upland rice and S. nigrum, respectively.

The relative abundance of Ramlibacter, Flavisolibacter, and Gemma-
timonas accounted for the highest proportion of genera, totaling 32.27 %
and 25.93 % for upland rice and S. nigrum (Fig. 5d), respectively. The
abundance of Flavisolibacter, Ramlibacter, and Roseisolibacter increased
by 31.18 %, 65.06 %, and 78.17 %, respectively, for upland rice with
AMF inoculation, but AMF reduced the relative abundance of Massillia
and Ohtaekwwangia by 40.96 % and 56.21 %, respectively. For S. nigrum,
AMF treatment increased the relative abundance of Ramlibacter, Rose-
isolibacter, and Bacillus by 54.51 %, 60.31 %, and 63.08 %, respectively,
and decreased the relative abundance of Flavisolibacter, Massillia,
Ohtaekwwangia, and Cupriavidus by 37.94 %, 54.12 %, 28.69 %, and
58.66 %, respectively.

The genera Ramlibacter, Flavisolibacter, and Gemmatimonas were
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dominant in this intercropping system, constituting the highest relative
abundances, which were totaling 32.27 % for upland rice and 25.93 %
for S. nigrum (Fig. 5d). Inoculation with AMF in upland rice led to sig-
nificant increases in the relative abundances of Flavisolibacter (31.18 %),
Ramlibacter (65.06 %), and Roseisolibacter (78.17 %), while it decreased
the relative abundances of Massillia (40.96 %) and Ohtaekwwangia
(56.21 %). Conversely, for S. nigrum, AMF treatment resulted in elevated
relative abundances of Ramlibacter (54.51 %), Roseisolibacter (60.31 %),
and Bacillus (63.08 %), alongside reductions in Flavisolibacter (37.94 %),
Massillia (54.12 %), Ohtaekwwangia (28.69 %), and Cupriavidus (58.66
%). These findings suggested that AMF inoculation exerted genus-
specific effects on the relative abundance of microbial communities in
both upland rice and S. nigrum.

4. Discussion

4.1. Effect of AMF inoculation on Cd and P uptake pattern of
intercropping system

Many studies have proved that the intercropping of hyper-
accumulators and crops can decrease the heavy metal uptake in the
target crop while increasing the acquisition of heavy metals in hyper-
accumulators. Examples include intercropped combinations of Pak choi
and Sedum or fava bean and Sedum with inoculated endophytes (Ma
et al., 2020; Tang et al., 2020), or intercropped Pteris vittata/Morus alba
(Wan et al., 2017) and S. nigrum/eggplant (Tang et al., 2017). However,
research on the remediation of heavy-metal-contaminated soil using
AMF-mediated hyperaccumulators and crops in an intercropping system
has only gradually gained attention in recent years, and the underlying
mechanisms are still not fully understood. In particular, there is a lack of
research on how to balance heavy metal uptake and nutrient absorption.
Most studies have focused on how AMF affects the process of heavy
metal uptake in these systems. For example, the addition of AMF
(Glomus versiforme) reduces Cd accumulation in upland rice (especially
the grains) and increases Cd uptake by intercropped S. calendulacea (Lei
et al., 2021). Besides, Glomus caledonium inoculation increases the P
acquisition of intercropped Sedum alfredii and upland Kangkong, while a
dilution effect results in lower Cd uptake by Kangkong (Hu et al., 2013).
Other research also shows that AMF stabilizes Cd in the soil and enabled
the safe production of soybean grains when intercropped with S. nigrum
(Wang et al., 2025). In the present study, AMF enhanced the total Cd
accumulation of the intercropping system under moderate Cd stress and
reduced the Cd uptake in the target rice but increased the Cd accumu-
lation of S. nigrum. These results were consistent with other studies
mentioned above. Notably, the addition of AMF markedly reduced the
Cd availability, Cd uptake rate, and Cd accumulation in rice parts of the
intercropping system. These results were consistent with some previous
studies of AMF-upland rice systems (Chen et al., 2019).

Generally, the AMF inoculation has access to nutrient patches
(particularly of P) outside the rhizosphere by producing an extensive
network of fine hyphae (Bhantana et al., 2021). Plants deliver carbon in
the form of sugars and lipids to AMF in return for nutrients; in exchange,
AMF supplies nutrients (particularly P) for the host plant (Edlinger et al.,
2022; Smith and Read, 2008). Literature indicates that AMF inoculation
also contributes to the enhanced acquisition of phosphorus by inter-
cropped plants. For example, inoculation with AMF can improve the
phosphorus use efficiency in an intercropped maize with soybean (Song
et al., 2021), or increase the phosphorus concentration in intercropped
alfalfa (Zhang et al., 2018). Other studies have also found that AM fungi
can promote the growth and phosphorus content of intercropped upland
rice and the Cd-hyperaccumulator (Sphagneticola calendulacea) in
Cd-contaminated soil (Lei et al., 2021). However, these AMF reciprocal
strategies primarily rely on the allocation of aboveground photosyn-
thetic carbon resources in plants (Bever et al., 2009; Zheng et al., 2015).
Additionally, the cost of regulating resource allocation may limit plants
from efficiently regulating these strategies (such as plant root growth,
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mycelial growth, exudation release, core microbial recruitment, etc.)
simultaneously (Lambers et al., 2006; Wen et al., 2022). This implies
that the intercropping plants may have different Cd and P allocation
trade-offs. In the present study, AMF inoculation significantly increased
P uptake of intercropped S. nigrum, consistent with the above results.
Conversely, AMF decreased the shoot P uptake of the target rice by
22.03 % and 14.13 % in the Cd0 and Cd1 groups, respectively (Fig. 2).
These P uptake properties may have been caused by reduced P uptake
rate and lowered P availability at the root-soil interface of the inter-
cropped rice. Besides, Zhang et al. (2018) indicated that AMF decreases
the P concentration of the intercropped pepperweed, and provides
protective effects of AMF on pepperweed against As contamination.
While AMF increases P uptake in the neighboring alfalfa, by competing
for P absorption with pepperweed (Zhang et al., 2018). We speculated
that the lower P content in the target rice might be caused by the
interspecific competition between the two intercropped plants (Liao
et al., 2023), as the external hyphae or roots from S. nigrum could reach
the rhizosphere of upland rice and take away P in soil. Another possible
reason was that AMF would preferentially allocate more phosphorus to
plants that provide more carbon resources for AMF (Bever et al., 2009).
Taken together, these results indicated that AMF probably had signifi-
cantly different strategies for obtaining P and Cd in the hyper-
accumulator S. nigrum and rice intercropping system. That is, AMF
tended to improve the nutrient (especially P) acquisition ability of the
intercropped hyperaccumulating plants by promoting growth, which
increased the heavy metal extraction rate while strengthening the
Cd-defending capability of the target rice.

4.2. Cd binding effect of intercropped rice root

The secretion of root exudates is one of the important mechanisms to
modify the rhizosphere to promote the heavy metal uptake of plants
(Rajniak et al., 2018). In the present study, the EE-GRSP and T-GRSP
content in the rhizosphere soil of upland rice was highest in the inter-
cropping treatment with mycorrhizal addition. The T-GRSP content in
the soil of upland rice was significantly negatively correlated with the
Cd concentration in the aboveground part of upland rice, while the
T-GRSP content in the rhizosphere was significantly negatively corre-
lated with the DTPA-Cd content in the rhizosphere (Fig. 4). GRSP is a
stable and persistent protein produced in large quantities by mycorrhizal
fungi and typically divided into two parts: EE-GRSP and T-GRSP (Jia
et al., 2016). GRSP can not only sequester soil carbon but may also serve
as an important reservoir of organic nitrogen in the soil and stabilize
heavy metals such as Pb, Cd, Mn, etc. in soil/water bodies (Ji et al.,
2019; Malekzadeh et al., 2016). Some studies have found that GRSP can
serve as an indicator for land-sea connectivity, feedback terrestrial
nutrient transport, and as an iron-rich carrier to promote carbon fixation
(Wang et al., 2019). Other research also indicates that Pteris vittata-AMF
symbiosis presents a higher contribution to sequestering most heavy
metals by T-GRSP content in the contaminated sites (Qiu et al., 2022).
Therefore, the reduction in Cd uptake by rice could be attributed to an
AMF-induced increase in GRSP content, which bound Cd in the rhizo-
sphere and limited its bioavailability. This result was consistent with
other research that indicated the stabilizing effect of T-GRSP on Cd in
the soil of this system (Jia et al., 2016). Gillespie et al. (2011) found
early that GRSP may be a partner of sulforedoxin and that it contains a
large amount of soil-related heat-stable protein and non-mycorrhizal
protein, lipid, and humus (Gillespie et al., 2011; Jia et al., 2016).
Therefore, in the present study, the T-GRSP content could better char-
acterize the relationship between GRSP content and soil Cd than the
EE-GRSP content could.

4.3. Microbial structure of the intercropping system

The microbial community structure in soil affects plant growth and
nutrient cycling (Zechmeister-Boltenstern et al., 2015). The addition of
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AMF can regulate the rhizospheric microbial composition and foster
certain beneficial microbes to enhance plant tolerance to heavy metal
stress (Zhao et al., 2023). For example, Chen et al. (2019) found that
R. intraradices could significantly increase Actinomycetes in the rhizo-
sphere soil of rice (Chen et al., 2019). Another study also indicated that
AMF significantly enriches more beneficial rhizosphere bacteria (mainly
Rhodobacter, Archangium, and Longimicrobium) that tolerate heavy
metals and facilitate Astragalus adsurgens growth (Li et al., 2023). In the
present study, mycorrhizal addition significantly influenced the rhizo-
spheric microbial (bacterial) communities of S. nigrum and upland rice
in the intercropping system (Table S1). The PCoA analysis also indicated
that mycorrhizal treatment significantly altered the soil bacterial
structure in the rhizosphere of S. nigrum and upland rice (Fig. S3). The
AMF addition mainly increased the relative abundance of Gemmatimo-
nadota and Acidobacteriota but decreased the abundance of Proteobac-
teria and Bacteroidota (Fig. 5a). Other studies have also found similar
results, where AMF inoculation can alter the rhizosphere microbial
community structure and abundance in intercropping systems. Recent
study indicated that AMF (Glomus mosseae) promotes recruitment of
metal-resistant microbial community (including Parvibaculum, Massilia,
and Alistipes), which help reduce Cd migration in Medicago sativa (Wang
et al., 2023a). Other research also indicates that AMF inoculation re-
duces the soil Cd risk in an intercropping system of soybean and
S. nigrum, by regulating the soil microbial genera(Wang et al., 2025).

AMF inoculation notably enhanced the relative abundance of Ram-
libacter, Bacillus, and Roseisolibacter of S. nigrum in the intercropping
system but lowered the bacterial abundance of Flavisolibacter, Massillia,
Ohtaekwangia and Cupriavidus (Fig. 5b). Many reports have indicated
that Gemmatimonas, Ramlibacter and Bacillus have phosphate-
solubilizing and plant growth-promoting traits (Qin et al., 2023;
Rawat et al., 2021). Gemmatimonas, an essential genus for phosphate
solubilisation, can dissolve inefficient phosphorus and convert it for
plant growth (Takaichi et al., 2010). Chen et al. (2022) also found that
Ramlibacter promotes P uptake by ryegrass. Roseisolibacter also belongs
to the Gemmatimonadetes phylum (Pascual et al., 2018), indicating that
AMF strongly influenced the soil P function in the intercropping system
in Cd-contaminated soil, especially for the intercropped S. nigrum.

Massilia is a rhizospheric microorganism that increases the metabolic
activity of the roots. Massilia promotes the metabolic activity of ryegrass
roots, thereby accelerating their absorption of heavy metals (Chen et al.,
2022). Another study also proves that Massilia is a key bacterial genus to
promote maize growth performance (Wang et al., 2024a). Ohtaekwangia
(members of the Bacteroidetes phylum) have also been characterized as
a contamination-tolerant species (Brereton et al., 2020; Yoon et al.,
2011). Flavisolibacter has been identified as the controlling bacteria in
influencing the degradation of pollutants, suggesting the possible func-
tion of pollutant stress (Wang et al., 2024b). Additionally, Cupriavidus
has shown a strong tolerance to heavy metals (e.g. Cu, Pb, Zn, Cd) and is
used for heavy metal wastewater (Shi et al., 2023).

These results suggested that AMF addition mainly increased P-solu-
bilizing bacteria for the intercropped S. nigrum but decreased bacteria
with the function of heavy metal tolerance. Interestingly, AMF inocu-
lation particularly enhanced the relative abundance of Flavisolibacter,
Ramlibacter, and Roseisolibacter in rice in this intercropping system but
lowered the abundance of Massillia and Ohtaekwangia (Fig. 5). These
results implied that AMF addition recruited microbes both with a P
function and with heavy metal tolerance for upland rice; however, the
Flavisolibacter abundance was much higher than that of S. nigrum, sug-
gesting the target rice had higher metal tolerance. Though AMF would
recruit a similar bacterial composition for both S. nigrum and upland
rice, the species proportions were different for these two plants. This
implied possible different function preferences of S. nigrum and inter-
cropped upland rice. However, these results were obtained at one
sampling stage only; the effect of AMF on the recruitment of different
microbes in intercropping systems still needs further research.
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5. Conclusions

The results demonstrated that AMF mediated the Cd and P allocation
strategy of the Cd hyperaccumulator and neighboring rice in Cd-
contaminated soil. The addition of AMF increased Cd and P accumula-
tion by S. nigrum and reduced the Cd uptake of the neighboring rice. The
addition of AMF also increased GRSP content in the rhizosphere of the
target rice, which was responsible for the lower available Cd content. In-
situ LA-ICP-MS analysis demonstrated the strong hindering effect of
AMF on the Cd content of the rice rhizosphere and root surface, as well
as the increase in total P accumulation and the P and Cd uptake rate per
root length of S. nigrum upon AMF addition. Additionally, AMF inocu-
lation reshaped the microbial structure in the intercropping system,
especially the abundance of phosphate-solubilizing bacteria Ramlibacter,
Bacillus, and Roseisolibacter for S. nigrum. AMF stimulated the inter-
cropped S. nigrum to acquire more P than the neighboring rice, thereby
providing a resource acquisition effect but preferentially strengthening
the rice-defending effect in the intercropping system. This strategy holds
economic promise by improving rice marketability through reduced Cd
uptake and enabling profitable Cd recovery via S. nigrum. Enhanced
phosphate-solubilizing microbes lower fertilizer dependency, cutting
costs and environmental impacts. These benefits position it as a cost-
effective solution for Cd-contaminated farmlands. However, field trials
are critical to validate scalability, as microbial dynamics and Cd-
remediation efficiency may vary under diverse soil and climatic condi-
tions. Long-term studies are also needed to assess the stability of AMF-
mediated benefits and cost-effectiveness across different agricultural
systems.
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ARTICLE INFO ABSTRACT

Article history: Salt-tolerant rice (sea rice) is a key cultivar for increasing rice yields in salinity soil. The
Received 3 April 2022 co-existence of salinity and cadmium (Cd) toxicities in the plant-soil system has become a
Revised 31 May 2022 great challenge for sustainable agriculture, especially in some estuaries and coastal areas.
Accepted 31 May 2022 However, little information is available on the Cd accumulating features of sea rice under

the co-stress of Cd and salinity. In this work, a hydroponic experiment with combined Cd
(0,0.2, 0.8 mg/L Cd?*) and saline (0, 0.6%, and 1.2% NaCl, W/V) levels and a pot experiment

Keywords: were set to evaluate the Cd toxic risks of sea rice. The hydroponic results showed that more
Cadmium Cd accumulated in sea rice than that in the reported high-Cd-accumulating rice, Chang
Salt Xianggu. It indicated an interesting synergistic effect between Cd and Na levels in sea rice,
Sea rice and the Cd level rose significantly with a concomitant increase in Na level in both shoot
Interaction (r = 0.54, p < 0.01) and root (r = 0.66, p < 0.01) of sea rice. Lower MDA content was found

in sea rice, implying that the salt addition probably triggered the defensive ability against
oxidative stress. The pot experiment indicated that the coexistent Cd and salinity stress
further inhibited the rice growth and rice yield, and the Cd concentration in rice grain was
below 0.2 mg/kg. Collectively, this work provides a general understanding of the co-stress of
Cd and salinity on the growth and Cd accumulation of sea rice. Additional work is required

to precisely identify the phytoremediation potential of sea rice in Cd-polluted saline soil.
© 2022 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

is reported that about 2.79 x 10° m? of agricultural soils were
polluted with Cd in China (Liu et al., 2015). Additionally, agri-
cultural production is facing increasingly urgent challenges
from salt intrusion due to global warming, ice melt, and ris-
ing sea levels (Thu et al., 2017). The global saline and sodic
soils cover 397 million and 434 million hectares, respectively,

Introduction

Cd is widespread harmful heavy metal in the environment
that possesses high mobility and toxicity to the living organ-
isms (Satarug et al., 2010; Sun et al., 2022; Zhang et al., 2014). It
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and 19.5% of the irrigated lands have been affected by salt
(FAO, 2016). Literature suggests that many arid and semi-arid
areas, and coastal areas in the world are affected by simulta-
neous salt stress and heavy metal pollution (Liang et al., 2017).
For instance, in the eastern coastal areas of China, the rapid
industrial development and the use of fertilizers have intro-
duced a large number of heavy metals, such as Cd, into the
saline tidal lands and the aquatic system (Green-Ruiz et al,,
2008; Han et al.,, 2017), thereby causing serious problems in
environmental management and food production (Han et al,,
2012). An increasing trend of salinity and heavy metal con-
tamination in the coastal area demand research on some
particular plants which can help in overcoming these com-
pounding problems (Bai et al., 2019). But hyperaccumulators
are generally not used for phytoremediation in these pol-
luted areas because they are sensitive to salinity (Helal et al.,
1996; Lefevre et al., 2009). Therefore, halophytic species are re-
garded as the appropriate plants as they can survive under the
combined heavy metal and salinity stress (Kouhi and Moudi,
2020).

Global food demand is likely to double by 2050 to meet
the growing demand and climate change (Tilman et al., 2011).
Salt-tolerant rice cultivars (Porteresiacoarctata Tateoka) have
been considered to be one of the key strategies to increase
rice production, and this rice cultivar can grow in marginal
soils and adverse environments, such as seawater submerged,
saline-alkaline soil near the coastal region (Thu et al., 2017).
For example, the sea-rice 86 (SR 86) cultivar is estimated
to keep an acceptable average yield of 2,250 kg/ha though
growing in extreme environments (Chen et al., 2017). Litera-
ture documented that cultivating rice is also one of the ef-
ficient ways to improve saline soils, as rice plants can in-
crease the soil nutrient contents and diversify soil microor-
ganisms (Xu et al., 2020). However, our previous study sug-
gests that the sea rice (HH12) possesses relatively high Cd
accumulative features compared with another two rice culti-
vars (relatively low and high Cd-accumulating rice cultivars),
and the shoot Cd content in HH12 is as high as 168.99 mg/kg
with hydroponic culture (Yang et al., 2019). Besides, the rela-
tive expression levels of the key genes related to Cd uptake
(Nramp5) and Cd translocation (HMA2) in sea rice roots were
much higher than those of the low-Cd accumulating rice cul-
tivar with Cd stress (Appendix A Fig. S1). Notably, multiple
studies indicate that salinity significantly enhances the heavy
metal mobility in the soil and the accumulation in plant tis-
sues (Wang et al., 2019; Zahedifar and Moosavi, 2020). Cd also
exhibits higher ecological risk and mobility in soil with a salin-
ity effect (Zhao et al., 2013). While little information is con-
cerned about the Cd accumulating features (especially the Cd
concentration in rice grain) of the salt-tolerance rice cultivar
under the co-existent Cd and salinity stress. Therefore, the ob-
jectives of this study were: (1) to investigate the Cd accumu-
lating features of sea rice under co-stress of Cd and salinity;
(2) to identify the interaction of Cd and salinity on the Cd up-
take by sea rice; and (3) to assess the toxic risks of Cd on sea
rice.

1. Materials and methods
1.1. Plant materials and culture

The rice cultivars used in this study were Hai Hong 12 (HH12,
salt tolerance: 0.6% soil salinity) and one reported high-Cd
rice cultivar, Chang Xianggu (Ishikawa et al., 2006; Xu et al.,
2021), which were obtained from the Institute of Subtropical
Agriculture of Chinese Academy of Sciences. The rice seeds
were surface-sterilized by soaking in 10% H,0, for 15 min,
then rinsed with deionized water and placed in containers
with moistened sands for germination. Seed germination was
conducted in a temperature-controlled incubator (28/25 °C,
16/8 hr, day/night) with a relative humidity of 70% for about 30
days. These seedlings were further placed in 250 ml beakers
for 7 days, containing 150 mL of 50% Yoshida’s solution, pre-
pared in deionized water (Yang et al., 2019). The pH of the so-
lution was adjusted to pH 5.0-5.20. The macroelement com-
positions of Yoshida’s stock solution were composed of (in
mol/L) 1.14 N, 0.26 P, 0.41 K, 1.13 Mg, 0.80 Ca, 1.54 S, 15.83
Si; and the microelement compositions were composed of (in
mmol/L) 28.49 Fe, 6.43 Mn, 15.11 B, 0.12 Cu, 0.12 Zn, 0.06 Mo
(Yoshida, 1976). All the beaker walls were covered with black
paper to avoid exposure of light to the root.

1.2 Soil preparation

The tested soil was collected from the experimental field of
the Ecology Department, South China Agricultural University
(23°16'N, 113°37’E). The soil was dried naturally and sifted by
a 2 mm sieve, without any soil gravel, leaves, and other debris.
The tested soil was thoroughly blended with the CdCl,->/,H,0
and NacCl for a month to stay homogeneous before the trans-
planting of rice seedlings (Yang et al., 2021). The pH of the
tested soil was 7.02, containing 19.60 g/kg organic matter con-
tent, 0.09 g/kg available N, 0.17 g/kg available P, and 0.12 g/kg
available K.

1.3. Experimental design

1.3.1. Hydroponic experiment

The hydroponic experiment (30 days) was conducted in the
greenhouse of the College of Agriculture, South China Agri-
cultural University (23°16’N, 113°37’E) to observe the salin-
ity effect on the Cd uptake in sea rice (HH12) and the re-
ported high-Cd accumulating rice (Chang Xianggu). Uniform
and healthy seedlings of each rice cultivar were transplanted
to 100% Yoshida’s solution. Different treatments were or-
ganized with three replications in randomized factorial de-
sign as Cd 0 mg/L + (0%, 0.6%, and 1.2% NaCl, W/V); Cd
0.2 mg/L + (0%, 0.6%, and 1.2% NaCl, W/V); Cd 0.8 mg/L + (0%,
0.6%, and 1.2% NaCl, W/V), respectively. The Cd levels were
supplied as CdCl,-°/,H,0. The different saline levels were de-
termined based on pre-experiment and were supplied as NaCl
(W/V). The salinity and conductivity features of each treat-
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Table 1 - The salinity and conductivity features of the hydroponic solution.

Treatments Na0Cdo Na0Cd1 Na0Cd2 Nal1Cdo NalCd1 NalCd2 Na2Cdo Na2Cd1 Na2Cd2
Salinity (1%o) 0.6 0.6 0.6 1.2 1.2 1.2 1.8 1.8 1.8
Conductivity (mS/cm) 1.2 1.2 1.2 2.29 2.28 2.30 3.39 3.36 3.4

NaO= no extra NaCl added (0% Na), Nal=extra 0.6% NaCl added (W/V), Na2=extra 1.2% NaCl added (W/V); Cd0=0 mg/L Cd, Cd1=0.2 mg/L Cd,
Cd2=0.8 mg/L Cd. E.g., Na0CdO = 0% NaCl, 0 mg/L Cd, the follow-ups were similar.

ment were showed in Table 1. Each pot (diameter = 21.5 cm,
height = 14.3 cm) contained 5 L nutrient solution. Each treat-
ment had 3 replicates with two rice seedlings for each pot.
Yoshida’s solution was renewed every week, and pH was ad-
justed to 5.0-5.2 every three days with potassium hydroxide
(KOH) or hydrochloric acid (HCI).

1.3.2.  Pot experiment

A pot experiment was used to observe the growth and Cd ac-
cumulating performance of HH12 and Chang Xianggu with
simultaneous Cd and salinity stress. The pot experiment
started in April 2020 and was carried out in the greenhouse
of the Ecology Department, South China Agricultural Univer-
sity (23°16'N, 113°37’E). Two uniform-sized seedlings (height:
~15 cm) of each rice cultivar were selected from the germi-
nated seeds used for this experiment with a completely ran-
domized design. The experimental variables were: two soil Cd
concentrations (0 and 1.0 mg/kg, supplied as CdCl,->/,H,0)
and two soil salinity [0 and 0.3% (W/W), supplied as NaCl],
three replicates in each treatment. Each pot contained 4 kg
of paddy soil. A compound fertilizer (15-15-15) was used to
maintain the N, P, and K balance for rice growth (Yang et al,,
2020). The water surface was 1-2 cm higher than the soil sur-
face during the growth process, and HH12 and Chang Xianggu
were, respectively harvested on the 111th and 90th days after
transplanting.

1.4.  Sampling and analysis

1.4.1. Sample harvest

Samples of the hydroponic experiment were harvested after a
30-day treatment. The rice plants of the pot experiment were
collected in July (Maturity stage of Chang Xianggu, 90 days)
and August (Maturity stage of HH12, 111 days), 2020, respec-
tively. After collection, the straw and root portions of the rice
plant were separated. The fresh roots of the hydroponic ex-
periment were soaked in 25 mmol/L Na,-EDTA solution for
15 min to remove the metal ion adsorbed on the root surface
and rinsed thoroughly with deionized water. Rice plants of the
pot experiment were separated into rice grain (hulled grain),
husk, straw, and root at the ripening stage. The plant roots
were rinsed successively with tap water and distilled water
to remove the attached impurities (Yang et al., 2021). The col-
lected plant samples were oven-dried at 105 °C for 20 min and
kept at 75 °C for about three days until a constant weight was
attained.

1.4.2. Cd and Na determination
The dried samples of these rice plants were carefully ground
in a stainless steel mill, and digested by microwave diges-

tion (CEM MARS6, USA) with the mixed HNO3; -H,0, solu-
tion (Yang et al., 2020). Meanwhile, the quality control (CDHK-
GBW/(E)100349, Certified reference material for the chemical
composition of rice flour) and the blank samples were gener-
ated. Total Cd content and Na content were detected by in-
ductively coupled plasma-mass spectrometry (ICP-MS, Nex-
ION 2000, USA) and the graphite furnace atomic absorption
spectrometry (AAS, Z700P, Germany). The recovery of the stan-
dard detected by ICP-MS for each element ranged between
90% and 120%. The Cd recovery rate of the reference mate-
rial detected by AAS was 99.03% =+ 4.18. The reagents used in
the experiments were analytical reagents.

1.4.2. Root parameters and MDA (Malondialdehyde) content
Another rice plant in the hydroponic experiment was selected
to acquire root parameters and MDA content. After soaking in
25 mmol/L Na,-EDTA solution for 15 min, the fresh roots were
scanned by a root scanner (Epson Expression 1600 pro, Model
EU-35, Japan) and analyzed by WinRHIZO Reg2009 to acquire
the root parameters.

The MDAcontents in rice shoots were assessed follow-
ing the modified procedure given by Kamran et al. (2019).
The fresh shoot (0.50 g) was first carefully ground with 2 mL
10% TCA (Trichloroacetic acid) and then with another 3 mL
10% TCA for further grinding. The homogenate obtained af-
ter milling was centrifuged at 3000 r/min for 10 min, and the
supernatant was used as a sample extract. 2 mL of 0.5% TBA
solution was mixed with 2 mL of the supernatant obtained in
the above step, and the mixed solution was put in the water
bath (95 °C) for 20 min, then quickly cooled and centrifuged
(3000 r/min, 10 min). The supernatant was measured with the
UV-Vis spectrophotometer (TU-1901, China) at 532, 600 and
450 nm wavelengths. The control tube replaced the extract
with 2 mL of ultrapure water. The result of MDA concentra-
tion was calculated as followed: Cypa (Pmol/L)=6.45 x (ODs3;-
ODGQo)-O.SG X OD450.

1.5.  Data analysis

Experimental data were analyzed using a one-way or two-way
analysis of variance (ANOVA) and the means were compared
using a significant difference (Duncan) method at a 5% level
(SPSS 17.0). The correlation analysis in Fig. 5 was calculated
by Pearson correlation (SPSS 17.0). And figures were finished
using Sigmaplot 10.0.

The calculation of transfer factors (TF) was as follows:

TF= Ctissue1/Ctissue2, where Ctissuel and Ctissue2 refer
to the Cd contents in the different parts of the rice plant, in
mg/kg (Zhang et al., 2014).
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2. Results and discussion

2.1.  Plant growth, total root length, and MDA content in
rice plants grown in the hydroponic culture

Both Cd and saline stress have remarkable detrimental ef-
fects on plant growth. In general, inhibition of root elonga-
tion is considered the first evidence of Cd toxicity in plants,
as the cell division in the root tip and the cell elongation in
the extension region are easily influenced by toxic heavy met-
als (He et al., 2010; Munzuroglu and Geckil, 2002; Yang et al.,
2019). In addition, salinity also inhibits shoot and root de-
velopment, especially root growth, morphology, anatomy, and
physiology (Ibrahim et al., 2015; Lakhdar et al., 2008). Differ-
ent Cd and salinity levels indicated no markable effects on the
plant biomass of Chang Xianggu, but high Cd and saline stress
significantly reduced shoot biomass of HH12, compared with
CK (Appendix A Table S1). Additionally, the total root length of
HH12 showed no significant decrement under different salin-
ity and Cd stress (except for high Na and Cd levels). The root
length of HH12 at the Na2Cd2 level decreased by 57.30%, com-
pared with CK (Fig. 1). Based on the ANOVA analysis, the Na
treatment (p = 0.71), Cd treatment (p = 0.07), and the Cd x Na
interaction (p = 0.17) all showed no marked effect on the to-
tal root length of HH12. The total root length of Chang Xi-
anggu presented a similar tendency as HH12, but the total
root length of Chang Xianggu was lower than HH12, which
is probably due to the cultivar variation (Lu et al., 2013). And
based on the multi-factor analysis, the rice cultivars (F = 19.04,
p < 0.01) and Cd x Na x cultivar (F = 4.16, p < 0.01) indi-
cated noticeable effects on the total root length (Appendix A
Table S2).

Commonly, MDA is the main product of cell membrane
lipid peroxidation, being an excellent marker of oxidative
stress damage in plants (Shah et al, 2001). The content of
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Fig. 1 - Total root length of HH12 and Chang Xianggu under
different salinity and Cd stress. NaO= no extra NaCl added,
Nal=extra 0.6% NaCl added (W/V), Na2=extra 1.2% NaCl
added (W/V); Cd0=0 mg/L Cd, Cd1=0.2 mg/L Cd,

Cd2=0.8 mg/L Cd. Lowercase letters on the bar chart
indicate significant differences among different treatments
(p < 0.05). **denotes p < 0.01, *denotes p < 0.05, the same
below. Data were presented as mean +standard error
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120 :
— Na0 ; Na (F=11.15%%)
100 1 == Nal | Cd (F=10.74**)
— Na (F=5.03%) o (Fo6.
= — N2 o 80) : o CONa (F=6.39%)
= 80 Cd*Na (F=1.30) 1
o0 1 ab
3 1 be be
g 60 1 &d be
1 ab b a i
al
g 40 abab .
2 b b 1
20 b b : e
I i
0 ' : ' _
Cdo Cd1 Cd2 Cdo Cd1 Cd2
HHI12 Chang Xianggu

Fig. 2 - MDA content in HH12 and Chang Xianggu under

different salinity and Cd stress. Lowercase letters on the

bar chart indicate significant differences among different
treatments (p < 0.05). **denotes p < 0.01, *denotes

p < 0.05, the same below. Data were presented as mean

xstandard error (n = 3).

MDA well indicates the plant salt stress and salt tolerance
(Liang et al., 2018). Additionally, salinity stress usually signifi-
cantly increases the content of MDA (Taibi et al., 2016). In this
work, the highest MDA content of HH12 was found at high
saline and high Cd treatment (Na2Cd2), which indicated the
occurrence of oxidative stress (Shao et al., 2008). But there
was no significant difference between Cdo0, Cd1, and Cd2 treat-
ments when treated with NaO, Na1l, and Na2 levels in HH12
(Fig. 2). As for Chang Xianggu, the Na and Cd treatments and
the Cd x Na interaction all notably influenced MDA content in
the shoot (p < 0.01). Besides, the high Cd level (0.8 mg/L) signif-
icantly increased the MDA content of Chang Xianggu at Nao0,
Nal, and Na2 levels. When compared with Chang Xianggu,
lower MDA content was observed in HH12, indicating the al-
leviation of oxidative stress due to the combined Cd and Na
stress, i.e. the addition of salinity induced effective antioxi-
dants to Cd stress (Ibrahim et al., 2015; Khan et al., 2020). The
multi-factor analysis indicated that Cd treatment, Na treat-
ment, rice cultivars, Cd x Na, Na x cultivar, and Cd x cultivar
all showed marked effects on the MDA content (Appendix A
Table S2).

2.2.  Plant biomass of rice plants cultured with
Cd-polluted saline soil

The excess heavy metal seriously destroyed plant growth, by
disturbing plant physiology, inhibiting root prolongation, etc.
(He et al., 2010; Ur Rehman et al.,, 2017). In this study, rice
biomass was significantly inhibited by Cd exposure, and the
combined stress of Cd and salinity further posed a negative
effect on the plant biomass of Chang Xianggu and HH12. Com-
pared with CK, the Cd stress and Cd+Na treatment markedly
lowered the shoot biomass and grain yield of Chang Xianggu
by 42.27% and 17.83%, and 29.21% and 70.87%, respectively.
The Cd stress reduced the root, shoot, and grain biomass of
HH12 by 60.72%, 42.75%, and 52.40%, respectively, compared
with CK treatment. The Cd+Na group also dramatically inhib-
ited the root, shoot, and grain biomass of HH12, by reducing
66.78%, 40.34%, and 60.93%, respectively, compared with the
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Fig. 3 - Plant biomass of HH12 and Chang Xianggu under
different salinity and Cd stress. Lowercase letters on the
bar chart indicate significant differences among different
treatments (p < 0.05). Data were presented as mean
+standard error (n = 3).

control (Fig. 3). These results indicated that the co-presence of
Cd and salinity has more negative effects on the rice growth
compared to these stresses alone, which were consistent with
some previous results (Abbas et al., 2018; Hussain et al., 2014).
Salinity in soil increase the Cd bioavailability by the formation
of Cd-chloride complexes (Li et al., 2019), thereby aggravating
the Cd toxicity to the rice plant, as the salinity and Cd stress
generally decreased the plant height, root length, photosyn-
thetic rate, and activities of antioxidant enzymes in plants
(Shafi et al., 2009).

2.3.  Cd concentration in rice plants with different Cd and
saline levels grown in the hydroponic culture

The different Na, Cd treatments and the Cd x Na interaction
presented different patterns in the Cd concentration in HH12
and Chang Xianggu (Fig. 4). Without Cd stress or at a low Cd
level, the Cd concentration in the HH12 shoot showed no dif-
ferences among different Na0, Nal, and Na2 treatments. But at
a high Cd level, the Cd concentrations in Na1lCd2 and Na2Cd2
shoot were notably higher than that of NaOCd2, increasing by
15.47% and 17.98%, respectively (Fig. 4a). As for Chang Xianggu,
the shoot Cd concentration presented no differences among
different Na0O, Nal, and Na2 treatments with or without Cd
stress (Fig. 4b). Interestingly, based on the ANOVA analysis, the
Na treatment (p = 0.02) and Cd treatment (p < 0.01) showed an
obvious effect on shoot Cd concentration of HH12, but only the
Cd treatment markedly influenced shoot Cd concentration of
Chang Xianggu (p < 0.01).

Similarly, Na2Cd1 significantly increased the root Cd con-
centration of HH12, increasing by 48.92%, compared with
NaOCd1. While at a high Cd level, Na1Cd2 markedly enhanced
the root Cd concentration of HH12, increasing by 50.23%, com-
pared with Na0Cd2. As for Chang Xianggu, without Cd stress
or at a low Cd level, the Cd concentration in the root showed
no differences among different Na0, Nal, and Na2 treatments.
Based on the ANOVA analysis, the Na treatment (p = 0.03), Cd
treatment (p < 0.01), and the Cd x Na interaction (p < 0.01) all
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Fig. 4 - Cd concentration in shoot and root of HH12 (a,c) and
Chang Xianggu (b,d) and their Cd accumulation (e) under
different salinity and Cd stress. Lowercase letters on the
bar chart indicate significant differences among different
treatments (p < 0.05). **denotes p < 0.01, *denotes

p < 0.05, the same below. Data were presented as mean
xstandard error (n = 3).

showed a significant effect on root Cd concentration of HH12,
but only Cd treatment markedly affected root Cd concentra-
tion of Chang Xianggu (p < 0.01).

Noticeably, the Cd bioaccumulation in HH12 was much
higher than that of Chang Xianggu at a low Cd level, which
was 2.64, 3.59, and 3.19 fold that of Chang Xianggu, respec-
tively at Na0O, Nal, and Na2 treatments (Fig. 4e). The highest
Cd accumulation was found in HH12 under Na1Cd2 treatment
(15.90 pg/plant), which was 2.07 times that of Chang Xianggu.
Additionally, Cd treatment (p < 0.01) and the Cd x Na inter-
action (p < 0.01) significantly influenced Cd accumulation in
HH12, while only Cd treatment affected Cd accumulation in
Chang Xianggu (p < 0.01).

Works of the literature suggest that Cd accumulation in the
plant would be increased in Cd-contaminated soil with saline
stress, resulting from the formation of a C17-Cd complex in
soil (Dutta et al., 2019; Khan et al., 2020; Weggler-Beaton et al.,
2000; Zhao et al., 2013). For example, Li et al. (2019) demon-
strated that chlorine application increases the Cd concentra-
tion in soil pore water, and enhances the Cd concentration
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in the rice tissues. Besides, Shao et al. (2008) showed that
rice plants pretreated with NaCl for 5 days induce higher Cd
concentrations in both roots and shoots of two rice geno-
types. However, the Cd, Na, and Cl forms were ionic states
in our hydroponic culture, which differed from the above re-
sults. These hydroponic results showed the NaCl effect on
Cd uptake independently of Cd bioavailability, which im-
plied that the root cell membrane damage might thus con-
tribute to the non-selective entry of Cd in the solution con-
dition (Lutts and Lefevre, 2015). Besides, a longer total root
length (Fig. 1) and a larger root surface area (data not showed)
were observed in HH12 than that of Chang Xianggu, indicat-
ing that HH12 probably had a larger Cd absorption area in
this work (Huang et al., 2015). Furthermore, the heavy metal
detoxification and salt tolerance mechanisms of rice prob-
ably share some common characteristics, including the an-
tioxidant systems, the intracellular compartments, and the
osmoprotectants in osmotic adjustment systems (Fu et al,,
2011; Yang et al., 2019). Xu et al. (2010) also find that low
salt supplementation reduced the reactive oxygen species
level in Cd-stressed roots, including the increment of the
proline content and glutathione. This research revealed that
the Cd response to plant salinity was associated with an in-
crease in phytochelatin levels and the expression of AtHMA4
(Xu et al,, 2010). Therefore, the addition of salinity proba-
bly strengthened the plant’s defensive ability against oxida-
tive stress by increasing the activities of antioxidative en-
zymes (Fig. 2) or changing the root traits (Fig. 1) and even af-
fecting the expression of heavy metal transporters (Xu et al,,
2010), thereby changing the Cd uptake in the salt-tolerant rice
cultivar.

2.4. Cd uptake by rice plants cultured with Cd-polluted
saline soil

The soil cultured pot experiment indicated a similar trend of
the Cd concentration in the root, shoot, and husk of Chang
Xianggu and HH12 (Table 2). Compared with CK, both the Cd
stress and the Cd+Na group significantly increased the Cd

concentration in the root and shoot parts of Chang Xianggu
and HH12. The Cd and Cd+Na treatment increased the Cd
concentration of rice grain in Chang Xianggu, being 10.68 and
9.03-fold that of CK. Single Cd stress or the combined Cd and
Na stress, however, presented no marked difference in the Cd
concentration of rice grain in HH12. The Cd concentration of
rice grain in Chang Xianggu was much higher than those of
HH12 under both the Cd treatment and the Cd+Na group, be-
ing 1.94 and 2.39 times, respectively. These results implied a
higher food security risk for Chang Xianggu planted in saline
soil with Cd contamination, but the Cd concentrations in rice
grain of HH12 and Chang Xianggu were both lower than the
food safety standard of China (NY861-2004, <0.2 mg/kg). This
soil cultured pot experiment was conducted with a continu-
ous flooding condition during rice growth, which could easily
lead to lower Cd content of rice root, shoot, and grain at the
mature stage (Ye et al., 2018). This may be one of the reasons
why Cd uptake in these two rice plants was relatively low in
this work. Furthermore, these results denoted that a flooding
condition probably weakened the salinity effect on Cd accu-
mulation in sea rice (Table 2).

TF (Transfer Factor) is an important index to evaluate the
ability of plants to extract pollutants (Tang et al., 2020). How-
ever, the TFgpoot/root Of HH12 was both higher than 1.0 un-
der single Cd stress and Cd+Na group, while the TFgain/hysk
of HH12 with combined Cd and saline stress was lower than
1.0. These results indicated a high potential of transporting
Cd from root to shoot in HH12, but with a low risk of trans-
ferring Cd to rice grain, which could be a potential feature to
keep lower Cd toxic risk in rice grain. Chang Xianggu, how-
ever, presented a higher TFgain/musk, being 2.26 and 4.49-folds
that of HH12 under the Cd and Cd+Na treatment (Table 2).
The shoot Cd accumulation of HH12 was higher both with the
treatment of Cd addition or the combined Cd and Na treats,
compared with CK (4.72 and 4.90 folds, respectively). Chang
Xianggu is reported to be a suitable plant for the phytoreme-
diation of paddy soil with moderately low Cd contamination
(Ishikawa et al., 2006; Murakami et al., 2009). Our results in-
dicated that the Cd uptake by HH12 (64.45 pg/plant in the

Table 2 - Cd concentration, TF, and BCA of HH12 and Chang Xianggu under different salinity and Cd stress.

Items Chang Xianggu HH12
CK cd Cd/Na CK cd Cd/Na
Cd concentration Root 0.22  +£0.06 Bb 1.3 +0.22 Aa 125 £0.23 Aa 0.36  +0.04 Bb 14 + 0.10 Aa 134 +£0.16 Aa
(mg/kg) Shoot 0.21  +0.04 Bb 0.76  +0.15Ba 0.83 +£0.21Ba 0.19 +0.03Bb 197 +£0.56 Aa 1.87 +£0.06 Aa
Husk 0.03 +0.02Ba 0.07 +0.01ABa 005 +0.00ABa 0.08 +0.02ABa 0.07 +0.01 ABa 0.12 +0.04a A
Brown 0.02 +£0.02Cb 0.17 +0.04 Aa 0.15 +£0.05ABa 0.08 +0.02 ABCa 0.09 +0.03 ABCa 0.06 £ 0.01BCa
rice
TF TF 097 +0.14ABa 060 +0.08Ba 0.65 +£0.08Ba 0.52 £0.03 Aa 146 + +0.45Aa 144 +£0.21Aa
shoot/root
TF 0.19 +0.10 Ba 0.10 £+ 0.03Ba 0.07 +£0.02Ba 042 £ +0.05Aa 0.05 +0.02Bb 0.06  +0.02 Bb
husk/shoot
TF 0.00 +0.00Cb 258 +069ABa 3.01 +0.93Aa 0.92 £0.05Ca 1.14 +0.13BCa 0.67 +£0.22Ca
grain/husk
Total Cd Root 1.08  +0.06 Cb 12.01 +£2.72 Aa 9.86 +201ABa 492 +0.45BCa 7.68  +2.00 ABa 6.22 +1.17 BCa
accumulation Shoot 17.43 +3.74Bb 38.89 +9.77 ABab 55.26 +1528Aa 13.15 +1.86Bb 62.07 +14.98 Aa 64.45 +6.54 Aa

TF= transfer factor. Lowercase letters on each line indicate the significant differences between different treatments of Chang Xianggu and
HH12, respectively (p < 0.05). The capital letter on each line indicates significant differences between Chang Xianggu and HH12 with different
treatments (p < 0.05). Data were presented as mean +standard error (n = 3).
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shoot) was close to that of Chang Xianggu (55.26 pg/plant)
under the co-stress of Cd and salinity at the same continu-
ous flooding condition, suggesting that sea rice might have
a certain Cd phytoremediation potential under Cd-polluted
saline soil. But additional work was required to verify the
phytoremediation ability involved in Cd removal in sea rice
exposed to co-stress of Cd and salinity in an actual field
condition.

Generally, the NaCl addition increases the Cd mobility
in the soil thus enhancing the Cd concentration or accu-
mulation in plant tissues (Lutts et al., 2016). However, our
work indicated that add-NaCl showed limited influence on
the Cd concentration of rice tissues in the soil-cultured sys-
tem. On the one hand, researchers report that NaCl para-
doxically suppressed the heavy metal-induced growth inhi-
bition (Filipovi¢ et al., 2018; Zhou et al., 2019). For example,
some researchers prove that salinity reduced Cd accumula-
tion in Mediterranean halophyte species (Lefevre et al., 2009),
or the cotton species (Ibrahim et al., 2015). Others argued
that NaCl induces higher Cd solubility in the soil thereby in-
creasing the risk of rice uptaking more Cd, and the salinity-
induced osmoregulation can greatly trigger the biogeochem-
ical processes involved in Cd uptake by plants (Xu et al,
2017). On the other hand, soil salt stress is a complex en-
vironment, with both water stress components associated
with a low osmolality of soil solution and ion stress com-
ponents related to the accumulation of toxic ions (Lutts and
Lefevre, 2015; Stevens et al., 2004). Though with an increase
in heavy metal mobility in soil, the mobilized heavy metals
may not be absorbed by the plant roots (Cheng et al., 2012;
Wahla and Kirkham, 2008). The final Cd uptake by plants may
be influenced by the salinity intensity, water condition, plant
species, etc.

2.5. Na concentration in rice plant with different Cd and
saline levels

The different Na, Cd treatments and the Cd x Na interac-
tion presented different tendencies on the Na concentra-
tion in HH12 and Chang Xianggu (Fig. 5). Without salinity
stress, Cd treatments showed no effect on Na concentration
in HH12. But at high Cd level, shoot Na concentration of
HH12 notably increased, increasing by 66.53% and 55.78%, re-
spectively at low Na and high Na levels (Fig. 5a). The shoot
Na concentration of Chang Xianggu denoted no marked dif-
ferences among Na2Cd0, Na2Cd1l, and Na2Cd2 treatments
(Fig. 5b). Similarly, based on the ANOVA analysis, the Na treat-
ment (p < 0.01), Cd treatment (p < 0.01), and the Cd x Na
interaction (p < 0.01) all showed a considerable effect on
the shoot Na concentration of HH12, but only Na treatment
markedly affected shoot Cd concentration of Chang Xianggu
(p < 0.01).

At a low Na level, Na1Cd2 considerably enhanced Na con-
centration in HH12 root, compared with NalCdo (Fig. 5c). At
high Na levels, Na2Cd1 and Na2Cd1 also increased Na con-
centration in HH12 root, increasing by 58.25% and 49.14%,
respectively, compared with Na2Cdo0. As for Chang Xianggu,
at low Na level or high Na level, low Cd treatment (NalCdl
and Na2Cd1) all decreased root Na concentration, decreas-
ing by 71.00% and 44.57%, compared with NalCd2 and

@ HHI12 ) Chang Xian,
2 60 a) 2 120 b) g Xianggu
g — cdo il g Na (F=63.10%%)
™) == cdl cd (F=336)
S 30 o a2 5 100 Cd*Na (F=1.36)
x x ab
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Fig. 5 - Na concentration in the shoot and root of HH12 (a, c)
and Chang Xianggu (b, d) under different salinity and Cd
stress. Lowercase letters on the bar chart indicate
significant differences among different treatments

(p < 0.05). And **denotes p < 0.01, *denotes p < 0.05, the
same below. And data were presented as mean +standard
error (n = 3).

Na2Cd2, respectively (Fig. 5d). Based on the ANOVA analy-
sis, the Na treatment (p < 0.01), Cd treatment (p < 0.01),
and the Cd x Na interaction (p < 0.01) all notably influ-
enced root Na concentration in HH12 and Chang Xianggu
(p < 0.01).

There was a clear demarcation between the two rice geno-
types in their tolerance and sensitivity. Chang Xianggu was
more sensitive to stresses, as characterized by high Cd and Na
concentration. Additionally, it was interesting to find that the
Cd supplement also notably affected the Na concentration in
both the shoot and root of HH12 (Fig. 5). This result is similar
to Ibrahim et al. (2015), which denotes that the combined Cd
and saline stress causes a notable increase in Na concentra-
tion in cotton species (Ibrahim et al., 2015). But Miihling and
Lauchli (2003) prove that the combined Cd and Na stress sig-
nificantly decreases Na concentration in both salt-sensitive
and salt-tolerant wheat genotypes. As discussed above, the
interaction between Cd and salinity would probably be due to
the increase of plant defensive ability against oxidative stress,
and even the expression of heavy metal transporters. But the
interaction between Cd and NaCl in soil was far more com-
plicated and is affected by many other factors, such as the
plant species and growth conditions (Ibrahim et al., 2015).
However, it is noteworthy to illustrate the interaction be-
tween Cd and salt stress in the salt-tolerant species to eval-
uate the effect of NaCl on Cd absorption independently of Cd
bioavailability in a hydroponic condition (Lutts and Lefevre,
2015).
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Fig. 6 — Correlation analysis between Cd and Na concentrations in the shoot (a, c) and root (b, d) of HH12 and Chang Xianggu
under different salinity and Cd stress. ** denotes p < 0.01, *denotes p < 0.05.

2.6. Correlation analysis between Cd and Na
concentrations

According to the correlation analysis, there was a significant
positive correlation between the Cd concentration and the
Na concentration in the shoot and root of HH12 (p < 0.01)
(Fig. 6a, b). Cd level rose considerably with a concomitant
increase in Na level in both shoot and root of HH12, and
vice versa. Conversely, shoot Cd concentration in Chang Xi-
anggu showed no significant correlation with Na concentra-
tion (p > 0.05) (Fig. 6¢). But root Cd concentration, however,
presented a significant positive correlation with the Na con-
centration in Chang Xianggu (p < 0.01) (Fig. 6d). It denoted that
the responses of root and shoot to the combined Cd and saline
stress were different, and the root response seemed to be more
complicated. Additionally, it suggested that Cd and Na showed
a good synergistic effect in HH12.

3. Conclusion

It was revealed from the hydroponic experiment that Cd level
rose significantly with a concomitant increase in Na level
in both shoot and root of sea rice, but not the high Cd-
accumulating rice cultivar. i.e., Cd level rose significantly with
a concomitant increase in Na level and vice versa. Lower MDA
content was found in HH12, indicating an increase in the de-
fensive ability against oxidative stress with Cd and salinity
stress. The soil-cultured pot experiment showed that the co-
stress of Cd and salinity further inhibited the rice growth and
rice yield of sea rice. High TFgpo0t/r00t ©f HH12 indicated a po-
tential of transporting Cd from root to shoot in HH12, but with
a low risk of transferring Cd to rice grain, and the Cd con-

centration of rice grain met the national food safety limits.
Furthermore, the Cd extracts by sea rice were close to the
reported high-Cd- accumulating Chang Xianggu. Additional
work is however required to precisely identify the phytoreme-
diation ability involved in Cd removal in sea rice exposed to
salinity in the presence of Cd.

Declaration of Competing Interest

The authors declare that they have no known competing fi-
nancial interests or personal relationships that could have ap-
peared to influence the work reported in this article.

Acknowledgment

This work was supported by the National Key Research
and Development Program of China (No. 2020YFC1807805),
the National Natural Science Foundation of China (No.
42107016), the China Postdoctoral Science Foundation (No.
2021M693665), and the Key Realm Research and Development
Program of Guangdong Province (Nos. 2020B0202080001 and
2021B1212040008) for financial support. The authors would
like to thank the sea rice resources support from Professor
Hongkai Zhou of Guangdong Ocean University.

Appendix A Supplementary data

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.jes.2022.05.053.

114


https://doi.org/10.1016/j.jes.2022.05.053

610 JOURNAL OF ENVIRONMENTAL SCIENGES 126 (2023) 602-611

REFERENCES

Abbas, T, Rizwan, M., Alj, S., Adrees, M., Zia-ur-Rehman, M.,
Qayyum, M.F, et al., 2018. Effect of biochar on alleviation of
cadmium toxicity in wheat (Triticum aestivum L.) grown on
Cd-contaminated saline soil. Environ. Sci. Pollut. Res. 25,
25668-25680.

Bai, J,, Zhao, Q., Wang, W., Wang, X., Jia, J., Cui, B, et al., 2019.
Arsenic and heavy metals pollution along a salinity gradient
in drained coastal wetland soils: depth distributions, sources
and toxic risks. Ecol. Indic. 96, 91-98.

Chen, R,, Cheng, Y., Han, S,, Van Handel, B, Dong, L., Li, X,, et al,,
2017. Whole genome sequencing and comparative
transcriptome analysis of a novel seawater adapted,
salt-resistant rice cultivar-sea rice 86. BMC Genom. 18, 655.

Cheng, H, Wang, Y.S,, Ye, Z.H., Chen, D.T,, Wang, Y.T,, Peng, Y.L,
et al,, 2012. Influence of N deficiency and salinity on metal (Pb,
Zn and Cu) accumulation and tolerance by Rhizophora stylosa
in relation to root anatomy and permeability. Environ. Pollut.
164, 110-117.

Dutta, M., Kushwaha, A., Kalita, S., Devi, G., Bhuyan, M., 2019.
Assessment of bioaccumulation and detoxification of
cadmium in soil-plant-insect food chain. Bioresour. Technol.
Rep. 7, 100242.

FAQ, 2016. Salt-affected soil. FAO
https://www.fao.org/soils-portal/soil-management/
management-of-some-problem-soils/salt-affected-soils/en/,
last accessed [2022-4-2]

Filipovi¢, L., Romi¢, M., Romi¢, D., Filipovi¢, V., Ondrasek, G., 2018.
Organic matter and salinity modify cadmium soil
(phyto)availability. Ecotoxicol. Environ. Saf. 147, 824-831.

Fu, X., Dou, C., Chen, Y., Chen, X,, Shi, J., Yu, M., et al., 2011.
Subcellular distribution and chemical forms of cadmium in
Phytolacca americana L. J. Hazard. Mater. 186, 103-107.

Green-Ruiz, C., Rodriguez-Tirado, V., Gomez-Gil, B., 2008.
Cadmium and zinc removal from aqueous solutions by
Bacillus jeotgali: pH, salinity and temperature effects.
Bioresour. Technol. 99, 3864-3870.

Han, L., Sun, H,, Ro, K.S,, Sun, K., Libra, J.A,, Xing, B., 2017. Removal
of antimony (III) and cadmium (II) from aqueous solution
using animal manure-derived hydrochars and pyrochars.
Bioresour. Technol. 234, 77-85.

Han, R.M,, Lefévre, 1., Ruan, C.J,, Qin, P, Lutts, S., 2012. NaCl
differently interferes with Cd and Zn toxicities in the wetland
halophyte species Kosteletzkya virginica (L.) Presl. Plant Growth
Regul. 68, 97-109.

He, ], Ren, Y, Pan, X,, Yan, Y., Zhu, C,, Jiang, D., 2010. Salicylic acid
alleviates the toxicity effect of cadmium on germination,
seedling growth, and amylase activity of rice. J. Plant Nutr. Soil
Sci. 173, 300-305.

Helal, H.,, Haque, S., Ramadan, A., Schnug, E., 1996. Salinity-
heavy metal interactions as evaluated by soil extraction
and plant analysis. Commun. Soil Sci. Plant Anal. 27,
1355-1361.

Huang, B, Xin, J., Dai, H,, Liu, A., Zhou, W, Yi, Y,, et al., 2015. Root
morphological responses of three hot pepper cultivars to Cd
exposure and their correlations with Cd accumulation.
Environ. Sci. Pollut. Res. 22, 1151-1159.

Hussain, R., Ahmad, R., Waraich, E., Nawaz, F,, 2014. Nutrient
uptake, water relations, and yield performance of different
wheat cultivars (Triticum aestivum L.) under salinity stress. J.
Plant Nutr. 38 (13), 2139-2149.

Ibrahim, W., Ahmed, I.M., Chen, X., Cao, F, Zhu, S., Wu, F, 2015.
Genotypic differences in photosynthetic performance,
antioxidant capacity, ultrastructure and nutrients in response
to combined stress of salinity and Cd in cotton. Biometals 28,
1063-1078.

Ishikawa, S., Noriharu, A., Murakami, M., Wagatsuma, T., 2006. Is
Brassica juncea a suitable plant for phytoremediation of
cadmium in soils with moderately low cadmium
contamination?-Possibility of using other plant species for
Cd-phytoextraction. Soil Sci. Plant Nutr. 52, 32-42.

Kamran, M., Malik, Z., Parveen, A., Zong, Y., Abbasi, G.H.,

Rafig, M.T, et al., 2019. Biochar alleviates Cd phytotoxicity by
minimizing bioavailability and oxidative stress in pak choi
(Brassica chinensis L.) cultivated in Cd-polluted soil. J. Environ.
Manag. 250, 109500.

Khan, A, Bilal, S., Khan, A.L., Imran, M., Al-Harrasi, A.,
Al-Rawahi, A., et al., 2020. Silicon-mediated alleviation of
combined salinity and cadmium stress in date palm (Phoenix
dactylifera L.) by regulating physio-hormonal alteration.
Ecotoxicol. Environ. Saf. 188, 109885.

Kouhi, S.M.M., Moudi, M., 2020. Assessment of phytoremediation
potential of native plant species naturally growing in a heavy
metal-polluted saline-sodic soil. Environ. Sci. Pollut. Res. 27,
10027-10038.

Lakhdar, A., Hafsi, C., Rabhi, M., Debez, A., Montemurro, F,,
Abdelly, C., et al., 2008. Application of municipal solid
waste compost reduces the negative effects of saline
water in Hordeum maritimum L. Bioresour. Technol. 99,
7160-7167.

Lefévre, 1., Marchal, G., Meerts, P, Corréal, E., Lutts, S., 2009.
Chloride salinity reduces cadmium accumulation by the
Mediterranean halophyte species Atriplex halimus L. Environ.
Exp. Bot. 65, 142-152.

Li, H,, Li, Z., Khalig, M.A,, Xie, T., Chen, Y., Wang, G., 2019. Chlorine
weaken the immobilization of Cd in soil-rice systems by
biochar. Chemosphere 235, 1172-1179.

Liang, L., Liu, W, Sun, Y., Huo, X,, Li, S., Zhou, Q., 2017.
Phytoremediation of heavy metal contaminated saline soils
using halophytes: current progress and future perspectives.
Environ. Rev. 25, 269-281.

Liang, W., Ma, X., Wan, P, Liu, L., 2018. Plant salt-tolerance
mechanism: a review. Biochem. Biophys. Res. Commun. 495,
286-291.

Liu, F, Liu, X., Ding, C., Wu, L., 2015. The dynamic simulation of
rice growth parameters under cadmium stress with the
assimilation of multi-period spectral indices and crop model.
Field Crops Res. 183, 225-234.

Lu, Z., Zhang, Z., Su, Y,, Liu, C,, Shi, G., 2013. Cultivar variation in
morphological response of peanut roots to cadmium stress
and its relation to cadmium accumulation. Ecotoxicol.
Environ. Saf. 91, 147-155.

Lutts, S., Lefevre, I, 2015. How can we take advantage of
halophyte properties to cope with heavy metal toxicity in
salt-affected areas? Ann. Bot. 115, 509-528.

Lutts, S, Qin, P, Han, R.M., 2016. Salinity influences biosorption of
heavy metals by the roots of the halophyte plant species
Kosteletzkya pentacarpos. Ecol. Eng. 95, 682-689.

Miihling, K.H., Lauchli, A., 2003. Interaction of NaCl and
Cd stress on compartmentation pattern of cations,
antioxidant enzymes and proteins in leaves of two
wheat genotypes differing in salt tolerance. Plant Soil 253,
219-231.

Munzuroglu, O., Geckil, H., 2002. Effects of metals on seed
germination, root elongation, and coleoptile and hypocotyl
growth in Triticum aestivum and Cucumis sativus. Arch. Environ.
Contam. Toxicol. 43, 203-213.

Murakami, M., Nakagawa, F, Ae, N,, Ito, M., Arao, T., 2009.
Phytoextraction by rice capable of accumulating Cd at high
levels: reduction of Cd content of rice grain. Environ. Sci.
Technol. 43, 5878-5883.

Satarug, S., Garrett, S.H., Sens, M.A,, Sens, D.A., 2010. Cadmium,
environmental exposure, and health outcomes. Environ.
Health Perspect. 118, 182-190.

115


http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0001
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0001
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0001
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0001
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0001
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0001
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0001
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0001
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0002
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0002
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0002
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0002
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0002
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0002
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0002
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0002
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0003
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0003
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0003
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0003
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0003
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0003
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0003
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0003
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0004
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0004
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0004
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0004
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0004
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0004
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0004
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0004
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0005
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0005
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0005
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0005
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0005
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0005
https://www.fao.org/soils-portal/soil-management/management-of-some-problem-soils/salt-affected-soils/en/
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0007
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0007
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0007
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0007
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0007
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0007
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0008
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0008
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0008
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0008
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0008
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0008
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0008
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0008
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0009
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0009
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0009
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0009
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0010
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0010
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0010
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0010
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0010
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0010
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0010
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0011
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0011
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0011
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0011
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0011
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0011
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0012
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0012
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0012
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0012
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0012
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0012
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0012
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0013
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0013
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0013
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0013
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0013
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0014
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0014
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0014
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0014
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0014
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0014
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0014
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0014
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0015
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0015
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0015
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0015
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0015
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0016
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0016
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0016
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0016
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0016
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0016
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0016
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0017
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0017
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0017
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0017
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0017
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0018
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0018
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0018
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0018
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0018
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0018
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0018
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0018
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0019
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0019
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0019
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0019
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0019
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0019
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0019
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0019
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0020
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0020
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0020
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0021
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0021
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0021
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0021
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0021
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0021
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0021
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0021
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0022
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0022
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0022
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0022
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0022
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0022
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0023
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0023
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0023
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0023
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0023
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0023
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0023
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0024
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0024
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0024
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0024
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0024
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0024
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0024
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0025
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0025
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0025
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0025
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0025
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0026
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0026
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0026
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0026
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0026
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0027
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0027
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0027
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0027
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0027
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0027
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0028
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0028
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0028
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0029
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0029
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0029
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0029
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0030
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0030
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0030
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0031
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0031
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0031
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0032
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0032
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0032
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0032
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0032
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0032
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0033
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0033
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0033
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0033
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0033

JOURNAL OF ENVIRONMENTAL SCIENCES 126 (2023) 602-6T11 611

Shafi, M., Bakht, J., Hassan, M.J,, Raziuddin, M., Zhang, G., 2009.
Effect of cadmium and salinity stresses on growth and
antioxidant enzyme activities of wheat (Triticum aestivum L.).
B. Environ. Contam. Tox 82, 772-776.

Shah, K., Kumar, R.G., Verma, S., Dubey, R., 2001. Effect of
cadmium on lipid peroxidation, superoxide anion generation
and activities of antioxidant enzymes in growing rice
seedlings. Plant Sci. 161, 1135-1144.

Shao, G., Chen, M., Wang, W., Zhang, G., 2008. The effect of salinity
pretreatment on Cd accumulation and Cd-induced stress in
BADH-transgenic and nontransgenic rice seedlings. J. Plant
Growth Regul. 27, 205.

Stevens, D., McLaughlin, M., Heinrich, T., 2004. Determining
toxicity of lead and zinc runoff in soils: salinity effects on
metal partitioning and on phytotoxicity. Environ. Toxicol.
Chem. 22, 3017-3024 /SETAC.

Sun, C, Liang, X,, Gong, X., Chen, H,, Liu, X., Zhang, S., et al., 2022.
Comparative transcriptomics provide new insights
into the mechanisms by which foliar silicon alleviates the
effects of cadmium exposure in rice. J. Environ. Sci. 115,
294-307.

Taibi, K., Taibi, F, Ait Abderrahim, L., Ennajah, A., Belkhodja, M.,
Mulet, .M., 2016. Effect of salt stress on growth, chlorophyll
content, lipid peroxidation and antioxidant defence systems
in Phaseolus vulgaris L. S. Afr. J. Bot. 105, 306-312.

Tang, L., Hamid, Y., Zehra, A., Sahito, Z.A., He, Z., Beri, W.T, et al,,
2020. Fava bean intercropping with Sedum alfredii inoculated
with endophytes enhances phytoremediation of
cadmium and lead co-contaminated field. Environ. Pollut. 265,
114861.

Thu, T.T.P,, Yasui, H., Yamakawa, T., 2017. Effects of salt stress on
plant growth characteristics and mineral content in diverse
rice genotypes. Soil Sci. Plant Nutr. 63, 264-273.

Tilman, D., Balzer, C., Hill, J., Befort, B.L., 2011. Global food demand
and the sustainable intensification of agriculture. Proc. Natl.
Acad. Sci. USA 108, 20260-20264.

Ur Rehman, M.Z., Rizwan, M., Alj, S,, Ok, Y.S., Ishaque, W.,
Nawaz, M.F, et al,, 2017. Remediation of heavy metal
contaminated soils by using Solanum nigrum: a review.
Ecotoxicol. Environ. Saf. 143, 236-248.

Wahla, I.H., Kirkham, M.B., 2008. Heavy metal displacement in
salt-water-irrigated soil during phytoremediation. Environ.
Pollut. 155, 271-283.

Wang, M., Chen, S., Chen, L., Wang, D., Zhao, C., 2019. The
responses of a soil bacterial community under saline stress
are associated with Cd availability in long-term
wastewater-irrigated field soil. Chemosphere 236, 124372.

Weggler-Beaton, K., McLaughlin, M.J., Graham, R., 2000. Salinity
increases cadmium uptake by wheat and Swiss chard from
soil amended with biosolids. Soil Res. 38, 37-46.

Xu, J., Yin, H,, Liu, X,, Li, X., 2010. Salt affects plant Cd-stress
responses by modulating growth and Cd accumulation. Planta
231, 449-459.

Xu, Y, Feng, J., Li, H., 2021. How intercropping and mixed systems
reduce cadmium concentration in rice grains and improve
grain yields. J. Hazard. Mater. 402, 123762.

Xu, Z.M,, Li, Q.S., Yang, P, Ye, HJ., Chen, Z.S.,, Guo, S.H,, et al., 2017.
Impact of osmoregulation on the differences in Cd
accumulation between two contrasting edible amaranth
cultivars grown on Cd-polluted saline soils. Environ. Pollut.
224, 89-97.

Xu, Z., Shao, T,, Lv, Z,, Yue, Y,, Liu, A, Long, X., et al., 2020. The
mechanisms of improving coastal saline soils by planting rice.
Sci. Total Environ. 703, 135529.

Yang, X., Lin, R,, Zhang, W, Xu, Y., Wei, X., Zhuo, C,, et al., 2019.
Comparison of Cd subcellular distribution and Cd
detoxification between low/high Cd-accumulative rice
cultivars and sea rice. Ecotoxicol. Environ. Saf. 185, 109698.

Yang, X., Qin, J., Li, J., Lai, Z., Li, H., 2021. Upland rice intercropping
with Solanum nigrum inoculated with arbuscular mycorrhizal
fungi reduces grain Cd while promoting phytoremediation of
Cd-contaminated soil. J. Hazard. Mater. 406, 124325.

Yang, X., Zhang, W,, Qin, J., Zhang, X., Li, H., 2020. Role of
passivators for Cd alleviation in rice-water spinach
intercropping system. Ecotoxicol. Environ. Saf. 205, 111321.

Ye, X, Li, H,, Zhang, L., Chai, R, Tu, R,, Gao, H., 2018. Amendment
damages the function of continuous flooding in decreasing Cd
and Pb uptake by rice in acid paddy soil. Ecotoxicol. Environ.
Saf. 147,708-714.

Yoshida, S., Yoshida, S., Forno, D.A., Cock, J.H., 1976. Routine
procedure for growing rice plants in culture solution. In:
Laboratory Manual for Physiological Studies of Rice.
International Rice Research Institute, Los Banos, pp. 61-66.

Zahedifar, M., Moosavi, A.A., 2020. Assessing cadmium
availability of contaminated saline-sodic soils as influenced
by biochar using the adsorption isotherm models. Arch.
Agron. Soil Sci. 66, 1735-1752.

Zhang, H., Guo, Q., Yang, J., Chen, T., Zhu, G., Peters, M., et al., 2014.
Cadmium accumulation and tolerance of two castor cultivars
in relation to antioxidant systems. J. Environ. Sci. 26,
2048-2055.

Zhao, S., Feng, C., Wang, D,, Liu, Y., Shen, Z., 2013. Salinity
increases the mobility of Cd, Cu, Mn, and Pb in the sediments
of Yangtze Estuary: relative role of sediments’ properties and
metal speciation. Chemosphere 91, 977-984.

Zhou, M., Engelmann, T, Lutts, S., 2019. Salinity modifies heavy
metals and arsenic absorption by the halophyte plant species
Kosteletzkya pentacarpos and pollutant leaching from a
polycontaminated substrate. Ecotoxicol. Environ. Saf. 182,
109460.

116


http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0034
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0034
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0034
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0034
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0034
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0034
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0035
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0035
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0035
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0035
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0035
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0036
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0036
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0036
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0036
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0036
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0037
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0037
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0037
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0037
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0038
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0038
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0038
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0038
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0038
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0038
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0038
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0038
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0039
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0039
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0039
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0039
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0039
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0039
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0039
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0040
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0040
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0040
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0040
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0040
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0040
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0040
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0040
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0041
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0041
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0041
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0041
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0042
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0042
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0042
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0042
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0042
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0043
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0043
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0043
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0043
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0043
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0043
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0043
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0043
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0044
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0044
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0044
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0045
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0045
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0045
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0045
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0045
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0045
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0046
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0046
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0046
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0046
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0047
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0047
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0047
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0047
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0047
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0048
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0048
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0048
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0048
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0049
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0049
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0049
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0049
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0049
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0049
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0049
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0049
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0050
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0050
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0050
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0050
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0050
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0050
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0050
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0050
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0051
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0051
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0051
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0051
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0051
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0051
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0051
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0051
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0052
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0052
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0052
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0052
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0052
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0052
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0053
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0053
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0053
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0053
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0053
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0053
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0054
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0054
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0054
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0054
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0054
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0054
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0054
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0055
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0055
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0055
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0055
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0055
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0056
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0056
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0056
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0057
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0057
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0057
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0057
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0057
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0057
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0057
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0057
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0058
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0058
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0058
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0058
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0058
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0058
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0059
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0059
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0059
http://refhub.elsevier.com/S1001-0742(22)00305-9/sbref0059

Ecotoxicology and Environmental Safety 205 (2020) 111321

Contents lists available at ScienceDirect

ECOTOXICOLOGY
2ENVIRONMENTAL
SAFETY

Ecotoxicology and Environmental Safety

e 4

ELSEVIER

journal homepage: www.elsevier.com/locate/ecoenv

Check for

Role of passivators for Cd alleviation in rice-water spinach ol

intercropping system

Xu Yang ™", Wenyuan Zhang "', Junhao Qin ™", Xuechun Zhang ", Huashou Li "~

2 College of Natural Resources and Environment, South China Agricultural University / Key Laboratory of Agro-Environment in the Tropics, Ministry of Agriculture of
China, Guangzhou, 510642, China

b Guangdong Provincial Key Laboratory of Eco-Circular Agriculture / Guangdong Engineering Research Center for Modern Eco-agriculture and Circular Agriculture,
Guangzhou, 510642, China

ARTICLE INFO ABSTRACT

Keywords: Soil pollution with cadmium (Cd) has posed a threat to our food safety. And rice consumption is the main source
C’j‘dmi“m of Cd intake in China. Rice intercropping with water spinach is an efficient way for crop production and phy-
Rice . toremediation in Cd-contaminated soil. However, few people work on the Cd remediation by a combination of
xz:\rl:g:;ac}l the passivation and intercropping. In this study, two passivators (the Si-Ca-Mg ameliorant and the Fe-modified
Intercropping biochar with microbial inoculants) were used in the monoculture and intercropping systems to evaluate the
Phytoremediation potential of co-effect of passivators and cropping systems on the plant growth and Cd phytoremediation. Results

showed that the highest rice biomass and rice yield were presented in the intercropping system with the pas-
sivator additions, however, relatively lower biomass was showed in water spinach due to the competition with
rice. And more Cd accumulated in water spinach while lower Cd in that of different rice parts. The intercropping
system with the addition of the Si-Ca-Mg ameliorant and the microbial Fe-modified biochar significantly
reduced the Cd contents in brown rice by 58.86% and 63.83%, while notably enhanced the Cd accumulation of
water spinach by 32.0% and 22.0%, compared with the monoculture without passivation, respectively. This
probably due to the increased pH, the lowered Cd availability in soil, and the reduced TF and BCF values in rice
plants with passivator applications. Collectively, this study indicated that rice-water spinach intercropping,
especially with the passivator additions, may function as an effective way for Cd remediation and guarantee rice
grain safety.

1. Introduction

Soil serves vital functions of food production, and healthy soil is a
crucial way to ensure our food safety (Hu et al., 2013). However, heavy
metal pollution of soils has remarkably increased due to the uncon-
scionable anthropogenic activities in recent decades (Ghosh and Singh,
2005). And Cd is one of the widespread harmful heavy metals in the
environment that possesses high mobility and toxicity to living organ-
isms (Song et al., 2015). Based on the National Investigation Bulletin of
Soil Pollution Status (NIBSPS) issued by the Ministry of Environmental
Protection of China (MEP-PRC), it denotes that the anthropogenic ac-
tivities such as industry, mining and agriculture are the main causes of
soil pollution in China (including the disposal of industrial effluents and
mining wastes, and the agricultural application of sewage sludge). The

prominent heavy metal-contaminated regions are presented in the
Yangtze River Delta, the Pearl River Delta, and the old industrial bases in
Northeast China (Fan et al., 2016; Sun et al., 2019). And the land area
impaired by Cd contamination in China is over about 7%, and the Cd
pollution incidents mainly occurred in the southern part of China (Wu
et al., 2018). Therefore, high Cd accumulation in paddy rice (main crop
in South China) potentially leads to serious impacts on public health
(Luo et al., 2017). For example, the case of “Itai-Itai decease” happened
in Japan during the 1950s was resulted from the long-term intake of
Cd-polluted rice (Huang et al., 2009; Yamagata and Shigematsu, 1970).
Therefore, it is indispensable to take action to remediate the
Cd-contaminated paddy soils.

There are three major measures used to lower the bioavailability of
Cd currently, i.e. isolation, removal, and stabilization (Ji et al., 2011). It
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is well documented that passivators can change the tolerance of plants to
Cd toxicity and affect Cd accumulation in different plant parts (Stoddard
et al., 2017). By present, in-situ passivation technology has been widely
used in soil remediation in China (Zhang et al., 2019). Biochar, for
example, a carbon-rich material produced under anaerobic or
oxygen-limited condition, has been universally applied in soil remedi-
ation (Godlewska et al., 2017). Numerous published papers have
documented the ability of biochar to adsorb heavy metals and to reduce
the mobility, bioavailability, and consequently toxicity of heavy metals
in the soil (Wei et al., 2019). Notably, the mixture of biochar with
functional bacterial or fungal strains is another effective strategy for
sustainable remediation recently (Chen et al., 2019; Tu et al., 2020).
Moreover, the silicon-rich materials are another effective method to
repair Cd-polluted soil in China. Various studies have demonstrated that
the addition of silicon (Si) in the soil can improve plant growth and
reduce Cd accumulation in edible plant parts (Cai et al., 2020; Rehman
et al., 2019).

Compared with physical and chemical techniques, phytoremediation
is a cost-effective and environmentally friendly technology for remedi-
ation (Ji et al., 2011). Previous research showed that intercropping can
increase the biomass yield and metal accumulation ability of some
hyperaccumulators, while decreased the metal accumulation in the
target crop plants (Luo et al., 2019; Xia et al., 2018). But rice plants are
hydrophyte, it is rare to intercrop with xeric hyperaccumulators. How-
ever, water spinach is reported to accumulate relatively high levels of Cd
from the soil (Hu et al., 2013), and intercropped well with paddy rice in
our previous study (Kang et al., 2020). Moreover, Ning et al. (2017)
suggested that the rice/water spinach intercropping show a yield
advantage for rice plants, improve Si nutrition, and control disease and
pest for paddy rice (Ning et al., 2017). Therefore, the intercropping of
paddy rice and water spinach might be a practical way to remediate the
Cd-contaminated soil without impeding agricultural production.

Based our previous field experiment, we compared the effects of four
passivators on rice yield and the Cd concentrations in different parts of
rice (Table S1). And the Si-Ca-Mg ameliorant and the Fe-modified
biochar with microbial inoculants presented the best overall effects in
this field experiment (higher rice yield with reduced Cd concentration in
brown rice). Therefore, in this study, the Si-Ca-Mg ameliorant and the
Fe-modified biochar with microbial inoculants were further used in the
monoculture and intercropped culture of the rice plant and water
spinach, to evaluate the Cd phytoremediation by the co-work of
passivation and intercropping.

2. Materials and methods
2.1. Soil preparation

The rice variety used in the pot experiment was Huang Huazhan.
This rice variety is widely grown in Guangdong Province, South China
and provided by Rice Research Institute in Guangdong Academy of
Agricultural Sciences. And typical water spinach (Ipomoea Aquatica
Forsk) cultivar (common variety in the market) was used in this work,
attained from the Guangxi Zilong Seed co., LTD. The topsoil (0-30 cm)
in the experimental field of the Ecology Department, South China
Agricultural University (23°16'N, 113°37’E) was collected and homog-
enized as the tested soil. The collected soil sample was dried naturally
and sifted by 2 mm sieve, without any soil gravel, leaves, and other
debris. The pH of the soil was 5.81, the organic matter content was
25.02 g/kg. The total N content in soil was 1.87 g/kg, the available P
content was 41.9 mg/kg, and the total K content was 46.20 mg/kg. The
final total Cd content in soil was 0.96 mg/kg and was supplied as
CdCl2-5/2H20. The tested soil was thoroughly blended with the
CdCly-5/2H50 for three months to stay homogeneous.
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2.2. Experimental design

After germination, the uniform and healthy rice plants (25-day
cultivation) and water spinach seedlings (10-day cultivation) were
transplanted to the plastic pot (50 kg soil, length x width x height = 50
x 40 x 28 cm). There were nine treatments in this study: (1) rice
monoculture (R) + without passivator (T0), Si-Ca-Mg ameliorant (T1),
Fe-modified biochar with microbial inoculants (T2); (2) water spinach
monoculture (S) + without passivator (T0), Si-Ca-Mg ameliorant (T1),
Fe-modified biochar with microbial inoculants (T2); and (3) rice-water
spinach intercropping (I) + without passivator (T0), Si-Ca-Mg amelio-
rant (T1), Fe-modified biochar with microbial inoculants (T2). Different
treatments were organized with three replications in a randomized
factorial design. The addition levels of Si-Ca-Mg ameliorant, Fe-
modified biochar, and microbial inoculants were 30.0, 30.0, and 1.0 g
per pot respectively. Six rice seedlings were planted per pot in the rice
monoculture system, with a row spacing of 24 cm and 17 cm respec-
tively; Twenty-four water spinach seedlings were planted per pot in the
water spinach monoculture system, with a row spacing of 8 cm
respectively; as for the intercropping of rice and water spinach, four rice
seedlings and eight water spinach seedlings were planted in each pot,
with a row spacing of 12 cm. The main component features of these two
passivators were shown in Table S2. And the tabulated form of each
treatment was listed in Table S3. The powder microbial inoculants were
provided by Shenzhen Spurui Biotechnology Co., Ltd., with a mixture of
Bacillus subtitles, microzyme, lactic acid bacteria, and flocculent bac-
teria, etc.; and the total number of live bacteria in this microbial in-
oculants was >5.0 x 10° cfu/g. The water surface was 1-2 cm higher
than the soil surface during the growth process, and a compound fer-
tilizer (15-15-15) was used to maintain N, P, K balance for rice and water
spinach growth. Rice and water spinach were harvested at the heading
and maturity stages, and only the above-ground parts of the water
spinach were harvested at the heading stage.

2.3. Sampling and analysis

2.3.1. Analysis of soil property and plant growth

Before starting the pot experiment, the pH, the organic matter con-
tent, and the N, P, K contents in soil were measured. The soil pH was
measured by a pH glass electrode at the water: the solid ratio of 2.5:1.
The soil carbon content was determined by the potassium dichromate
oxidation method. The total N was determined by the semi-micro-
Kjeldahl method after the soil was digested by HF-HClOy, the avail-
able P was determined by acidic molybdate-ascorbic acid blue color
method and the total K was determined by the flame photometry method
(Bao, 2008; Yang et al., 2019b).

Plants were harvested respectively at the heading and maturity
stage. Different samples of the rice plant (grain, straw, root, and soil)
and water spinach (shoot, root, and soil) were separated and collected,
and the roots were rinsed successively with tap water and distilled water
to remove the attached impurities (Yang et al., 2019b). The fresh
biomass of rice and water spinach were obtained, then oven-dried at
70 °C to attain a constant weight. The thousand seed weight and the
average yield per rice plant were also calculated at the ripening stage.

2.3.2. Determination of Cd content in soil and plant parts

The dried plant samples were ground in a stainless steel mill, and
digested by microwave digestion (MARS6, CEM Corporation, USA) with
the mixed HNO3-H3O3 solution. At the same time, the quality control
(CDHK-GBW(E)100349, Certified reference material for the chemical
composition of rice flour) and the blank samples were generated. The Cd
form fractions of soil samples were extracted by the BCR method, i.e. the
acid-exchangeable fraction (F1), the reducible fraction (F2), the
oxidizable fraction (F3) and the residual fraction (F4) (Lei et al., 2020).
The Cd content of soil and plant samples were then detected by graphite
furnace atomic absorption spectrometry (Z700P, Jena, Germany)(Yang
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et al., 2019a). The Cd recovery rate of the reference material was
86.99% + 4.53. The reagents used in the experiments were of AR.

2.4. Data analysis

Experimental data was performed using a one-way or two-way
analysis of variance (ANOVA) and the means compared using a signif-
icant difference (Duncan) method at a 5% level (SPSS 17.0). All data are
presented as mean + standard deviation (n = 3). And figures were
finished using Origin 8.5.

The calculation of the bioconcentration factor (BCF) was as followed:

BCF= Cp/Cs, where Cp and Cs refer to the Cd contents in the plant
and soil, respectively, in mg/kg.

The calculation of transfer factors (TF) was as followed:

TF = Cissue1/Ctissue2, Where Ciissue1 and Cyissue2 refer to the Cd con-
tents in the different parts of the rice plant, in mg/kg.

The calculation of Cd extraction per hectare was as followed:

Cd extraction amount = Cd accumulation per plant (rice or water
spinach) multiplied by the number of plants per hectare (Zeng et al.,
2019).

3. Results
3.1. Plant biomass

The addition of passivators promoted the rice growth and rice yield
in the rice-water spinach intercropping system (Table 1). The roots,
stems, leaves, yield, and the 1000-grain weight of rice plants all showed
a trend of T1> T2> TO under the same cropping system. The highest
biomass of root, stem, and leaves of rice plants was showed in IT1
treatment at the heading stage. Based on the ANOVA analysis, both the
cropping system (F = 21.73, p < 0.01) and passivators (F = 9.21, p <
0.01) showed a significant effect on rice biomass. At the maturity stage,
T1 and T2 treatments remarkably increased the root biomass of mono-
culture rice, increasing by 22.85% and 26.13% respectively compared
with TO treatment. And T1 and T2 treatments notably increased the stem
and leaf biomass, and the rice yield of rice-water spinach intercropping
system (p < 0.05). The ANOVA analysis showed that both the cropping
system (F = 14.88, p < 0.01) and passivators (F = 6.91, p < 0.01) had a
notable effect on rice biomass. But only cropping system significantly
affected the 1000-grain weight (F = 47.44, p < 0.01) and the rice yield
(F =14.07, p < 0.01).

Conversely, the addition of passivators significantly reduced the
shoot biomass of water spinach in the rice-water spinach intercropping
system at the heading stage, decreasing by 33.33% (T1) and 38.46%
(T2) when compared with TO. Based on the ANOVA analysis, the crop-
ping system (F = 11.11, p < 0.01), the passivators (F = 7.51, p < 0.01),
and the interaction of cropping system and passivator (F = 4.08, p <
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0.05) all showed a notable effect on the shoot biomass of water spinach.
At the maturity stage, T1 and T2 treatments decreased the root and shoot
biomass of water spinach under the monoculture system (p < 0.05). And
highest water spinach biomass was found in TO treatment. And the
ANOVA analysis indicated that both the passivators (F = 12.73, p <
0.01), and the interaction of the cropping system and passivator (F =
4.61, p < 0.05) notably affected the water spinach biomass.

3.2. Cd-accumulating features

3.2.1. Cd-accumulating features of rice

The addition of passivators reduced the Cd concentration and BCF of
rice plants in the rice-water spinach intercropping system (Table 2). At
the heading stage, T1 treatment significantly decreased the Cd concen-
trations of rice root, stem, leaves, and the bioconcentration factor of the
root in the intercropping system, compared with RTO treatment. And T2
treatment lowered Cd concentration in rice stem (57.6%) and the
transfer factor of the root to stem (53.1%). Based on the ANOVA anal-
ysis, the passivator treatments significantly influenced the Cd concen-
tration of rice root and stem, and the BCFg (p < 0.01). At the maturity
stage, lowest Cd concentrations of rice root, stem, leaves, and the BCFg
were found in the rice-water spinach intercropping system (p < 0.05)
under T1 treatment. And IT1 treatment notably reduced the Cd con-
centration in brown rice, decreasing by 58.9% and 49% respectively,
compared with RTO and ITO. Comparably to RTO, RT2 treatment showed
no obvious effect on the Cd concentrations, TFs, and BCFg, while IT2
treatment markedly decreased the Cd concentrations of rice root, leaves,
and brown rice (p < 0.05). But the passivator additions indicated no
significant effects on the transfer factors under different treatments (p >
0.05). Based on the ANOVA analysis, both the cropping system (p <
0.01) and the passivators (p < 0.01) showed a notable effect on the Cd
concentrations of rice roots, leaves, brown rice, and the BCFg.

3.2.2. Cd-accumulating features of water spinach

The addition of passivators increased the Cd concentration and BCFs
of water spinach in the intercropping system (Table 3). At the heading
stage, under the same passivating agent treatment, the shoot Cd content
of water spinach showed a trend of monocropping system < intercrop-
ping system; and the trend of the shoot Cd concentration of water
spinach in the monocropping system presented the tendency of T1>
T2> TO. And T1 and T2 treatments notably increased the shoot Cd
concentration of water spinach in the intercropping system, increasing
by 37.5% and 50.98% respectively compared with TO. Based on the
ANOVA analysis, the cropping system (p < 0.01), the passivators (p <
0.01), and the interaction of the cropping system and passivator (p <
0.01) all showed a notable effect on the shoot Cd concentration and the
BCFghoot Of water spinach.

The trend of the Cd-accumulating features of water spinach at the

Table 1
Plant biomass of different treatments (g/plant).
Treatments Root Stem Leaves 1000-grain weight Rice yield Root Shoot
Heading stage RTO 2.29 £+ 0.17c 25.10 + 1.897 b 14.05 + 0.960 b / / STO / 48.70 + 3.66a
RT1 3.15+0.15ab 27.71 + 2.505 ab 16.31 £+ 1.741 ab / / ST1 / 42.95 + 4.06a
RT2 3.05+0.14b 25.74 +1.728 b 16.21 + 2.612 ab / / ST2 / 47.52 £+ 1.69a
ITO 3.36 + 0.13 ab 28.17 + 1.865 ab 15.96 + 1.195 ab / / ITO / 49.81 + 4.03a
IT1 3.51 £0.12a 33.17 + 1.894a 19.35 £+ 1.029a / / IT1 / 32.47 £2.01b
IT2 3.34 + 0.09 ab 28.52 + 1.893 ab 17.40 + 1.027 ab / / IT2 / 29.97 £3.49b
Maturity stage RTO 2.87 £0.11 b 27.53 +1.253 b 14.75 + 0.356¢ 16.27 + 0.222c¢ 21.02 + 3.32¢ STO 19.62 + 2.295a 41.36 + 3.166a
RT1 3.72 £ 0.28a 29.32 +2.033 b 16.79 + 0.978bc 16.65 + 0.297c 22.69 + 2.24c ST1 10.02 £ 0.802c 25.04 +£3.187 b
RT2 3.62 £ 0.10a 28.54 + 1.569 b 17.32 + 1.573 abc 16.67 + 0.212c¢ 21.53 + 0.92c ST2 14.36 + 1.321bc 31.54 + 2.080 b
ITO 4.00 £ 0.12a 29.48 +1.674b 16.75 + 0.668bc 18.57 + 0.218a 26.23 +2.30 b ITO 18.00 + 2.183 ab 30.72 £ 2.154 b
IT1 4.15 + 0.19a 35.49 + 2.358a 20.35 + 0.511a 17.55 + 0.318 b 30.00 + 1.98a IT1 16.34 +1.131 ab 26.12 £ 0.455 b
1T2 4.05 + 0.17a 30.18 + 1.481 ab 18.37 4+ 1.343 ab 17.47 + 0.074 b 28.61 £1.09b 1T2 15.32 £ 0.770 ab 27.08 +1.800 b

TO = without passivator; T1 = Si-Ca-Mg ameliorant; T2 = Fe-modified biochar with microbial inoculants; R = rice; S = water spinach; I = rice and water spinach
intercropping system. Lowercase letters on each row indicate significant differences among different treatments (p < 0.05). All values are presented as mean +

standard error (n = 3).
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Table 2
Cd-accumulating features of rice under different treatments.
Treatments Cd concentration (mg/kg) TFs/r TFyL/s TFgL BCFr
Root Stem Leaves Brown rice
Heading stage RTO 1.04 + 0.04a 0.33 £+ 0.033a 0.13 £+ 0.014a / 0.32 + 0.045 ab 0.42 4+ 0.08 ab / 1.08 + 0.04a
RT1 0.88 + 0.06 ab 0.31 £+ 0.023a 0.10 + 0.007 ab / 0.36 & 0.005a 0.33+0.01 b / 0.91 £+ 0.07 ab
RT2 0.99 £ 0.04a 0.22 + 0.024bc 0.12 + 0.012 ab / 0.22 + 0.032bc 0.56 + 0.13 ab / 1.03 + 0.04a
ITO 1.00 + 0.06a 0.28 + 0.031 ab 0.10 + 0.008 ab / 0.28 + 0.035 ab 0.35 4+ 0.06 ab / 1.04 + 0.07a
IT1 0.81 + 0.03 b 0.21 + 0.029bc 0.08 + 0.007 b / 0.26 + 0.030 ab 0.39 + 0.02 ab / 0.85 + 0.03 b
IT2 0.98 £ 0.04a 0.14 £+ 0.013c 0.09 +£0.016 b / 0.15 £+ 0.019¢ 0.64 £+ 0.14a / 1.02 + 0.04a
Maturity stage RTO 2.21 £0.17a 0.26 £ 0.017a 0.18 + 0.006a 0.141 + 0.010a 0.12 £ 0.017a 0.71 £ 0.060a 0.76 £ 0.043a 2.30 £ 0.18a
RT1 1.57 £0.10b 0.20 + 0.014 ab 0.10 £+ 0.014c 0.070 + 0.013cd 0.13 £+ 0.007a 0.50 £+ 0.107a 0.78 £ 0.217a 1.64 £ 0.11 b
RT2 2.08 £ 0.06a 0.25 + 0.023 ab 0.16 + 0.013 ab 0.110 + 0.010 ab 0.12 £ 0.011a 0.67 £+ 0.120a 0.69 £ 0.059a 2.16 £ 0.06a
ITO 1.85+0.16 ab 0.23 £ 0.024 ab 0.14 +£0.010 b 0.100 + 0.017bc 0.13 £ 0.012a 0.61 £+ 0.078a 0.74 £ 0.163a 1.93 +£0.17 ab
IT1 1.13 + 0.05¢ 0.18 £ 0.013a 0.08 £ 0.014c 0.058 + 0.008 d 0.16 + 0.012a 0.45 + 0.081a 0.74 £ 0.069a 1.18 + 0.06¢
IT2 1.53 +£0.16 b 0.20 + 0.030 ab 0.09 £+ 0.013c 0.051 + 0.010d 0.13 £+ 0.022a 0.51 £+ 0.151a 0.54 + 0.034a 1.60 £ 0.16 b

TFS/R = transfer factor of the root to stem; TFL/S = transfer factor of the stem to leaves; TFG/L = transfer factor of the leaves to grain; BCFR = bioconcentration factor
of rice root; TO = without passivator; T1 = Si-Ca-Mg ameliorant; T2 = Fe-modified biochar with microbial inoculants; R = rice; I = rice and water spinach inter-
cropping system. Lowercase letters on each row indicate significant differences among different treatments (p < 0.05). All values are presented as mean =+ standard

error (n = 3).

Table 3

Cd-accumulating features of water spinach under different treatments (mg/kg).

Treatments Heading stage Maturity stage
Shoot-Cd BCF shoot Root-Cd Shoot-Cd TFs/r BCFr BCF shoot

STO 0.48 + 0.05¢ 0.05 + 0.01 b 1.07 + 0.17¢ 0.29 +0.02d 0.29 + 0.06¢ 0.11 + 0.02¢ 0.03 + 0.00 d
ST1 0.76 + 0.10 ab 0.08 + 0.01 ab 1.13 £ 0.14c 0.86 + 0.07 b 0.85 + 0.03a 0.11 + 0.01c 0.09 + 0.01 b
ST2 0.53 + 0.05¢ 0.04 + 0.00 b 1.22 + 0.15bc 0.39 +0.08d 0.34 + 0.08¢ 0.13 + 0.02bc 0.04 + 0.01 d
1TO 0.50 + 0.08bc 0.05 + 00.01 b 1.08 + 0.13c 0.66 + 0.04c 0.62 + 0.04 b 0.11 + 0.01c 0.07 + 0.00c

IT1 0.80 + 0.10a 0.08 + 0.01a 1.70 + 0.20 ab 1.32 + 0.07a 0.80 + 0.09 ab 0.18 + 0.02 ab 0.14 + 0.01a

1T2 1.02 £ 0.12a 0.11 £+ 0.01a 1.83 £ 0.19a 0.73 + 0.03c 0.34 + 0.03c 0.19 + 0.02a 0.06 + 0.00c

TFs,r = transfer factor of shoot to root; BCFr = bioconcentration factor of water spinach root; BCFs00t = bioconcentration factor of water spinach shoot. T1 =
Si-Ca-Mg ameliorant; T2 = Fe-modified biochar with microbial inoculants; S = water spinach; I = rice and water spinach intercropping system. Lowercase letters on
each row indicate significant differences among different treatments (p < 0.05). All values are presented as mean + standard error (n = 3).

maturity stage was similar to those at the heading stage, and the highest
Cd concentrations in the shoot were found in IT1 treatment. And T1
treatment remarkably increased the BCFg and BCFgpoot in both mono-
culture and intercropping systems, comparing with TO treatment (p <
0.05). Based on the ANOVA analysis, both the cropping system (p <
0.01) and the passivators (p < 0.01) showed a notable effect on the shoot
Cd concentrations and BCFgpo0t of water spinach, but only the cropping
system (p < 0.01) significantly influenced the root Cd concentrations
and BCFy of water spinach.

3.2.3. (Cd extractions in plants

The Cd accumulation of rice plants was expressed as a tendency of
monoculture > intercropping (Fig. 1a). In monoculture, T1 significantly
reduced rice Cd accumulation when compared with TO and T2,
decreasing by 21.78% and 23.69% respectively. In the intercropping
system, both T1 and T2 notably reduced the Cd accumulation and
decreased by 25.08% and 20.63% respectively compared with TO.
Similarly, the trend of Cd extraction per hectare of rice was monoculture
> intercropping (Fig. 1a). Based on the ANOVA analysis, the passivators
(p < 0.01) showed a notable effect on the Cd accumulation of rice. Under
the monocropping condition, T1 significantly lowered the rice extrac-
tions comparing with TO and T2, which decreased by 21.82% and
23.73% respectively. Additionally, T1 markedly decreased the rice ex-
tractions comparing with TO, with a decrease of 25.12%.

The highest Cd accumulation of water spinach was showed in T1
(Fig. 1b). IT1 treatment notably increased the Cd accumulation in water
spinach, increasing by 32.0% and 25.2% respectively, compared with
STO and ITO treatments. And T-test indicated no significant difference
between ST1 and IT1 treatments. Based on the ANOVA analysis, the
cropping system (p < 0.01) significantly influenced the Cd accumulation
of water spinach. Besides, the trend of Cd extraction per hectare of water

spinach was monoculture > intercropping (Fig. 1b). Under the mono-
cropping condition, T1 significantly reduced the Cd extraction of water
spinach compared with T2 (p < 0.05); but no marked differences were
showed in different treatments under intercropping conditions (p >
0.05).

3.3. Passivators effect on soil pH

The soil pH significantly increased after the application of T1, but the
effect was not significant between the TO and T2 (Fig. 2). Under the same
cropping system, the soil pH showed an inclination of T1> T2> TO,
where T1 was significantly higher than TO (p < 0.05). Compared with
TO, the pH value of RT1, ST1, and IT1 treatments increased by 6.6%,
5.0%, and 4.2%, respectively. At the maturity stage, a notable higher soil
pH value was showed in RT1 (pH = 6.18), compared with RTO (pH =
5.18), while no significant differences presented in water spinach
monoculture and the intercropping system. Additionally, T-test indi-
cated that the pH value at the maturity stage was markedly lower than
that at the heading stage. Based on the ANOVA analysis, the passivators
(F = 12.35, p < 0.01) significantly influenced the soil pH value at the
heading stage.

3.4. Different Cd species in soil

The concentrations of different Cd fractions in soil were in the order
of residual fraction > acid-exchangeable fraction > reducible fraction >
oxidizable fraction (Fig. 3). The soil Cd fractions significantly trans-
formed after the application of T1. At the heading stage, compared with
RTO, the acid-exchangeable fraction of ST1 and IT1 decreased by
60.35% and 72.04%, respectively. And the Cd residual fraction of ST1
increased by 17.01%, comparing with RT1. But at the maturity stage, the
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Fig. 1. Cd accumulation and extraction amount of rice (a) and water spinach
(b) under different treatments. TO = without passivator; T1 = Si-Ca-Mg
ameliorant; T2 = Fe-modified biochar with microbial inoculants; R = rice; S =
water spinach; I = rice and water spinach intercropping system. Lowercase
letters on the bar chart indicate significant differences among different treat-
ments (p < 0.05). All values are presented as mean =+ standard error (n = 3).

passivator additions showed no significant effect on the acid-
exchangeable Cd fraction and the reducible Cd fraction (p > 0.05).
The oxidizable Cd fraction of STO was significantly lower than ITO and
IT2, while the residual Cd fractions of STO was much higher than that of
ITO (14.28%). Based on the ANOVA analysis, only the passivators (F =
6.01, p < 0.05) significantly influenced the acid-exchangeable fraction
of Cd at the heading stage.

3.5. Correlation analysis of different parameters

The correlation analysis of different parameters of rice plants was
presented in Table 4. At the heading stage, a significant negative cor-
relation was found in soil pH and the acid-exchangeable Cd fraction,
root Cd concentration, and the BCF (p < 0.05). And the rice biomass was
negatively correlated with the acid-exchangeable Cd fraction, Cd con-
centration in root and leaves, and the BCF(p < 0.05). While a significant
positive correlation was found in the acid-exchangeable Cd fraction and
the root Cd concentration and the BCF. Additionally, the contents of the
reducible Cd fraction and the oxidizable Cd fraction were negatively
correlated with the residual Cd fraction (p < 0.05). At the maturity
stage, the soil pH was also negatively correlated with the acid-
exchangeable Cd fraction. The acid-exchangeable Cd fraction was
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positively correlated with the reducible Cd fraction and the oxidizable
Cd fraction, while it was negatively correlated with the residual Cd
fraction (p < 0.05). Noticeably, the reducible Cd fraction, rice biomass,
and rice yield were negatively correlated with the Cd concentration in
brown rice (p < 0.05). Meanwhile, the rice yield was also negatively
correlated with the BCF, and the Cd concentration in root and leaves (p
< 0.05).

The correlation analysis of different parameters of water spinach was
showed in Table 5. At the heading stage, the soil pH was negatively
correlated with the acid-exchangeable Cd fraction and the water spinach
biomass, while positively related to the residual Cd fraction (p < 0.05).
Besides, it indicated that the shoot Cd concentration and the BCF of
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Table 4

Pearson correlation of different parameters in soil and rice.

BCF Biomass Rice yield Brown rice-Cd

Cd accumulation

F2 F3 F4 Root-Cd Stem-Cd Leaves- Cd

F1

pH

Parameters

pH

Heading stage

1

—0.583*
0.157
0.253
0.123

F1

1

—0.063
0.13

F2

0.517*

F3

1

—0.557*
—0.302
—0.033
-0.163
—0.109
—0.302
0.086

—0.746%*
—0.458
—0.258
—0.287
-0.172
—0.458
0.452

—0.448
0.514*

F4

0.09

—0.548*
0.178
—0.321
0.232

Root-Cd
Stem-Cd

0.074 1

0.364

0.063

0.115
0.436

1
0.168

0.364

0.349

—0.017
0.088
0.09

Leaves -Cd

0.898%*
0.074

—-0.104
1.000%*

—0.092
0.514*

Cd accumulation

BCF

—0.104
—0.068

—0.548*
0.316

1

—0.589*

—0.589* —0.431 —0.747**

—0.029

—0.620**

Biomass
pH
F1

Maturity stage

1

—0.578*
0.115

1

0.641**

F2

0.702%* 0.854**

—0.104
0.298

F3

1

—0.874%*
—0.334
—0.324
-0.239
—0.228
—0.334
0.396
0.331

—0.883**
—0.456
—0.446
-0.325
—0.409
—0.456
0.475*

—0.924**
—0.119
—0.083
—0.249
—0.021
-0.119
0.407

F4

1

0.296
0.27

—0.393
—0.299
—0.22

Root-Cd
Stem-Cd

0.657**

1

0.306 0.727%* 0.452

0.208
0.296

Leaves Cd

0.584*

0.773**

0.787%*

—0.433
—0.393
0.024
0.034
—0.28

Cd accumulation

BCF

0.787**
-0.27
-0.179

0.727**

0.657**
—0.418
—0.211

*
(=
(=3
<
—

1

—0.678**
—0.582*

0.797**

—0.700%*
—0.655%*

0.793**

5o«
o &
K @
o n
79

IN
[
~
S

—0.478*
—0.345
0.392

Biomass

1

0.759%*

0.333

0.293

Rice yield

1

—0.549*

—0.513*

0.797**

0.609**

—0.451

—0.502*

—0.229

Brown rice-Cd

reducible fraction; F3 = oxidizable fraction; F4 = residual fraction. n = 18. **p < 0.01,*p < 0.05.

F1 = acid-exchangeable fraction; F2
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shoot negatively affected the biomass of water spinach. Noticeably, the
residual Cd fraction showed a negative correlation with the acid-
exchangeable Cd fraction, the reducible Cd fraction, and the oxidiz-
able Cd fraction at the heading and maturity stages (p < 0.05). And The
water spinach biomass was negatively affected by the shoot Cd con-
centration, and the BCF of the shoot, and the TF value at the maturity
stage (p < 0.05). The TF value was positively related to the shoot Cd
concentration and the BCF of the shoot (p < 0.05).

4. Discussions
4.1. Plant biomass

Intercropping is a conventional cultivation practice that can greatly
enhance the use efficiency of farmlands without any additional costs
(Lin et al., 2014; Zhao et al., 2019). In this study, our results suggested
that both the passivator additions and the cropping systems significantly
promoted the rice biomass and the rice yield, while a decrement was
showed in the water spinach biomass under the same condition. This
probably due to the strong competition for light, water, or nutrients in
the intercropping system (Zeng et al., 2019). And the aggressivity (As)
and the competitive ratio (Cy) in this study indicated that the aggres-
sivity and competitiveness of rice plants were stronger than those of
water spinach in the intercropping system (Table S4). Moreover, the LER
of TO, T1, and T2 treatments were all higher than 1.0 (Table S4). It
indicated better land utilization efficiency in the rice-water spinach
intercropping system, compared with sole cropping. These results were
consistent with our previous research (Kang et al., 2020), implying that
the intercropping of rice and water spinach was a suitable intercropping
model, and the passivators addition presented no negative effects on this
system.

Notably, the positive effect on plant growth of Si-Ca-Mg ameliorant
(T1) was better than the Fe-modified biochar with microbial inoculants
(T2), this may be due to the Si-Ca-Mg ameliorant addition better
increased the nutrient contents in soil (such as Si), as Si is reported to
successfully ameliorate the Cd toxic effect on crops and promote plant
growth (Lim et al., 2016). Meanwhile, it indicated that the rice biomass
and rice yield was negatively affected by the Cd concentration in rice
(Table 4). Therefore, in the intercropping system, the decreased Cd
accumulation in rice plants with passivation would alleviate the growth
inhibition of Cd toxicity to crops (Rehman et al., 2017).

4.2. pH value and different forms of Cd in soil

Soil pH is one of the most vital parameters to govern Cd speciation,
partitioning, and bioavailability (Shahid et al., 2017), and a significant
negative correlation was established between soil pH and the
exchangeable Cd fraction in this study (Table 4). It is well documented
that the additions of Si-rich amendments increase soil pH, and further
inhibit the metal uptakes by plants (Sui et al., 2020). It is suggested that
a decrease in pH of merely 0.2 units results in a 3-5 times increase in the
labile Cd pool (Zhu et al., 2016). When the soil pH increased, the forms
of the hydrogen hydroxide will precipitate or chelate compounds, and
then lower the effectiveness of heavy metals (Gonzdlez-Ntnez et al.,
2012). In this work, the soil pH significantly increased after the appli-
cation of Si-Ca-Mg ameliorant (T1), meanwhile, the soil Cd in
acid-exchangeable form notably decreased after the application of
Si-Ca-Mg ameliorant (T1) at heading stage. This is consistent with
previous findings that Si supplementation successfully alleviates the Cd
toxicity on plants (Cai et al., 2020). And we speculated that the
increased pH value may be attributed to the liming effect of the alkaline
Si-Ca-Mg ameliorant (Table S2). It suggests that the hydrolysis of Si can
produce hydroxyl groups in soil resulting in an increment of the soil pH
value (Zhao et al., 2020). And the increased soil pH enhances the surface
charge on the oxides of Fe, Al, and Mn, thus increasing the organic
matter chelating effect and the metal hydroxide precipitation in soil
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Table 5
Pearson correlation of different parameters in soil and water spinach.
Parameters pH F1 F2 F3 F4 Shoot-Cd BCFshoot Biomass
Heading stage pH 1
F1 —0.610%* 1
F2 —0.109 0.119 1
F3 0.08 0.236 0.493* 1
F4 0.529* —0.656** —0.774** —0.540* 1
Shoot-Cd 0.312 —0.085 0.198 0.481* —0.146 1
BCFshoot 0.312 —0.085 0.198 0.481* —0.146 1.000%* 1
Biomass —0.553* 0.294 —0.355 —0.465 0.05 —0.700%** —0.700** 1
pH F1 F2 F3 F4 Root-Cd Shoot-Cd BCFroot BCFshoot TF Biomass
Maturity stage pH 1.000
F1 —0.369 1.000
F2 -0.077 0.865** 1.000
F3 —0.295 0.752%* 0.748%* 1.000
F4 0.281 —0.979** —0.943** —0.819** 1.000
Root-Cd 0.026 0.387 0.460 0.318 —0.424 1.000
Shoot-Cd 0.326 0.268 0.446 0.234 —0.338 0.394 1.000
BCFroot 0.026 0.387 0.460 0.318 —0.424 1.000** 0.394 1.000
BCFshoot 0.326 0.268 0.446 0.234 —0.338 0.394 1.000** 0.394 1.000
TF 0.320 0.073 0.168 0.084 —0.110 —0.224 0.774** —0.224 0.774** 1.000
Biomass —0.098 —0.242 —0.302 —0.416 0.295 —0.249 —0.475* —0.249 —0.475* —0.502* 1.000

F1 = acid-exchangeable fraction; F2 = reducible fraction; F3 = oxidizable fraction; F4 = residual fraction. n = 18. **p < 0.01,*p < 0.05.

(Bolan et al., 2014).

It is reported that the alkalinity of Fe-based biochar would increase
soil pH because the carbonates or oxides base ions that existed in the
biochar surface can neutralize the hydrogen ions in soil (Xu et al., 2012).
And an increase in pH would be caused by the dissolution of soluble salts
in soil (including K and Na carbonates and oxides), after the application
of biochar (Joseph et al., 2010). And Sui et al. (2020) proved that bio-
char aging decreases the formation of acidic functional groups thus
promoting the pH in soil (Sui et al., 2020). But in this study, the appli-
cation of Fe-modified biochar with microbial inoculants presented no
significant effect on the pH value and Cd species in soil (Figs. 2 and 3).
This result was inconsistent with an earlier report that the Fe-based
biochar addition significantly decreased the concentrations of avail-
able Cd and As (Tang et al., 2020). This may be related to the application
amount of biochar or the difference in the manufacturing process and
raw materials of biochar. Tu et al. (2020) proved that the bacteria
(Pseudomonas sp. NT-2) loaded biochar significantly increase the soil
pH, reduce the exchangeable and carbonate bound Cd fractions in the
soil, and improve the soil microbial community (Tu et al., 2020).
Therefore, it implied the importance to carefully select the biochar types
and microbial species.

4.3. Cd accumulation

In this study, the addition of passivators also reduced the Cd con-
centration of brown rice of rice plants, meanwhile, they notably
increased the Cd concentration of water spinach in the intercropping
system (Tables 2 and 3). These results were consistent with numerous
previous studies on the effects of passivation on heavy metal remedia-
tion in the intercropping system (Luo et al., 2019; Zu et al., 2017). In this
work, we speculated that the decrease of Cd concentration in rice plants
mainly attributed to the Cd competition with neighboring water spinach
(Wan et al., 2017), the increased soil pH (Hu et al., 2013) with lower Cd
availability (Wang et al., 2020), as evidenced by the negative correlation
showed between the soil pH and the acid-exchangeable Cd form
(Table 4). Moreover, with passivator addition, the BCF and TF values of
rice were also significantly reduced, while those of water spinach
increased significantly, compared with monoculture without passiv-
ation (Tables 2 and 3). Similar results (decreased Cd concentration in
target crops, while increased Cd acquisition in intercropped plants) were
also observed in the intercropped pak choi/Sedum (Ma et al., 2020), the
intercropped Pteris vittata/Morus alba (Wan et al., 2017), and the
intercropped S. nigrum/eggplant (Tang et al., 2017). And based on our

previous study, the MRER of Cd in the rice-water spinach intercropping
system is 1.34, indicating an advantage in removing Cd of this inter-
cropping pattern (Kang et al., 2020). Furthermore, the heavy metal limit
standard in the food of China (GB 2762-2012) (Cd in brown rice<0.2
mg/kg) and the heavy metal limit established by the Codex Alimentarius
Commission of FAO/WHO (Cd in brown rice<0.4 mg/kg) indicated that
the Cd concentration of brown rice in the rice/water spinach inter-
cropping system with passivator addition (0.058 mg/kg for T1 treat-
ment, and 0.051 mg/kg for T2 treatment) was far below the food safety
standard and was safe for the public (Yang et al., 2019a).

Additionally, it indicated that the addition of Si-Ca-Mg ameliorant
(T1) played a significant role in both the monoculture and intercropping
systems in the pot experiment, while the supplementation of Fe-based
biochar only worked well in the intercropping system. As discussed
above, it implied that the additions of passivators increased the soil pH
and changed the Cd fractions in soil, thus influenced the Cd accumula-
tion in plants (Hamid et al., 2020). Besides, the application of Si-Ca-Mg
ameliorant (T1) increased the soil nutrients (Si in particular), thus
increased the plant growth and decreased Cd availability (Adrees et al.,
2015). And it is documented that Si may stimulate the production of root
exudates to chelate metals (Kidd et al., 2001), and enhanced adsorption
of Cd on the cell walls, and even reduce the free metal concentrations in
the apoplast or the xylem (Iwasaki et al., 2002; Keller et al., 2015; Ye
et al., 2012). Simultaneously, Zeng et al. (2017) report that the Ca
addition also decreased Cd uptake in Arabidopsis thaliana, by reducing
the Cd adsorption in root and decreasing symplastic Cd transport as well
as the expression of the genes involved (AtZIP2 and AtZIP4) (Zeng et al.,
2017). As for the Fe-modified biochar, although it showed no notable
effects on the pH value and Cd morphological change in soil, it signifi-
cantly increased the Cd concentrations in water spinach and reduced Cd
concentration in brown rice (Tables 2 and 3). Due to the large specific
surface area of biochar, it plays a better role in improving soil physi-
cochemical and biological properties while effectively absorbing heavy
metal ions (Jeffery et al., 2017). Additionally, it is documented that
biochar improves the soil microecological environment (Zeng et al.,
2019), enhances the soil urease and catalase activities, and promoted
the soil microbial community in soil, which leads to better plant growth
(Tu et al., 2020).

5. Conclusions

This study provides a new direction into the passivator additions on
Cd remediation of rice plant/water spinach under monoculture and
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intercropping, respectively. The application of passivators increased soil
pH and the Cd residue fractions in the soil. Meanwhile, passivator ad-
ditions improved the plant biomass, the rice yield, reduced the Cd
contents in brown rice, and guaranteed the rice grain safety. The yield-
increasing effect of Si-Ca-Mg ameliorant treatment was better than that
of Fe-based biochar with microbial inoculants. Simultaneously, rice
showed a competitive advantage in the rice and water spinach inter-
cropping system, and the land equivalent ratio was greater than 1.0,
indicating that this intercropping system improved the land economic
benefits. Overall, the co-work of passivator additions and the rice-water
spinach intercropping may be a practicable technology for rice growth
and Cd phytoremediation.
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ARTICLE INFO ABSTRACT

Keywords: Salt-tolerant rice cultivar (sea rice) is a research hotspot worldwide due to its high yield in high salinity soil.
Cadmium However, knowledge regarding the cadmium (Cd) effects on the growth of sea rice is limited. To determine the
Sea rice

short-term and long-term impact of Cd stress, relatively low/high Cd-accumulative rice cultivars and sea rice
were grown to compare their growth responses to Cd stress over time. The results showed that sea rice presented
the highest Cd concentrations in the root, stem, and leaves under 32-days of Cd stress. Cd stress shortened and
thickened the rice root, and decreased the proportion of root diameters in the 0-0.2 mm range. Cd stress re-
markably increased the Cd and Fe concentration in dithionite—citrate-bicarbonate (DCB) extracts, and the DCB-
Cd and DCB-Fe concentrations were the highest in sea rice. The subcellular distribution of Cd in the rice roots
indicated that Cd accumulated the most in the soluble fraction and cell wall. The contents of pectin and
hemicellulose 2 in the root cell wall of the low-Cd accumulative rice variety CL755 were higher than those in
MXZ and sea rice. Collectively, this work provides a general understanding of the Cd effects on sea rice growth
and indicates that sea rice has a relatively high Cd accumulation compared with the other two rice cultivars.

Root morphology
Subcellular distribution
Cd detoxification

However, the specifically-related mechanism remains to be further studied.

1. Introduction

Heavy metals are widespread in natural and agricultural environ-
ments, and Cd is among the most toxic heavy metals that harms human
health (Song et al., 2015). Cd accumulation in farmland is attracting
increasing attention due to its great toxicity and high mobility from soil
to plants and further to human bodies (Vig et al., 2003). It is well
documented that excessive Cd directly or indirectly destroys physiolo-
gical processes in plants, such as respiration, transpiration, photo-
synthesis, oxidative stress, root elongation, nitrogen metabolism, and
mineral nutrition, leading to plant growth retardation, leaf chlorosis
and low biomass in plants (Sanita Di Toppi and Gabbrielli, 1999; Thu
et al., 2017; Yang et al., 2015). Rice is a major staple cereal crop
worldwide and feeds more than 50% of the population (Li et al., 2016).
However, Cd pollution in paddy soil severely threatens the rice quality,
and Cd-contaminated rice has become the main Cd exposure source in
humans, posing a health risk (Hu et al., 2009). Consequently, many
effective techniques are developed to lower Cd accumulation in rice,

such as agronomic practices or breeding low Cd accumulative rice
cultivars (Honma et al., 2016). Therefore, it is meaningful to distinguish
the Cd accumulative characteristics and growth responses of different
rice varieties.

The tolerance of plants to Cd stress determines the Cd accumulation
potential of plants and the physiological response to Cd toxicity (He
et al.,, 2008). In general, plants have evolved a series of defence me-
chanisms against Cd stress, such as Cd exclusion, restricted distribution
of metal in sensitive tissues, binding metals to cell walls, chelation of
organic molecules, and subcellular distribution of Cd (Hou et al., 2013;
Wang et al., 2008). Outside the protoplast, metals can be accumulated
by AM fungi, chelated in the rhizosphere, blocked in iron plaques, and
bounded by a cell wall (Fu et al., 2016; Krzestowska, 2011). However,
after entering the roots, Cd is distributed among the subcellular frac-
tions and combines with substances in plant cells, such as me-
tallothioneins, phytochelatins, organic acids, etc. (Xin et al., 2017).
Many investigations demonstrated that cell wall deposition, metal-
chelating compounds (matrix polysaccharides) and vacuolar
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compartmentation play key roles in Cd detoxification and tolerance in
plants (Xue et al., 2014; Yu et al., 2012).

Sea rice has recently become popular in China because it introduces
new horizons to solve the food shortage problem (Chen et al., 2017).
Considerable studies show that rice plants mainly tolerate salt by two
mechanisms, i.e., ion repellency and osmotic tolerance (including tissue
tolerance) (Roy et al., 2014). Tissue tolerance involves Na™ separation
in vacuoles, producing compatible solutes and enzymes that catalyse
detoxification (Reddy et al., 2017). Interestingly, it has been suggested
that rice heavy metal detoxification and salt tolerance mechanisms
share some common characteristics, such as antioxidant systems, in-
tracellular compartments and osmoprotectants in osmotic adjustment
systems (proline, glycine betaine, etc.) (Ashraf et al., 2015; Fu et al.,
2011; Yu et al., 2017a). However, to the best of our knowledge, the
accumulative characteristics of heavy metals in salt-tolerant rice culti-
vars are rarely studied. In our previous study (unpublished), we sur-
prisingly found that a salt-tolerant rice cultivar (HH12, with a salt
tolerance of approximately 0.6% soil salinity) possessed a relative high
Cd accumulative feature. Therefore, we further used three different rice
cultivars to compare their root morphological change, Cd subcellular
distribution and Cd detoxification under Cd stress.

2. Materials and methods
2.1. Plant cultivation

The rice (Oryza sativa L.) varieties used in these experiments in-
cluded C Liangyou 755 (CL755), Mei Xiangzhan (MXZ) and Hai Hong
12 (HH12, a salt-tolerant rice variety) and were provided by the
Institute of Subtropical Agriculture of Chinese Academy of Sciences and
Guangdong Ocean University. CL755 possessed a relatively low Cd
accumulative characteristic in grains (Cd concentration was approxi-
mately 0.23 mg/kg), while MXZ had a relatively high Cd accumulative
characteristic in grains (Cd concentration was approximately 0.75 mg/
kg), and both varieties were selected based on previous experiments.
The rice seeds were surface-sterilized by soaking in 30% H,O, for
15 min, followed by rinsing with deionized water and incubation in
containers with moistened sands for germination. Seed germination was
conducted in a temperature-controlled incubator (28/25°C, 16/8h,
day/night) with a relative humidity of 70% for approximately 30 days.
These seedlings were further placed in 250ml beakers (containing
150ml of 50% Yoshida's solution) for revival. The composition of
Yoshida's solution was as follows: NH,;NO3 1.43; CaCl, 1.00; MgSO,
1.64; K550, 1.00; NaH,PO,4 0.32; FeCl; 3.6 x 10~% MnCl, 9.4 x 10~ 3;
H3BO3 1.9 x 10~ % (NH4)¢M0,044 5.17 X 10~ % ZnSO4 1.52 x 10~ %
CuSOy, 1.36 x 10~ % and Na,SiO3 5.00 x 103 (mM). All beaker walls
were covered with black paper to avoid exposing the root to light. The
pH of the nutrient solution was renewed every week, and the pH was
adjusted to 5.0-5.2 every three days with 1M sodium hydroxide
(NaOH) or 1 M hydrochloric acid (HCI).

2.2. Experimental design

The hydroponic experiment was conducted in a growth chamber at
the College of Agriculture, South China Agricultural University. The
conditions were as follows: 28 °C during the day and 25 °C during the
night. The humidity was approximately 75%, and the illumination in-
tensity was approximately 3000 Ix (light: dark photoperiod of 12h:
12h). After 7 days of growth in 50% Yoshida's solution, uniform and
healthy seedlings of each rice variety were transplanted to 100%
Yoshida's solution with or without 2mg/L Cd** (supplied as CdCl,'5/
2H,0) for 32 days (32-d Cd stress). The short-time Cd stress began
exactly 10 days before the rice harvest (10-d Cd stress), and the rice
plants were transplanted from Cd-free containers to the other con-
tainers with a concentration of 2mg/L Cd®**. Each hydroponic con-
tainer (diameter = 34 cm, height = 24.8 cm) contained 12 L nutrient

Ecotoxicology and Environmental Safety 185 (2019) 109698

solution and 4 rice seedlings. Yoshida's solution was renewed every
week, and the pH was adjusted to 5.0-5.2 every three days with 1 M
NaOH or 1 M HCL

2.3. Sampling and analysis

2.3.1. Determination of Cd content in the plants

The rice plants were harvested during the tillering stage (64 days
after sowing). One rice plant was selected from each pot for the biomass
and Cd content measurements. Different parts of the rice plant (leaf,
stem, and root) were separated, and the roots were rinsed successively
with tap water and distilled water to remove the nutrient solution.
Fresh roots were scanned by a root scanner (Epson Expression 1600 pro,
Model EU-35, Japan) and analysed by WinRHIZO Reg2009 to acquire
the root parameters. The fresh biomass of the different rice organs was
measured and then dried at 75 °C until a constant weight was attained.
The dried samples were crushed and digested by microwave digestion
before detection. Additionally, the quality control (CDHK-GBW(E)
100349, Certified reference material for the chemical composition of
rice flour) and the blank samples were generated. The total Cd content
was detected by graphite furnace atomic absorption spectrometry
(Z700P, Jena, Germany).

2.3.2. Extraction and determination of Fe and Cd on the root surface

Another rice plant from each pot was harvested for the determina-
tion of Fe on the root surface. The iron plaques deposited on the root
surface were extracted using the dithionite—citrate—carbonate (DCB)
method (Chen et al., 2018). Briefly, parts of the fresh roots were in-
cubated for 1 h with 50 ml of a solution containing 0.03 M sodium ci-
trate (Na3Ce¢Hs0,2H,0), 0.125 M sodium bicarbonate (NaHCO3), and
1.0 g sodium dithionite (NasS>04). After filtration, the extraction so-
lution was diluted in 100 ml volumetric flask with ultrapure water, and
then, the sample was analysed to detect the Fe and Cd concentrations in
the iron plaques using AAS (Z700P, Jena, Germany). The fresh roots
used for the Fe extraction were then oven-dried and weighed to cal-
culate the DCB-Cd and DCB-Fe concentrations.

2.3.3. Extraction and determination of Cd on the root subcellular cell
The fresh roots (after Fe extraction) were soaked in 25 mM Na,-
EDTA solution for 15 min to remove the Cd adsorbed on the root surface
and rinsed thoroughly with deionized water. Then, 0.5g fresh roots
were homogenized using a pre-cooling mortar and pestle in a medium
containing 20 ml ice-bathed extraction buffer [0.25M sucrose, 50 mM
Tris-HCl (pH 7.5), and 1mM dithioerythritol] (Weigel and Jager,
1980). All steps were performed at 4 °C. The resulting brei was cen-
trifuged at 5000 g for 15 min. In addition, the resulting pellet contained
mainly cell walls and cell wall debris and was designated the cell wall
fraction (I). The supernatant obtained from the first centrifugation step
was then centrifuged at 20,000 g for 45 min to sediment the cell orga-
nelles. The pellet was designated an organelle fraction (II). The re-
sultant supernatant solution was designated the soluble fraction (III).
All fractions were digested by microwave digestion before detection.

2.3.4. Cell wall polysaccharide extraction and Cd determination

After soaking in 25 mM Na,-EDTA solution, 0.5 g fresh roots were
weighed and rinsed twice with ice-cold distilled water. Then, the
weighed fresh roots were immediately ground using mortar and pestle
in liquid N,. Then, the powder was used for the fraction collection of
the cell wall, pectin, hemicellulose 1 (HC1), and hemicellulose 2 (HC2)
based on a previously described method (Zhong and Lauchli, 1993). All
fractions were digested by microwave digestion before detection. The
total Cd content was detected by graphite furnace atomic absorption
spectrometry (Z700P, Jena, Germany).
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Fig. 1. Biomass of different rice varieties.

2.4. Statistical analysis

The statistical difference analysis was performed using a one-way
ANOVA and two-way variance (SAS 9.0, USA). The figures were gen-
erated using SigmaPlot 10.0 (Systat Software, Inc, USA). All data are
presented as the mean =+ standard deviation (n = 3).

3. Results
3.1. Biomass of different rice varieties

Cd stress significantly affected rice biomass accumulation, espe-
cially the above-ground biomass (Fig. 1). With 10-d Cd stress, the shoot
biomass of CL755, MXZ and HH12 was slightly decreased by 23.1%,
1.3%, and 22.9%, respectively. However, under the 32-d Cd stress, the
aboveground biomass of the different rice cultivars was significantly
decreased. The aboveground biomass of CL755, MXZ and HH12 was
decreased by 64.9%, 36.1%, and 50.8%, respectively. Regarding the
root biomass, Cd had no notable effect on the root biomass of MXZ and
HH12. However, compared with the 10-d Cd stress, the root biomass of
CL755 was significantly decreased by 59.3% under the 32-d Cd stress.
Based on the ANOVA, the Cd levels, rice cultivars and Cd X cultivar
interaction presented no significant effects on the root biomass, while
the Cd levels and cultivars significantly affected the biomass accumu-
lation in the shoot.

L: C Liangyou 755; H: Mei Xiangzhan; S: Hai Hong 12. “-Cd” denotes
no Cd stress, “+ Cd-10d” denotes 10-day Cd stress; “+ Cd-32d” denotes
32-day Cd stress. *(p < 0.05); **(p < 0.01); n.s. denotes no sig-
nificant difference. All values are presented as the mean *+ standard
error (n = 3), and bars with different letters indicate significant dif-
ferences (p < 0.05).

3.2. Root morphological change

The Cd stress obviously shortened and thickened the rice root and
reduced the number of lateral roots (Fig. 2a). Additionally, the Cd stress
significantly decreased the total root length in the different rice vari-
eties (Fig. 2b). It was found that the total root length of CL755 was
markedly decreased under the 10-d and 32-d Cd stress by 34.8% and
48.1%, respectively. While the total root length of MXZ and HH12
presented no significant decrease under the 10-d Cd stress. However, a
reduced root length was observed in MXZ and HH12 under the 32-d Cd
stress (reduction by 33.4% and 32.6%, respectively). In addition, based
on the ANOVA, the Cd levels notably affected the total root length in all

rice varieties (p < 0.05).

The number of root diameters in the 0-0.2 mm range was the lar-
gest, accounting for approximately 59%~71%, followed by the number
of root diameters in the 0.2-0.5 mm range (approximately 11%~21%),
0.5-1.0mm range (approximately 13%~17%) and =1.0mm (ap-
proximately 1%~2%). Moreover, in the presence of Cd, the root clas-
sification based on diameter showed that the root tended to become
thicker under the 32-Cd stress (Fig. 2c). Noticeably, the proportion of
root diameters in the 0.2-0.5mm ranged increased by 7.2-21.1%.
However, root lengths in a diameter range of 0-0.2 mm sharply de-
creased by 35.6-51.0%. The proportion of root lengths in a diameter
range of 0-0.2 mm remarkably decreased in CL755 and MXZ, while the
percentage of root lengths in the diameter range of 0.2-0.5 mm sig-
nificantly increased in MXZ.

3.3. DCB-Cd and DCB-Fe concentrations in iron plaques

The Cd and Fe concentrations in the DCB extracts from different rice
cultivars were significantly affected by the Cd stress (Fig. 3a and b). The
content of both DCB-Cd and DCB-Fe bounded on the root surface gra-
dually increased over time. There was no remarkable difference in the
DCB-Cd and DCB-Fe concentrations among the different rice varieties
under the 10-d Cd stress. However, the quantitative estimation of the
metals showed that HH12 presented the highest DCB-Cd and DCB-Fe
concentrations on the root surface, representing an increase of 78.8%
and 52.0%, respectively, compared with that observed following the
10-d Cd stress. In addition, CL755 exhibited the lowest DCB-Cd and
DCB-Fe concentrations on the root surface. The correlation analysis
demonstrated that DCB-Cd and DCB-Fe were not positively related
when treated with the 10-d Cd stress (r = 0.3344, F = 0.88,p > 0.05).
However, a significant positive correlation was observed between DCB-
Cd and DCB-Fe with the 32-d Cd stress (r = 0.8541, F = 18.88,
p < 0.05).

3.4. Cd content in plant tissues of different rice varieties

The Cd concentrations in the different rice varieties showed the
trend of root > stem > leaves under the -Cd and +Cd treatments
(Fig. 4). Without Cd stress, no notable difference in the Cd concentra-
tion was observed in the different parts among the rice varieties.
However, under the 10-d Cd stress, the Cd concentration in the root of
MXZ was the highest, followed by CL755 and HH12 (Fig. 4a). However,
the Cd concentration in the shoot presented a different tendency. The
highest Cd concentrations in the stem and leaves were observed in
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Fig. 2. Total root length and root diameter classes in different rice varieties.(a) phenotypic characterizations of partial roots of different rice varieties; (b) total root
length; (c) proportion of root diameter classes. L: C Liangyou 755; H: Mei Xiangzhan; S: Hai Hong 12. “-Cd” denotes no Cd stress, “+ Cd-10d” denotes 10-day Cd
stress; “+Cd-32d” denotes 32-day Cd stress. *(p < 0.05); **(p < 0.01); n.s. denotes no significant difference. All values are presented as the mean =+ standard
error (n = 3), and bars with different letters indicate significant differences (p < 0.05).

HH12 at 10.12 and 5.0 mg/kg, respectively. Moreover, under the 32-d
Cd stress, the Cd concentrations in the root, stem, and leaves of HH12
were the highest, followed by MXZ and CL755. Noticeably, the Cd
concentration in the stem of HH12 was up to 160.5 mg/kg, which was
4.4-fold and 3.3-fold higher than the Cd concentration in the stem of
MXZ and CL755, respectively (Fig. 4b).

Similarly, the Cd accumulation in the different rice cultivars abided
by the order of HH12 > MXZ > CL755 in both the root and shoot
(Fig. 4d). The Cd accumulation in the different rice varieties presented
no significant difference without the Cd stress. Under the 10-d Cd stress,
the Cd accumulation in the shoot of HH12 was the highest, while the Cd
content in the root presented no marked difference among the different
rice varieties. Additionally, the Cd accumulation in HH12 were the
highest in both the root and shoot under the 32-d Cd stress, followed by
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MXZ and CL755. In addition, the Cd accumulation in the shoot of HH12
was approximately 168.99 ug/plant, which was 3.08-fold and 2.88-fold
higher than the Cd accumulation in the shoot of CL755 and MXZ, re-
spectively.

3.5. Subcellular distribution of Cd in the root

Cd accumulated in subcellular fractions was observed to exhibit a
trend of soluble fraction > cell wall > organelle (Fig. 5). The Cd
concentration in the soluble fraction was considerably greater than that
in the cell wall and cell organelle fractions. Overall, the percentage of
the cell wall, organelle, and soluble fractions were 19.4-30.6%,
5.1-10.7% and 64.1-71.4%, respectively. Despite the high Cd con-
centration, there was no significant difference in the Cd concentration
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Fig. 3. Cd and Fe contents in the iron plaque in different rice varieties.(a) DCB-Cd content; (b) DCB-Fe content. L: C Liangyou 755; H: Mei Xiangzhan; S: Hai Hong 12.
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in the organelle fraction over time. However, the Cd concentration in
the cell wall and soluble fractions under the 32-d Cd stress was greatly
increased compared with that under no Cd stress or 10-d Cd stress.
Compared with the 10-d Cd stress, the Cd concentration in CL755, MXZ
and HH12 under the 32-d Cd stress was increased by 44.8%, 35.6%, and
58.7%, respectively, in cell wall fraction and 52.2%, 18.3%, and 51.6%,
respectively, in the soluble fraction. Furthermore, the total Cd con-
centration in the subcellular region was the highest in HH12, followed
by CL755 and MXZ. Based on the ANOVA, the Cd levels notably af-
fected the Cd subcellular distribution among the different rice varieties
(p < 0.01).

L: C Liangyou 755; H: Mei Xiangzhan; S: Hai Hong 12. “-Cd” denotes
no Cd stress, “+ Cd-10d” denotes 10-day Cd stress; “+ Cd-32d” denotes
32-day Cd stress. *(p < 0.05); **(p < 0.01); n.s. denotes no

standard error (n = 3), and bars with different letters indicate significant differences

significant difference. The values of Cd concentration (mg/kg) for dif-
ferent fractions are derived by using fresh weight bases. All values are
presented as the mean = standard error (n = 3), and bars with dif-
ferent letters indicate significant differences (p < 0.05).

3.6. Cell wall polysaccharide content and Cd concentration

The total polysaccharide content in CL755 was notably higher than
that in MXZ and HH12 under the 32-d Cd stress (Fig. 6a). One of the
polysaccharide components, i.e., hemicellulose 1, presented no differ-
ences among the rice varieties under the Cd stress over time. In contrast
to hemicellulose 1, the content of hemicellulose 2 in CL755 under the
32-Cd stress was the highest at 1.97 and 1.96 times that in MXZ and
HH12, respectively. In addition, the pectin content was also the highest
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Fig. 5. Subcellular distribution of Cd in the root of different rice varieties.
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Fig. 6. Cell wall polysaccharide content and Cd concentration in different rice varieties.

in CL755, followed by HH12 and MXZ. Based on the ANOVA, the
Cd x cultivar interaction presented significant effects on the poly-
saccharide concentration on the root cell wall (p < 0.05).

The Cd concentration in cell wall polysaccharide fractions was re-
markably affected by the Cd levels and rice cultivars (Fig. 6b). The Cd
concentrations in pectin, hemicellulose 1 and hemicellulose 2 were
significantly increased under the 32-Cd stress, and HH12 contained the
highest total Cd concentration in cell wall polysaccharides. Under the
10-d Cd stress, the Cd concentration in pectin among the different rice
varieties showed no difference; however, the hemicellulose 1 and 2
concentrations were significantly higher in CL755 than those in the
other varieties under the 32-d Cd stress. Furthermore, the Cd con-
centration in pectin in HH12 was the highest under the 32-d Cd stress
(1.6 and 1.8-fold higher than that in CL755 and MXZ). Additionally, the
Cd concentration in hemicellulose 1 and hemicellulose 2 in CL755 was
remarkably the highest, followed by HH12 and MXZ under Cd stress.
Based on the ANOVA, the Cd levels, rice cultivars and Cd x cultivar
interaction all showed marked effects on the Cd concentration on
polysaccharide fractions.

L: C Liangyou 755; H: Mei Xiangzhan; S: Hai Hong 12. “-Cd” denotes
no Cd stress, “+ Cd-10d” denotes 10-day Cd stress; “+ Cd-32d” denotes
32-day Cd stress. HC 1: hemicellulose 1; HC 2: hemicellulose 2.
*(p < 0.05); **(p < 0.01); n.s. denotes no significant difference. The
values of Cd concentration (mg/kg) for different fractions are derived
by using fresh weight bases. All values are presented as the mean =

standard error (n = 3), and bars with different letters indicate

significant differences (p < 0.05).

4. Discussion

Cd is among the most toxic heavy metals, and excessive Cd seriously
destroys plant growth by disturbing plant physiology, nutrient home-
ostasis, enzymatic reactions, photosynthetic pigments, etc. (Rehman
et al., 2017; Yang et al., 2015). Cd stress could gradually threaten the
growth of plants and stress chlorosis in plant leaves (Liu et al., 2008;
Ultra et al., 2016). In this experiment, the addition of Cd greatly af-
fected the shoot biomass accumulation in rice plants. These results were
consistent with previous studies (Zhang et al., 2008).

Generally, root elongation inhibition is regarded as the first evi-
dence of Cd toxicity in plants (Munzuroglu and Geckil, 2002). It has
been well established that cell division at the root tips and cell elon-
gation in the extension zone were affected by toxic heavy metals
(Bonifacio and Montafno, 1998; He et al., 2010). In this study, a reduced
root length were found with high Cd stress, which is consistent with
previous studies. In addition, the results indicated that the root of
CL755 was the most sensitive to Cd stress and was most obviously
shortened. Meanwhile, the 0-0.2 mm diameter range accounted for the
largest majorities of root diameter proportions but decreased sig-
nificantly with a relative increase of 0.2-0.5mm under the 32-d Cd
stress. However, Li et al. (2009) demonstrated that the specific root
length of the hyperaccumulating ecotype was mainly constituted by
roots with diameters between 0.2 and 0.4 mm under a high toxic level
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of heavy metals. In addition, Lu et al. (2013) illustrated that Cd-induced
decreases in root length and root surface area are significant in the
0-0.2 and 0.2-0.4 mm diameter classes of peanut cultivars. It has been
suggested that coarse roots could retain more Cd in the tissue and,
consequently, reduce Cd transfer from the root to shoots (Yu et al.,
2017b), while longer root or more fine roots could have higher Cd
uptake (Huang et al., 2015, 2019; Lu et al., 2013). In this study, three
rice cultivars showed no significant difference in the root length, root
surface area and root diameters under Cd stress, indicating that a re-
markable Cd transportation rate may be the dominating factor re-
sponsible for the marked difference in Cd accumulation in rice plants.

Iron plaques are considered to have a great affinity to heavy metals
(e.g., Pb, As and Cd) and act as a barrier to heavy metal ions (Cao et al.,
2018a; Li et al., 2019; Sebastian et al., 2016; Yang et al., 2016). Al-
though the root morphology change presented no marked difference
among the rice cultivars, the iron plaque was found to notably increase
under the high Cd stress. In addition, a significant positive correlation
was observed between the DCB-Cd and DCB-Fe contents under the 32-d
Cd stress, indicating that the iron plaque content increased to restrain
more Cd content. However, although the iron plaque in the three rice
varieties was significantly increased (especially in HH12) in the case of
high Cd stress, it did not prevent extremely high Cd accumulation in the
rice plants (Fig. 4d). These results imply that the blocking effects of the
iron plaque were limited under the high Cd toxicity condition and that
the iron plaque on root surfaces has minimal impact in affecting the
uptake and accumulation of Cd by rice plants (Liu et al., 2008).

After entering the plant roots, Cd tends to be distributed in the in-
active area of the root (the vacuole or apoplast) to mitigate damage
caused by Cd stress (Boominathan and Doran, 2003; Zhang et al.,
2014). In this study, Cd in the rice roots was distributed by the order of
soluble fraction > cell wall fraction > organelle fractions (Fig. 5),
which is consistent with the Cd subcellular distribution in tea plant
(Camellia sinensis) and pokeweed (phytolacca americane L.) (Cao et al.,
2018b; Fu et al., 2011). However, some other studies demonstrate that
the root cell walls are the main binding sites of Cd, followed by the
soluble fraction and organelle fractions, such as in watercress (Nas-
turtium officinale L. R. Br.) and soybean cultivars (Wang et al., 2015,
2016). However, our results indicated that the proportion of Cd in the
soluble fraction and cell wall fraction significantly increased with the
prolongation of Cd stress. In addition, a large percent of Cd (67.4%) was
found to distribute in the soluble fraction, which was mainly composed
of vacuoles (Zhuo et al.,, 2017). It has been reported that vacuolar
compartmentalization plays an important role in reducing free Cd in the
cytosol. In addition, phytochlatins (PCs) and glutathione (GSH) are the
main metal-ligand molecules involved in vacuolar Cd sequestration
(Shahid et al., 2017). Cd*>* can be chelated by the SH groups of PCs due
to the high affinity of the thiol groups to Cd (Akhter et al., 2012).

Polysaccharides (including cellulose, hemicellulose, pectin, and
protein) are the main components of plant cell walls (Krzestowska,
2011). Polysaccharides contain different chemical functional groups
(-COOH, -SH, etc.), which can effectively bind metal cations and affect
the accumulation of Cd in the cell wall (Zhao et al., 2019). In this study,
we demonstrated that the pectin and hemicellulose 2 contents were
considerably the highest in CL755 (Fig. 6a). Pectin and hemicellulose
are important for Cd tolerance in plant cell walls (Xiong et al., 2009),
suggesting that CL755 may have more polysaccharide functional bases
to bind cadmium ions. In addition, the results obtained by Zhao et al.
(2019) indicate that Se addition increased the contents of pectin and
hemicelluloses 2 in the root cell wall of oilseed rape. When treated with
Cd stress, the Cd content binding to hemicellulose 1 and hemicellulose
2 were both the highest in CL755. However, the total Cd concentration
in the polysaccharide composition was the highest in HH12 (Fig. 6b),
suggesting that the Cd compartmentalizing capacity of the cell wall is
insufficient when affected by high and long-term Cd stress (Wang et al.,
2015).

In this study, Cd was mainly concentrated in the rice root, followed
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by the stems and leaves (Fig. 4). Although the rice plants were exposed
to a high Cd concentration, the Cd concentration in the leaves remained
low (Yang et al., 2018). Noticeably, the highest Cd concentration and
Cd accumulation were observed in HH12, and the Cd concentration in
the stem of HH12 was even as high as 160.5 mg/kg. As one of the main
characteristics of hyperaccumulating plants (Cd only), the minimum
concentration of Cd in the shoot of a hyperaccumulator plant is
100 mg/kg (Wei et al., 2006). It has been reported that both salinity and
heavy metal stress can elicit the function of the antioxidant system, the
osmoprotectant proline, the intracellular compartments, etc. In addi-
tion, Ma et al. (2013) found that NaCl pretreatment increased rice
tolerance to Cd stress. Mekawy et al. (2018) revealed that the OsMT-3a
gene from rice confers tolerance not only to salinity but also to heavy
metal stress by detoxifying the ROS generated by these stresses. How-
ever, the mechanisms related to the relatively high Cd-accumulative
traits of sea rice (HH12) need further investigation.

5. Conclusion

In summary, the Cd concentration and Cd accumulation in different
rice cultivars abided by the order of HH12 > MXZ > CL755, sug-
gesting that sea rice possessed a relatively high Cd accumulative fea-
tures. A high Cd concentration was observed to significantly affect
biomass accumulation and shortened and thickened the rice root in all
rice varieties. Although Cd stress notably enhanced iron plaque for-
mation and increased the Cd subcellular distribution in the soluble
fractions and cell walls, it did not ameliorate Cd accumulation in the
plants. Higher pectin and hemicellulose contents were found in the root
cell walls of CL755, indicating that cell wall polysaccharide likely plays
an important role in alleviating Cd toxicity. Collectively, this work
generally studied high Cd stress effects on the growth of sea rice, and
these results indicate that sea rice showed a relatively higher Cd ac-
cumulation under 32-d Cd stress, but the related mechanism in sea rice
needs to be further studied.
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ARTICLE INFO ABSTRACT:

Keywords: Pot experiment was conducted to examine the effects of rainwater-borne hydrogen peroxide (H,O,) on trans-
Hydrogen peroxide formation of Cu, Zn from pig manure in soils and its resulting impacts on the growth of Cu and Zn uptake by a
Pig manure rice plant. Results showed that the exogenous application of H,O, significantly improved the rice biomass and
Copper yield. Addition of H,0, into the soils led to reduced uptake of soil-borne Cu and Zn by the rice plants and this
IZ{:: had a significant effect on reducing the accumulation of Zn in rice grains. It was indicated that the increased pH

in soil might play important role in reducing Cu and Zn content in rice. Furthermore, Cu and Zn content in
exchangeable form and carbonate bounded form dramatically decreased in soil, on the contrary, the organic
combination state increased significantly in H,O, treatment. The findings point to a potential research direction
that rainwater-borne HO, in nature may help to change morphology of heavy metals in natural soil environ-
ments, but further study is still needed to explore the related mechanisms in Cu and Zn in manures and paddy

Morphological change

rice field receiving rainwater-borne H,O-.

1. Introduction

Global agriculture is facing unprecedented challenges and risks,
with substantial environmental costs, including emissions of green-
house gases, biodiversity loss, environmental pollution and degradation
of land and freshwater (Chen et al., 2014). The zero growth of chemical
fertilizers in China and the utilization of livestock and manure resources
have become a major trend to pursue more grain with lower environ-
mental costs. However, China has become one of the biggest pork-
producing countries in the world (Xu et al., 2013), and the number of
pigs even exceeded 0.68 billion in 2016 (Qian et al., 2018). As a con-
sequence, considerable amount of pig manures emerge and has been
encouraged to be excellent organic fertilizers to field crops in China
(Liang et al., 2018; Wang et al., 2018). Furthermore, the abuse of mi-
croelement additive, such as Cu and Zn, causes generally high con-
centrations of Cu and Zn in manures (Zhang et al., 2012a,b; Wang et al.,
2013). Many investigations indicated that Cu and Zn levels in pig
manures were remarkably higher than other animal manures (Sager,
2007; Shi et al., 2011; Zhang et al., 2012b; Xu et al., 2013; Zhao et al.,
2014; Liang et al., 2017a,b). And consequently, the successive and long-
term applications of livestock waste result in serious heavy metal or

antibiotic pollution in soil (Peng et al., 2015; Meng et al., 2018). It is
reported that the Cu and Zn levels in pig manures generated from in-
tensive farming were found to be 1726 and 1506 mg/kg, respectively in
China (Cang et al., 2004). And the mass balance modeling indicates that
Cu and Zn will exceed the threshold levels for agricultural soils in China
in the next 10-50 years, with annual and successive application of pig
manures (Qian et al., 2018).

Rice (Oryza sativa L.) is one of the most important cereal crops in the
world, feeding more than 50% population worldwide (Li et al., 2016),
and China is the second-largest rice cultivation area and the highest rice
production in the world. It is estimated that rice-growing area in China
are one of the biggest potential sites for manure application (Liang
et al.,, 2017a,b). High animal density is generally accompanied by
production of a surplus of manure, causing threats for soil heavy metals
or antibiotic pollution (Peng et al., 2015). Therefore, it is crucial to
evaluate effects of the manure application on the rice growth and its
heavy metal accumulations, and meaningful to reduce the heavy metal
contents in brown rice to obtain a sustainable food-secure future in
China.

Atmospheric deposition is considered to be a major process that
removes pollutants from the atmosphere and an important source of

* Corresponding author. College of Natural Resources and Environment, South China Agricultural University, Guangzhou 510642, PR China.

E-mail address: lihuashou@scau.edu.cn (H. Li).

! Xu Yang and Tianhong Yu contributed equally to this work and should be considered co-first authors.

https://doi.org/10.1016/j.ecoenv.2019.03.108

Received 28 December 2018; Received in revised form 25 March 2019; Accepted 27 March 2019

0147-6513/ © 2019 Published by Elsevier Inc.

134


http://www.sciencedirect.com/science/journal/01476513
https://www.elsevier.com/locate/ecoenv
https://doi.org/10.1016/j.ecoenv.2019.03.108
https://doi.org/10.1016/j.ecoenv.2019.03.108
mailto:lihuashou@scau.edu.cn
https://doi.org/10.1016/j.ecoenv.2019.03.108
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecoenv.2019.03.108&domain=pdf

X. Yang, et al.

nutrients and contaminants for ecosystems. And the ability of the at-
mosphere to remove pollutants through oxidation is known as atmo-
spheric oxidation, which is one of the most important natural features
of the atmosphere (Pan and Wang, 2015). Many oxidants involved in
the tropospheric atmospheric chemical processes, such as ozone, OH
radicals, peroxy radicals (HO5 and RO,), peroxides (H>O, and ROOH),
etc. (Prinn, 2003; Lin et al., 2019). H,0,, one of the important atmo-
spheric oxidants, is commonly found in natural water or rainwater,
with a molar concentration frequently ranging from 5 to 100 puM
(Goncalves et al., 2010; Qin et al., 2017a,b). Except the oxidation
ability to remove pollutants in atmosphere, it is also reported that H,O5
in natural water closely relate to photochemical reaction and redox
reaction, which being a key factor to affect the migration, transfor-
mation, fate and ecological effects of many substances (such as metal
ions, herbicides, humus, etc.) in water environment (Cooper and Lean,
1989; Qin et al., 2016). For example, previous pieces of work in our
study showed that H,O, at a concentration range frequently en-
countered in rainwater could lead to degradation of diuron, butachlor
and glyphosate (Qin et al., 2013, 2017). Furthermore, it has been de-
monstrated that Fenton reaction mediated by H,O, had significant ef-
fects on affecting As transformation (Ma et al., 2014) and reducing
uptake of soil-borne As by rice plants (Qin et al., 2016). And it is in-
dicated that H,O, modified biochar could act as effective surface sor-
bent to remove heavy metals, such as Pb**, Cu®>*, Cd*>* and Zn>"*
(Wang and Liu, 2018). But how would the atmospheric oxidant, H,O»,
affect the chemical speciation change, bioavailability of heavy metal
(mainly Cu and Zn) of pig manures in soil are rarely studied.

Therefore, in this study, we used exogenous H,O, application to
imitate rainwater-borne H,0,, and to explore the dose of H,0, effects
on Cu and Zn bioavailability derived from pig manure in soil and dif-
ferent parts of rice, trying to reduce Cu and Zn content in rice grain.
This work help us obtain further insights into the potential effects of
rainwater-borne H,0, on alleviating Cu and Zn stress in rice, so as to
provide theoretical basis to realize the harmless and resource utilization
of livestock manure and to reduce the pollution risk of heavy metal in
soil.

2. Material and methods
2.1. Materials

Rice (Oryza sativa L.) variety in this experiment was Huang
Huazhan, provided by Rice Research Institute in Guangdong Academy
of Agricultural Sciences. Acquired from the experimental field of the
Ecology Department, the tested soil was dried naturally and sifted by
2 mm sieve, without any soil gravel, leaves, and other debris. The initial
pH of soil was 6.19, the organic matter content was 16.06 g/kg, and the
total N, P, K were 1.08, 0.96, 28.08 g/kg, respectively. The total Cu and
Zn contents were 49.16 and 86.43 mg/kg. The dry-fermentation-bed pig
manure was obtained from a pig farm near Guangzhou. After being
dried, pig manures were all sifted by 2 mm sieve and uniformly mixed.
The pH of pig manure was 6.29, and the organic matter content was
232.27 g/kg. The total N, P, K were 12.3, 9.15, 2.37 g/kg, and the total
Cu and Zn contents were 0.34 and 0.91 g/kg, respectively. HO» (30%,
guarantee reagent) used in this study was provided by Xilong Chemical
co., LTD.

2.2. Experimental design

H,0, effects on the morphological change, bioavailability of
manure-derived Cu and Zn in soil-rice system was studied by a pot
experiment. The tested soil was thoroughly blended with the pig
manures (200 g per pot), with 65% field capacity for 1 week to stay
homogeneous. The rice seeds were surface-sterilized by soaking in 30%
H,0, for 15 min, then were rinsed with deionized water and placed in
containers with moistened sands for germination. After the
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germination, six uniform healthy rice seedlings with 4 leaves were
transplanted to each pot (diameter = 25 cm, height = 15 cm) with 5kg
paddy soil. Two weeks later, 250 mL H,0, solution with different
concentrations (20, 50, 100 uM) were sprayed every 2 days, according
to the average annual rainfall in Guangzhou area (1800 mm, the eva-
poration rate is 40%). And same amount of deionized water was applied
every 2 days, which served as CK, namely 0 uM H,0,. Water surface
was 1-2 cm higher than the soil surface during the growth process, and
a compound fertilizer (15-15-15) was used to maintain N, P, K balance
for rice growth. Each treatment had 4 replicates, and the harvest time
was on the 125th day.

2.3. Sample preparation and analytical methods

Prior to starting the pot experiment, the pH, the organic matter
content and total contents of N, P, K, Cu and Zn in soil and pig manures
were measured. The soil pH was measured by a pH glass electrode in
H,0 at a water: solid ratio of 2.5:1. The soil carbon content was de-
termined by potassium dichromate oxidation method. The total N was
determined by semimicro-kjeldahl method after the soil was digested
by HF—HCIO,, the total P was determined by acidic molybate-ascorbic
acid blue color method and the total K was determined by the flame
photometry method (Bao, 2008).

After the rice harvest, the straw and root portions of rice plant were
separated. The roots were rinsed with tap water and then with distilled
water to remove the impurities attached to the sample surface. Fresh
biomass of straw and root were collected, and oven-dried at 70 °C, until
constant weight was attained. Soil samples were mixed and blended,
and then collected from each pot. The samples of grain, straw and root
were ground in a stainless steel mill and digested with concentrated
HNO3;—HCIO,, the collected soil was air-dried and passed through a
2mm sieve, and digested with concentrated HF—HNO3;—HClO,.
Different chemical speciation of Cu and Zn were extracted by the
method of Tessier et al. (1979). Then the concentrations of Cu and Zn of
soil and plant were measured by atomic absorption spectrometry
(Z700P, Jena, Germany). At the same time, quality control and blank
samples were made.

2.4. Statistical analysis

Statistical analysis of the experimental data was performed using
one-way analysis of variance (ANOVA) and the means compared using
significant difference (Duncan) method at 5% level (IBM SPSS software
Version 17.0). All experimental data were presented as mean =
standard error (n = 4).

3. Results and discussion
3.1. Soil pH and organic matter content

The application of H,0, significantly increased the soil pH and the
organic matter content when compared with CK. The initial pH was
5.96, then went up to 6.78, 6.57 and 6.31 respectively at H,O, con-
centration of 20, 50 and 100 pM. Compared with CK, the soil organic
matter content increased by 23.27%, 10.66% and 13.40%, respectively
with HyO, concentration of 20, 50 and 100 uM. The pH and organic
matter content both increased most significantly under the treatment of
20 uM H,0, (Fig. 1). Fenton or Fenton-like reactions can be triggered
by the contact of Fe?* in acid soil of southern China with H,0,. The
products include hydroxyl radical with high reactivity and Fe(OH)3
colloid, which improved soil pH value for its alkalinity (Hall and Silver,
2013). According to the Pearson analysis, the soil pH showed negative
relation with Cu content in rice root, stem and leaves. As for Zn content
in rice tissue, the soil pH was significantly negatively correlated with Zn
content in rice root and the brown rice. These results indicated that soil
pH might play important role in changing the Cu and Zn contents in rice
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Fig. 1. Effects of H,O, concentrations on soil pH and organic matter content. All values are presented as mean =+ standard error (n = 4) and bars with different

letters indicate significant difference among H,O, concentrations (p < 0.05).
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Fig. 2. Effects of H,O, concentrations on rice biomass. All values are presented
as mean * standard error (n = 4) and bars with different letters indicate sig-
nificant difference among H»O, concentrations (p < 0.05).

plant. Moreover, it has been addressed that the application of Fenton
method can well remove the organic matter and color from different
industrial wastewater (Bissey et al., 2006; Riafo et al., 2014). In the
simplest case, H,O directly oxidizes organic compounds in a peroxidic-
type reaction by a two-electron process without O, formation, which
lead to organic carbon decomposition (Mikutta et al., 2005). And
during the decomposition of organic matter, microorganisms such as
fungal or bacterial can better use this assimilated carbon for plant
growth (Soares and Rousk, 2019). Well-grown plants usually have more
root exudates, which play an important role in changing the organic or
inorganic matter in the soil and are also a continuous source of organic
matter (Wang et al., 2017). Moreover, it is also well reported that rice
root will slowly die after the grain filling (decreased root length, root
tip numbers, etc.); and these root residues will remain in the soil as an
additional supplement to the carbon source (Hongyan et al., 2018).

3.2. Rice biomass, yield and its components

The biomass of rice root, stem and leaf remarkably increased under
the concentrations of 20 and 50 uM H,0,, when compared with CK
(Fig. 2). And the increment of root, stem and leaf biomass under the
treatment of H,O, of 20uM were most significant, increased by
31.97%, 46.28% and 38.65% respectively, but there was no significant
difference under the treatment of 100 uyM H,O, compared with CK
(p > 0.05). Therefore, it was demonstrated from our results that si-
mulation of natural precipitation in the micromolar concentration of
H,0, can increase the rice biomass, but with the increased concentra-
tion H,O, at micromolar level, the biomass of rice decreased contrarily.

Similarly, rice yield also increased under H,O, treatments, and the
theoretical value of rice yield increased most significantly (p < 0.05)
under 20 uM H,0,, increasing by 38.08%. And the decisive component
factor, the effective panicles, increased by 11.49% under the treatment
of H,O5 of 20 uM (Table 1). In addition, the grain number per panicle,
the setting rate were also highest under 20 uM H,0,. However, there
was no significant difference of the thousand grain weight of rice under
different HyO, concentrations (p > 0.05). Thus, low H,O, concentra-
tion could remarkably increase the rice output. These findings were
probably due to the optimization of soil nutrient status and soil con-
dition, including the increment of the pH value (Fig. 1), and more N, P,
K nutrients released from the degraded pig manure (Lai et al., 2008;
Sholly et al., 2010; Méndez et al., 2012).

3.3. Cu and Zn content in different parts of rice

The Cu and Zn content in rice roots dropped with H,O, application
compared with CK, and the lowest Cu and Zn content were found in
20 uM, decreased by 44.62% and 36.91% respectively (Table 2).
However, Cu content in stem, leaves and grain showed no significance
at 20 uM H,0,, compared with CK. Contrarily, 50 and 100 uM H,0,
increased Cu in grain, this might due to the increased Cu transport ef-
ficiency from straw to grain in these treatments. As the translocation
factors were 0.72, 0.72, 1.39 and 0.83 for 0, 20, 50, 100 uM H,O,
treatments respectively. And Zn content in rice roots showed similar
pattern with Cu (Table 2). Zn content in steam and leaves do not have
obvious difference, but the H,O, treatment markedly decreased the Zn

Table 1

Effects of H,O, concentrations on rice yield and its components.
H,0, concentrations (uM) 0 20 50 100
1000-grain weight (g) 19.83 = 0.30a 19.85 = 0.22a 20.31 = 0.55a 19.96 = 0.43a
Effective panicles ( X 10%/hectare) 367.3 + 11.81b 415.0 = 6.80a 408.2 = 11.78a 326.5 = 11.78c
Grain number per panicle 95.4 + 0.23c 136.5 = 4.46a 118.3 = 4.74b 107.1 = 3.28bc
Setting rate (%) 58.45 + 1.52¢ 80.00 + 4.02a 70.89 = 0.79b 66.65 + 2.52bc
Ideal yield (t/hectare) 6.97 *+ 0.34c 11.24 + 0.32a 9.78 + 0.25b 6.99 + 0.44c

+

All values are presented as mean

standard error (n = 4) and bars with different letters indicate significant difference among H,0, concentrations (p < 0.05).
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Table 2

H,0, effects on the Cu and Zn content in different parts of rice (mg/kg).
Tissues Cu Zn

0uM 20 UM 50 uM 100 uM ouM 20 uM 50 uM 100 uM

Root 20.4 =+ 0.51a 11.3 £ 0.25¢ 12.9 * 0.32 be 14.4 = 0.79b 85.1 = 5.79a 53.7 = 2.84b 57.7 = 0.82b 74.2 + 3.63 a
Stem 4.6 = 0.38 a 34 £ 017a 3.5 £ 0.03a 3.8 £ 0.36a 21.3 = 19 a 15.7 £ 1.98 a 20.7 = 2.08a 19.0 = 1.18a
Leaves 4.8 = 0.08b 5.2 = 0.36b 5.0 = 0.15b 6.7 = 0.06 a 25.0 = 0.29 a 286 = 140 a 26.7 * 145a 259 = 0.84a
Grain 6.4 = 0.73b 6.2 = 0.87b 10.47 = 0.67 a 8.8 = 0.48 a 344 = 234 a 23.2 = 1.48b 24.5 = 1.5b 27.5 = 2.24b

All values are presented as mean = standard error (n = 4) and bars with different letters indicate significant difference among H,O, concentrations (p < 0.05).
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content in rice grain. And 20 uM H,0, had the lowest Zn content in
grain, decreased by 32.49% comparing with CK. According to the
Chinese Food Hygiene Standard (NY861-2004), both Cu and Zn content
in grain did not exceed the standard (except Cu content in 50 pM). But
with micromolar concentration of H,O, at a low concentration, espe-
cially 20 uM H,0,, it was conducive to alleviate Cu and Zn stress to rice.
These results indicated that effects of rain-borne H,O, on manure de-
rived Cu and Zn were different, though it had good potential in low-
ering the Cu and Zn content in rice organs, especially in rice root.

3.4. Cu and Zn morphological change in soil

The chemical speciation forms of heavy metals, rather than the total
heavy metal concentration, are the key factors for determining the
mobility, toxicity, and bioavailability of these metals (Liu et al., 2007).
Though the total Cu and Zn content were higher with exogenous H,0,
application, their morphological change patterns were different. Ad-
ditionally, the inactive components (carbonate bounded form, Fe—Mn
oxide form and residual form) accounted for the majority of the total Cu
and Zn content, even as high as 97.8% (Cu) and 96.6% (Zn) in 20 uyM
treatment. Compared with CK, the Cu concentration in exchangeable
form and carbonate bounded form dramatically decreased by 56.03%
and 24.52% in 20 uM treatment. Contrarily, the organic combination
state, a more stable form, increased significantly in 20 uM treatment,
increased by 26.50%. And there was no significant difference in other
Cu form, such as Fe—Mn oxide form and residual form (p > 0.05),
though Cu content in Fe—Mn oxide form under the 20 uM treatment
increased by 12.95% (Fig. 3). The concentrations of Zn in different
forms were similar to those of Cu. The concentrations of Zn in ex-
changeable form and carbonate bounded form decreased under dif-
ferent H,O, treatments compared with CK. And Zn content in ex-
changeable form and carbonate bounded form decreased most
significantly at 20 uM H,0,, decreased by 21.89% and 59.28% re-
spectively. The concentration of Zn in Fe—Mn oxide form and organic
combination state under 20 pM, on the contrary, increased notably, by
9.60% and 8.44% respectively. However, there was no significant dif-
ference in other H,0, levels (p > 0.05). Thus low H,O, concentration
could noticeably reduce the concentration of Cu and Zn in exchange-
able form and carbonate bounded form in soil, but remarkably increase
Fe—Mn oxide form and organic combination state.

It has been documented that H,O- react with Fe?™ in soil to form Fe
(OH); colloids at a low concentration, which can reduce the activity
and mobility of heavy metals by the action of adsorption and pre-
cipitation to adsorb and precipitate heavy metals (Bolan et al., 2013).
And the generated hydroxyl radical in the Fenton reaction is highly
oxidizing to many substances, such as a wide number of organic mo-
lecules or other heavy metals (As, Cd, etc.) (Lee and von Gunten, 2010).
Additionally, Fe(OH)3 can improve soil pH value for its alkalinity, and
drop the negative charge of soil surface, thus increase the heavy metal
adsorption to alleviate toxic effects on crops (Jackson and Punshon,
2015). Noticeably, the migration and transformation of heavy metals in
soil is a dynamic process. The physical composition and chemical
properties of soils directly affect the existing forms of heavy metals. And
soil pH was found to play the most important role in determining, metal
speciation, solubility from mineral surfaces, movement, and eventual
bioavailability of metals (Zhao et al., 2010; Zeng et al., 2011). Apart
from soil pH, organic matter in soil is also one of the most important
soil properties affecting heavy metal availability (Amir et al., 2005;
Park et al., 2013; Tang et al., 2014). Thus from our results in Fig. 1,
H,0, can both significantly increase soil pH and the organic matter
content, which indirectly affect the Cu and Zn morphological changes
in soil. In addition, low H,0, application at micromolar level decreased
Cu and Zn contents in the exchangeable form and carbonate bounded
form (Fig. 3), which probably contributed to a better rice growth and
rice yield, and lower Cu, Zn accumulation in rice (Table 2).
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4. Conclusion

These results obtained from this study shed some light on the po-
tential role of rainwater-borne H,O, in changing manure-derived Cu
and Zn speciation and accumulation. Micromolar concentration of H,O5
at a low concentration, may react like Fenton process, showed ad-
vantageous properties on this rice-soil system. The exogenous applica-
tion of H,0, increased the soil pH and organic matter content, the pH
and organic matter content were both increased most significantly
under the treatment of 20 uM H,0,. Biomass of rice root, stem and leaf
remarkably increased with the application of 20 and 50 uM HO».
Meanwhile, the ideal rice yield, setting rate, grain number per panicle
were all increased at 20 uM H50,. Cu and Zn content in exchangeable
form and carbonate bounded form dramatically decreased in soil, and
contrarily the organic combination state increased significantly in
20 uM treatment. Thus Cu and Zn accumulation in rice decreased,
especially in rice root. Applying low concentration H>O, decreased Zn
concentration in rice grain, but showed no significant effects on Cu
accumulation in rice grain. In summary, 20 uM H,0, indicated the best
effects on easing the Cu and Zn toxicity derived from dry-fermentation-
bed pig manure, but further study is still needed to explore the inter-
action mechanisms among micromolar concentration of H,0,, pig
manure and rice-soil system.
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TR AR SO T I 2% 1 LA S 90 M ) A I B < s IR s o 4 s e R TR, 0 17 8 R O e e
FEHAFTERIA L o TR NS B 5 FRAE AR 2 AT XL R R il 1, MR A2 22 fi) 2 3 Jes PR i (i K% PR ol ) 2
GBMEAAAEARNRZE o BREPRIEA F SR, AT bRE. A0S T S 52 A5 T AR e vh 30A T 4 R
TEARAR, AEXT AR E ) K P S TR AR R 5 1 AR TR A BR AR v o 7 i s R o 4 )
Z ARG AR SR, An A A e oAl 5 A ) U R A RS o 5C EDRARE ARAE S Blei Sn R NE R K
AP 7 TR ACBEE B BREEARIE, % h 5% PR RJR) (USEPA) SRR AL rh A 5 0 200 AR A X
B PEAG AR R S (4, 225 TR T 1) S (o7 36 s Ay v ol s 1) XU DA A et . SR TR 12 i 4
il & FE P2 (AAPFCO) AR IR IFAGZ5 R4 T A E B S R R AR v, SR TR AN ITE S5 ihm i i S
filh E AR A B AL S . B A TSR S — RO SR BR Ao, 2% 1% AALE 1A G b (T
27 ik I R AR E 7 UL T B R e T RS A R AR ARG R L i SRR T LR L
, XORFESERE, A AE T2 00 g AR A BR AR AR — B U bR N A T
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Comparison of heavy metal limits for chemical fertilizers in China,
EU and US and enlightenments

YANG Xu', YU Yao®, LIHua-fen’, HU Yi-ao', ZHAGN Cheng-lin"
( 1 College of Natural Resources and Environment, South China Agricultural University, Guangzhou 510642, China,
2 College of Resources and Environmental Science, China Agricultural University, Beijing 100193, China )

Abstract: This paper briefly introduced the work out procession and the heavy metal limits in chemical fertilizers
in some states of the United States and the Europe Union countries, and pointed out the shortages existed in the
standards and the working out processions in China. The heavy metal limit standards for chemical fertilizers in
China are fertilizer type specific, and greatly different among the fertilizers. The heavy metal limit standards are
issued by different departments, including national and industrial standards. Some of the national standards for
simple fertilizers and compound fertilizers lack heavy metal limits, but that for water-soluble fertilizers has quite
strict limits for heavy metals. The limit standards for heavy metals do not have adequate theoretical and
experimental data support, and have no necessary explanations for the basis of establishment after publication.
The heavy metal limits in the United States are set up considering both the phosphate and micronutrient fertilizers
and their application amounts. Several institutions (e.g. USEPA) in the United State made the standards using the
evaluation models for the risks assessment of harmful elements in fertilizers for human health, and referring the
data from long-term local field trials and the surveys for risk assessments in foods . The Association of American
Plant Food Control Officials (AAPFCO) has proposed limits for heavy metals in chemical fertilizers based on

i HE: 2018-01-07 S HHA: 2018-04-22

EemB: FHEHERESPEIE (2016YFD0200404 ) 5 IR =L H RIK R LHI¥E 4 (CARS-23-B16) 5 [ ARAFHLITRITH
(2015A020208012 ) %Hl,

BZAR: #JE E-mail: jeneryang819@163.com ; * il {F/E# k&M E-mail: clzhang@scau.edu.cn
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these acceptable limits, and some states in the US are implementing the heavy metal standards based on their state
laws and regulations. The EU countries do not have uniform heavy metal limits in chemical fertilizers, and they
manage the fertilizers by their own laws and regulations. The standard settings for heavy metal limits relate to
various benefits and public welfare issues in fertilizer production and application, soil health, water environmental
protection, food safety, deserving our careful thinking and investigation. Suggestion: China should refer to the
standard setting methods in developed countries to establish assessment system for hazard risk of heavy metals.
The heavy metal limits should consider fertilizer types such as macronutrient, secondary and micronutrient
fertilizers, and make one standard for all chemical fertilizers in China. Meanwhile, by referring to the existing
research results from foreign countries, it is better to jointly formulate heavy metal limit standards for chemical
fertilizers suitable for our national conditions by various departments based on investigation and long-term fixed

experiment.

Key words: chemical fertilizers; heavy metals; limit standards

HRAE R ] 2014 4 [ R IABE O A0 [ 4 B2 U5
RATH (A E IR YRBLE A AR ) B, i
HEEER. R, MWL B 8. B B8 MEAEILR
A AEARR A 7.0%. 1.6%. 2.7%. 2.1%. 1.5%.
1.1%. 0.9%. 4.8%. Tak. fll A= AZKiG5h
FA SRS S e e 1 ol 8 T 4 T bR 1) =2 A
Fo i X G Y Y, IR AR TS Ok ERZ
WMRSDIRE . T5KHEEME . 15 RMEH . A VUL F{LAe
it R 4 o AREFE R S AR A - e R, sl
A ENEEEICEY, H PR = R T2
AN, ORI AR R E R R R, BEIEAY
AP EORUE BT A, B A R A BEAE b
SRICE SRR, AR AUAE 4 R A A
XPREARES, hEE A K, Rt 5 F R R Ak
A EFE R, JEERSH RS, FeE 2016 47
A FALAE F A 5984.1 J7 t (i B, WAL AE b
4R A RS A%, KW 48 A e
PRNE St il 38 5 4 @ 1) BART, Rk, A Bl IR ARAE
HES R LEN R, BEEZAECE TESE
PR S FR v . (AN W) 1 R 1) o 4 B e A v A7 A
RRZER . AR T IR E AT AL T 4 8 P
e, JF5EE . BRI IEE 4R BRI T
THE, BENIRE ARG T A LI E 4R
B s o P 06 R oI 1 R A il i S i 2 %

1 FREAIE & 45 R BR AR v 5 A7 AE
H TR

T A AL, B 1k 4 1 S 2
B BRI T A P T R T
LIRS K AR BRE BLAE T 5 A 24 4
BB L RIGIREDR: ML —se e R,

WGERRE . fc TR T IR L R e AE R
HEE T, . By bR ; SRR e T i
AR RR B R e ; Sk E R i & sk T 7 e
(F DEw, iR EF AR SR (ERR . B
oA P HEFE R AE) PTAT, S [RDAER = S Y 4 8 p i
B Rt 2 RMR . Hhmmek 5 Tk B xs
I EORAR T A%, 23108 0.5 5 1 mg/kg, BRFREL
AT Y BRSE AR (A EIR B 10 £, BRILZ AN, &
B R rh | A 5 % ) A 2SR R 4 Tl 2 K 3 E R FR
HAREE R S5, 4 £55 10 4%, MR T ER ML
B AR B R K I SR RR AR (R Y 2 £
FH I AT LK PR N T 35 T 3R A BRI B A ™4

6 A 43 1) A RO R 2 AR A R A o T
Fhaife, BARF . 1) &0, JRE (GB 2440—2001),
iR 4% (GB 2945—1989) ., Ak KR S % (GB
3559—2001)21; 2) AR, AHEEMEAL (GB 20412—
2006). 1 ERRES (GB 20413—2006) . i R4S
(GB 21634—2008)>21; 3) #ifltt, A4 (GB6549—
2011). R\ FIFERER (GB 20406—2006) , i B4
HE (GB/T 20937—2007)>7; 4) Hep HERL, 0wz —
B WERR 8k (GB/T 2025—2009) . 4l Gl w2 40
(GB/T 20784—2013). BRIk (& MEEH(GB/T
15063—2009), BIRAEL (BB L)(GB 21633—2008) .
ERNEEL (GB/T 23348—2009) 25028521 3 S i ) 2
A B ALK, 7 LR RARET T, ¥k
XTRE AR 9 B 4 S 3 e A TR o

R AT B 4 i B s o R T A AN L B
2 (F 1), XEMRRMEE ., —Hm, EeklE
HE R R EARER e, A AE SRS
A it Ry 22 57, HARYE 2447 J)—Jrim,
IRARRE A (GRS R B A IE) 1R 202 K AR
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F1 REUBRSHSERERNESBRERE (ng/ke)
Table 1 The heavy metal standards of inorganic fertilizer and some fertilizer material in China
FRfEAFR Standard As Cd Pb Cr Hg

GB 437-2009 i RH (4 ) Copper sulfate (for crops use) <25 <25 < 125
GN 535-1995* i f#%% Ammonium sulphate <0.5 <50
GB/T 2946-2008" & fk.£% Ammonium chloride <5
HG/T 4133-2010A TV iR — & 4 <50
Ammonium dihydrogen phosphate for industry
GB/T 2091-2008¢ T\l #§fi& Phosphoric acid for industrial use <1 <10
HG/T 4511-2013¢ Tl @2 — 54T Monopotassium phosphate <50 <50
HG/T 2326-2015 TAlVHiEREE Zinc sulfate for industrial use <10 <10 <5
GB/T 174201998 {7 % M HiHL KL Foliar microelement fertilizer <20 <20 < 100
GB/T 17419-1998 & 2 IR TR} Foliar fertilizer with amino acid <20 <20 < 100
NY 11102006 /KFALER . i, 5. 45 BRI BR & R & S
Limits and testing methods for Hg, As, Cd, Pb and Cr contents in water- <10 <10 < 50 < 50 <5
soluble fertilizers
GB 23349-2009 ILE A 53, Y. % RESIEDS < 50 <10 < 200 < 500 <s

Ecological index of As, Cd, Pb, Cr and Hg in fertilizers

I (Note ) : a—#ifR% (GB 535-1995) Y E 4 )8 AR N IRSF M AUbRIME, —%ih 5N AMERE SRR MER,; b—AIbk
(GB/T 2946-2008) 1T 42 /& FREEARAE PLAE A UARIE; c— TALBERR (GB/T 2091-2008) Fr) 2 4 FREEARAE AL A5 A 0BT d— Tll iR —
A (HG/T 4511-2013) 1 E 4 J@ BR b A0 55 4 AR . a—Ammonium sulphate (GB 535-1995) represents the heavy metal standards for
the superior product, and there are no heavy metal limits for first grade and qualified products; b—Ammonium chloride (GB/T 2946-2008) represents

the heavy metal limits for the superior product; c—Phosphoric acid for industrial use (GB/T 2091-2008) represents the heavy metal limits for the

superior product; d—Monopotassium phosphate (HG/T 4511-2013) represents the heavy metal limits for the superior product.

(B8 7K it B3 3 T W 2R 4 it FH A — 2R ek i Stk
Ak A SRR AT SE Atk SRR} Y PR e R o AS BH A R
ARG, A T KR AR A S bR . A
Ub, KRR R . B B B A BR AR E
W4, AR R A RER T AR
ARV BRG], HARYE SR AT 47 AR,
AR AL Y B 4 Rk A A R, R
(5 4 i —2F DL ok AR IE M i e Z Ak, gk
K i ME R 4 M s B R e N GR , KT
KBS s, 1Tk 61.0 mg/kg; i cER
KNS & s, PR 3.90 mg/kg™ =, A
JIE B A v 4 AR A, R K AR A SR
Pieae 4, WMiBEIE (MR —EUE . BEIR—E ) g
T RNE T E 4R ARG, W AR,
T REREES, WA 5 O™ P 4w AR

2 AR RE T 4 Jm PR o S
SE T

21 EEFBAMUREEBHIREFRE
S [ PRy LA B A 2 2 Pl MRS B2 1, FL AT

W JCIC S G — P BRI, T 2 45 M AR 0 224 b 114 45 0
H BT RAER S, 2 MAE G R i 35 275 3
FE R B 5 A B P2y (AAPFCO) T i i ATk
BRIEARHELR TR ETY ) fE AAPFCO FLE A v () S il
1, RS AR 2 b L AE & B IR R IS Ak
NEE 4B & EdniE, Hr, R0, InflfE e v
AR A DR X AR I B 4 B T B A g B R ),
A SN (ns 75 ) e RPE e, X 54 8 A i
PR LR,

TN JE AN AT AR AT e A AR
TBRERRE, B 1% P,0; 4358 2. 4 A1 20 mg/kg;
1% e JuE 4 13, 12 F1 140 mg/kgt!,

TEWIJE I5 38 M i A AR d A 508 10 . an 2R
NERH G ARAL T E 4x R AR AR B R B, %
ANV X Z FEATIEAY . 2003 4EBH JE S5 1k N 1 £
b 7 IEEL A R i AL (MS CH 18C), ZIE MM
FEREARL B AR T 500 mg/kgt !,

BTN 1) A0 N 4 i RIS s v s i R AR Bt
M RCW15.54.800 FIr 4 A A:4F 1 358 BT BE 232 1)
BRESBRME®. As336 g/hm®, Cd 88.5 g/hm’,
Hg 21 g/hm’, Ni807 g/hnr’, Pb2244 g/hnr, Se61.5 g/hm?,
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Zn 8295 g/hm?’, ZFRUESEARE 1996 4F 8 H Fr A Ay
IS KR 5 47558k T-4-93 HilE M . 1979 4F78 (AR
BRAEA ) MEACT, g R AR AR £ 5 R
(AAFC) #EH T — RGN 5 4 e B br i . A
1993—1995 4], AAFC &4 J& b vfiE /e H & iy
() b o 1 Ao B EAT T EATIEAL, S5 AR R
AAFC HEJBRUETSRA R, b AT 1K
H1 (45 4F) nTLL RN E SR MR Kz 5, AR
NN B A AT - S T R A2 ) B K i 4 B i

TE A XN BT A L 7= it 16010 3 rh b T,
FEPEE TSR LAY BT EdE, HAA
ARNE 7 AR 2 AR bR s 4 Ja 1 i, AESCIRE )
Bracr, DG BRI S 06 5 A4 B 4 I 3 A O vk
SRR EEe . Horbr, 7RI X ) AL B 4 )
FREEFRIELNZE 2 BT

T2 5 5 ST M 0 B A TR 4 B 2 TR 20 A 7
gt HXTARE Y E 4R E RN . As 41 mg/kg .
Cd 39 mg/kg. Hg 17 mg/kg. Cu 1500 mg/kg. Pb 300

mg/kg. Se 100 mg/kg. Zn 2800 mg/kg,
2.2 HIEKREE

% EH AR (USEPA) . H N £ 5 5 4l 56
(CDFA) LA K 52 E LRI 2 (TIF) AR U A5 750 X5) Ak
NE A TR AT T NS XU DA, AT EE ST
THERLE S R L W R ) SUXBS AR (] 1), F22E
LT AE . REAREY S 36 e i e & |
SRIE TR 50~ 100 4735 22t iU J5 i AEEHE A 148101
g Jm e (Kd Y5 ) 51 Y W r 4 s
(PUF S, PP A B X S RAEY T AR T 4
JEa, @ AREY P 2N E SRR,
R 4 330 40 Rt B T 5 T B2 A2 0 I kL I A R
(RBC) FZL, X =TT IEALG S SRR, LT
FEFTA I OL T, TEARE b i B 45 Tk B AS 23 5% it A
L MEAERE R BE O B AR R, o, R
T 100 AF f) B5 A Y5 0 [ 9 SR a0 3 19 1 00 T
] 58 LRI A W 25 58, 50 4F A B0 Sk IR T 55 R AF

*2 BEMNMNLE~RINESRITE (mg/ke 8 1% F5)

Table 2 Oregon standards for heavy metals in chemical fertilizer products (mg/kg per 1% nutrient)

JELF2 Chemical fertilizer As cd Pb Hg Ni
iR LR Ak Phosphate fertilizer 9 75 43 0.7 175
iR T LRl Micronutrient fertilizer 76 61 340 45 1330
TR EY SR TR LR
. .. . . 76 61 340 4.5 1330
Fertilizer containing phosphate and micronutrient
HENEEK Others 54 45 258 4.2 1050

HE (Note) & 1) AL AT RERREL 5 FRRURZE, 2™ S b 19T 48 S BRI 126 () B (b) FRARAORRIE; 2) W=,
TABERREL SRR SR L BRI ICR, TS N E SR SRR T LRT (2) 5 (o) FrRibaiE; 3) MR A S AR S
OEILR, RIS NES B SRR T LET (d) Ik iFsiE, 1) When the product has a guaranteed analysis of available phosphate
(P,0O;) and has a guaranteed analysis of one micronutrient, the product could not contain more of any metal that higher than the resulting values as

calculated in (a) or (b) above; 2) When the product has a guaranteed analysis of available phosphate (P,O;) and has a guaranteed analysis of two or

more micronutrients, the product could not contain more of any metal that higher than the resulting values as calculated in (a) or (c) above. 3) When

the product has no guaranteed analysis of available phosphate (P,O;) and no guaranteed analysis of a micronutrient, the product could not contain any

more than the resulting values as calculated in (d).

LA™ (NPK 8%
W TTRILE
Fertilizer product
(NPK or micros)

MCE (R4
PE¥5 LN E)
Application rates
(vary by crop and soil)

50~ 1004F 11y 14 TR I 2
HEmKL (KAEED | _ #i (PUF JERED
Metal level in soil at Metal uptake by

50—100 years (Kd range) plants (PUF range)

l

BTSSR R E
HEB S (WHL RBC)

Back calculate to an acceptable upper
limit of a specific metal in the
fertilizer product (i.e., a RBC)

AR TR -
BRI () RS

Established acceptable —
metal level in diet
(toxicity)

Food ingestion rates for
crops (FDA, USDA)

1 XERMESRRERERNT XRERE

Fig. 1 The generalized risk model for establishing safe levels of metals in America
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A LS T e S 0T H ) WA A 5, 1T 30 AR B
P 48 R UR T3S & S A2 A R “IR
BAFFE” T E s s DA

HR P RS BT, b ATT A5 380 T A 252 1 IXURS: vk
& (B AAPFCO LR E & B R i brifE, 5 3). &
T 9 TR, REFRMESCEN S FOTRARE
Horp, A FEIOR 220k AR IE MR T RIEE,
AN ) RERH B 5 2 i %)l I R A3 o6 2R BB A7 AR AR K
Z5, NIGIZARELLEE 1% PO, F1 1% IR ICE N
SEAC BN RV B R AR . BN, R — AR A
A 10% 1 P,O,, NHZALEHY 4R & AR IS
Mt 130, 100, 1360, 610, 10, 420, 2500, 260,
4200 mg/kg (£ 3).

*3 XEEVEREEIANSNUEEERBRENEXR

Table 3 AAPFCO risk-based concentrations for inorganic

fertilizers
i% RECRILR BT
Element NPK fertilizer Micronutrient .fertilizef
(mg/kg per 1% P,O;)  (mg/kg per 1% micronutrient)
As 13 112
Cd 10 %2
Co 136 2228
Po 61 463
Hg 1 6
Mo 42 300
Ni 250 1900
Se 26 180
Zn 420 2900

SR AL 2B P
A SRR R RL LA 4
T E R R SR R AR
B OB,

3 IR AR IE < S PR s o S A
FEMKAE

TE 2003 4F, RREAMAE T ACEHE (EC No. 2003/
2003), ZIZIEHE H I AEEFR R < Rk AE R (BC
fertilizer)” , KRB NERL AT LIAERK B T 9 B i .
A2 R RERRE A H A IERFR R “ E K ALEE (National
fertilizer)” , IXSENLRLSZ & [E AYEHAE R . JETERK
PN A A B AR DGR, R ELR A H8 AR AE R
BN AR G — ., B A RS X AR . IR

TCALEARAE | L5 AL AN st T 28 18 45 RS AT ) B
BT IR0 fr bR . (HIA B X S ek ) & 4 R
R . ANAEIZ R % T g & T i S aUe
(i) AR A B E (B & AN 5 T 10 mg/kg) Y,

TE 2003 A2 )5, 45 EXT R S8 — IR ARNE (EC
No. 2003/2003) FZLEe it T 2WIEIT %, FEiXLEETy
Z& vl 22 YR I 2R AR AE Hp T 4 A R ()
R, 45 BT il ) AR I T 4 B s o 45N A )
(F4). Blan, XFTEie & R REE, Wik
Fil L 2% 22 5 G AT [E A AR S SR R T 0 PO, BB
R T75. 22, 44 mg. £ EX TG R E A
B ES BRI, BAAAEADPRUL, FE 2016 4F
P AERREAETT 7 S b4 th T L . i i L5 )
Xy T R, PSR IR E 48 R
PatfEs XFFRES oo Rm IR, m. 8. WL 8.
KPR EARES HIR 60, 150, 60, 2 Fil 2 mg/kg;
P RIER, . L M. L ORI ER
HESF 5120 1000, 600, 200, 2000 1 100 mg/kg (4L
YRR ERITE), P TRE™, MExk
ft#H B, Co, Cu, Fe, Mn, Mo, Zn FH—oiR
Bk

XSS R i A i ST A R R
4B T R X NS B (R XU TV A 45 R ) Sk i
L, FEESHEiS 8 RHK. 5. Ak
A SC I RLABFTT (W A E A & . B

4 RERTERUEESEREMESHEEINE

(mg/kg, DM)

Table 4 Maximum limit values for heavy metals in
inorganic fertilizer of Europe Union countries

%% Country As Pb Cd Cr Ni Hg
HE5 Czech 20 30 50 50 N/A 05
% F Portugal N/A NA NA NA NA NA
BRA Ttaly NA NA NA NA NA NA

Z Vb Je i Estonia 50 100 60 50 100 2

f#5 [ Germany 40 150 60 N/A 80 1
B F| Austria NA 100 75 100 100 1
2%2% Finland 25100 22 300 100 1
Fis i Sweden 25 100 44 300 100 1
75l Greece NA NA 60 NA NA NA
[ France 60 150 90 120 N/A 2
S 60 150 60 NA 2 2

Proposed limit

1 (Note) : N/A—#JCBR*E No limit values at present.
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EROM AT Z RS R AR S K MRS
o BRICZAL, IZBRUERIHE AT 2 B K 2%
BT E S Tk kA3 . (B2, #E NIPERA A9 b
5%, R UIEAG SR R B, 16197 R HE 12 MK
By B TCHUBEAEAE S, 29 21% 7= 508 2 4
T-7C P,O, 4@ & 60 mg AYFR R bRifE, (HXFT4T.
i BRI AR AR MR, L, SRR IR AT 5
PO, & it 60 mg (9 FREARMER B AT, TR ZICHL
WAL = 2 RO 4 & S b 1T TG VA AE T 3 b i
e A AR R (A T e BB, B R ARk
BIFRA N, HRTESZ AT 2003 4R 15 1Y
sk ) o

4 b

41 MAEKRER~RTERNEEREREFFER
ErEE

o AR T, FREAS ) A= i I et B Fr
M E SRR AR EARTR, HEESEiRE 0
BRR) FRy2ERARR GR 1), SR 2
XA B HE T E A E R R, e AR
RIATEE . W, AT ny s e 2
AR AT X 4 SR A TAR I, T X 2 AR AN
SRR P N Y A SR} . 3K 25 o 3 UK i I il
Jer Ak 4y R s A 1D A 8 R A 7™ s 7T el 15 7K 5 A
B 4R S AR R Ban, AERHEDRE T
Wil — &% (HG/T4133-2010) HE KA < 50 mg/kg,
XFHEITCRRAER G EER 0 Tl B iR — AU R K
NS R OB, FEZK S IERBHAC 7 R s N A 432
JLBIA 2L ARG, WAARNDT R EHEAR UK
VSRR A B o RGN SR L i R — A TR K A
B s #id 50%, RAER< 50 mg/kg R
HERAT , 7K R B i il 5 i 25 B BB 4 25 mg/kg,
XK IR R F T E bR ME (NY 1110-2006) 19
2.5 (R 1) Wik, AMKEREK . . 5.
BB PR SRR A O AR X D B AR R
BE MR 48 B i EAEAR AT BRI, 54> il
WG EARIRTT

T AN [a] Bk 7= it i Bk SR} T 35 FH 1Y) 4 )
FREAREANT, — 5, Bl & AR Tl 38 4 A
ORI —J5iE, SR . 2 A ES)E
P 22 AN BT 8RR ) AS A A AT RE X Al - HE AR
T B AU (R 2 B IR S T T R R
L, BEAIEAG AR AT b i 8 4 0 XU, I B ff ok
il 5 A ACRAE Nl (e e i Jr el B

4.2 MNKHBESHENESRERRSBRX K
TRETRLEN

FKET 1995 Fmifi 7 R T =R )
(GB 15618—1995), 4 +35r k=%, Hr, BRI
AR BT AR E SR, N ORBRAR O 2R P R4
NIAERE, — A | BE3EHAFY + R E 4
NEPAT =GR, ER e B R,
A% NP L b A R e 228 V% s YN (IPS
TR )8, A 5 3R W 7R 0 it AR 15 0
BREaLISL, T E SR S EIFASEEREN
Ak, EREREECILIZLERTH (46 T 1981 4F) L0
U (BT 1991 A7) 3 A7 it A X6 1y - 39845040 43
B B, 30t P R 0 e 3 P R L RH (2 A TR 4
JERUR . EREEPE R | WA 20 £
AEARTFACH T MY hE SR A, 4
REMEIHREIEXT R A W+ R 4R
TR R ELW, B REFE T 10 ER K E
SRR &I, FEAESEAL A R — 4 300~330
kg/hm®, JRZE 225~250 kg/hm?, HRE%E 15 kg/hm?,
BRI 75~90 kg/hm?, BEIRF I 675 kg/hm?,
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Research progress on the availability of ammonium polyphosphate in soil and its application in agriculture

YANG Xu ZHANG Chengdin® HU Yi-ao DENG Lan-sheng ( South China Agricultural University Guangzhou Guangdong
510642)

Abstract: The agricultural ammonium polyphosphates gradually enter the field of chemical fertilizers in China as a new fertilizer
in recent years and are commonly used as a basic phosphate for high concentration liquid composite fertilizer. The pH of am—
monium polyphosphate is near neutral ~with good properties of low crystallization temperature chelating and slow release
which has great potential as the new basic phosphate. In this paper the factors influencing the availability ( solubility and
mobility) of ammonium polyphosphate in soil were reviewed. The effects of hydrolysis rate soil mineral soil texture and
moisture on the availability of ammonium polyphosphate in soil were mainly illustrated. And we also analyzed the application
and development prospect of ammonium polyphosphate in agriculture.

Key words: ammonium polyphosphate; soil availability; agricultural application
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ARTICLE INFO ABSTRACT

Keywords: Earthworms and arbuscular mycorrhizal fungi (AMF) are essential soil organisms that interactively shape soil-
Arsenic stress plant dynamics. This study elucidates the mechanistic basis of their co-inoculation in enhancing arsenic (As)
Earthworms

tolerance in upland rice (Oryza sativa L.) and improving soil health in a pot experiment with As-contaminated soil
(250.18 mg kg 1). This study revealed that the inoculation effects of co-inoculation on rice biomass, N uptake,
and P uptake were 86 %, 109 %, and 177 %, respectively, while reducing As concentration in shoot by 38 %.
Physiological analyses revealed a 40.17 % reduction in malondialdehyde (MDA) content and a 6 % increase in
superoxide dismutase (SOD) activity, indicating enhanced antioxidant capacity. Subcellular As compartmen-
talization shifted markedly, with organelle-bound As decreasing by 27 % (roots) and 48 % (leaves), while soluble
fraction and cell wall sequestration increased. Soil health metrics improved, evidenced by elevated catalase (38
%), urease (15 %), and acid phosphatase (39 %) activities, alongside a 13 % reduction in bioavailable As
fractions (As-F1 and As-F2) due to increased As-F4 stabilization. These findings demonstrate that earthworm-
AMF synergy mitigates As toxicity by dual strategies: (1) enhancing plant antioxidant defenses and subcellular
As compartmentalization, and (2) promoting plant growth via soil enzyme activation and nutrient cycling. This
integrated approach offers a scalable, eco-sustainable strategy for safe rice cultivation in As-contaminated
agroecosystems.

Arbuscular mycorrhizal fungi
Plant tolerance
Soil health

1. Introduction

Rapid industrialization and urbanization over the past decades have
caused heavy metal contamination of soils. Industry, transportation,
mining, agricultural fertilizers, and pesticides are the main sources of
heavy metals in the environment and their release can cause damage to
soil texture and stability (Han et al., 2002; Nogawa et al., 2017).
Accumulation of heavy metals in soils not only negatively affects soil
health and function, but also poses a threat to humans and other or-
ganisms through biomagnification in the food chain (Antoniadis et al.,
2019; Khan et al., 2021). Soil surveys by the Chinese Ministry of Agri-
culture show that nearly 10 % of the study area is heavily contaminated
with As and other heavy metals (Chen et al., 2008). Excessive As levels
disrupt physiological, biochemical, and morphological processes in
plants (Sharma et al., 2018). As toxicity inhibits seed germination,
causes growth slowdown, leads to yield loss, reduces chlorophyll con-
tent and photosynthetic efficiency (Kumar et al., 2022). As interaction

* Corresponding authors.

with protein sulfhydryl groups causes irreparable cellular damage
(Spagnoletti and Lavado, 2015). Rice is a major crop in Asian countries,
and high intake of As in rice may have serious public health implications
(Abedi and Mojiri, 2020). Water scarcity hinders the sustainability of
agricultural systems in different parts of Asia, with rice cultivation
consuming more than half of the irrigation water in agricultural pro-
duction (Hu et al., 2015). Therefore, the cultivation of upland rice is
considered an effective way to improve water use efficiency for food
production (Chan et al., 2013). In addition, aerobic environments have a
high soil redox potential, which allows As(IIl) to be oxidized to As(V).
During the oxidation process, clay minerals and Fe-Mn oxides in the soil
can adsorb the As(V) in the soil solution, thus limiting the movement of
As (Kim et al., 2014).

In natural ecosystems, arbuscular mycorrhizal fungi (AMF) exist in a
mutually beneficial symbiotic relationship with 80 % of terrestrial
plants, a relationship that benefits both organisms as the host plant
provides the fungus with photosynthetic products in exchange for
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mineral nutrients and water (Jiang et al., 2017; Riaz et al., 2021). It has
been shown that AMF extraradical mycelia can expand root uptake and
regulate the adsorption of heavy metals (Zhang et al., 2018). AMF
chelate and sequester heavy metals through their fungal structure.
Meanwhile, their secreted glomalin-related soil proteins (GRSP) also
immobilize heavy metals. This is the first physical barrier for AMF to
directly affect the entry of heavy metals into plants (Holatko et al.,
2021). Growth retardation, reduction in chlorophyll biosynthesis, and
decrease in water and mineral uptake are the different phototoxic effects
induced by As in plants (Moreno-Jimenez et al., 2012). The mechanisms
of AMF could aid in boosting the As tolerance level of the host plant
(Smith et al., 2010; Wang et al., 2020) showed that AMF inoculation
increased dry weight and P content of Solanum nigrum (Sharma et al.,
2017). found that AMF colonization enhanced the activity of antioxidant
enzymes of wheat while significantly reducing arsenic-induced oxida-
tive stress.

In soil systems, there are often multiple organisms present at the
same time, such as earthworms. Although they are not in an upper or
lower trophic level relationship, earthworms may influence the forma-
tion of mycorrhizal symbioses through bioturbation and physiological
metabolism (Paudel et al., 2016; Vasutova et al., 2019). Previous studies
have shown that earthworms and AMF can regulate host growth per-
formance and heavy metal uptake, and therefore earthworm-AMF in-
teractions are considered to be a highly promising bioremediation aid
(Mahohi and Raiesi, 2021; Santana et al., 2019; Wang et al., 2021) found
that earthworms and AMF significantly improved soil quality parame-
ters, including enzyme activities and nutrient availability. The
co-incubation treatment increased the activities of urease, catalase, and
acid phosphatase by 60 %, 40 %, and 20 % respectively compared with
the uninoculated treatment. Meanwhile, earthworms play an important
role in terrestrial ecosystems as “soil ecological engineers”, regulating
the transport and transformation of heavy metals in the soil-plant system
through feeding, metabolism, and excretion (Chai et al., 2020; Cheng
et al,, 2021; Nannoni et al., 2011). Although earthworms and AMF
interact directly with the rhizosphere of the host plant, the interactions
between these two important organisms are poorly understood. Further
studies are needed to understand how their interactions regulate the soil
and influence plant function.

This study aimed to determine the contribution of AMF and earth-
worms to the growth and antioxidant systems of rice in As-contaminated
soil and evaluate their effects on soil quality. We also explored the As
accumulation and transport patterns in rice and analyzed the proportion
of subcellular distribution of As. We hypothesized that (i) AMF and
earthworms enhance As detoxification in rice by promoting plant
growth, enhancing antioxidant enzyme activity, and reducing As up-
take, and (ii) the interactions of AMF and earthworms are beneficial in
promoting soil health.

2. Materials and methods
2.1. Soil and organisms

The soil used in the experiment was from the surface soil (0-20 cm)
of the farmland around the Dabao Mountain mining area in Shaoguan
City, Guangdong Province, China. The physical and chemical charac-
teristics of the soil were: soil pH 6.78, SOM (Soil organic matter) 18.21 g
kg™, TN 1.275 g kg™, AN 112.81 mg kg™~!, TP 0.885 g kg™!, AP 54.6
mg kg1, AK 41.45 mg kg!, As 250.18 mg kg~ !. The soil samples were
dried naturally, passed through a 2-mm sieve, and then autoclaved at
121 °C for 2 h to kill the indigenous microorganisms. The earthworms
used in the experiment were Eisenia fetida, purchased from the farmers’
market. Before inoculation, adult earthworms (fresh weight 0.45 + 0.05
g, body length 6.5 + 0.5 cm) were selected for domestication. Then they
were washed with deionized water several times and put into Petri
dishes for 24 h to empty the intestinal contents. After that, they were
washed again and prepared for use. Arbuscular mycorrhizal fungi
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(Funneliformis mosseae) were provided by Guangxi University, China. In
this experiment, a mixture containing plant root segments, fungal hy-
phae, mycorrhizal fungal spores, and potting sand was used as an
inoculant after 3 months of expansion using maize (Zea mays) as the host
plant. The test plant was upland rice. The variety was Hanyou 711,
provided by the Guangdong Provincial Academy of Agricultural Sci-
ences. The seeds were disinfected with 10 % HyO5 for 15-20 min,
washed with deionized water, and then soaked for 16 h and put into the
incubator. After the seeds germinated, rice seedlings with consistent
growth and a height of 15 cm were selected for transplantation.

2.2. Experimental design

The experiment was a two-factor trial with earthworm and AMF
treatments and was conducted by growing rice in pots on contaminated
soil with an As concentration of 250.18 mg kg™!. There were a total of 4
treatments with 3 replications per treatment. The treatments were as
follows: 1) CK: Planting rice without adding AMF and earthworms, with
150 g of a sterile inoculum and 10 mL of an inoculum filtrate added; 2) E:
Planting rice and adding earthworms, with 150 g of a sterile inoculum
and 10 mL of an inoculum filtrate added; 3) AM: Planting rice and
adding AMF; 4) EAM: Planting rice and adding earthworms and AMF.
This was accomplished by first sterilizing the pots 3 times with 75 %
alcohol, filling each pot with 3 kg of sterilized contaminated soil, and
transplanting uniformly grown rice seedlings into the pots. For AMF
treatment, 150 g of mycorrhizal agent was added to 2/3 of the pots, and
for earthworm treatment, 15 adult earthworms of uniform size were
added to the pots. The plastic pots used in the experiment measured 25
cm in upper diameter, 19 cm in lower diameter, and 17 cm in height, and
were fitted with nylon netting at the bottom of the pots to prevent
earthworms from escaping. All pots were placed completely randomly in
the greenhouse of the ecological farm of South China Agricultural Uni-
versity. The average temperature of the greenhouse was 30 °C during the
day and 20 °C at night, and the relative humidity was 65 %. The soil
water content was maintained at 65 % during the growing period.
Additionally, the Hoagland nutrient solution with low phosphorus was
added weekly to maintain plant growth. All samples were harvested
after 70 days of planting (Jointing stage of rice).

2.3. AMF colonization rate

Firstly, the roots were cleaned and cut into 1 cm segments, and 30
segments were selected for each treatment; then, the roots were stained
with acidic magenta for 40 min, and then were rinsed with 5 % lactic
acid solution for 2-3 times until the rinsing solution became clear;
finally, certain lengths of stained samples were placed neatly on the
slides, and then were covered with coverslips after dropping 1-2 drops
of lactic acid glycerol, and the infiltration rate was determined by grid-
crossing method under the condition of 100-400 x in a light microscope.
Stained root segments were evenly placed in Petri dishes with grid lines;
infected root segments were counted as infested root segments, and
finally, the infestation rate was calculated based on the ratio of the
number of infested root segments to the total number of observed root
segments (Wang et al., 2020).

2.4. Plant growth and chlorophyll content

Plants were harvested by dividing them into shoot and root parts,
cleaned with water, and placed in an oven at 105 °C for half an hour, and
then baked in an oven at 75 °C for 72 h until reaching constant weight,
and weighed. Chlorophyll content: Fresh leaves were homogenized with
95 % ethanol (1:50, w/v) at 4 °C for 5 min, and then centrifuged (3000 r
min~}, 4 °C) for 10 min. The absorbance of the supernatant was
measured at 645 and 663 nm and the chlorophyll content was calculated

(Jian et al., 2019).
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2.5. N and P concentration of plants and soils

Grind the shoot and root finely and weigh 0.1 g in a digestion tube.
Add 5 mL of concentrated sulfuric acid and mix thoroughly. Then heat to
digest, and add 5-10 drops of hydrogen peroxide on the way to
decompose the organic matter and carbon that were not destroyed by
the HpSO4. This treatment converts organic nitrogen and organic
phosphorus to inorganic ammonium salts and phosphates so that N and
P can be determined separately in the same digest. After digestion, Plant
N was determined by Nessler’s colorimetry, and Plant P was determined
by molybdenum antimony colorimetry. Soil alkaline nitrogen was
determined by alkaline diffusion method. Soil available phosphorus was
determined by ammonium fluoride-hydrochloric acid leaching method
(Bao, 2000).

2.6. MDA content and antioxidant enzymes

0.5 g of fresh leaves of the plant were taken in a pre-cooled mortar, 5
mL of 0.05 M phosphate buffer (pH = 7.0) was added, the mixture was
ground and then centrifuged at 3000 r min~! for 10 min and the su-
pernatant was taken for the assay. MDA concentration as well as SOD,
POD, and CAT enzyme activities was determined by using kits (Nanjing
Jiancheng Bioengineering Institute, China). MDA concentrations were
expressed as nmol g~! FW, and SOD, POD, and CAT activity levels were
expressed as U g_1 FW (Wang et al., 2021).

2.7. As concentration of rice

Weigh 0.18 g of the pulverized plant samples and place it in a
digestion tube. Add 10 mL of nitric acid for pre-digestion. Then, cover
the tube and put it into the microwave digestion instrument for diges-
tion. After digestion, drive off the acid until the remaining volume is 1-2
mL. Wash all the digestion solution into a volumetric flask, adjust the
volume to the mark, filter it, and then determine the As content by
fluorescence photometer.

2.8. Subcellular distribution of As

The As content in cell walls, organelles, and soluble fractions of
leaves and roots was determined by differential centrifugation. Fresh
plant samples were mixed (1:20, w/v) with an extraction solution (250
mM sucrose, 50 mM Tris-HCl, pH 7.5, 1 mM dithiothreitol). The mixture
was ground in a pre-cooled mortar. All the components in the mortar
were transferred to a centrifuge tube and centrifuged at 4 °C and 1500 g
for 15 min to precipitate the cell wall fraction. The supernatant was
aspirated and centrifuged at 4 °C and 12,000 g for 30 min to precipitate
the organelle fraction. The supernatant was the soluble fraction. The
centrifuged cell wall fraction and organelle fraction were dried at 80 °C,
and 10 mL of nitric acid was added for microwave digestion. For the
soluble fraction, 5 mL of the sample was absorbed and 5 mL of nitric acid
was added for digestion. The arsenic content in the samples was deter-
mined by fluorescence photometer (Pandey and Khare, 2024).

2.9. Soil As fraction

For the determination of soil As fractions including non-specifically
sorbed (As-F1), specifically sorbed (As-F2), amorphous and poorly-
crystalline hydrous oxides of Fe and Al (As-F3), well-crystallized hy-
drous oxides of Fe and Al (As-F4), and residual phases (As-F5), the
method described by (Wang et al., 2023).

2.10. Soil enzymes analysis
Soil catalase was determined by potassium permanganate titration.

Soil urease and soil acid phosphatase activities were determined by
using kits (Nanjing Jiancheng Bioengineering Institute, China). Soil
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catalase activity was expressed as mg g~ H,0, and soil urease and acid
phosphatase activities were expressed as U g~ *.

2.11. Extraction and determination of GRSP

Extraction and determination of GRSP based on the method were
presented by Wright and Upadhyaya (Sf and AuthorAnonymous, 1996)
and improved with minor modifications. The extraction steps of
easy-extractable GRSP (EE-GRSP) were as follows: weigh 1.00 g of soil
samples and add 8 mL of 20 mM sodium citrate solution (pH = 7.0).
Mixed them well, and sterilized for 30 min (121 °C, 0.1 MPa), and then
centrifuged at 5000 g for 20 min after cooling, and the supernatant was
the EE-GRSP extract. The extraction procedure of total GRSP (T-GRSP)
was as follows: weigh 1.00 g of soil samples and add 8 mL of 50 mM
sodium citrate solution (pH = 8.0). Mixed them well, and then set to be
sterilized for 60 min (121 °C, 0.1 MPa), and then centrifuged at 6000 g
for 20 min after cooling, and then the supernatant was obtained. After
leaching the sample four times until the supernatant became colorless,
mix the supernatants and centrifuge the mixture at 10,000 g for 3 min to
obtain T-GRSP. After the supernatant was developed color with
Caulmers Brilliant Blue, the absorption value was measured at 596 nm
on a spectrophotometer with bovine serum protein as the standard
sample, and then the content was calculated according to the standard
curve.

2.12. Statistical analysis

All experimental data are expressed as means + standard errors of
three replicates. The results of the experiment were processed by EXCEL
software and the data were analyzed by univariate and multivariate
statistics using SPSS 27.0, while the results were graphically analyzed
using OriginPro 2024 (Kama et al., 2023). The correlation of each
parameter was analyzed using Pearson correlation.

To evaluate the effect of arsenic stress on earthworms, the growth
inhibition rate (GIR) of earthworms was introduced and calculated as
follows:

Wy - W,

IR=
GIR W,

x 100% @

where W; and Wy are the fresh weight (g) of earthworms before and
after the inoculation experiment, respectively.

To evaluate the growth-promoting effects exerted by earthworms
and AMF, the inoculation effect (IE) of biomass, N and P was introduced;
to evaluate the As accumulation and translocation pattern of rice, the
Bioconcentration Factor (BCF) and Translocation Factor (TF) were
introduced. The formula was as follows:

Az *Al

IE:T x 100% (2
BCFshoot = % 3
BCFpoo = (C:‘:]‘ 4
TF = % 6))

where A; and A, are plant biomass (g), N uptake and P uptake (mg)
before and after inoculation, respectively. Cshoot, Croot and Csoil repre-
sent plant shoot As concentration (mg kg™1), root As concentration (mg
kg™ 1) and soil As concentration (mg kg 1), respectively.
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3. Results
3.1. Plant growth and nutrient dynamics

The mycorrhizal colonization rate was determined after the plants
were harvested Table S1, and no mycorrhizal infestation of the root was
found in the CK and E treatments. The mycorrhizal colonization rates
were 22 % and 17 % in the AM and EAM treatments, respectively, which
did not reach a significant level (P > 0.05). The mortality rate of
earthworms in E and EAM treatments was 18 % and 15 %, respectively,
and the growth inhibition rate of earthworms was 29 % and 25 %,
respectively (Table S1). The addition of AMF reduced the mortality rate
and growth inhibition rate of earthworms slightly but not to a significant
level (P > 0.05) (Fig. 1a). visualizes the growth of rice after 70 days of
planting, the combined inoculation grows better than the individual
inoculation. Two-way ANOVA showed that AMF significantly affected
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shoot biomass, while earthworms and AMF had an interaction effect on
root biomass (Table 1). The order of biomass magnitude in the shoot was
EAM > AM > E > CK (Fig. 1b), and both inoculation with earthworms
and AMF significantly increased the shoot biomass of rice (P < 0.05).
The root biomass was AM > E > EAM > CK, and combined inoculation
also slightly increased but did not reach a significant level (P > 0.05).
The inoculation effects of E, AM, and EAM treatments were 56 %, 82 %,
and 86 %, respectively, indicating that inoculation with earthworms and
AMF had an important role in the growth of rice under As stress.

For mineral nutrient N and P content in rice (Fig. 1c and d), it can be
seen that the E and EAM treatments significantly increased the shoot N
concentration, but the AM treatment significantly decreased it (P <
0.05), and the changes in the root N concentration were different from
those in the shoot, with only the E treatment significantly increasing the
N concentration (P < 0.05). In addition, the inoculation effect of N
uptake was 73 %, 64 %, and 109 % for E, AM, and EAM, respectively;
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Fig. 1. Physiological indicators of growth in rice (a) rice growth, (b) rice biomass and its inoculation effect, (c) rice N concentration and N uptake inoculation effect,
(d) rice P concentration and P uptake inoculation effect, (e) total chlorophyll content in rice, and (f) P/As of shoot. Data are presented in means + standard error.
Different lowercase letters show statistically significant differences among treatments (P < 0.05).
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Table 1
F-values and significances for the effects of earthworm (E) and AMF (AM) on
each parameter by two-way ANOVA.

Parameters E AM E*AM
Shoot biomass 3.678NS 14.61** 2.616NS
Root biomass 3.362NS 1.053NS 7.14*
Shoot P 6.156* 10.752* 4.13NS
Root P 0.3NS 18.972%* 0.021INS
Shoot N 31.673%%* 2.464NS 2.968NS
Root N 9.177* 5.194NS 3.607NS
MDA 20.73%* 33.907%*%* 1.845NS
SOD 9.295% 0.92NS 0.035NS
POD 0.435NS 0.109NS 0.109NS
CAT 0.098NS 8.122% 0.779NS
Chlorophyll 14.058** 1.7NS 0.026NS
P/As 5.341NS 14.439%* 3.616NS
pH 4.939NS 14.402%* 1.351NS
SOM 22.05%* 140.45%** 31.25%*
AN 96.996%** 1.464NS 8.117*
AP 0.1NS 27.519%* 0.409NS
Catalase 1.506NS 31.698*** 0.88NS
Urease 15.868** 10.868* 0.679NS
Phosphatase 0.01NS 43.63%** 0.11NS
EE-GRSP 1.923NS 5.622% 0.934NS
T-GRSP 0.135NS 9.348* 0.11INS
As-F1 0.105NS 115.019%** 0.627NS
As-F2 0.042NS 10.698* 0.037NS
As-F3 2.298NS 13.147** 1.766NS
As-F4 1.777NS 1.863NS 0.083NS
As-F5 0.266NS 0.409NS 0.155NS
Shoot As concentration 2.464NS 12.126%* 0.776NS
Root As concentration 0.043NS 11.528** 0.078NS
Shoot As accumulation 0.11NS 0.282NS 3.236NS
Root As accumulation 3.708NS 0.014NS 7.161*
BCFs 0.791NS 8.513* 0.51INS
BCFr 0.798NS 5.86* 0.006NS
TF 6.052* 1.609NS
Cell wall As of leaf 1.457NS 0.537NS
Organelle As of leaf 0.124NS 0.27NS
Soluble fraction of leaf 1.083NS 0.085NS
Cell wall As of root 0.003NS 12.01%** 0.158NS
Organelle As of root 0.511NS 9.265* 0.853NS
Soluble fraction As of root 0.19NS 1.098NS 0.977NS

*P < 0.05; **P < 0.01; ***P < 0.001; NS, no significance.

The order of magnitude of P concentration in the shoot was EAM > AM
> E > CK, but only the EAM treatment reached a significant level (P <
0.05). In the root, P concentration was significantly higher in the EAM
and AM treatments (P < 0.05), and the inoculation effect of P uptake was
66 %, 107 %, and 177 % in the E, AM, and EAM treatments, respectively.

It is noteworthy that the shoot P/As increased in rice after inocula-
tion with both earthworms and AMF, were highest in the combined
treatment (EAM), which was 2.4 times higher than that of the CK
treatment (Fig. 1f). In terms of total plant chlorophyll, all the inoculated
treatments were higher than the CK treatments (Fig. 1e), in the order of
EAM > E > AM > CK, and both the EAM and E treatments reached a
significant level (P < 0.05). Overall, the inoculation treatments pro-
moted plant growth and the combined inoculation effect was greater
than the individual inoculation effect.

3.2. Antioxidant response

Under As stress, ROS can be induced to accumulate in rice, causing
damage to organelles and preventing normal plant growth. MDA is a
bioindicator of lipid peroxidation in plants (Fig. 2a), shows the MDA
content of different treatments, and two-factor ANOVA showed that
earthworms and AMF significantly affected the MDA content (P < 0.05),
but there was no interaction effect between them (Table 1). Individual
inoculation with earthworms and AMF as well as combined inoculation
reduced MDA content in rice (P < 0.05), and the greatest reduction was
observed with combined inoculation. The MDA content was reduced by
22.89 %, 27.80 %, and 40.17 % in E, AM, and EAM treatments,
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respectively. Further analyzing the antioxidant enzyme activities in the
rice, different inoculation treatments showed different patterns (Fig. 2b,
¢, d), with earthworms significantly affecting SOD and AMF affecting
CAT (Table 1). Compared to CK, E and EAM treatments increased SOD
by 9.07 % and 6.62 %, respectively, while AM treatment decreased it by
3.63 %. For POD, there was no significant difference between them for
either inoculated or uninoculated treatments (P > 0.05), indicating that
bioinoculation had little effect on POD. It is worth noting the changes in
CAT, which were reduced by all inoculated treatments compared to CK,
by 5.88 %, 38.55 %, and 26.20 % for E, AM, and EAM, respectively, but
only the AM treatment reached a significant level (P < 0.05).

3.3. Soil health and As speciation

Parameters in rhizosphere soil were measured to sort out the effects
of sole and double inoculation of earthworms and AMF on soil micro-
environment. The E treatment significantly reduced soil pH compared to
CK (P < 0.05; Table 2) while other treatments were not significantly
different. For SOM, it was reduced by 16.10 % in E treatment compared
to CK, while AM and EAM treatments increased by 9.77 % and 11.17 %,
with all inoculation treatments reaching significant levels (P < 0.05;
Table 2). For soil mineral nutrients, two-way ANOVA showed that
earthworms significantly affected alkaline nitrogen (AN) and there was
an interaction effect between earthworms and AMF (Table 1), indicating
that inoculation with AMF favored the promotion of AN by earthworms.
AMF significantly increased available phosphorus (AP) (P < 0.05;
Table 2). Almost all inoculation treatments increased AN and AP con-
tent. Compared with CK, the increase in AN was 112 %, 14 %, and 76 %
for E, AM, and EAM, respectively; and the increase in AP was —1 %, 21
%, and 35 %, respectively, with earthworms contributing more to AN
and AMF contributing more to AP. Soil enzyme activities are shown in
(Fig. 3a, b, and c). Earthworms significantly affected urease and AMF
significantly affected catalase and acid phosphatase (Table 1). AM and
EAM treatments significantly increased soil catalase activity by 56 %
and 38 %, respectively (P < 0.05). For soil urease, E, AM, and EAM were
increased by 10 %, 8 %, and 15 % respectively. The soil acid phospha-
tase activity in descending order was EAM > AM > E > CK, and EAM and
AM treatments reached significant levels (P < 0.05). Measurement of
EE-GRSP and GRSP (Fig. 3d) revealed that AM treatment increased EE-
GRSP content by 9 % compared to CK. As for T-GRSP content, AM
treatment increased it by 4 %, and the size order of treatments was AM
> EAM > E > CK, and the two-factor ANOVA showed that AMF signif-
icantly affected EE-GRSP and T-GRSP (Table 1).

The different fractions of As in the soil are shown in (Fig. 3e). The
two-way ANOVA showed that AMF significantly affected As-F1, As-F2,
and As-F3 (Table 1). Compared to CK, the E treatment showed little
change in As-F1, As-F2, and As-F5, a 7 % increase in As-F3, and a 7 %
decrease in As-F4; AM treatments were decreased by 16 %, 20 %, and 3
% in As-F1, As-F2, and As-F4, respectively, while As-F3 increased by 7
%; EAM treatments decreased As-F1, As-F2, and As-F4 by 13 %, 13 %,
and 8 %, respectively, while As-F3 increased by 18 %. Overall, AM and
EAM treatments contributed to the conversion of As-F1 and As-F2 to As-
F3, resulting in reduced As bioavailability.

3.4. As uptake and its subcellular distribution in rice

Two-way ANOVA showed that AMF significantly affected shoot and
root As concentrations in rice (Table 1). The shoot and root As con-
centrations of rice are shown in (Fig. 4a), and there was no significant
difference between the shoot and root As concentrations of the CK and E
treatments; AM treatment reduced shoot and root As concentrations, but
did not reach significant levels (P > 0.05); EAM treatment reduced both
shoot and root As concentrations by 38 % and 17 %, respectively. As
accumulation in the shoot and root of rice showed a different pattern
(Fig. 4b), which was related to the biomass, and the As accumulation in
the shoot treatments was AM > E > EAM > CK. The As accumulation in
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Fig. 2. Antioxidant indices of rice (a) MDA content, (b) SOD, (c) POD, and (d) CAT. Data are presented in means + standard error. Different lowercase letters show

statistically significant differences among treatments (P < 0.05).

Table 2

Effects of earthworms and AMF on soil properties.
Treatments pH SOM (g kg™ AN (mg kg™) AP (mg kg™
CK 6.19 + 0.18a 11.42 + 0.08b 99.67 + 3.29¢ 42.87 + 0.90b
E 5.86 + 0.05b 9.58 £ 0.14c 210.83 + 14.75a 42.23 £ 0.81b
AM 6.45 £ 0.05a 12.54 £+ 0.29a 114.02 £ 6.60c 51.87 £ 1.39a
EAM 6.34 £ 0.03a 12.70 £+ 0.14a 175.30 + 5.88b 53.73 £ 3.45a

Data are presented in means + standard error. Different lowercase letters show statistically significant differences among treatments (P < 0.05).

the root was E > AM > EAM > CK.

Further determination of subcellular distribution of As in the shoot
and root, revealed that As was mainly concentrated in the cell wall
(Fig. 4c). In leaves, compared to CK, the proportion of cell wall As
concentration was increased by 3 %, 15 %, and 36 % in E, AM, and EAM
treatments, respectively, with the EAM treatment reaching a significant
level (P < 0.05); The proportion of soluble fraction As concentration was
increased by 40 % and 26 % for AM and EAM treatments, respectively;
For organelles, the proportion of As concentration was significantly
decreased (P < 0.05) for both AM and EAM treatments, by 40 % and 48
%, respectively. A similar pattern was shown in the root, the EAM
treatment significantly increased the percentage of cell wall As con-
centration compared to CK (P < 0.05); AM and EAM significantly
decreased the proportion of organelle As concentration (P < 0.05), while
there was no significant difference in the proportion of soluble fraction
As concentration among treatments (P > 0.05).

3.5. PCA analysis and correlation analysis

In order to better determine the contribution of biological treatments
to the growth and physiology of rice, PCA analysis was performed on all

growth and physiological indicators (Fig. 5a). PC1 and PC2 explained
35.2 % and 20.7 % of the variance, respectively, and separated by
different treatments in different quadrants, indicating that earthworms
and AMF significantly affected the growth of rice. E treatment was
positively correlated with shoot N, root N, SOD, and chlorophyll, While
AM treatment was positively correlated with shoot biomass, shoot P
concentration, root P, CAT, and P/As. EAM treatment was positively
correlated with the vast majority of indicators and negatively correlated
with MDA and CAT. In summary, the EAM treatment contributed most
to the growth of rice.

To clarify the relationship between As uptake in rice and the rhizo-
sphere environment, the correlation of rice As accumulation and
transport parameters with various indicators of the rhizosphere envi-
ronment of rice was further analyzed (Fig. 5b). The shoot As concen-
tration was positively correlated with As-F1 and As-F2, and negatively
correlated with As-F3, pH, SOM, Catalase, Urease, Phosphatase, AK, AN,
GRSP, suggesting that the bioavailable As in the soil is an important
factor influencing As accumulation in rice.
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4. Discussions plant biomass, nitrogen and phosphorus concentrations, chlorophyll

content, and P/As are important plant growth indicators. The MDA

4.1. Synergistic detoxification mechanisms content and antioxidant enzymes are important indicators of As toler-

ance in plants. In this study mycorrhizal colonization of rice was not

Plant tolerance is attributed to physiological functions in detoxifi- higher (18-22 %) (Table S1), and in a non-flooded condition, the rate of

cation and transporter response to As. Mycorrhizal colonization rate, AMF association was higher in rice and it showed 40 % colonization
7
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(Maiti et al., 2012). It is therefore hypothesized that this may be related
to the relatively high levels of soil phosphorus (P) in this study, as
mycorrhizae are more likely to form a symbiotic relationship with plants
with low phosphorus levels (Kazantseva et al., 2009). Also, this may be
related to high As concentrations in the soil (Li et al., 2016). Accumu-
lation of toxic elements in the soil affects spore numbers and germina-
tion (Adeyemi et al., 2021), while root secretions reduce the transfer of
carbonaceous compounds leading to a reduction in AMF colonization
and inactivation in their root systems (Spagnoletti et al., 2017).

An indicator closely related to biomass is the growth dilution effect,
which is an important mechanism for the detoxification of heavy metals
in plants (Liu et al., 2005). In this study, AMF promoted rice growth
more than earthworms, and the combined inoculation had the highest
biomass inoculation effect, which is similar to the results of the previous
study, and the reason for the improvement of plant growth by AMF and
earthworms may be related to the improvement of the soil and the
enhancement of the fast-acting nutrients (Kaur et al., 2017; Li et al.,
2012). AMF and earthworms can stimulate plant growth by increasing
nutrient acquisition. The N and P concentrations in the root and shoot of
EAM were higher than those of the CK treatment in this study (Fig. 1c

and d). It may be one of the physiological mechanisms for increasing
plant tolerance to heavy metal stresses (Leung et al., 2007). Among
them, earthworms mainly had a significant effect on plant N uptake,
while AMF had a significant effect on plant P uptake. This is similar to
the study of (Ma et al., 2006), where earthworms and AMF were
simultaneously inoculated into heavy metal contaminated soil, and the
combined inoculation increased the N and P uptake capacity of silver
acacia to promote growth. The increase in plant N and P uptake may be
related to expanded uptake by AMF extraradical mycelia and increased
soil urease and acid phosphatase activities, and the activation of N in the
soil by earthworms may have reduced potential competition for N by
AMF (Li et al., 2012).

One mechanism of action of As-induced plant poisoning is to cause
disorganization of chloroplast structure and function (Dong et al.,
2019). Chlorophyll can be used to reflect the ability to absorb and
assimilate substances. In this study, Inoculation with earthworms
significantly increased the chlorophyll content of the plants and reduced
the level of As toxicity, which may be related to the mucus secreted by
earthworms (Kaur et al., 2019). In addition, the plant P/As is an
important indicator of plant As tolerance. P and As exhibit a competitive
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and P < 0.001, respectively.

relationship, they are very similar in the soil and share a common plant
uptake pathway. In this study, the P/As increased after inoculation with
earthworms and AMF, indicating that P uptake and translocation by
plants was higher than As, which is in agreement with the results of
previous studies (Chen et al., 2007). From a molecular mechanism
perspective, previous studies have demonstrated that AMF inoculation
can upregulate low-affinity Pi transporters in plant roots, thereby
reducing As uptake while preferentially enhancing phosphorus (Pi) ab-
sorption (Gong et al., 2024). Although our study did not include specific
gene expression analysis, the observed changes in P/As ratios align with
this molecular mechanism, suggesting a similar regulatory pattern may
be at play. It can be confirmed that earthworms and AMF enhance the As

tolerance of upland rice through nutrient-mediated growth dilution and
competitive uptake.

Excess As causes oxidative damage and lipid peroxidation in plants.
MDA is used as a measure of the extent of lipid peroxidation damage and
is commonly used as a physiological indicator of plant exposure to
stressful environments (Shah et al., 2020). In this study, all inoculation
treatments reduced the MDA content of rice, which corresponded to the
reduction of As concentration in rice, indicating that both earthworms
and AMF can significantly alleviate the adverse effects of As stress on
rice and maintain the stability of physiological activity. SOD, POD, and
CAT are important antioxidant enzymes in plants, they have the role of
scavenging and reducing reactive oxygen radicals, which can protect
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cells from damage and is an important mechanism of plant detoxifica-
tion (Li et al., 2020; Wang et al., 2021). The treatment inoculated with
earthworms increased SOD, whereas AMF had no significant effect.
There were no significant differences in POD among treatments, indi-
cating that bioinoculation did not affect POD. Inoculation with AMF
decreased CAT, and two-way ANOVA showed that AMF significantly
affected CAT activity. In conclusion, earthworm mucus and AMF se-
cretions likely stabilized reactive oxygen species (ROS) by enhancing
SOD activity and reducing MDA content. This aligns with the antioxi-
dant synergy hypothesis, where symbiotic organisms collectively buffer
oxidative stress through complementary enzymatic pathways (Wang
et al., 2021).

Clarifying the pattern of As uptake and transport in rice is important
to As detoxification. In this study, AMF significantly affected shoot and
root As concentrations in rice, and treatments inoculated with AMF
(with or without added earthworms) showed a significant reduction in
As concentrations, which may be related to the growth dilution effect
and direct As immobilization by extraradical mycelia of AMF (Wang
etal., 2005). It is worth noting that the role of earthworms in this may be
to promote plant growth and enhance plant resistance while having no
effect on plant As uptake. The analysis of As accumulation of rice
showed that the treatments inoculated with AMF had lower As con-
centrations, but their large biomass caused their As accumulation to be
larger than that of the CK treatment as well, which may be conducive to
the enrichment of soil As in the root to achieve the effect of phytosta-
bilization. To better analyze the effects of biological factors on As uptake
and transport in rice, the Bioconcentration Factor (BCF) and Transport
Factor (TF) were calculated (Table 3). Earthworms did not significantly
affect BCF, while AMF significantly affected BCF-S and BCF-R, and there
was a tendency for BCF to decrease in EAM treatments compared to CK.
In addition, EAM treatment had the lowest TF (P < 0.05), and AMF
inhibited the translocation of As from the root to the shoot. Studies have
reported that AMF can promote the sequestration of As in root vacuoles
by upregulating vacuolar chelation-related genes (e.g., OsSABCC1), while
simultaneously inhibiting the translocation of As from roots to shoots (e.
g., through the action of OsPT1-13) (Christophersen et al., 2012). These
findings are consistent with the observed changes in the As TF values in
this study. AMF inoculation limits the transfer of heavy metals to the
shoot through two mechanisms: the sequestration of metallic elements
by AMF itself and the dilution effect on heavy metals by promoting plant
growth (Chen et al., 2018; Liu et al., 2015). To further investigate the
mechanism of As detoxification in rice, the subcellular distribution of As
in leaves and roots was analyzed. In this study, AMF was a significant
factor affecting the subcellularity of As. AM and EAM Treatments in-
crease As proportion of cell wall and soluble fraction and decrease As
proportion of organelle in leaf; In the root, AM and EAM treatments
increased the As proportion of cell wall, decreased the As proportion of
organelle, and had no effect on the As proportion of soluble fraction. Cell
organelles are the most sensitive and vulnerable parts of the plant, and
cell wall sequestration and vesicular compartmentalization prevent As
from entering the site, which is essential for As detoxification (Kuang
et al., 2022; Pandey and Khare, 2024; Wang et al., 2018).

Overall, AMF plays a dominant role in enhancing arsenic resistance
in upland rice, whereas earthworms contribute by amplifying the

Table 3
Effects of earthworm and AMF on Bioconcentration Factor (BCF) and Trans-
location Factor (TF) in rice.

Treatments BCF-shoot BCF-root TF

CK 0.022 + 0.001a
E 0.022 + 0.001a
AM 0.018 + 0.003 ab
EAM 0.015 + 0.001b

0.276 + 0.010a
0.294 + 0.022a
0.231 + 0.028a
0.246 + 0.008a

0.079 + 0.002a
0.074 + 0.005a
0.076 + 0.006a
0.060 + 0.004b

Data are presented in means + standard error. Different lowercase letters show
statistically significant differences among treatments (P < 0.05).
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growth-promoting effects of AMF and improving the rhizosphere envi-
ronment through nutrient activation, thereby further strengthening As
tolerance.

4.2. Soil health and As stabilization

Plant growth is closely related to soil biology and soil properties, and
the maintenance of soil species diversity and nutrient levels is essential
for plant growth and their resistance to heavy metals. Soil enzyme ac-
tivity and soil mineral nutrients are key factors indicative of soil health,
and research on AMF and earthworms for improving soil properties has
been widely reported (Chen et al., 2023; Yang et al., 2024). However,
little research has been done on the combination of AMF and earth-
worms under high As stress, and their interactive effects have great
potential to improve soil health. Soil pH has a great influence on the
morphology, effectiveness, and transformation of heavy metals in soil.
In this study, the earthworm treatment significantly reduced soil pH,
which may be related to the acetic acid and oxalic acid secreted by
earthworms. In contrast, inoculation with AMF (with or without earth-
worms) increased soil pH, which may increase the available As con-
centration. However, the available As concentration decreased in this
study, suggesting that the mechanism by which earthworms and AMF
affect soil As fraction is more complex, and that pH is just one of the
factors. SOM not only affects soil function by improving soil properties
and structure but is also one of the key factors influencing the
bioavailability of heavy metals (Shi et al., 2024). Two-factor ANOVA
showed that earthworm and AMF interaction had a significant effect on
SOM, and earthworm activity resulted in a tendency for SOM to
decrease, which may be related to the mucus secreted by earthworms
stimulating SOM mineralization (Zhao et al., 2017). And AMF can in-
crease SOM levels by releasing secretions rich in carbon compounds (Li
et al., 2019).

Soil N and P are essential components for plant growth, and a pre-
vious study concluded that earthworms and AMF provide nutrients and
establish distinct ecological niches for plant growth (Li et al., 2019).
Earthworms contributed more to AN in this study, while AMF contrib-
uted more to AP. Earthworms and AMF provide different nutrients to the
soil and plants, respectively, with complementary effects. Increased soil
AN by earthworm activity may be related to nitrogen metabolites pro-
duced by protein breakdown in earthworm feces, mucus, and ureases
(Padmavathiamma et al., 2008). The increase in AP may be related to
organic acids, and acid phosphatase (Mahohi and Raiesi, 2021). Soil
enzymes can be used to indicate soil health and microbial activity (Di
et al., 2019; Niu et al., 2021). Catalase activity can reflect the degree of
heavy metal pollution to a certain extent (Zhang and Ji, 2019). In this
study, AMF was more effective than earthworms in promoting soil
catalase activity, suggesting that AMF is beneficial in alleviating the
toxic effects of As. Urease activity increased with the addition of
earthworms, which is similar to the findings of (Aghababaei et al.,
2014a,b). Earthworms enhance soil enzyme activity by accumulating
heavy metals in tissues, inducing microbial growth ultimately
(Boughattas et al., 2019). Increased acid phosphatase activity by AMF
may be related to the secretion of extraradical mycelia and its amelio-
ration of rhizosphere microbial activity (Berthelot et al., 2018; Sato
et al.,, 2019). In addition, AMF significantly affected all three soil
enzyme activities in this study (Table 1), whereas earthworms mainly
affected soil urease, suggesting that AMF was the main biological factor
affecting soil enzyme activities.

AMF can secrete GRSP which is usually divided into two fractions:
easily extractable GRSP (EE-GRSP) and total GRSP (T-GRSP) (Jia et al.,
2016). It has been shown in many studies that they play an important
role in binding heavy metals (Ji et al., 2019; Malekzadeh et al., 2016).
The results of this study showed that AMF treatment significantly
increased T-GRSP content, and the increase in GRSP content was
correlated with AMF extraradical mycelia (Zhang et al., 2020). found
that GRSP secreted by AMF enhanced P uptake and reduced As toxicity
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in acacia seedlings. Correlation analysis showed that GRSP was nega-
tively correlated with As-F1, As-F2 and As concentration in rice
(Fig. 5b), which indicated that GRSP stabilized soil As in this system to
some extent.

Heavy metal forms and their distribution patterns in soils determine
their bioavailability and their homing behavior and toxicity in soil-plant
systems (Jusselme et al., 2013; Setia et al., 2021). Two-factor ANOVA
showed AMF significant effects on As-F1, As-F2, and As-F3. AMF pro-
motes the conversion of As-F1 and As-F2 to As-F3, so that the conversion
of As to a more insoluble form is conducive to the effect of phytostabi-
lization, thereby reducing the accumulation of As in the shoot of the
plant. It has been shown that AMF can alter the activities of soil enzymes
and microorganisms, as well as the physical and chemical environment
of soil, which can affect the transport and morphological distribution of
heavy metals in soil (Aghababaei et al., 2014a,b). Similarly, earthworms
can alter the effectiveness and component patterns of heavy metals in
soil, and the mechanism may be related to the regulation of soil pH, and
organic matter, stimulation of soil microbial populations, and the
transformation and storage of heavy metals in earthworms. However, no
significant effect of earthworm inoculation was observed in this exper-
iment, which may be related to the soil and plant type.

It can be confirmed that the observed increase in soil enzyme ac-
tivities and SOM aligns with the Soil Health Index (SHI) framework,
which emphasizes microbial functionality as a key indicator of soil
resilience (Guo et al., 2019). These enzymes mediate nutrient mineral-
ization and detoxification, reflecting the principle that healthy soils
maintain robust biogeochemical cycles under stress (Antoniadis et al.,
2019). Furthermore, the reduction in bioavailable As fractions supports
phytostabilization strategies, reducing entry of As into the food chain - a
critical goal of the One Health initiative (Abedi and Mojiri, 2020).

5. Conclusions

This study reveals that earthworm-AMF co-inoculation synergisti-
cally enhances rice tolerance to As through integrated plant-soil mech-
anisms. First, co-inoculation increased rice biomass and nutrient uptake
(N/P), concurrently reducing As uptake in shoot and promoting vacu-
olar sequestration of As in roots. This growth dilution effect alleviates
the toxicity of arsenic to rice. Second, the treatment alleviated oxidative
stress by boosting antioxidant enzymes. Critically, soil health was
improved through pH modulation, SOM enrichment, and reduced As
bioavailability. These findings establish a novel tripartite interaction
system (earthworm-AMF-rice) for As mitigation, offering a low-cost
bioremediation strategy for contaminated soils. While this study dem-
onstrates correlational linkages, future work should dissect causal
mechanisms via transcriptomic analysis of As transporters and func-
tional profiling of the rhizosphere microbiome.
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Abstract

Earthworms and arbuscular mycorrhizal fungi (AMF) are two different organisms playing crucial role in soil mechanisms.
The integration of earthworms and AMF in phytoremediation strategies leverages their combined ability to improve soil
structure, nutrient availability, and microbial activity while modulating metal bioavailability. These entities promote soil-
plant interactions and enhance the phytoremediation process of heavy metals-contaminated soil. This review explores the
mechanisms by which earthworms and AMF function individually and in combination in the phytoremediation of heavy
metal-contaminated soil. The main objectives of this were determine earthworms heavy metals tolerance, absorption and
transformation, as well as the synergistic effect between earthworms and plants. Further, the effects of AMF on heavy
metals phytoremedoation process was also analyzed as well as the potential interactions between earthworms and AMF
on heavy metals removal. This partnership can optimize plant health and remediation efficiency, making it a promising
approach for restoring heavy metal-contaminated soils. Thus an integrated empirical study was conducted to summarize
the effects earthworms and AMF interactions on heavy metals phytoremediation and to highlight the impact of their indi-
vidual and combined actions on the phytoremediation paramters. Avenue for further studies towards improved phytore-
mediation process we discussed. This review emphasize that earthworms and AMF can be employed as biological method
to enhance the phytoextraction by hyperaccumulator plants on severely heavy metal-contaminated soil. Alternatively, in
moderately and lowly contaminated farmland, the transfer of heavy metals to the above-ground parts of crops can be
reduced to promote safe production.

Keywords Earthworms - Arbuscular mycorrhizal fungi - Phytoremediation - Heavy metal pollution - Synergistic effect

Introduction

The rapid industrialization and urbanization in the last few
decades have caused major environmental problems includ-
ingsoil pollution. For instance, it has been documented
that industries, chemical fertilizers and pesticides, as well
as waste water are the main sources of heavy metals in the
environment. In addition, the release of heavy metals affects
negatively soil texture and functions (Han et al. 2002;
Nogawa et al. 2017). Moreover, previous studies showed
that heavy metals accumulation in soil poses significant
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threat to human health and other organisms through the
biomagnification in the food chain (Antoniadis et al. 2019;
Khan et al., 2021). It is estimated that nearly 20% of farm-
land soil in China has been contaminated by heavy metals.
Among these, cadmium pollution is the most severe, with an
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exceedance rate of 7.0% at sampling sites, while the exceed-
ance rate for arsenic is 2.7% (Sun et al. 2019). These statisti-
cal data indicate that heavy metals concentration in China’s
agricultural soils have significantly increased, serving as a
warning for sustainable agriculture.

Heavy metals remediation in cultivable land is a crucial
and urgent challenge that need to won. At present, there
are three methods for heavy metal remediation: physical,
chemical, and biological. Traditional physical and chemi-
cal methods are characterised by high costs, high energy
consumption, and environmental impact unfriendly. In con-
trast, bioremediation has the advantages of low cost, envi-
ronmental friendly, simple operation and no occurrence of
pollution migration. Phytoremediation is a technique that
utilizes plants to remove toxic and harmful substances or
reduce their harmful effects. According to the purification
methods, it can be divided into phytostabilization, phyto-
extraction and phytoexclusion (Laghlimi et al. 2015). Soil
pollution is very complex and requires multiple actions to
achieve the remediation process. Therefore, several scientist
suggest the combined remediation which refers to a reme-
diation method that uses different remediation techniques
together due to the complexity of soil pollution,. Therefore,
the plant-animal-microbe combined remediation technique
is adopted to deal with complex heavy metal pollution situ-
ations (Udovic and Lestan 2007).

AMF can increase the colonization capacity of plants,
facilitate plant growth, and promote the accumulation of
heavy metals by plants, which highlights the effective-
ness of plant-mycorrhizal fungi combined remediation
as a meaningful and reliable strategy (Liu et al. 2020a,
b). Leveraging the symbiotic relationship between AMF
and plant roots, the function of AMF is incorporated into
various remediation processes such as phytoextraction
and phytostabilisation to enhance remediation efficiency
and bolster the overall remediation effect (Artursson et al.
20006). Plants supply carbohydrates to AMF, while AMF
reciprocally enhance root nutrient and water acquisition.
This symbiosis critically supports ecosystem stability and
biodiversity through optimized resource exchange (Gao et
al. 2023). Many existing studies have shown that AMF and
their extraradical mycelium can regulate the adsorption of
heavy metals (Bhargava et al. 2016; Riaz et al. 2021; Trouve
et al. 2014; Zhang et al. 2018). However, multiple organ-
isms often coexist within the soil ecosystem. For instance,
earthworms, which are soil-dwelling animals, do not have a
defined relationship of upper and lower trophic levels, yet
they may influence the formation of mycorrhizal symbionts
through bioturbation and physiological processes (Paudel et
al. 2016). Existing studies present varied findings regard-
ing the impact of earthworms on mycorrhizal coloniza-
tion, including promotion (Trouve et al. 2014), inhibition
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(Lawrence et al. 2003), or no effect impact (Wurst et al.
2004). There is still no definite conclusion on how earth-
worms affect AMF. Moreover, earthworms, often referred
to as “soil ecological engineers”, not only mix and transfer
soil components but also enhance soil fertility by absorbing
partially decomposed substances from the soil surface and
transporting them to the subterranean layer. Research has
demonstrated that earthworms can sequester heavy metals
within their tissues, indicating their potential use as biologi-
cal indicators and in the bioremediation of contaminated soil
(Hockner et al. 2015; Sizmur and Hodson 2009). Currently,
there are very few studies on the synergistic mechanism of
AMF and earthworms under heavy metal stress. This paper
analyses the individual impacts of earthworms and AMF on
phytoremediation, while dissecting the potential of the com-
bined effect of earthworms and AMF on phytoremediation
in heavy metal-contaminated soil, to provide new insights
into phytoremediation.

The role of earthworms on the
phytoremediation in heavy metal-
contaminated soil

Earthworms are one of the common organisms in the soil
ecosystemplaying a vital role in improving soil quality
(Cheng et al. 2021). Meanwhile, earthworms demonstrated
a certain tolerance to heavy metals and can survive in soil
with a degree of pollution (Chai et al. 2020). Their behav-
iours often impacts on the migration and transformation
of heavy metals in the soil (Jusselme et al. 2013). Conse-
quently, many studies already regarded earthworms as a
bioremediation method for threating heavy metals in the
soil (Nannoni et al. 2011; Wu et al. 2020; Zeb et al. 2020).
The relationship between earthworms and the remediation
of heavy metals in soil is shown in Fig. 1.

The tolerance of earthworms to heavy
metals in soil

Earthworms counteract heavy metals by detoxifying, regu-
lating and eliminating them. In addition, earthworms can
survive in highly contaminated soil with heavy metals and
absorb a certain amount of heavy metals mainly by relying
on antioxidant enzymes, bioactive molecules and coelomic
fluid to relieve the oxidative stress caused by heavy met-
als (Chen et al. 2017). Although oxidation is an important
chemical reaction in organisms, balancing the oxidation
reaction is an important mechanism to prevent free radicals
from damaging cell functions. In this way, the balance of
the oxidation reaction is achieved through the synthesis of
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Fig. 1 The roles of earthworms and AMF in the phytoremediation
of heavy metals in soil. Earthworms phytoremediation: Earthworms
promote soil nutrient cycling and enhance root system development
through their bioturbation activities, mucous secretions, cast deposi-
tion, and gut microbial interactions, while simultaneously altering the
chemical speciation and spatial distribution of heavy metals in soil
ecosystems. AMF phytoremediation: AMF not only mediate heavy
metal adsorption and chelation through their mycelial architectures and

antioxidants such as catalase, superoxide dismutase (Li et
al. 2017a, b).

Many metals can bind to metallothionein (MT), a low-
molecular-weight protein that regulates the dynamics of bio-
availability and detoxification of essential and non-essential
metals in the earthworm gut (Bhattacharya and Kim 2016;
Maity et al. 2011). MT can provide cysteine thiolate ligands
and serves as a metal buffer in cells. It plays a dual role
by both storing biologically essential metals and seques-
tering toxic metals. The regulation of MT is evolutionarily
conserved across the intestinal epithelium, coelomocytes,
kidneys, and cecum of various earthworm species. This reg-
ulation is involved in the binding of metal transcription fac-
tor 1 (MTF-1) to the metal response element (MRE) located
in the MT promoter (Hoeckner et al. 2015). Some studies
have put forward the hypothesis that earthworms living on
the soil surface (epigeic species) can produce a large amount
of humus. These humus can stimulate the exchange process
of heavy metal ions in the soil, making them bind to MT
in earthworms, thus reducing the metal content in the soil
(Yuvaraj et al. 2021).

extraradical hyphae networks, but also modulate metal speciation via
secretory exudates, while concurrently enhancing plant antioxidative
defense. Earthworm-AMF phytoremediation: Earthworms enhance
AMF spore dispersal and root colonization while stimulating soil
enzymes to strengthen mycorrhizal networks and nutrient exchange.
Their bioturbation interacts with AMF metabolites to reshape micro-
bial communities and reduce heavy metal bioavailability through
microbial redox processes and organic complexation.

Earthworm'’s absorption and transformation
of heavy metals in soil

Earthworms are in close contact with soil pollutants and can
tolerate heavy metals. They typically absorb heavy metals
through two main processes. There are two main ways that
pollutants in the soil can affect earthworms. First, pollut-
ants can be easily absorbed through their skin (epidermis).
Second, earthworms can consume a significant amount of
soil particles, which allows them to take in the pollutants
that are attached to those particles (Oste et al. 2001; Saxe
et al. 2001).

The effect of earthworms on heavy metal availability in
soil can be categorized into direct and indirect influences.
Earthworms impact the bioavailability of heavy metals
through the secretion of mucus and castings. For instance,
mucus secreted by earthworms contains amino acids with
positive (amino groups) and negative (carboxyl groups)
sites. The charged parts of the amino acids in the mucus can
bind to soil particles and metal cations, forming metal com-
plexes to prevent their movement (Zhang et al. 2020). Earth-
worm casts contain a large amount of humus which plays
a crucial role in the soil system by improving soil fertil-
ity and regulating heavy metals availability. The functional
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groups of humic acid can affect the forms of heavy met-
als and effectively control heavy metal pollution in farm-
land soil (Botero et al. 2010; Zhang et al. 2019). Sizmur
and Richardson (2020) pointed out that the introduction of
earthworms might increase the mobility of heavy metals
and improve the availability of heavy metals. Vanhoudt et
al. (2024) found that the presence of earthworms signifi-
cantly increased the concentrations of most heavy metals in
the soil pore water, which might be caused by the decrease
in pH and the enhancement of humification. Besides, earth-
worm casts contain bacteria, actinomycetes and fungi.
These microorganisms degrade organic matter in the soil
through enzymatic reactions, releasing heavy metals bound
to that organic matter into the soil solution, which increases
the bioavailability of these metals (Wen et al. 2004).

The skin of earthworms functions as a biological filter
for heavy metals in the soil, while the intestine serves as a
biological converter (Gudeta et al. 2023). Earthworm gut
bacteria not only accumulate heavy metals but also play a
crucial role in the bioremediation of these metals (Kraut-
kramer et al. 2021; Wang et al. 2019). The bacterial com-
munity in the earthworm gut is significantly different from
that in the surrounding soil. For instance, relative abun-
dances of Bacteroidetes, Proteobacteria and Firmicutes in
the earthworm gut are relatively high (Liu et al. 2020a, b).
Some studies have found that earthworm gut bacteria can
promote the transformation of arsenic in the soil by enhanc-
ing the arsenic reduction and methylation functions of the
soil microbial community. The synergistic effect of earth-
worm gut and soil microorganisms increases the abundance
of arsenic metabolism genes and accelerates the removal of
arsenic from the soil (Wu et al. 2024). All in all, the gut
bacteria of earthworms show great capabilities in promot-
ing plant growth and removing toxic trace elements in the
environment (Banerjee et al. 2019).

The activities of earthworms will have an important
impact on the physical and chemical properties of the soil
and the rhizosphere microbial community, and then indi-
rectly affect the bioavailability of heavy metals (Ma et al.
2002; Sizmur and Hodson 2009; Yu et al. 2005). Earthworm
mucus can increase soil pH due to its relatively high content
of nitrogenous substances and the secretion mechanism of
calciferous glands, thus reducing the availability of heavy
metals (Bityutskii et al. 2012). Wang et al. (2023) found
that earthworms can increase the abundance of ammonia-
oxidizing bacteria (AOB) in the soil and promote soil nitri-
fication, which leads to a decrease in soil pH and an increase
in bioavailability. Wen et al. (2004) put earthworms into the
soil with heavy metal pollution and the soil without heavy
metal pollution respectively, and found that there was a sig-
nificant positive correlation between the content of heavy
metals and dissolved organic carbon (DOC) in the water
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of the heavy metal-treated soil. Many similar studies have
also shown that the presence of earthworms increases the
DOC in the soil. DOC can complex with heavy metals in
the soil or bring heavy metals into the soil solution through
exchange reactions, thereby enhancing the bioavailability of
heavy metals (Evangelou et al. 2004; Udovic and Lestan
2007).

The synergistic effect of earthworms and
plants on heavy metals-contaminated soil
remediation

Besides removing heavy metals in the soil through direct
absorption, earthworms also participate in and influence
the absorption of heavy metals by plants. The efficiency of
single phytoremediation is low due to slow plant growth,
low biomass, poor tolerance to combined pollution and low
availability of heavy metals in the soil (Ali et al. 2013).
The increase in plant biomass promoted by earthworms is
an important reason for enhancing the efficiency of phy-
toremediation. The mechanisms include the following four
aspects: (i) suppressing diseases and pests, (ii) stimulating
soil microorganisms, (iii) producing plant growth-promot-
ing molecules, (iv) increasing nutrient bioavailability, and
(v) improving soil structure (Hullot et al. 2021). Substantial
empirical evidence demonstrates that earthworm biotur-
bation and secretions significantly facilitates metal (loid)
mobilization through enhanced leaching processes, accel-
erates their geochemical dispersion, and promotes trophic
transfer pathways within ecosystems. This biologically
mediated redistribution mechanism critically optimizes
phytoextraction efficiency by increasing heavy mental bio-
availability in the rhizosphere (Sizmur and Hodson 2009;
Vanhoudt et al. 2024). Lantana camara is a hyperaccumu-
lator of Pb. Inoculating earthworms can increase the bio-
mass of Lantana camara by 1.5 to 2 times, increase the lead
absorption amount by 2 to 3 times, and the removal rate
of lead in the soil can be increased from 10 to 20% (Jus-
selme et al. 2012). Hullot et al. (2021) found that plants and
earthworms can affect soil properties, soil pore water and
the migration of toxic elements. The interaction between
earthworms and plants has changed the bioavailability of
zinc by increasing the zinc concentration in earthworms and
reducing the zinc concentration in plants.

The inoculation of earthworms is also beneficial for
enhancing plants’ resistance to heavy metals. Cadmium has
a high affinity for S and N atoms in the side chains of amino
acids, and amino acids can alleviate cadmium toxicity in
plants by chelating cadmium ions to form complexes (Wei
et al. 2003). In addition, earthworm mucus also improves
the chlorophyll content, antioxidant enzyme activity and the
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absorption and transport capacity of essential trace elements
in plants, which may be related to its containing substances
similar to auxin (IAA) (Wu et al. 2004; Zhang et al. 2009a,
b). Similar studies have found that both earthworm mucus
and amino acids significantly increase the concentration of
cadmium stored in the soluble fraction of sub-cells as well
as the concentrations of inorganic and soluble forms of cad-
mium in tomato seedlings (Zhang et al. 2009a, b).

The role of AMF on the phytoremediation of heavy
metal-contaminated soil

AMF have both direct and indirect effects on phytoreme-
diation. The reaction mechanism between AMF and heavy
metals in soil is shown in Fig. 1.

The direct effect of AMF on the phytoremediation

AMF chelate and sequester heavy metals through their
fungal structures. Meanwhile, the glomalin secreted by
them can also immobilize heavy metals, which is the first
physical barrier for AMF to directly influence the entry of
heavy metals into plants (Riaz et al. 2021). The fungal struc-
tures of AMF include arbuscules, cytoplasm, vacuoles and
cell walls. These structures can immobilize heavy metals,
reduce their transfer to the above-ground parts and enhance
plant resistance (Wu et al. 2015). Chitin, glomalin and
polysaccharides in the cell walls of AMF can regulate the
adsorption of heavy metal ions. Various functional groups
such as imidazole carboxyl groups, amino groups and free
hydroxyl groups can provide binding sites for heavy met-
als, thus forming negatively charged structures with them.
The polyphosphate granules, vacuolar proton ATPase and
vacuolar proton phosphatase in vacuoles contribute to the
adsorption of heavy metals by vacuoles (Abdelhameed and
Metwally 2019; Shi et al. 2019). Chen et al. (2018) have
observed through synchrotron radiation micro X-ray fluo-
rescence (SR-pXRF) imaging that arbuscules and intercel-
lular hyphae of AMF have high Cd accumulation, and Cd is
mainly retained in the arbuscules of the fungal structures.
However, some studies have observed that Cd, Cu and Zn
in the extraradical hyphae and spores of fungi are mainly
distributed in the cell walls and vacuoles of the fungi (Wu
et al. 2018).

In addition, the surface of AMF hyphae can produce
extracellular polymeric substances (EPS). EPS has func-
tional groups such as carboxyl groups, amines, phosphoric
acid and hydroxyl groups, and it can adsorb metals through
chelation, surface precipitation and ion exchange (More
et al. 2014). Glomalin-related soil protein (GRSP) is a
metal-tolerant glycoprotein secreted by AMF. It can che-
late heavy metals and enrich electron ligands to reduce the

bioavailability of heavy metals (Jia et al. 2018). Wu et al.
(2014) found that the GRSP absorbed 4% of the Pb and Ni
in the soil after 140 days. Similarly, studies have shown that
1 gram of GRSP can extract up to 4.3 milligrams of Cu,
0.008 milligrams of Cd and 1.12 milligrams of Pb from con-
taminated soil. The bioavailability and mobility weakened
due to the complexation of GRSP with metals are benefi-
cial to the phytostabilization process (Gonzalez-Chavez et
al. 2004). Finally, the transporters existing in the hyphae of
AMF play an important role in alleviating heavy metal tox-
icity and the process of heavy metal compartmentalization.
For example, metallothionein in the AMF structure can che-
late heavy metals through the sulthydryl groups provided by
cysteine, thereby reducing the bioavailability and transport
capacity of heavy metals (Lenoir et al. 2016).

The indirect effects of AMF on the phytoremediation

The indirect effects of AMF on enhancing phytoremedia-
tion are mainly achieved by promoting plant nutrient acqui-
sition, enhancing plant antioxidant capacity and regulating
gene expression at the gene level (Wu et al. 2013, 2019; Zou
et al. 2019).

AMF can improve soil conditions and then promote plant
growth (dilution effect). AMF has an important impact on
the biogeochemical cycle of phosphorus in the soil. AMF
can cause a deficiency of phosphorus in the soil around
the extraradical hyphae (Li et al. 2017a, b). The extraradi-
cal hyphae grow away from the phosphorus-deficient zone,
increasing the absorption area of roots and enabling host
plants to absorb phosphorus in a larger range (Whiteside
et al. 2019). Some studies have stated that AMF extraradi-
cal hyphae can provide up to 80% of inorganic phosphorus
(Wipf et al. 2019). After inoculating AMF into cotton, the
expression of the phosphorus transporter gene in cotton
was enhanced, and the phosphorus content in cotton was
increased by 43.27% (Gao et al. 2020). Chang et al. (2018)
found that through pot experiments under the stress of cad-
mium and lanthanum, AMF could increase the biomass of
maize and the nutrients of N, P and K in plants (by 20.1
—76.8%), while reducing the content of heavy metals in
plants and alleviating toxicity.

Under heavy metal stress, plants generate excessive reac-
tive oxygen species (ROS) that induce cellular and molecu-
lar alterations (e.g., downregulation or upregulation of gene
expression), thereby triggering regulatory mechanisms to
rapidly respond to these stress conditions (Luo et al. 2016).
Excessive ROS can damage plant cells and then affect their
normal physiological activities. However, inoculating AMF
can promote the activities of antioxidant enzymes (such as
superoxide dismutase, peroxidase, catalase, ascorbate perox-
idase, etc.) and the synthesis of non-enzymatic antioxidants
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(such as glutathione, ascorbic acid, phenols and carotenoids,
etc.) to scavenge ROS and counteract the oxidative damage
within plants (Li et al. 2020). Sharma et al. (2017) pointed
out that compared with non-mycorrhizal plants, mycor-
rhizal plants have higher activities of antioxidant enzymes
(superoxide dismutase, peroxidase and catalase) and anti-
oxidant molecules (proline, carotenoids and a-tocopherol)
under As stress, which significantly reduces the toxic effects
of ROS. AMF can also regulate the expression of plant-
related genes. After inoculating AMF, the expression of the
PT4 gene can be up-regulated to help maintain the phospho-
rus status in roots. This symbiotic relationship can prevent
the transfer of As to the aboveground parts of plants (Li et
al. 2018). Similarly, after inoculating AMF, the expression
of the HMA3 gene is up-regulated. The HMA3 gene can
chelate Cd into the vacuoles of root cells and prevent it from
migrating to the aboveground parts (Miyadate et al. 2011).

The capacity for heavy metal uptake and accumulation
exhibits significant interspecific variation among plants,
governed by host-specific physiological traits and inherent
detoxification mechanisms, including differential expres-
sion of metal transporters and chelation processes. Chen
et al. (2012) found that inoculating AMF onto rice in As-
contaminated soil significantly reduced the As absorption of
the rice. In contrast, another study reported that inoculat-
ing AMF onto ryegrass in Cd-contaminated soil increased
the Cd content in the roots and shoots of ryegrass by 30%
and 35%, respectively (Han et al. 2021). Therefore, the dis-
tribution of heavy metals in plants under the influence of
AMF has two aspects. In the process of phytoremediation
of heavy metals, applying AMF to hyperaccumulator plants
and taking advantage of its characteristic of promoting the
absorption of heavy metals by plants under certain condi-
tions can improve the extraction efficiency of hyperaccu-
mulator plants for heavy metals (Leung et al. 2010). For
non-hyperaccumulator plants, inoculating AMF can both
enhance the plants’ absorption of heavy metals (Yin et al.
2021), and reduce the plants’ absorption of heavy metals to
play a protective role (Chen et al. 2012).

The role of the earthworm-AMF interaction on the
phytoremediation of heavy metal-contaminated
soil

Earthworms play an important role in terrestrial ecosystems
by regulating the migration and transformation of heavy met-
als in the soil-plant system through activities such as feed-
ing, metabolism, and excretion. AMF affects the absorption,
accumulation, and detoxification of heavy metals by plants
in heavy metal-contaminated soil through multiple path-
ways (Wang et al. 2022). Although earthworms and AMF
directly interact with the rhizosphere of host plants, little
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is still known about the interaction effects between these
two important organisms, and it remains unclear how their
interaction regulates the soil to affect plant functions. Fig. 1
describes the impact of the interaction between earthworms
and AMF on the soil and plants. The following table sum-
marizes the research on the impact of the earthworm-AMF
interaction on phytoremediation in recent years (Table 1).

The impacts of earthworms on AMF

AMF and earthworms are at different trophic levels in the
same ecosystem and there is no predator-prey relationship
between them. Although earthworms do not mainly feed on
fungal hyphae, they can selectively feed on fungal hyphae.
On the one hand, they may damage the fungal hyphae and
thus affect the availability of nutrients. On the other hand,
they may also be beneficial to spore dispersion and root colo-
nization (Meng et al. 2021). Some studies have claimed that
the spores and hyphae carried in the earthworm gut can be
diffused and transferred to new areas through the movement
of earthworms and earthworm casts, which may promote
mycorrhizal colonization of roots (Milleret et al. 2009).
Pelosi et al. (2024) pointed out that earthworms can act as
transporters of AMF in the soil, increasing the colonization
rate and thus enhancing plant nutrition. In a latest study,
adding earthworms to alfalfa under molybdenum stress led
to a partial recovery in the formation of mycorrhizal symbi-
otic structures. Compared with the treatments without add-
ing earthworms, the addition of earthworms increased the
colonization rate of AMF by 9.4 —33.6% (Yang et al. 2024).
However, Dehghanian et al. (2018) found in a silt loam soil
experiment that earthworms had no impact on the mycorrhi-
zal colonization of maize. Aghababaei et al. (2014b) showed
that the impact of earthworms on mycorrhizal colonization
was related to the type of mycorrhiza. Earthworms were
beneficial to the colonization of Funneliformis mosseae on
the roots of maize, while earthworms had no impact on the
colonization of Rhizophagus intraradices. Earthworms were
beneficial to the colonization of Funneliformis mosseae on
the roots of maize, while earthworms had no impact on the
colonization of Rhizophagus intraradices. Some studies
have found that without the addition of straw, earthworms
significantly reduced the colonization rate of AMF, but this
effect disappeared when straw was added (Ortiz-Ceballos et
al. 2007). In addition, earthworms can promote the growth
of fungal hyphae by increasing the biomass of host plants
and activating soil carbon and nitrogen (Gormsen et al.
2004). According to the data statistics in Table 1, the results
of most of the literature tend to show that earthworms are
conducive to promoting mycorrhizal colonization of plants.
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The impact of the interaction between earthworms
and AMF on phytoremediation

Soil organisms act as essential regulators of biogeochemi-
cal cycles, mediating transformations of inorganic and
organic nutrients while simultaneously sustaining soil
structural integrity through organic matter dynamics and
aggregate formation processes. Furthermore, they enhance
plant productivity, mitigate pollutant-induced soil deg-
radation, and maintain long-term soil fertility (Jeffries et
al. 2003; Verbruggen et al. 2013). It has been shown that
earthworms improve the availability of soil mineral nutri-
ents under earthworms AMF plant systems. The enhance-
ment of enzyme activity can effectively improve nutrient
cycling and carbon accumulation in the rhizosphere and
play a role in nutrient activation. After AMF colonizes the
roots, a hyphal network is formed around the roots, playing
arole in nutrient transfer (Milleret et al. 2009). Some litera-
ture has pointed out that there are negative effects among
them (Tuffen et al. 2002). The reason for this phenomenon
may be related to the nitrogen-phosphorus ratio in plants.
In addition, soil microbial biomass (SMB) is an important
indicator of soil biological activity and biochemical pro-
cesses. High concentrations of heavy metals can suppress
microbial activity, while earthworms and AMF can allevi-
ate this negative effect. Earthworms mainly change soil pH,
dissolved organic carbon (DOC) content and the structure
of the microbial community through their own physical dis-
turbance and the secretion of earthworm casts. AMF mainly
enhance microbial activity by inducing plant root exudates
and recruiting specific bacteria by themselves. Aghababaei
et al. (2014a) found that after inoculating earthworms and
AMF, the SMB would increase, and meanwhile the activi-
ties of soil urease, alkaline phosphatase (ALP), and soil res-
piration rate (SRR) all showed an increasing trend with the
inoculation of earthworms and AMF.

Phytoremediation, using both earthworms and AMF
together can enhance the effectiveness of the process by
leveraging their unique functional advantages. However,
variations in the types of earthworms, AMF, plant species,
and soil environmental conditions can lead to different out-
comes. While most studies suggest that these organisms
have a synergistic effect, some research indicates they could
inhibit each other’s benefits in some cases (Table 1). Santana
et al. (2019) found that in the soil contaminated with copper
at a concentration of 100 mg kg™!, the addition of AMF and
earthworms increased the dry weight of the above-ground
parts of sword beans by 81%, and at the same time increased
the copper accumulation in the aboveground parts by 200%,
enhancing the phytoextraction efficiency of sword beans.
Dehghanian et al. (2018) found that in calcareous soil, the
activities of earthworms and the inoculation of arbuscular
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mycorrhizal fungi significantly decreased the soil pH value,
increased DOC, microbial biomass carbon (MBC) and the
available forms of Zn, Fe and Mn. Moreover, all the biologi-
cal treatments led to a significant increase in the dry weight
of the above-ground parts of maize as well as the concen-
trations of Zn, Fe and Mn. Aghababaei et al. (2014a) show
that the addition of earthworms can increase the exchange-
able cadmium in the soil, while the simultaneous addition
of earthworms and AMF has no impact on this part of cad-
mium. Moreover, inoculating earthworms alone reduces the
MBC but increases soil enzyme activity. On the contrary,
inoculating AMF alone increases the MBC. The results
indicate that in Cd-contaminated soil, the impact of using
earthworms alone on the availability of cadmium is more
important than that of AMF. Meanwhile, it also shows that
the interactions among these organisms have a much more
important impact on soil microorganisms than on the avail-
ability of Cd. Hua et al. (2010) shows that AMF inoculation
leads to a significant increase in the AMF root colonization
rate and root dry weight. Meanwhile, plants inoculated with
both AMF and earthworms have higher arsenic concentra-
tions in their roots, higher species diversity, a more balanced
species composition, a more even species distribution and
more food sources. Besides enhancing plants’ absorption
of pollutants, AMF and earthworms can also improve soil
health by restoring the soil community structure. Wang et
al. (2020) found that AMF and earthworms increased the
accumulation of Cd in the tissues of Solanum nigrum. How-
ever, only AMF affected the distribution of Cd between the
above-ground parts and roots. Moreover, both AMF and its
combination with earthworms enhanced the plant availabil-
ity of Cd by changing the chemical composition of Cd and
reducing the pH value. In addition, in the soil with 120 mg
kg™ of Cd, the combined inoculation increased the removal
amount of Cd by 149.3%.

Fig. 2 highlights the application of earthworms and AMF
in phytoremediation of heavy metals in soil. The mucus
and faeces secreted by them are rich in a large amount of
humus and can also play a role in complexing heavy metals.
Meanwhile, glomalin secreted by mycorrhizae, along with
the structure of mycorrhizae themselves (such as arbus-
cules, vesicles, cell walls, etc.), can also sequester heavy
metals. Additionally, mycorrhizae facilitate the formation of
phytochelatins, which possess a strong complexing affinity
for metals and encourage the compartmentalisation of met-
als in plant vacuoles, thereby reducing their toxicity (Ma
et al. 2006). For phytoextraction, they also exhibit a syn-
ergistic effect. Firstly, the physical disturbance and secre-
tions of earthworms can activate the mineral nutrients in the
soil, change the soil pH value and increase the DOC, thus
improving the availability of heavy metals. Secondly, the
gut microorganisms of earthworms can also activate heavy
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Fig.2 The application of earthworms and AMF in phytoremediation of heavy metals in soil

metals in the soil and enhance plants’ absorption of heavy
metals. Meanwhile, mycorrhizae can regulate the expres-
sion of heavy metal-related transport genes, increase the
plant transfer coefficient and promote the extraction of soil
heavy metals by the above-ground parts of plants (Gonza-
lez-Guerrero et al. 2005; Yang et al. 2024) (Fig. 1).

The application of earthworms and AMF in phytostabili-
zation and phytoextraction is highlighted in Fig. 2. For low
heavy metal-polluted farmland, the combination of earth-
worms and AMF can help reduce heavy metal migration to
crop grains, ensuring food safety and land productivity. In
cases of moderate to severe pollution, hyperaccumulator
plants with earthworm and AMF inoculation can enhance
heavy metal extraction from the soil. A recent meta-anal-
ysis showed that AMF inoculation significantly decreased
the accumulations of As and Cd in plant shoots (14.8% and
12.75%) and roots (20.59% and 3.58%). It also increased
soil pH, organic carbon, and glomalin-related soil proteins
while reducing available Cd by 2.35%, though it did not
significantly affect available As and alkaline phosphatase
levels (Tan et al. 2023). This provides important informa-
tion on the great potential of AMF in phytostabilization.
Thus, the action mechanisms of AMF and earthworms in
phytoremediation are different. When these two organisms
are combined, what is manifested is their complementary
and additive effects, which depend on which organism plays
a dominant role and are also related to soil and plant species.
In our summary of some literature, it was found that earth-
worms and AMF predominantly exhibit a strong synergis-
tic interaction in phytoextraction (Table 1), although their
mechanisms remain to be further studied.

Conclusions and prospects

In phytoremediation, earthworms and AMF, as important
auxiliary means, can greatly strengthen phytoremediation.
Whether it is the phytoextraction of hyperaccumulator
plants in highly heavy metal-polluted soil or the phytostabi-
lization of farmland with moderate to low heavy metal pol-
lution, they are both extremely promising bioremediation
methods. From the perspective of resource utilization, since
both of these organisms exist in nature, if they can be fully
utilized, they can provide valuable resources for the future
development of agriculture and the soil environment.

However, most of the current studies are pot experiments
rather than field experiments. The soils used in the stud-
ies are mostly sterilized soils, which cannot simulate the
real environment, and this is very likely to lead to differ-
ent research results. In the future, a large number of field
experiments are urgently needed to provide experimental
data for the interaction between earthworms and AMEF,
which is a prerequisite for their wide application in actual
contaminated soils. We recommend to focus on the follow-
ing aspects in the future:

(1) Expansion of in-situ remediation of contaminated
sites: Expand its application to a broader range of contami-
nated areas, including the in-situ remediation methods suit-
able for diverse contexts such as urban industrial legacy sites
and farmlands affected by mining activities. By optimising
operational techniques like inoculation and the release of
combined methods, enhance the relevance and effective-
ness of the remediation process. Optimize AMF-earthworm
synergies through tailored inoculation and hybrid biological
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methods. In-depth exploration of the combined enhance-
ment effects and mechanisms of phyremediation by AMF-
earthworms. For example, the effects on metal dynamics
vary with soil type, contaminant profile, and organism
species. AMF may either enhance or inhibit metal uptake
depending on plant-fungal symbiosis.

(2) Application in the context of climate change: Under
global climate change and frequent extreme weather,
explore the potential of the combined action of AMF-earth-
worms on enhancing the soil carbon sink function, such as
promoting the sequestration of soil organic carbon, reducing
greenhouse gas emissions, etc., to help the low-carbon and
resilient development of agricultural ecosystems.

(3) Expansion of basic research: Conduct a more deep
analyze of the complex signal transduction, material
exchange and co-evolution mechanisms among arbuscular
mycorrhizal fungi, earthworms, plant roots and other micro-
organisms in the soil during the combined action, and reveal
the profound interaction mysteries from the interdisciplin-
ary perspectives of molecular biology, ecology and so on.

(4) Ecotoxicological research: Focus on the of pollutant
toxicity responses and biomarker changes in the soil when
these two are combined in specific polluted environments.
High metal concentrations may inhibit earthworm and AMF
activity; species selection must consider metal tolerance.
This will provide a basis for a more scientific assessment
of their ecological safety and the formulation of reasonable
remediation and management strategies.
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