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ABSTRACT

Heavy metals (HMs) contamination in river sediment has caused potential risks to humans
and the environment. In this study, an amending method to enhance phytoremediation of zinc
(Zn) and copper (Cu) in sewage river sediment was developed, and its assistant mechanisms
were investigated, by comparing the effects of four treatments: plants alone, plants treated with
ethylenediaminetetraacetic acid, plants treated with arbuscular mycorrhizae (AM), or plants
treated with AM plus indigenous bacteria. The plants were grown in intercropping and crop
rotation systems including ryegrass and either maize or alfalfa. The results showed that inter-
cropping and crop rotation effectively reduced Zn and Cu pollution in sediment, particularly
when plants were treated with AM. In AM treatment, the Zn remediation effect was better in the
maize/ryegrass system, and Zn concentrations in rhizosphere soil decreased the most by 64.37%.
Cu was removed better by alfalfa/ryegrass system, with the highest removal rate of 26.93%.
AM treatment assisted phytoremediation mainly by increasing the exchangeable and carbonated
fractions of HMs and improving the activity of dehydrogenase, polyphenol oxidase and urease
in sediment. AM application promoted the uptake of HMs from belowground to aboveground
of plants, however, interspecies competition may occur between AM and indigenous bacteria.

Keywords: Phytoremediation; Plant intercropping — crop rotation; Arbuscular mycorrhizae; Ethylene-
diaminetetraacetic acid; Indigenous bacteria

1. Introduction as secondary pollution sources to circulate through the
soil-water-biological system [3-5], directly or indirectly
harming the health of humans and other animals through
bioconcentration within the food chain [6,7]. This problem
has attracted great interest among the scientific community,
particularly in the fields of environmental conservation
and protection.

Heavy metals (HMs) pollution, particularly in river
sediment, has become a global problem [1]. River sediment
can act as reservoirs and carriers of pollutants in the aquatic
environment [2]. When environmental conditions change,
HMs accumulated in sediment can enter the environment
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Remediation methods to remove HMs in contaminating
soil include physical, chemical, and/or biological approaches.
Chemical and physicochemical methods such as chemi-
cal precipitation, ion exchange, electrolysis, reverse osmo-
sis, extraction, and activated carbon adsorption have rapid
removal rates [8-10], but destroy the natural structure and
physical and chemical properties of soil [11]. By contrast, bio-
logical approaches or bioremediation, consisting of remedia-
tion using microorganism (bacteria and Fungi) only, phytore-
mediation (plants) only, or the combination of both the pro-
cesses [10,12,13] are cost effective, environmentally friendly,
and can be applied over large areas of mildly to moderately
contaminated soil [14,15]. However, for example, for phytore-
mediation, the plants used are slow-growing and strongly
seasonally restricted. Some plants have good remediation
effects on only specific HMs, and little effect on soils polluted
with HMs in combination. Therefore, auxiliary measures
have been proposed to improve HMs uptake by plants [16].

Methods for enhancing phytoremediation include
physical-assisted, chemical-assisted and microorganism-
assisted measures [10]. Anning et al. [16] reported the
removal efficiency of Hg, As, Pb, Zn and Cu by chemi-
cally assisted cattail and vetiver was all above 80%. Rees
et al. [17] found that Zn and Cd could be removed by bio-
char-assisted Noccaea caerulescens, and the removal rates
were 4% and 40%, respectively. Wei et al. [18] showed
that Agrobacterium rhizobia in the roots of wild beans
was resistant to Pb, Cu, Cd and Zn, and could promote
plant growth. Previous studies have shown that the HMs
chelator ethylenediaminetetraacetic acid (EDTA), a com-
monly used agent for removing HMs in soil, can enhance
the phytoremediation of rhizosphere soil HMs and facil-
itate the transport of HMs from underground to abo-
veground of plants [19,20]. Therefore, EDTA significantly
strengthens plant remediation and has good application
potential for the remediation of HMs - contaminated
soil. Previous researches have also shown that combined
plant — arbuscular mycorrhizae (AM) system has a higher
HMs removal rate than plants alone, by enhancing plant
growth, root stabilization, HMs extraction, etc [21]. AM
is an important functional group of soil microorganisms
that can survive in extreme environments with high con-
centrations of various HMs [22,23], and the extra-rooted
mycelium of AM can colonize the soil and transport nutri-
ents to improve plant growth [24]. AM can help to immo-
bilize HMs in plant roots and reduce their transportation
to the aboveground, mitigating the adverse effects of HMs
on plant growth [25,26]. In addition, inoculation of rhizo-
sphere microorganisms in HMs — contaminated soils has
been reported to significantly increase the biological activ-
ity of HMs and promote HMs absorption by plants [27,28],
depending on a number of factors, such as the character-
istics of the fungal symbionts, the availability of HMs and
the mycorrhizal growth, etc.

In intercropping systems, different types of plants are
sown alternately between seasons. Intercropping plants
with different restoration functions can improve the over-
all restoration effect and reduce remediation time [25,29].
By contrast, rotation is sequential sowing of different crops,
which takes advantage of mutually beneficial and competi-
tive relationships among species [30]. Different crop species

have different nutrient requirements. Thus, both intercrop-
ping and crop rotation can be applied to coordinate the
absorption of different HMs by different plants. Some stud-
ies have shown that intercropping and/or crop rotation have
positive impacts on HMs accumulation in plants, improv-
ing phytoremediation efficiency. Yang et al. [31] found that
rapeseed — sunflower rotation improved the removal of
HMs from soil compared to monoculture. Pavla et al. [32]
proved that crop rotation facilitated plant extraction of
HMs. Ma [25] showed that corn — ryegrass intercropping
or alfalfa — ryegrass intercropping degraded HMs better
than monocropping. However, few studies have combined
intercropping and rotation to evaluate their effects on the
efficiency of HMs uptake.

Zn and Cu are essential trace elements for plants, but
the phytotoxicity of excessive both HMs may inhibit plant
growth. The interaction of Zn and Cu stress on plants may
also affect the transportation of HMs in plants, and further
stunt the growth of plants [17,33]. Therefore, in this study,
measures to enhance a plant intercropping — crop rotation
system were implemented to evaluate their effect on Zn
and Cu accumulation in polluted sediment collected from
a sewage-contaminated river. In the first round, ryegrass
was intercropped with maize, followed by intercropping
of ryegrass and alfalfa. We evaluated the effects of four
treatments, plants alone (control) and plants treated with
EDTA, AM, or AM plus indigenous bacteria, on Zn and
Cu soil remediation.

2. Materials and methods
2.1. Experimental materials
2.1.1. Sediment sampling

Sediment samples were collected from the vicinity of
two important sewage outlets (A and B) located in a sewage
river in North China. First, sediment samples from outlets
A and B were placed in a cool, ventilated place to dry, and
debris such as small and large gravel and animal and plant
residues were removed by passing the samples through a
2 mm sieve. Sediments A and B were then mixed evenly
with river sand for a final ratio of 1:1:1, and the samples
were sterilized using high-pressure steam at 101 kPa and
121°C for 2 h. The main physicochemical properties and
the total amount of major HMs (Cu, Zn, Cd, Ni, Cr and
Mn) in the mixed sediment are listed in Table 1. Slurry
samples from sewage outlets A and B were put in a plastic
and stored at 4°C, for the cultivation of indigenous bacteria.

2.1.2. Test microbial flora

The original AM fungi were provided by Shandong
Agricultural University, China, and the host plant was clo-
ver. Since the growth of AM fungi needs air, the river sand
is selected as the medium of culture expansion. During this
period, nutrient solution was applied, and after four months
of reproduction, an inoculum containing spores, mycelia,
and infected roots were ready to reserve.

For cultivation of indigenous bacteria, 1 mL of slurry
sediment sample and 99 mL of beef extract peptone
medium were put into a 150 mL flask, sealed with foil, and
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Table 1
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Physicochemical properties and HMs concentration in the sediment (HMs unit is mg/kg)

Sample pH TP (%) TN (%) Zn Cu Ni Cd Cr Pb

A 7.8 0.12 0.56 3,467.0 128.5 714 119 279.9 152.5

B 8.2 0.49 0.27 2,908.7 276.4 136.6 16.4 390.8 296.3

A and B mixed 8.0-8.1 0.3-0.4 0.45-0.49 2,695-3,303 250-266 119-134 14-15 324-380 242-283

Notes: TP, total phosphorus; TN, total nitrogen.

performed at 30°C. The transfer of the culture solution was
made by mixing 10 mL of the culture solution and 90 mL of
nutrient solution (beef extract peptone agar medium) into a
150 mL flask. After transferring 2-3 generations, scratched
the plate, picked the dominant cluster into the nutrient
solution, and continued the enrichment of the cells until the
microbial population was sufficient. Finally, 500 mL of the
total volume of the enriched culture was obtained for use.

2.2. Test methods
2.2.1. Pot experiment

The mixed sediment samples were placed in a 0.7 m x
0.5 m x 0.4 m polyvinyl chloride (PVC) box that was steril-
ized with aldehyde. Ventilation was provided via holes in
the bottom of the box. Each box was filled with 80 kg sedi-
ment. Four treatments were set up: plants alone (P treatment,
control), plants treated with EDTA (E treatment), plants
treated with AM (A treatment), or plants treated with AM
plus indigenous bacteria (AB treatment). Each treatment
consisted of three replicates. In A treatment, 200 g of AM
fungi inoculum was supplemented. In E treatment, 200 g
sterilized AM inoculum was treated to maintain consistent
microbial flora, and EDTA was added at a concentration
of 3 mmol/kg (dry mud) around the plant roots at 1 week
prior to harvest. In AB treatment, 200 g of AM fungi inoc-
ulum was added, and 500 mL of indigenous bacterial solu-
tion was applied during plant growth. In P treatment, 200 g
sterilized AM inoculum was treated as well. At the begin-
ning of the experiment, the AM inoculum was mixed with
the sediment, and the moisture of the mixture was adjusted
to 30%-60% by adding deionized water. The moisture
content was determined by weighing method [34].

The intercropping/crop rotation system consisted of two
rounds. The first round was intercropped ryegrass (Lolium
multiflorum Lam., herbaceous, perennials) and maize (Zea
mays L. belonging to the grass family Poaceae and tribe
Maydeae, Annual cereals), and the second round was inter-
cropped ryegrass and alfalfa (Medicago sativa L, herbaceous,
perennials). Maize, ryegrass, and alfalfa seeds were soaked
in hydrogen peroxide for 10 min for surface disinfection, and
the seeds were sown in alternating strips with a row spac-
ing of 15 cm. The seedlings were thinned upon emergence.
The first sowing period was from May 21 to August 18,
and the second was from August 23 to November 24.

2.2.2. Pretreatment methods

Plant root soil samples were collected regularly and
dried in a cool, ventilated place, partly for enzyme activity

determination, and partly for the determination of HMs (Zn,
Cu) by grinding 180 um metal sieve with a quartz mortar.
The total amount of HMs in each sample was pretreated by
hydrochloric acid — nitric acid — perchloric acid — hydroflu-
oric acid digestion method, and the pretreatment of HMs
speciation (exchangeable fraction, carbonated fraction, Fe-
Mn oxides fraction, organic bound fraction, residual fraction)
was conducted by Tessier’s five-step extraction method [35].
Ryegrass and maize in the first round was harvested
in the day 88, and ryegrass and alfalfa in the second round
was harvested in the day 192. The aboveground part of
plants was clipped, and roots were dug out, washed with
deionized water three times, then dried the surface of the
plants with filter paper, sterilized at 105°C for 30 min, and
dried at 80°C to constant weight. The roots, stems, leaves
shells and seeds were separated. The pretreatment of in the
plants was also done with hydrochloric acid — nitric acid —
perchloric acid — hydrofluoric acid digestion method.

2.2.3. Determination of samples

HMs concentration was determined by flame atomic
absorption spectrophotometer (AAS, WEFX-130, Beijing
Rayleigh, Beijing).

Two redox enzymes (dehydrogenase and polyphenol
oxidase) and one hydrolase (urease) were measured. For
the determination of dehydrogenase activity, 5 g pretreated
plant root soil sample was placed in the flasks, and dehy-
drogenase activity was measured according to the TTC
spectrophotometric method [36]. For the determination of
polyphenol oxidase activity, 0.1-0.5 g pretreated plant root
soil sample was placed in the flasks, and polyphenol oxi-
dase activity was measured using the phenol sodium hypo-
chlorite colorimetric method [36]. For the determination
of urease activity, 2-5 g pretreated plant root soil sample
was placed in the flasks, and urease activity was measured
based on the phenol — sodium hypochlorite colorimetric
method [37]. Three repetitions were tested for each sample.

2.2.4. Statistical analysis

One-way ANOVAs and Tukey tests (p < 0.05) were per-
formed using the statistical program SPSS 24.0 (PASW
Statistics, Chicago, IL) to determine the significant difference
between in Zn and Cu removal under the four treatments.

3. Results
3.1. Changes in sediment HMs concentration

According to the Soil Environmental Quality Risk
Control Standard for Soil Contamination of Agricultural
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Land (GB15618-2018), the critical Zn and Cu soil concen-
trations for ensuring plant growth are 300 and 100 mg/kg,
respectively. The Zn and Cu concentrations in the sediment
samples were 9- to 11-fold and 2- to 3-fold higher than the
critical limits. Therefore, both Zn and Cu are expected to
have serious toxic effects on plants during phytoremedia-
tion, which may affect the accumulation and absorption of
other HMs in the sediment.

Plants growth of the four treatments is presented in
Fig. S1, and Zn and Cu removal rates after remediation are
shown in Fig. 1. After the first round of planting, the EDTA
treatment attained the highest removal rate of Zn, decreas-
ing in maize and ryegrass rhizosphere soil by 69.00% and
62.30%, respectively. The removal rates were higher in the
AM and AM plus indigenous bacteria treatments than in
the control, which indicates that both EDTA and AM pro-
moted phytoremediation. However, remediation effects
were less significant for Cu than for Zn. Under EDTA treat-
ment, the Cu concentration in maize and ryegrass rhizo-
sphere sediments decreased by 7.90% and 2.20%, respec-
tively, and no significant change was observed after AM
treatment. In the control, there was no significant change
in Cu concentration in maize rhizosphere soil, whereas a
3.06% decrease was observed in ryegrass rhizosphere soil.

After the second round of planting, the Zn concen-
trations in alfalfa rhizosphere soil decreased by 10.96%,
8.82%, 10.39%, and 6.33% in the control, EDTA, AM, and
AM plus indigenous bacteria treatments, respectively, and
those in ryegrass rhizosphere soil 4.85%, 18.22%, 5.81%,
and 11.60%, respectively. Therefore, less HMs removal
occurred during the second round of planting than during
the first round. By contrast, significant remediation effects
on Cu were observed in the second round, with Cu concen-
trations in ryegrass rhizosphere soil decreasing by 24.13%,
26.93%, and 14.91% in the EDTA, AM, and AM plus indig-
enous bacteria treatments, respectively, which were larger
decreases than that in the control (5.07%). In the second
round of planting, the removal rate of Cu by AM-treated

ryegrass reached 26.93%, the highest rate among both
rounds of planting.

In the mid-processing (60 d) and end-of-processing
(91 d) periods of cultivation, the temperature of the city
dropped sharply, which may have affected plant growth
and HMs adsorption in the treatments. Therefore, during
the second round of planting with intercropped ryegrass
and alfalfa, the Zn and Cu concentrations in rhizosphere
sediments were measured during these critical periods, as
shown in Fig. 2a and b. In most cases, the maximum HMs
removal rate occurred during mid-processing, consistent
with a previous report that temperature affects Cu enrich-
ment in ryegrass crops [38]. Another previous study reported
that Zn and Cu concentrations in plant leaves increased as
temperature increased, demonstrating that temperature
influenced phytoremediation [39].

3.2. Changes in HMs speciation in sediments

Zn and Cu are harmful HMs involved in the biogeo-
chemical cycle, and their mobility depends strongly on their
specific chemical form or different combined forms, rather
than the total element concentration. The plant rhizosphere
secretes acidic substances that can activate HMs and alter
HMs speciation in sediments [40,41]. Therefore, we mon-
itored the speciation of different HMs in sediments in the
four treatments.

The speciation of Zn and Cu in the soil in the first
round is shown in Fig. 3. HMs speciation in the sedi-
ments was most affected by EDTA treatment, particularly
in terms of the exchangeable fraction, which was greatly
increased. The amount of exchangeable Zn in sediments
near the maize and ryegrass rhizosphere was 4.16 mg/
kg in the control, compared to 241.83 and 384.45 mg/kg
under EDTA treatment, respectively. Similarly, under
AM treatment, the exchangeable fractions of Zn and Cu
increased compared to the control. These results are con-
sistent with a previous study that reported significantly

Degradation rate(%)
N
S
1

Maize Ryegrass

P E A AB|P E A AB|P E A AB|P E A AB
Alfalfa

W Zn®W Cu

Ryegrass

Fig. 1. Zinc (Zn) and copper (Cu) removal rates in sediment samples from China. The four treatments were plants alone (control, P),
plants treated with EDTA (E), plants treated with AM (A), or plants treated with AM plus indigenous bacteria (AB). a, b, ¢, d stand

for different significance levels (P < 0.05).
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higher amounts of exchangeable Cu in maize rhizosphere
soil under AM treatment [42]. In addition, AM treatment
effectively increased the fraction of carbonated Zn in
maize rhizosphere soil by 26.52 mg/kg.

Fe-Mn oxides have a relatively large specific surface
and a strong adsorption capacity for Zn, leading to strong
ionic bonding that resists release, absorption, or utilization
by plants [43]. Similarly, the organic matter-bound Zn frac-
tion is stable and not easily absorbed by plants. Therefore,
Zn concentrations in the treatments were significantly
higher in the treatments than in the control.

Zn and Cu speciation in the soil after the second round
of planting are shown in Fig. 4. Under AM treatment, the
exchangeable and carbonated fraction of Cu increased, par-
ticularly for carbonated Cu in alfalfa rhizosphere soil, which
increased by 7.45 mg/kg, whereas residual Cu decreased
significantly. Under EDTA treatment, the exchangeable
Cu in ryegrass rhizosphere soil increased, which is consis-
tent with the good Cu removal effect observed in EDTA-
treated ryegrass. Similar to the first round, both Fe and Mn

oxide-bound and organic matter-bound Zn fractions increased
significantly in the treatments compared to the control.

3.3. Changes in sediment enzyme activity

Enzymes are important drivers of ecosystem metabolism
in soils, and enzyme decomposition catalyzes the acceler-
ation of all biochemical processes in soil. Most oxidation—
reduction reactions in active organisms are catalyzed by
dehydrogenase and oxidase. In this study, dehydrogenase,
polyphenol oxidase and urease levels were examined in
the four treatments at 0, 20, 44, and 88 d in the first planting
round, and at 0, 30, 60, and 91 d in the second round.

3.3.1. Changes in dehydrogenase activity in
sediment samples

Dehydrogenases are enzymes that catalyze oxidation—
reduction reactions, and dehydrogenase activity can be
used as a sensitive marker of soil microbial activity. Changes

Zn content in sediment (mg/kg)

P E A AB P
Alfalfa

350 (2)

M initial stage
M mid-processing

end of processing

E A AB

Ryegrass

300
250
200
150
100

Cu content in sediment (mg/kg)

W
(=] oS
] 1

P E
Alfalfa

A AB | P
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M mid-processing

end of processing

E A AB

Ryegrass

Fig. 2. Zn (a) and Cu (b) concentration in sediments in the second round of the four treatments. The four treatments were plants alone
(control, P), plants treated with EDTA (E), plants treated with AM (A), or plants treated with AM plus indigenous bacteria (AB).
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Fig. 3. The speciation of Zn (a) and Cu (b) in the soil in maize/ryegrass system. The four treatments were plants alone (control, P),
plants treated with EDTA (E), plants treated with AM (A), or plants treated with AM plus indigenous bacteria (AB). U-P represents
the initial value of the speciation of HMs in the sediment in P treatment, U-E represents the initial value of the speciation of HMs in
the sediment in E treatment, U-A represents the initial value of the speciation of HMs in the sediment in A treatment, U-AB represents
the initial value of the speciation of HMs in the sediment in AB treatment.

of dehydrogenase activity in rhizosphere soil of the four
treatments are illustrated in Fig. 5.

In the first round of maize and ryegrass intercrop-
ping, dehydrogenase activity in the rhizosphere sediments
presented a clear upward trend in the control, EDTA,
and AM treatments. Ryegrass showed the best recovery
of dehydrogenase activity in rhizosphere soil in the AM
treatment, whereas that in the EDTA treatment was low.
Dehydrogenase activity in maize rhizosphere soil in the
AM plus indigenous bacteria treatment increased rapidly
in the first 20 d and then decreased slowly, whereas that
in ryegrass rhizosphere soil increased rapidly in the first
44 d, before decreasing slowly. This difference may have
been caused by interspecies competition between AM and
indigenous bacteria, resulting in a reduction in the number
of microorganisms and decreased enzyme activity [44].

In the second planting round, the dehydrogenase activ-
ity of ryegrass and alfalfa rhizosphere soils decreased in
all treatments. After day 30, dehydrogenase activity was
higher in the control and AM plus indigenous bacteria
treatment, which indicates that HMs removal rates were
higher in these treatments than in the EDTA and AM treat-
ments in the initial stage of intercropping. The dehydroge-
nase activity of the alfalfa rhizosphere soil under AM plus
indigenous bacteria treatment was particularly high, which
was consistent with the 23.00% Zn removal rate in this
period (Fig. 1). However, dehydrogenase activity sharply
decreased during the planting process, which further sug-
gested species competition in the soil microbial environ-
ment under the AM plus indigenous bacteria treatment.
Dehydrogenase activity in the ryegrass rhizosphere soil
under AM treatment increased in the first 60 d and then



210 J. Zhang et al. / Desalination and Water Treatment 249 (2022) 204-217

40% -
30% A
20% -
10% -

0%

Zn content in sediment (mg/kg)

Alfalfa

(b)

100% -
90% -
80% -
70% -
60% -
50% -
40%
30% -
20% -
10% -

0% -

Cu content in sediment (mg/kg)

Alfalfa

M Residual fraction
Organic bound fraction
Fe-Mn oxides fraction

I Carbonated fraction

B Exchangeable fraction

Ryegrass

B Residual fraction
Organic bound fraction
Fe-Mn oxides fraction

M Carbonated fraction

B Exchangeable fraction

Ryegrass

Fig. 4. The speciation of Zn (a) and Cu (b) in the soil in alfalfa/ryegrass system. The four treatments were plants alone (control, P),
plants treated with EDTA (E), plants treated with AM (A), or plants treated with AM plus indigenous bacteria (AB). U-P represents
the initial value of the speciation of HMs in the sediment in P treatment, U-E represents the initial value of the speciation of HMs in
the sediment in E treatment, U-A represents the initial value of the speciation of HMs in the sediment in A treatment, U-AB represents
the initial value of the speciation of HMs in the sediment in AB treatment.

began to decrease, and an important reason for this decline
in dehydrogenase activity was the rapid decrease in local
temperature. Low temperatures inhibited plant and micro-
bial activity, resulting in decreased soil enzyme activity.

3.3.2. Changes in polyphenol oxidase activity in sediment

The dynamic changes of polyphenol oxidase activ-
ity in the rhizosphere soil of intercropping-rotary crops
under different treatments with plant growth are present
in Fig. 6.

In the first planting round, polyphenol oxidase activ-
ity showed an upward trend in rhizosphere soil in all four
treatments during the first 44 d, and then slightly decreased.
This indicates that plant growth increased gradually during

the initial planting stage, after which vigorous microbial
metabolism promoted HMs absorption and accumula-
tion by plants. However, the resulting increase in plant
HMs concentration led to toxic effects that inhibited plant
growth, slightly reducing enzyme activity. In both maize
and ryegrass rhizosphere soils, polyphenol oxidase activity
was higher or increased more rapidly under AM treatment,
indicating that AM effectively enhanced plant rhizosphere
microbial activity. Under the AM plus indigenous bacte-
ria treatment, the recovery of polyphenol oxidase activity
in rhizosphere soil was slowest, but always showed an
upward trend. This result may have been due to interspe-
cies competition, such that the decay of large numbers
of microorganisms released polyphenol oxidase into the
environment, continuing decomposition [42].
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Fig. 5. Changes of dehydrogenase activity in rhizosphere soil of the four treatments in the first (a) and second (b) rounds of plants.
The four treatments were plants alone (control, P), plants treated with EDTA (E), plants treated with AM (A), or plants treated

with AM plus indigenous bacteria (AB).

In the second planting round, polyphenol oxidase activ-
ity in ryegrass and alfalfa rhizosphere sediments generally
increased first and then decreased in the control, AM, and
AM plus indigenous bacteria treatments. Enzyme activity
was higher in ryegrass rhizosphere soil under AM treatment
and in alfalfa rhizosphere sediment under AM plus indig-
enous bacteria treatment, which was consistent with the
removal of Zn and Cu from ryegrass rhizosphere soil and of
Zn from alfalfa rhizosphere soil.

3.3.3. Changes in urease activity in sediment

Urease is one of the major hydrolases in the soil, and the
activity of urease is closely related to the concentration of
soil organic matter and microbial activity. Fig. 7 illustrates
the dynamic changes of urease activity in the rhizosphere
sediments of intercropping — crop rotation under the four
treatments.

In the first round, the urease concentration in the rhi-
zosphere soil of ryegrass and maize in AM treatment was

always higher than that of the control. In the early intercrop-
ping of maize and ryegrass, the urease activity in the rhizo-
sphere soil showed an increasing trend under the EDTA, AM
and AM plus indigenous bacteria treatments. After 44 d of
planting, the urease activity in the rhizosphere soil of maize
tended to be gentle, while that in the ryegrass rhizosphere
soil still showed an upward trend. This indicates that the
rhizosphere of plants had an activating effect on microor-
ganisms, and the urease activity was significantly affected
by the speciations of soil HMs [45]. The reduction of HMs
in the ryegrass rhizosphere soils was generally greater than
that of maize, and the exchangeable and carbonated frac-
tion of HMs in the rhizosphere sediments were also greater
than those of maize. This shows that the urease activity
can reflect the absorption of HMs by plants to some extent.
In ryegrass rhizosphere soil of the second round, the
change of the urease was consistent with dehydrogenase
in the control and AM plus indigenous bacteria treatment,
whereas the urease activity recovery showed an upward
trend in AM treatment, indicating that AM fungi played a
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certain role in enhancing phytoremediation. In alfalfa rhi-
zosphere sediment, under the AM treatment, the curve
declined first and then increased. This may be due to the
inhibition of urease by high concentrations of HMs and
activation of urease by low concentrations. Moreover,
the urease activity in the second round was significantly
lower than that in the first round. Temperature may be
one of the main reasons for inhibiting urease activity
as well.

3.4. HMs absorption and accumulation by plants

The accumulation of Zn and Cu in different parts of
different plants grown under intercropping and rotation
are shown in Fig. 8. In the first round of planting, rye-
grass roots showed the highest Zn accumulation, particu-
larly in the EDTA treatment, where Zn accumulation was
high in maize roots. EDTA effectively activated HMs and
transformed them to exchangeable fractions. Under AM

treatment, Zn accumulation in plants was also high, and
Zn concentrations in both maize and ryegrass tended to
migrate to aboveground parts, consistent with a previous
study [46].

In the second round of planting, ryegrass roots showed
the highest Cu accumulation, and AM treatment enhanced
phytoremediation. Cu was an essential element of active
organisms, and showed greater accumulation in below-
ground plant parts, demonstrating a poor ability to migrate
to aboveground parts in ryegrass with larger biomass.
AM treatment increased Cu concentration in ryegrass
roots and increased Cu removal to the aboveground plant
parts. For example, Cu showed less accumulation in alfalfa
roots, but better removal to aboveground plant parts.

4. Discussion

We investigated the effects of different treatment tech-
niques on Zn and Cu concentrations in river sediment using
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pot experiments and an intercropping and crop rotation sys-
tem under control, EDTA, AM and AM plus indigenous bac-
teria treatments.

Plant intercropping and crop rotation formed a com-
plementary system for Zn and Cu remediation. Previous
studies have shown that many types of crop plants, for
example, corn or ryegrass, present inhibited growth under
single-plant continuous cropping for HMs phytoremedi-
ation [47,48]. Intercropping effectively uses sunlight, soil
space, and nutrients, promoting plant growth and HMs
extraction from soil [25], which may explain why inter-
cropped corn, ryegrass and alfalfa showed normal growth
in the Zn- and Cu-contaminated sediments of the present
study. Zn removal in river sediments by different treatments
improved after the first round of planting, whereas Cu con-
centrations did not change significantly. However, in the
second planting round, Cu was effectively removed from
soil, perhaps due to HMs activation by roots [30]. After the
first round of planting, plants helped to activate Cu in the

sediment, improving Cu accumulation by alfalfa and rye-
grass in the second round.

4.1. EDTA effects on phytoremediation

In the EDTA treatment, the exchangeable fractions
of Zn and Cu in sediments increased greatly, and plant
absorption and accumulation of Zn and Cu also increased.
Most of the exchangeable HMs in sediments is bioavailable,
therefore, plants absorbed more HMs. Exchangeable HMs
fractions are unstable in sediment, and EDTA improved
the mobility of HMs. However, these HMs fractions are
also highly toxic, which makes them harmful to plants,
and EDTA is difficult to degrade, which causes secondary
pollution [49]. Because EDTA effectively activates HMs to
their exchangeable states, plant roots accumulated more
Zn and Cu.

In the EDTA treatment, dehydrogenase activity was
relatively low in rhizosphere soil, and polyphenol oxidase
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decreased rapidly. Dehydrogenase activity is negatively
correlated with compound dose and HMs concentration
[50,51]. EDTA could inhibit soil microorganism and enzyme
activity, thereby reducing the amount of microorganisms
in soil [52]. Notably, dehydrogenase activity decreased
in alfalfa and ryegrass rhizosphere soils, and polyphenol
oxidase and urease activity was significantly lower in the
second round of planting, possibly because lower tem-
perature inhibited the metabolism of microorganisms in
the sediments, constraining plant growth and limiting Zn
absorption by plants [53,54].

4.2. AM effects on phytoremediation

Compared to the EDTA treatment, the AM treatment
increased the exchangeable Zn and Cu fractions and
effectively increased the fraction of carbonated HMs in

sediments, thereby increasing the absorption and accumu-
lation of Zn and Cu by plants. HMs accumulation in plants
is related to the change in the total amount or morphology
of HMs in rhizosphere soil [45]. AM may change the pH
of rhizome sediments by increasing the secretion of acidic
substances from plant roots, such that the HMs fractions
change to their bioavailable states [31,55]. Carbonated HMs
absorbed by plants is less toxic, which is an important rea-
son for the better growth of plants under AM treatment.
Zn and Cu accumulation was also higher in plants in the
AM treatment. Accumulated Zn and Cu in plants tended to
migrate to aboveground plant parts from roots. Mycorrhiza
may improve the sediment environment near plant roots
through AM secretions, increasing sediment fertility lev-
els and promoting Zn and Cu migration to aboveground
plant parts [56]. However, other studies have shown that
AM reduces HMs concentrations in host plants, whereas
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HMs accumulation by aboveground and belowground
plant parts increase significantly [57], mainly because AM
significantly increases plant biomass and dilutes HMs con-
centrations in plants [58].

Enzyme activity increased significantly in the AM treat-
ment. Dehydrogenase activity recovered best in ryegrass
rhizosphere soil, indicating that ryegrass and AM formed
a symbiotic system that promoted the degradation of com-
posite pollutants by plants, or mycorrhizal plant protec-
tion, which blocked the toxic effects of metal ions on plants.
Polyphenol oxidase activity was higher or increased more
rapidly in the AM treatment, indicating that AM effectively
enhanced microbial activity in the rhizosphere of plants.
urease activity was higher in root sediments in the AM
treatment than in the control, consistent with the results of
a previous study [59], which found that AM inoculation in
atrazine-contaminated soil increased urease activity. After
inoculation with AM, large numbers of microorganisms
near the rhizosphere accumulated more metal ions, shar-
ing the stress applied to plants and enhancing plant growth
[45]. However, the activities of dehydrogenase, polyphe-
nol oxidase, and urease in alfalfa and ryegrass rhizosphere
soil were significantly lower in the second round than in
the first round, perhaps mainly due to low temperature.
Dehydrogenase activity first increased and then decreased
in the AM plus indigenous bacteria treatment, and poly-
phenol oxidase activity recovered the most slowly, suggest-
ing interspecies competition between AM and indigenous
bacteria [27,28].

4.3. Comparisons and suggestions on HMs removal

Continually removal of Cu and Zn was found by the
intercropping — crop rotation system, which is different
from the previous study. The removal efficiency of Cu and
Zn by chemically assisted cattail and vetiver could reach
80%, but there was a risk of secondary contamination of
the soil by chemical agents [16]. Zn and Cd were reported
to be removed by biochar-assisted Noccaea caerulescens, but
the initial concentrations of Zn and Cd were much higher
than that in this study, and Cu removal was not reported
[17]. The highest removal rates of Cu and Zn in the sew-
age sludge by Goosegrass Herb and Canna were 54% and
79%, respectively, but the plants were much more popular in
southern China [60]. We found that AM fungi significantly
enhanced intercropping — crop rotation and reduced Zn
and Cu pollution effectively in river sediments. The highest
removal rates of Zn and Cu in rhizosphere soil were 64.37%
and 26.93%, respectively. Zn was removed well by the
intercropping of maize and ryegrass, and Cu was removed
better by the next intercropping of alfalfa and ryegrass.
Intercropping — crop rotation might avoid the interaction of
Cu and Zn stress on plants to affect the absorption of HMs
in plants to some extent, especially for the AM treatment.

Low temperature was found to inhibit plant and AM
activity, resulting in decreased soil enzyme activity, det-
rimental to the extraction and transformation of HMs by
plants. The presence of some indigenous dominant bac-
teria might create interspecific competition, which could
affect the auxiliary phytoremediation effect of AM fungi.
Therefore, it was suggested that the environment conditions

of the areas for remediation should be settled before the
large-scale implementation of this technology, such as the
suitable moisture of the soil, the moderate temperature,
environment strain preferred, etc.

5. Conclusion

The intercropping — crop rotation system using ryegrass
and maize or alfalfa worked best as a remediation method for
sewage river sediment under treatment with AM. In the first
round of maize and ryegrass intercropping, the application
of EDTA or AM effectively improved Zn removal from sedi-
ments, whereas the effect of Cu removal was not significant.
The second round of ryegrass and alfalfa intercrop-
ping perfectly matched the first round, which effectively
improved sediment Cu remediation. AM treatment also
enhanced the removal of Zn and Cu in the second round.
AM assisted phytoremediation by increasing the exchange-
able and carbonated fractions of HMs in the soil, and by
effectively increasing dehydrogenase, polyphenol oxidase,
and urease activity. Applying AM treatment promoted
the removal of Zn from belowground to aboveground
plant parts in maize, ryegrass and alfalfa, and enhanced
Cu migration from belowground to aboveground plant
parts in ryegrass and alfalfa in the second round of planting.

Acknowledgements

The authors would like to thank Jin Liu and Jingyi Fu,
the graduate students of the environmental engineering
program at Taiyuan University of Technology, for their
assistance during data analysis. This study was supported
by Open Fund of Key Laboratory of Eco-geochemistry,
Ministry of Natural Resources (No. ZSDHJJ201804),
Scientific and Technological Innovation Programs of Higher
Education Institutions in Shanxi (No.201802026), Applied
Basic Research Project of Shanxi Province, China (No.
20210302123121), National Natural Science Foundation of
China (No. 52170045).

Author contributions

Zhang JH (M.S.) designed the study, supervised the
experiment, interpreted the results and drafted the manu-
script. Zhang ] (M.S.) investigated the research status, did
the single factor and orthogonal experiments and conducted
statistical analysis. Zhang GK (M.S.) made the contrast exper-
iment, plotted the figures and verified the results. Wang LX
(M.S.) and Chen MJ (M.S.) were responsible for the collection
of samples for the entire experiment. Rao Z (Professor) and
Li YN (Associate Professor) revised this paper and agreed
to the final version to be published.

References

[1] JN. Galloway, W.H. Schlesinger, H. Levy II, A. Michaels,
J.L. Schnoor, Nitrogen fixation: anthropogenic enhancement-
environmental response, Global Biogeochem. Cycles, 9 (1995)
235-252.

[2] K.P. Singh, D. Mohan, VK. Singh, A. Malik, Studies on
distribution and fractionation of heavy metals in Gomti
River sediments—a tributary of the Ganges, India, J. Hydrol.,
312 (2005) 14-17.



216

(3]

(4]

(5]

(6]

[7]

(8]

9]

[10]

[11]

[12]

[13]

[14]

[13]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

J. Zhang et al. / Desalination and Water Treatment 249 (2022) 204-217

W. Chen, SK. Tan, J.H. Tay, Distribution, fractional composition
and release of sediment-bound heavy metals in tropical
reservoirs, Water Air Soil Pollut., 92 (1996) 273-287.

K.C. Cheung, B.H.T. Poon, C.Y. Lan, M.H. Wong, Assessment
of metal and nutrient concentrations in river water and
sediment collected from the cities in the Pearl River Delta, South
China, Chemosphere, 52 (2003) 1431-1440.

F. Liang, J.P. Guo, Research on heavy metal toxic mechanism of
plant, J. Shanxi Agric. Sci., 35 (2007) 59-61.

U. Forstner, W. Calmano, Characterisation of dredged materials,
Water Sci. Technol., 38 (1998) 149-157.

X.H. Meng, G.F. Hu, Treatment of Heavy Metal Wastewater,
Chemical Industry Press, Beijing, 2000.

M. Zhang, X. Wang, L. Yang, Y. Chu, Research on progress in
combined remediation technologies of heavy metal polluted
sediment, Int. J. Environ. Res. Public Health, 16 (2019)
1661-7827.

S. Dhaliwal, J. Singh, PK. Taneja, A. Mandal, Remediation
techniques for removal of heavy metals from the soil
contaminated through different sources: a review, Environ.
Sci. Pollut. Res., 27 (2020) 1319-1333.

A. Arulpoomalai, T. Shashidhar, Enhanced electrokinetic
remediation (EKR) for heavy metal contaminated sediments
focusing on treatment of generated effluents from EKR and
recovery of EDTA, Water Environ. Res., 93 (2020) 136-147.

E.O. Dada, KL. Njoku, A.A. Osuntoki, M.O. Akinola,
A review of current techniques of in situ physico-chemical and
biological remediation of heavy metals polluted soil, Ethiop. J.
Environ. Stud. Manage., 8 (2015) 606-615.

A.S. Ayansina, B. Olubukola, A new strategy for heavy metal
polluted environments: a review of microbial biosorbents,
Int. J. Environ. Res. Public Health, 14 (2017) 94, doi: 10.3390/
ijerph14010094.

O.P. Abioye, O.A. Oyewole, S.B. Oyeleke, M.O. Adeyemi,
A.A. Orukotan, Biosorption of lead, chromium and cadmium
in tannery effluent using indigenous microorganisms, Braz.
J. Biol. Sci., 5 (2018) 25-32.

M.Z.U. Rehman, M. Rizwan, S. Ali, Y.S. Ok, W. Ishaque,
S. Ullah, M.F. Nawaz, F. Akmal, M. Waqar, Remediation of
heavy metal contaminated soils by using, Solanum nigrum:
a review, Ecotoxicol. Environ. Saf., 143 (2017) 236-248.

J. Zhang, N.N. Yang, Y.N. Geng, ]J. Zhou, ]. Lei, Effects of
the combined pollution of cadmium, lead and zinc on the
phytoextraction efficiency of ryegrass (Lolium perenne L.), RSC
Adv., 9 (2019) 20603-20611.

AK. Anning, R. Akoto, Assisted phytoremediation of heavy
metals contaminated soil from a mined site with Typha
latifolia and Chrysopogon zizanioides, Ecotoxicol. Environ. Saf.,
148 (2017) 97-104.

F. Rees, T. Sterckeman, J.L. Morel, Biochar-assisted
phytoextraction of Cd and Zn by Noccaea caerulescens on a
contaminated soil: a four-year lysimeter study, Sci. Total
Environ., 707 (2020) 135654, doi: 10.1016/j.scitotenv.2019.135654.
G. Wei, N.L. Fa, W. Zhu, J. Zhou, ]J. Lei, Isolation and
characterization of the heavy metal resistant bacteria
CCNWRS33-2 isolated from root nodule of Lespedeza cuneata in
gold mine tailings in China, ]. Hazard. Mater., 162 (2009) 50-56.
Y. Song, M.T. Ammami, A. Benamar, S. Mezazigh, H. Wang,
Effect of EDTA, EDDS, NTA and citric acid on electrokinetic
remediation of As, Cd, Cr, Cu, Ni, Pb and Zn contaminated
dredged marine sediment, Environ. Sci. Pollut. Res., 23 (2016)
10577-10586.

N.Y. Li, B. Guo, H. Li, QL. Fu, R. Feng, Y. Ding, Effects of
double harvesting on heavy metal uptake by six forage species
and the potential for phytoextraction in field, Pedosphere,
26 (2016) 717-724.

M. Rajkumar, S. Sandhya, M.N.V. Prasad, H. Freitas, Pers-
pectives of plant-associated microbes in heavy metal phytore-
mediation, Biotechnol. Adv., 30 (2012) 1562-1574.

Y. Zhang, J.L. Hu, J.E. Bai, JH. Wang, R. Yin, ]JW. Wang,
X.G. Lin, Arbuscular mycorrhizal fungi alleviate the heavy
metal toxicity on sunflower (Helianthus annuus L.) plants

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]
[37]

[38]

[39]

[40]

[41]

[42]

[43]

cultivated on a heavily contaminated field soil at a WEEE-
recycling site, Sci. Total Environ., 628-629 (2018) 282-290.

S.E. Smith, D.J. Read, Mycorrhizal Symbiosis, 3rd ed., Academic
Press, London, 2008.

L. Carrasco, R. Azco, J. Kohler, A. Roldan, F. Caravaca,
Comparative effects of native filamentous and arbuscular
mycorrhizal fungi in the establishment of an autochthonous,
leguminous shrub growing in a metal-contaminated soil,
Sci. Total Environ., 409 (2011) 1205-1209.

W.E. Ma, Study on Plant Remediation of Heavy Metals-Organic
Compound Contamination in River Dredging Sediment,
Doctoral Dissertation of Tianjin University, Tianjin, 2005.
P.O.Redon, B. Thierry, C. Leyval, Influence of Glomus intraradices
on Cd partitioning in a pot experiment with Medicago truncatula
in four contaminated soils, Soil Biol. Biochem., 40 (2008)
2710-2712.

J.H. Park, N. Bolan, M. Megharaj, R. Naidu, Isolation of
phosphate solubilizing bacteria and their potential for lead
immobilization in soil, J. Hazard. Mater., 185 (2011) 829-836.
J.H. Park, N. Bolan, M. Megharaj, R. Naidu, Comparative
value of phosphate sources on the immobilization of lead, and
leaching of lead and phosphorus in lead contaminated soils,
Sci. Total Environ., 409 (2011) 853-860.

X.Z. Zhang, Crop Physiology Research, Agricultural Press,
Beijing, 1992.

S. Doni, C. Macci, E. Peruzzi, R. Iannelli, G. Masciandaro,
Heavy metal distribution in a sediment phytoremediation
system at pilot scale, Ecol. Eng., 81 (2015) 146-157.

Y. Yang, X.H. Zhou, B.Q. Tie, L. Peng, H. Li, K. Wang, Q. Zeng,
Comparison of three types of oil crop rotation systems for
effective use and remediation of heavy metal contaminated
agricultural soil, Chemosphere, 188 (2017) 148-156.

K. Pavla, S. Jifina, B. Katefina, V. Stanislava, M. Dreslova,
T. Pavel, Effect of tree harvest intervals on the removal of
heavy metals from a contaminated soil in a field experiment,
Plant Soil Environ., 64 (2018) 132-137.

Y.W. Zhang, L.W. Chai, D.W. Wang, ]J. Wang, Y. Huang, Effect
of ectomycorrhizae on heavy metals sequestration by thermo-
stable protein in rhizosphere of Pinus tabulaeformis under Cu
and Cd stress, Environ. Sci., 35 (2014) 1169-1175.

J.X. Kou, M.Y. Guo, S. Wang, J.L. Liu, Research on measuring
method of soil moisture content, Shanxi Agric. Sci., 45 (2017)
482-485.

A. Tessier, PG.C. Campbell, M. Bisson, Sequential extraction
procedure for the speciation of particular trace elements,
Environ. Technol., 51 (1979) 844-851.

S.Y. Guan, Soil Enzyme and Its Research Method, Agricultural
Press, Beijing, 1986.

HY. Yao, CY. Huang, Soil Microbial Ecology and Its
Experimental Techniques, Science Press, Beijing, 2006.

Y. Lou, H. Luo, H Tao, H Lj, J. Fu, Toxic effects, uptake, and
translocation of Cd and Pb in perennial ryegrass, Ecotoxicology,
22 (2012) 207-214.

Y. Li, Q. Zhang, RY. Wang, X. Gou, H. Wang, S. Wang,
Temperature changes the dynamics of trace element accumu-
lation in Solanum tuberosum L., Clim. Change, 112 (2012)
655-672.

V. Romheld, F. Awad, Significance of root exudates in
acquisition of heavy metal from a contaminated calcareous soil
by graminaceous species, ]. Plant Nutr., 23 (2000) 1857-1866.

Y. Cui, Y S. Ding, WM. Gong, D.W. Ding, Study on the
correlation between the chemical forms of the heavy metals
in soil and the metal uptake by plant, J. Dalian Marit. Univ.,
31 (2005) 59-63.

Y. Huang, S. Tao, Y.J. Chen. The role of arbuscular mycorrhiza
on change of heavy metal speciation in rhizosphere of maize in
wastewater irrigated agriculture soil, . Environ. Sci., 17 (2005)
276-280.

G. Cieslinski, K.C.J. van Rees, A.M. Szmigielska, G.S.R. Krishna-
murti, PM. Huang, Low-molecular-weight organic acids in
rhizospheresoils of durum wheat and their effect on cadmium
bioaccumulation, Plant Soil., 203 (1998) 109-117.



(44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

J. Zhang et al. / Desalination and Water Treatment 249 (2022) 204-217

J.L. Sun, T.F. Xiao, L.B. Zhou, L.B. He, Z.P. Ning, H. Li, ].Q. Peng,
Studies on the mechanisms of interaction between microbes
and heavy metals, Earth Environ., 35 (2007) 367-374.

Y. Li, M.L. Chen, Effects of the inhabitation by Hippochaete
ramosissimum on heavy metal speciations and enzyme
activities in copper mine tailing soil, Acta Ecol. Sin., 30 (2010)
5949-5957.

A. Agely, D.M. Sylvia, L.Q. Ma, Mycorrhizae increase arsenic
uptake by the hyperaccumulator Chinese Brake Fern (L.),
J. Environ. Qual., 34 (2005) 2181-2186.

A.A. Metwally, M.M. Shafik, M. Fayez, S.A. Safina, Effect of
ntrogen fertilization and diazotroph inoculation on yield of
solid and intercropped maize with soybean, Int. J. Plant Prod.,
32 (2007) 4207-4215.

C. Chigbo, L. Batty, Chelate-assisted phytoremediation of
Cu-Pyrene-contaminated soil using Z. mays, Water Air Soil
Pollut., 226 (2015) 1-10.

S. Jeong, SM. Hee, N. Kyoungphil, J.Y. Kim, T.S. Kim,
Application of phosphate-solubilizing bacteria for enhancing
bioavailability and phytoextraction of cadmium(Cd) from
polluted soil, Chemosphere, 88 (2012) 204-210.

B.K. Pattnaik, S.M. Equeenuddin, Potentially toxic metal
contamination and enzyme activities in soil around chromite
mines at Sukinda Ultramafic Complex, India, J. Geochem.
Explor., 168 (2016) 127-136.

S. Glinska, S. Michlewska, M. Gapinska, P. Seliger,
R. Bartosiewicz, The effect of EDTA and EDDS on lead uptake
and localization in hydroponically grown Pisum sativum L.,
Acta Physiol. Plant., 36 (2014) 399-408.

G. Masciandaro, C. Macci, E. Peruzzi, B. Ceccanti, S. Doni,
Organic matter-microorganism-plant in soil bioremediation:
a synergic approach, Rev. Environ. Sci. Biotechnol., 12 (2013)
399-419.

Supplementary information

(53]

[54]

[55]

[56]

[57]

(58]

[59]

[60]

217

B. Kong, B. Sun, Effect of hydrothermal conditions and
fertilization on metabolic characteristics of microbial
community in a black soil, Acta Pedol. Sin., 46 (2009) 100-106.
Q. Wu, DM. Li, C\Y. Zhao, Y.J. Gao, Response of urease
activity to Zn in sewage river sediment under different phyto-
remediation methods, China Water Wastewater, 17 (2012)
85-88.

Y.E. Guo, F. Li, Y.D. Li, T.Y. Duan, Progress in the elucidation of
the mechanisms of arbuscularm ycorrhizal fungi in promotion
of phosphorus uptake and utilization by plants, Pratacultural
Sci., 33 (2016) 2379-2390.

M. Mejda, J. Martina, J. Rydlova, C. Abdelly, T. Ghnaya,
Comparison of arbuscular mycorrhizal fungal effects on the
heavy metal uptake of a host and a non-host plant species in
contact with extraradical mycelial network, Chemosphere,
171 (2017) 476-484.

E. Orlowska, B. Godzik, K. Turnau, Effect of different
arbuscular mycorrhizal fungal isolates on growth and arsenic
accumulation in Plantago lanceolata L., Environ. Pollut., 168
(2012) 121-130.

N. Feddermann, R. Finlay, T. Boller, M. Elfstrand, Functional
diversity in arbuscular mycorrhiza — the role of gene expression,
phosphorous nutrition and symbiotic efficiency, Fungal Ecol.,
3 (2010) 1-8.

F.Q. Song, X.X. Fan, W. Chang, ].Z. Li, Q. Wu, Z.X. Zhou, T.T. Jia,
Effect of Alfalfa mycorrhiza on atrazine degradation and enzyme
activities in soil, Chin. Agric. Sci. Bull., 32 (2016) 182-187.

S.G. Li, K.F. Zhang, L.Q. Zhang, Q.L. Chen, Use of ornamental
in phytoremediation of heavy metals in sewage sludge, Appl.
Mech. Mater., 253-255 (2013) 1044-1050.

Fig. S1. Plants growth of the four treatment in maize/ryegrass system (a—d) and alfalfa/ryegrass system (e-h), respectively.
(a, e) were for the treatment of plant only (control). (b, f) were for the treatment of plants treated with EDTA. (¢, g) were for
the treatment of plants treated with AM. (d, h) were for the treatment of plants treated with AM plus indigenous bacteria.



