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Immobilization of heavy metals (HMs) by phosphorus compounds is an
efficient and cheap technique in decreasing their phytoavailability in soil,
depending highly on the type and rate of HMs. Greenhouse research was
performed to evaluate the impact of various amendments on cadmium (Cd)
absorbed by sunflower plants in HM-contaminated soil collected from a mining
area. The experiment was performed as a randomized complete block design
with two factors, namely mycorrhizal fungi (Rhizophagus irregularis) and
amendments (di-ammonium phosphate, humic acid, bone meal, and humic
acid +bone meal), in three replications. The results showed that applying all
the amendments reduced the amount of soluble Cd and Cd2+ species in the soil.
The highest decreases occurred with the di-ammonium phosphate treatment
(51% for soluble Cd), probably through decreasing pH and increasing
phosphorus solubility, as a consequence, forming insoluble Cd phosphates.
Mycorrhizal inoculation significantly decreased (p≤0.05) the Cd in the soil
solution and the plant shoot but increased it in the plant root, probably
through Cd accumulation in the fungal hyphae as Cd phosphates. The use of
phosphate compounds is strongly recommended in order to immobilize Cd in
highly contaminated sites.

Article history:
Received 29 March 2022
Received in revised form
27 July 2022
Accepted 30 July 2022
Keywords:
Fungus
Organic materials
Phosphorus fertilizers

1. Introduction

In recent decades, water and soil resources polluted
with HMs present an important challenge because
of their serious environmental and human health
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DOI:10.22104/AET.2022.4803.1295

threats [1,2]. Cadmium (Cd) is one of the most
important environmental pollutants, and its
toxicity poses ecological, evolutionary, nutritional,
and environmental problems. HM in agricultural
soils can be easily absorbed by plants and thus
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enter
204 the food chain [3,4]. Cadmium, however,
accumulates in the main organs of the human
body, such as the kidneys and lungs, and leads to
some serious diseases such as cancer [1]. The use of
phosphorus-containing compounds is one of the
most effective methods to immobilize Cd in soil
[1,5,6]. In this method, the application of
phosphorus (P) to contaminated soils decreases Cd
bioavailability so that it remains unavailable for
plant roots for a long time and decreases its entry
into the food chain through groundwater and
surface water [7]. In addition, the apatite, clay
containing phosphate, phosphoric acid, bone meal,
and phosphate fertilizers have been used to amend
soil containing HMs [8,9]. Bone meal is an organic
substance containing P that can be used to
improve soil contaminated with HMs [10].
Rhizospheric microorganisms may increase plant
biomass and tolerance to HMs through direct and
indirect mechanisms. Arbuscular mycorrhizal fungi
(AMF) apply some mechanisms to suppress HMs
stress to plants through chelating and immobilizing
HMs into the external mycelium, improving the
mineral nutrition of host plants, especially P, and
adjusting the rhizosphere pH [11]. In addition, the
AMF influences metal uptake by plants from the
soil and transfers it to the roots and shoots, which
depends highly on plant and fungi species ecotypes
[6]. For instance, Yao et al. [12] declared that the
inoculation of AMF (Rhizophagus irregularis) to the
roots of clover (Trifolium ripense L.) significantly
reduced Cd accumulation and, consequently, its
toxicity in the plant. You et al. [13] reported that
inoculation of these fungi increased the Cd
absorption and translocation in the Phragmites
australis species. However, the use of P
organic/inorganic fertilizers can negatively affect
the colonization and mycorrhizal activity, thereby
affecting the uptake and accumulation of

cadmium in plants. There is little research about
the combined effects of phosphorus-containing
fertilizers and mycorrhizal activities on plant
uptake of cadmium in contaminated soils. Yazici et
al. [14] found that the application of di-ammonium
phosphate caused more uptake of cadmium in
wheat by reducing mycorrhizal activity.
The
objective of the present study was to evaluate the
effect of the combined application of AMF and
fertilizers with different rates of P (humic acid with
negligible content of P and bone meal and diammonium phosphate with high content of P) on
Cd uptake by sunflower plants in contaminated
soil.
2. Materials and methods

Our study was performed in a research greenhouse
on sunflower plants (Helianthus annus L.) as a
randomized complete block design with two
factors and three replications. A Xeric Haplocalcids
[15] HM-contaminated soil (sandy loam [16] with a
pH of 8.22, organic matter of 2.2% [17], and a total
Cd [17], Olsen-P [18], and total P [17] of 17, 14, 173
mg/kg, respectively) was collected from an area
around a zinc mine in the Dandy region, Zanjan
province, Iran. Some pots (2 kg of soil in each pot)
were inoculated without AMF (M0) or with
Rhizophagus irregularis fungus (M1) as the first
factor; the others were treated without
amendment (C) and with di-ammonium
phosphate (D), humic acid (H), bone meal (B), and
humic acid + bone meal (HB) as the second factor.
Humic acid was applied at the rate of 0.01 g/kg;
bone meal (produced from a Mashhad livestock
industrial slaughterhouse) and the (NH4)2HPO4
amendment were applied at the same equivalent
rates of P (0.125 g P/kg). Some properties of the
organic substances used in this study are shown in
Table 1.

Table 1. Chemical properties of the bone meal and humic acid used.
Type

pH

EC (1:2.5)

K

P

N

(dS/m)

C

Humic acid

Fulvic acid

(%)

Bone meal

5.9

3.9

0.01

12

0.05

21.4

-

-

Humic acid

6.0

0.24

0.02

0.02

0.01

54.6

75.2

5.1

The pH and EC were determined in 1:2.5 humic acid
or bone meal: water suspension; the total K, P, N,
and C were measured by flame photometry,

spectrophotometry, oxidation with potassium
dichromate with Kjeldahl, and CNS elemental
analyzer, respectively. The humic and fulvic acids
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were isolated on the basis of differences in their
solubility, and C was determined in two fractions
by the CNS elemental analyzer [17]. The species of
AMF (Rhizophagus irregularis) was purchased from
the Shahrood Turan Biotechnology Company. The
mycorrhizal inoculum was trapped culture of
subterranean clover containing 50 spores per gram
of soil. The mycorrhizal inoculum was mixed with
this soil at a depth of 5 cm, and then sunflower
seeds were sown in 2-kg pots. The pot moisture was
kept at 60% water holding capacity by weighing
the pots periodically and was irrigated with tap
water when needed. All pots received 25 mg N/kg
as urea one week after thinning the seedlings. After
a two- month growing period, different parts of the
plant in each treatment were removed and ovendried at 72 °C for 48 hours; then, it was ground to a
fine powder to determine the concentration of P
and Cd. Mycorrhizal colonization in the roots of the
sunflower treated with Rhizophagus irregularis
inoculations was determined using the gridline
intersect method [19] to confirm mycorrhizal
associations. Soil subsamples were taken from the
rhizosphere of each pot for analysis, collected from
soil adhered to the root surface so that it was not
removed by loose shaking [20]. For determining Cd
and P rates in the soil solution, 20 mL of
magnesium nitrate (MgCl2 0.01 M, extracts soluble
and, to some extent, exchangeable Cd) was added
to a 2 g soil sample [17,21,22]. The mixture was
shaken for 24 h, and, eventually, the pH,
concentrations of Cd, anions of Cl−, H2PO4−, and
SO42− were determined in the extract. Visual
MINTEQ, a chemical equilibrium speciation
software, was used to estimate the activity of the
Cd species in the soil solution [22]. The total P
content was spectrophotometrically determined
using phosphomolybdate blue [17]. The amount of
plant Cd and soil soluble Cd was determined using
atomic absorption spectrometry (Perkin Elmer,
AAnalyst 200). The data were analyzed using SPSS
software, and significances were on the basis of
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probability level ≤ 0.05 for the Least Significant
Difference (LSD).

3. Results and discussion

Mycorrhizal colonization (Figure 1) was observed in
the roots of sunflower treated with Rhizophagus
irregularis inoculations (M1) and, to some extent, in
the roots of non-inoculated plants (M0) that
belonged to a population of indigenous
mycorrhizae in the soil researched.

Fig. 1. Vesicular arbuscular mycorrhizal fungi
(Rhizophagus irregularis) within the root tissues of
sunflower under optical microscope.

3.1. Soil pH

Humic acid (H) and di-ammonium phosphate (D)
treatments significantly decreased the soil pH
value (p≤ 0.05) relative to the control (C) (Figure
2A). The use of P compounds, especially P fertilizers
consisting of ammonium can decrease the pH
value in alkaline soils. Because the ammonium is
easily oxidized to nitrate, H+ is released [9]. Other
researchers also found significant decreases in the
soil’s pH by using different ammonium phosphates
and calcium phosphate [5,23]. However, there was
no significant difference (p≤0.05) in the soil pH
values between the M0 and M1 treatments (data not
shown).
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Fig. 2. Effects of different amendments and mycorrhizal inoculation on the soil pH (A), soil soluble P (B) and Cd (C).
Different letters on the columns refer to significant differences (P ≤ 0.05) based on LSD test. The pots were treated
without amendment (C) and with di-ammonium phosphate fertilizer (D), humic acid (H), bone meal (B), and humic
acid + bone meal (HB). M0: The pots without inoculation, M1: The pots inoculated by Rhizophagus irregularis fungus.

3.2. Soil soluble P

The applications of di-ammonium phosphate (D)
and bone meal (B) led to significant increases
(p≤0.05) in the soil soluble P compared to C (Figure
2B). It should be pointed out that the concentration
of P in soil solution is very low, and it is strongly
dependent on the pH. In general, the solubility of P
in calcareous soils increases with decreasing pH
until about 6.5, and then it decreases due to the
formation of some insoluble P compounds [24]. It
seems that di-ammonium phosphate could
increase the soil solution P, probably due to having
high P, as well as reducing the soil pH (Figure 2A).
Bone meal also consisted of high P with an acidic
pH (Table 1), thereby enhancing P in the soil
solution.
3.3. Soil soluble Cd

The application of all organic and inorganic
amendments
and
mycorrhizal
inoculation
significantly reduced (p≤0.05) the concentration of
soil soluble Cd, in which the lowest concentration
was found in the D+M1 treatment (Figure 2C). In
spite of lowering the pH in D+M1 treatment, the soil

soluble Cd was reduced about 38% relative to the
C+M0 treatment. In an incubation experiment,
Abbaspour and Golchin [9] also found that
applying
di-ammonium
phosphate
to
contaminated calcareous soil reduced the soil pH
and Cd availability. The reduced Cd availability was
mainly attributed to the formation of insoluble Cd
phosphates. The results of another study showed
that di-ammonium phosphate applied to
contaminated soil transformed the soluble
compounds of Cd into insoluble Cd phosphates
[25]. Dheri et al. [26] reported that the use of P
decreased soluble Cd concentrations in soil
because of stable deposition of Cd phosphate (Cd3
(PO4)2). Xiao et al. [27] also showed that the
addition of P fertilizer to contaminated soil could
reduce Cd accumulation in the shoot of the
Trifolium repens plant and EDTA-available Cd. The
B+M0 and H+M0 treatments decreased the soil
soluble Cd by 20.56% and 18.94%, respectively,
when compared to C+M0 (Figure 2C). The decreased
solubility of Cd in the soil by applying organic
amendments such as biochar may be due to the
tendency of Cd for bonding with ligands released
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during the decomposition process [28]. This finding
was in agreement with several researchers
[27,29,30]. The mycorrhizal inoculation to
sunflower roots (C+M1) decreased the soil soluble
Cd by 31.02%, compared to the C+M0 (Figure 2C).
Some studies have confirmed that rhizospheric
microorganisms, including AMF, detoxify heavy
metals. They achieve this by producing chelators
and metallothioneins, altering soil pH, or dissolving
P compounds, thereby stabilizing heavy metals in
the soil rhizosphere [31-33]. The activity of Cd2+
species was estimated by the Visual MINTEQ
software on the basis of EC, pH, the amount of Cd,
and some anions measured in the soil solution
(Figure 3). The Cd2+ activity in the C and, to some
extent, in B and HB treatments was probably
supersaturated with octavite (CdCO3) and
controlled by soil-Cd or Cd phosphate in
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equilibrium with tri-calcium phosphate (TCP,
Ca3(PO3)2) and calcite, assuming that CO2 gas
pressure equals 0.003 atmosphere. In the D and H
treatments, Cd2+ activity was probably controlled
by Cd phosphate in equilibrium with di-calcium
phosphate dihydrate (DCPD, CaHPO4.2H2O) and
was undersaturated with activate and soil-Cd. It
should be pointed out that P solubility in calcareous
soils is probably controlled by calcium phosphates,
whose solubility decreases proportionally to the
increased pH value [34]. It is evident that DCPD is
more soluble than TCP [34]. Therefore, the addition
of di-ammonium phosphate (D) and humic acid
(H) increased P solubility probably by decreasing
the soil pH, thereby decreasing Cd solubility in the
soil.

Fig. 3. Soil Cd2+ activity in the treatments as a function of pH in equilibrium with various Cd minerals. TCP: Ca 3(PO4)2,
DCPD: Ca(HPO4).2H2O. The treatments are described in Figure 2.

3.4. Dry weights and P and Cd rates in the plant

tissues
The highest dry weights of the shoot and root were
observed in the D+M1 treatment, indicating the
effective application of di-ammonium phosphate
associated with mycorrhizal inoculation on the
plant growth (Figures 4A and 4B). It is clear that
the appropriate addition of P fertilizers to soil
improves plant growth. Several researchers have
reported that plants inoculated with mycorrhizae

have better growth and development through more
efficient uptake of essential nutrients, especially P
[24,33-37]. As well as promoting plant growth
through better uptake of nutrients, species of AMF
protect their host plants from harmful influences
induced by heavy metals in contaminated soils
[27]. It seems that AMFs are more tolerant than
plants to high heavy metal concentrations in soil
[31].
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Fig. 4. Effects of different amendments and mycorrhizal inoculation on the shoot (A) and root (B) dry weights of
sunflower. Different letters on the columns refer to significant differences (P ≤ 0.05) based on LSD test. The treatments
are described in Figure 2.

Compared to C+M0, the shoot P rate increased
significantly (p≤0.05) only in B+M0 and HB+M1
(Figure 5A). Although the soluble P concentration
was the highest in the D treatment (Figure 2B), the
shoot P rate did not significantly (p≤0.05) change
relative to C+M0. It may be attributed to the
biomass dilution effect [38] caused due to the

higher shoot dry weight in the D treatment (Figure
4A). The root P rate increased significantly (p≤0.05)
in all treatments, except in D+M0, H+M0, and HB+M0
treatments relative to C+M0 (Figure 5B), indicating
the better growth of the roots inoculated by
mycorrhizae.
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Fig. 5. Effects of different amendments and mycorrhizal inoculation on P rates in the shoot (A) and root (B) of
sunflower. Different letters on the columns refer to significant differences (P ≤ 0.05) based on the LSD test. The
treatments are described in Figure 2.

All treatments, especially D, reduced the Cd
accumulation in the sunflower shoot (Figure 6A),
which was in agreement with Brown et al. [39].
They showed that the toxicity of some HMs such as
Cd was reduced by P addition as a result of the
precipitation reaction of P with Cd in the
rhizosphere. The mycorrhizal inoculation (M1) was
more effective in the reduction of the shoot Cd
than the non-inoculated treatments (M0).
Janoušková et al. [40] also showed that AMF
inoculated into contaminated soils decreased Cd
accumulation in tobacco stems. There is a general
agreement that AMF can increase plant resistance
against the HMs. Some researchers have also
reported that mycorrhizal colonization can reduce
the transfer of Cd to the stems and shoots of plants
[11,12]. For instance, better uptake of nitrogen and
phosphorus by the roots of bread wheat and less

transfer of Cd from the roots to the shoots in
symbiotic condition with AMF were also reported by
Baghaie et al. [41]. However, the effectiveness of
AMF on the plant accumulation of Cd depends
highly on the soil’s chemical and physical
properties, Cd concentration in the soil and plant
species, and genotypes [33,41,42]. Cadmium
accumulated in the roots decreased by the
application of all treatments, especially in noninoculated treatments (Figure 6B). It seems that
the roots inoculated by AMF prevented Cd
transmission into the shoots. Andrade et al. [43]
indicated that mycorrhizal plants absorbed HMs,
with more accumulation in the roots but less
transfer into the shoots when compared to the
non-mycorrhizal plants. However, some possible
mechanisms related to plants’ tolerance to Cd by
AMF have been explained by some researchers,
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Fig. 6. Effects of different amendments and mycorrhizal inoculation on Cd accumulation in the shoot (A) and root (B)
of sunflower. Different letters on the columns refer to significant differences (P ≤ 0.05) based on the LSD test. The
treatments are described in Figure 2.

4. Conclusions

The root Cd levels were 5-9-fold higher than those
of the shoot Cd in almost all treatments, in which
the lowest (55.3 mg/kg) and the highest (69.5
mg/kg) were observed in D+M0 and C, respectively.
This result denoted the fact that applying diammonium phosphate decreased the Cd amount in
the roots, probably due to the formation of
sparingly soluble minerals such as Cd phosphates.
The inoculation of the plant roots by Rhizophagus
irregularis mycorrhizae caused a significant

increase in the roots’ Cd levels despite a reduced Cd
concentration in the soil solution. It seems that the
AMF can develop mechanisms to detoxify Cd in the
root and/ or protect the plant from the excessive
translocation of Cd from the root to the shoot. The
most probable mechanism that occurred in the
plant root was the reaction of aqueous Cd with
phosphates absorbed by the fungal hyphae and,
ultimately, the formation of insoluble Cd
phosphates like what happened in the soil.
However, it should be pointed out that this
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occurrence may not be found inside the roots of
non-inoculated plants.
References
[1] Tian, J., Li, Z., Wang, L., Qiu, D., Zhang, X., Xin,
X., Cai, X., Lei, B. (2021). Metabolic signatures
for safety assessment of low-level cadmium
exposure on human osteoblast-like cells.
Ecotoxicology and environmental safety, 207,
111257.
[2] Mar, S.S. (2012). Characterization of phosphate
rocks/fertilizers and their effects on Cd uptake
by Komatsuna (Brassica rapa var. perviridis)
and spinach (Spinacea oleracea) grown on
melanudand and haplaquept. Tokyo University
of Agriculture and Technology.
[3] Niad, M., Zarei, S. (2020). Application of fuzzy
modeling and response surface methodology
for optimization of cadmium uptake by
colpomenia sinosa. Advances in environmental
technology, 6(1), 31–36.
[4] Safari, Y., Karimi, M. (2019). Environmental risk
assessment and source apportionment of
heavy metals in soils and natural plants
surrounding a cement factory in NE Iran.
Advances in environmental technology, 5(4),
221–227.
[5] Knox, A.S., Kaplan, D.I., Paller, M.H. (2006).
Phosphate sources and their suitability for
remediation of contaminated soils. Science of
the total environment, 357(1–3), 271–279.
[6] Beggi, F., Hamidou, F., Hash, C. T., Buerkert, A.
(2016). Effects of early mycorrhization and
colonized root length on low‐soil‐phosphorus
resistance of West African pearl millet. Journal
of plant nutrition and soil science, 179(4), 466471.
[7] Yoon, J.K., Cao, X.,
Ma, L.Q. (2007).
Application methods affect phosphorus‐
induced
lead
immobilization
from
a
contaminated soil. Journal of environmental
quality, 36(2), 373–378.
[8] Rasool, B., Ramzani, P. M. A., Zubair, M., Khan,
M. A., Lewińska, K., Turan, V., Iqbal, M. (2021).
Impacts of oxalic acid-activated phosphate
rock and root-induced changes on Pb
bioavailability in the rhizosphere and its
distribution
in
mung
bean
plant.
Environmental pollution, 280, 116903.

211

[9]

211
Abbaspour,
A.,
Golchin,
A.
(2011).
Immobilization of heavy metals in a
contaminated soil in Iran using di-ammonium
phosphate,
vermicompost
and
zeolite.
Environmental earth sciences, 63(5), 935–943.
[10] Azeem, M., Ali, A., Jeyasundar, P. G. S. A., Li,
Y., Abdelrahman, H., Latif, A., Zhang, Z.
(2021). Bone-derived biochar improved soil
quality
and
reduced
Cd
and
Zn
phytoavailability
in
a
multi-metal
contaminated mining soil. Environmental
pollution, 277, 116800.
[11] Wang, Y., Huang, J., Gao, Y. (2012). Arbuscular
mycorrhizal colonization alters subcellular
distribution and chemical forms of cadmium in
Medicago sativa L. and resists cadmium
toxicity. PLoS One, 7(11), e48669.
[12] Yao, Q., Yang, R., Long, L., Zhu, H. (2014).
Phosphate application enhances the resistance
of arbuscular mycorrhizae in clover plants to
cadmium via polyphosphate accumulation in
fungal
hyphae.
Environmental
and
experimental botany, 108, 63–70
[13] You, Y., Wang, L., Ju, C., Wang, G., Ma, F.,
Wang, Y., Yang, D. (2021). Effects of
arbuscular mycorrhizal fungi on the growth
and toxic element uptake of Phragmites
australis (Cav.) Trin. ex Steud under
zinc/cadmium stress. Ecotoxicology and
environmental safety, 213, 112023.

[14] Yazici, M.A., Asif, M., Tutus, Y., Ortas, I.,
Ozturk, L., Lambers, H., Cakmak, I. (2021).
Reduced root mycorrhizal colonization as
affected by phosphorus fertilization is
responsible for high cadmium accumulation in
wheat. Plant and soil, 468(1), 19–35.
[15] USDA, N. (2010). Keys to soil taxonomy. Soil
Survey Staff, Washington.
[16] Dane, J. H., Topp, C. G. (Eds.). (2020).
Methods of soil analysis, Part 4: Physical
methods (Vol. 20). John Wiley and Sons
[17] Sparks, D. L., Page, A. L., Helmke, P. A.,
Loeppert, R. H. (Eds.). (2020). Methods of soil
analysis, part 3: Chemical methods (Vol. 14).
John Wiley and Sons.
[18] Sims, J. T. (2000). Soil test phosphorus: Olsen
P. Methods of phosphorus analysis for soils,
sediments, residuals, and waters. Southern
cooperative series bulletin No. 396.

212

M. Amouzegar et al. / Advances in Environmental Technology 3 (2022) 203-213

[19]
212 Giovannetti, M., Mosse, B. (1980). An
evaluation of techniques for measuring
vesicular arbuscular mycorrhizal infection in
roots. New phytologist, 489-500.
[20] Duineveld, B.M., Rosado, A.S., van Elsas, J.D.,
van Veen, J.A. (1998). Analysis of the dynamics
of bacterial communities in the rhizosphere of
the chrysanthemum via denaturing gradient
gel electrophoresis and substrate utilization
patterns.
Applied
and
environmental
microbiology, 64 12), 4950–4957.
[21] McLaughlin, M.J., Tiller, K.G., Smart, M.K.
(1997). Speciation of cadmium in soil solutions
of saline/sodic soils and relationship with
cadmium concentrations in potato tubers
(Solanum tuberosum L.). Soil research, 35(1),
183–198.
[22] Gustafsson, J.P. (2010). Visual MINTEQ ver.
3.0.
Http://Www2.
Lwr.
Kth.
Se/English/OurSoftware/Vminteq/Index. Htm
[23] Zhang, H., Tang, J., Wang, L., Liu, J., Gurav,
R.G., Sun, K. (2016). A novel bioremediation
strategy for petroleum hydrocarbon pollutants
using salt tolerant Corynebacterium variabile
HRJ4 and biochar. Journal of environmental
sciences, 47, 7–13.
[24] Sarker, A., Kashem, M.A., Osman, K.T. (2014).
Phosphorus availability, uptake and dry matter
yield of Indian spinach (Basella alba L.) to lime
and phosphorus fertilization in an acidic soil.
Open Journal of Soil Science, 4(1), 42–46.
[25] McBride, M.B. (1994). Environmental
chemistry of soils Oxford University Press. New
York.
[26] Dheri, G.S., Singh Brar, M., Malhi, S.S. (2007).
Influence of phosphorus application on growth
and cadmium uptake of spinach in two
cadmium‐contaminated soils. Journal of plant
nutrition and soil science, 170(4), 495–499.
[27] Xiao, Y., Liu, M., Chen, L., Ji, L., Zhao, Z.,
Wang, L., Wei, L., Zhang, Y. (2020). Growth
and elemental uptake of Trifolium repens in
response to biochar addition, arbuscular
mycorrhizal fungi and phosphorus fertilizer
applications
in
low-Cd-polluted
soils.
Environmental pollution, 260, 113761.
[28] Sneddon, I.R., Orueetxebarria, M., Hodson,
M.E., Schofield, P.F., Valsami-Jones, E. (2006).
Use of bone meal amendments to immobilise

Pb, Zn and Cd in soil: a leaching column study.
Environmental pollution, 144(3), 816–825.
[29] Lu, K., Yang, X., Gielen, G., Bolan, N., Ok, Y.S.,
Niazi, N.K., Xu, S., Yuan, G., Chen, X., Zhang,
X., Liu, D., Song, Z., Liu, X., Wang, H. (2017).
Effect of bamboo and rice straw biochars on
the mobility and redistribution of heavy metals
(Cd, Cu, Pb and Zn) in contaminated soil.
Journal of environmental management, 186,
285–292.
[30] Abbas, T., Rizwan, M., Ali, S., Zia-ur-Rehman,
M., Qayyum, M.F., Abbas, F., Hannan, F.,
Rinklebe, J., Ok, Y. S. (2017). Effect of biochar
on cadmium bioavailability and uptake in
wheat (Triticum aestivum L.) grown in a soil
with aged contamination. Ecotoxicology and
environmental safety, 140, 37–47.
[31] Ferrol, N., Tamayo, E., Vargas, P. (2016). The
heavy
metal
paradox
in
arbuscular
mycorrhizas:
from
mechanisms
to
biotechnological applications. Journal of
experimental botany, 67(22):6253-6265.
[32] Chen, B., Nayuki, K., Kuga, Y., Zhang, X., Wu,
S., Ohtomo, R. (2018). Uptake and intraradical
immobilization of cadmium by arbuscular
mycorrhizal fungi as revealed by a stable
isotope tracer and synchrotron radiation μXray fluorescence analysis. Microbes and
environments, 33(3):257-263.
[33] Cui, G., Ai, S., Chen, K., Wang, X. (2019).
Arbuscular mycorrhiza augments cadmium
tolerance in soybean by altering accumulation
and partitioning of nutrient elements, and
related gene expression. Ecotoxicology and
environmental safety, 171, 231–239.
[34] Lindsay, W. L. (1979). Chemical equilibria in
soils. John Wiley and Sons Ltd.
[35] Peng, S., Eissenstat, D.M., Graham, J.H.,
Williams, K., Hodge, N.C. (1993). Growth
depression in mycorrhizal citrus at highphosphorus supply (analysis of carbon costs).
Plant physiology, 101(3), 1063–1071.
[36] Jifon, J.L., Graham, J.H., Drouillard, D.L.,
Syvertsen, J.P. (2002). Growth depression of
mycorrhizal Citrus seedlings grown at high
phosphorus supply is mitigated by elevated
CO2. New phytologist, 153(1), 133–142.
[37] Raklami, A., Tahiri, A., Bechtaoui, N., Pajuelo,
E., Baslam, M., Meddich, A., Oufdou, K. (2021).

M. Amouzegar et al. / Advances in Environmental Technology 3 (2022) 203-213

Restoring the plant productivity of heavy
metal-contaminated soil using phosphate
sludge, marble waste, and beneficial
microorganisms. Journal of environmental
sciences, 99, 210–221.
[38] Jin, C., Nan, Z., Wang, H., Li, X., Zhou, J., Yao,
X., Jin, P. (2018), Effect of Cd stress on the
bioavailability of Cd and other mineral
nutrition elements in broad bean grown in a
loess subsoil amended with municipal sludge
compost. Environmental science and pollution
research, 25(8), 7418–7432.
[39] Brown, S., Christensen, B., Lombi, E.,
McLaughlin, M., McGrath, S., Colpaert, J.,
Vangronsveld, J. (2005). An inter-laboratory
study to test the ability of amendments to
reduce the availability of Cd, Pb, and Zn in situ.
Environmental pollution, 138(1), 34–45.
[40] Janoušková, M., Vosátka, M., Rossi, L., LugonMoulin, N. (2007). Effects of arbuscular
mycorrhizal
inoculation
on
cadmium
accumulation by different tobacco (Nicotiana
tabacum L.) types. Applied soil ecology, 35(3),
502–510.
[41] aghaie, A.H., Aghili, F., Jafarinia, R. (2019).
Soil-indigenous arbuscular mycorrhizal fungi

213

213
and zeolite addition to soil synergistically
increase grain yield and reduce cadmium
uptake of bread wheat (through improved
nitrogen and phosphorus nutrition and
immobilization of Cd in roots). Environmental
science and pollution research, 26(30), 30794–
30807.
[42] Zhong, W., Li, J., Chen, Y., Shu, W., Liao, B.
(2012). A study on the effects of lead, cadmium
and phosphorus on the lead and cadmium
uptake efficacy of Viola baoshanensis
inoculated with arbuscular mycorrhizal fungi.
Journal of environmental monitoring, 14(9),
2497–2504.
[43] Andrade, S.A.L., Abreu, C.A., De Abreu, M.F.,
Silveira, A.P.D. (2004). Influence of lead
additions on arbuscular mycorrhiza and
Rhizobium symbioses under soybean plants.
Applied soil ecology, 26(2), 123–131.
[44] Hijikata, N., Murase, M., Tani, C., Ohtomo, R.,
Osaki, M., Ezawa, T. (2010). Polyphosphate has
a central role in the rapid and massive
accumulation of phosphorus in extraradical
mycelium of an arbuscular mycorrhizal fungus.
New phytologist, 186(2), 285–289.

