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Soil-indigenous arbuscular mycorrhizal fungi 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)
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Abstract
Soil pollution with heavy metals is a major problem in industrial areas. Here, we explored whether zeolite addition to soil and
indigenous arbuscular mycorrhizal fungi (AMF) can reduce cadmium (Cd) uptake from soil by bread wheat. We conducted a pot
experiment, in which the effects of indigenous soil AMF, zeolite addition, and Cd spiking to soil [0, 5, 10, and 15 mg (kg soil)−1]
were tested. Zeolite addition to soil spiked with 15 mg Cd kg−1 decreased the Cd uptake to grains from 11.8 to 8.3 mg kg−1 and
8.9 to 3.3 mg kg−1 in the absence and presence of indigenous AMF, respectively. Positive growth, nitrogen (N), and phosphorous
(P) uptake responses tomycorrhization in Cd-spiked soils were consistently magnified by zeolite addition. Zeolite addition to soil
stimulated AMF root colonization. The abundance of AMF taxa changed in response to zeolite addition to soil and soil Cd
spiking as measured by quantitative polymerase chain reaction. With increasing Cd spiking, the abundance of Funneliformis
increased. However, when less Cd was spiked to soil and/or when zeolite was added, the abundance of Claroideoglomus and
Rhizophagus increased. This study showed that soil-indigenous AMF and addition of zeolite to soil can lower Cd uptake to the
grains of bread wheat and thereby reduce Cd contamination of the globally most important staple food.
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Introduction

Soil pollution with heavy metals is a major problem in indus-
trial areas that is expected to increase globally (Chibuike and
Obiora 2014), due to the extent of industrial activity (Kelly
et al. 1996). High concentrations of heavy metals, such as
cadmium (Cd), lead (Pb), and arsenic (As), endanger the soil
flora and fauna (Garcés-Ruiz et al. 2018) and are toxic for

humans. Industrial activities are the main source of toxic
levels of heavy metals in soil, such as Cd. Important sources
of pollution are mining and smelting, manufacturing, and
waste of nickel-Cd batteries and plastics (Bernard 2008).

The use of Cd-contaminated fertilizer in agriculture can
also lead to soil Cd pollution (Gruter et al. 2019). Cadmium
enters agricultural soils mainly through atmospheric deposi-
tion and Cd-contaminated soil amendments, such as manure
and sewage sludge (Cui et al. 2005; Gruter et al. 2019; Wang
and Zhang 2018). Additionally, depending on the origin of the
utilized phosphorus fertilizer, significant amounts of Cd can
be unintentionally introduced to agricultural soils (Grant et al.
2002; Imseng et al. 2018). In this regard, it has been reported
that phosphorous fertilizers are one of the greatest Cd sources
for agricultural soils in Switzerland (0.49 to 0.57 g Cd ha−1

year−1) (Imseng et al. 2018). Afyuni et al. (pers. Com.) found
that the Cd concentration in commonly used phosphorus fer-
tilizers in Iran varied from 11.3 to 25.6 mg kg−1.

Crop management can affect the Cd phytoavailability in
the soil by changing soil properties (Lair et al. 2006). Gruter
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et al. (2019) revealed that long-term usage of compost fertil-
izers can decrease the Cd phytoavailability in soil and Cd
concentration in shoot and grain of bread wheat by increasing
soil organic carbon, soil pH, and CEC (Gruter et al. 2019).

Human health suffers from exposure to Cd. Cadmium in-
toxication can lead to kidney failure, cancers, bone and lung
damage, and inhibition of vitamin D synthesis (Gao et al.
2010; Nordberg et al. 2018). Therefore, it is necessary to de-
velop strategies to reduce the phytoavailability of Cd in soil.
Cadmium immobilization in soil is most promising (Wang
et al. 2001), not least by zeolite addition to soil (Zorpas et al.
2000). This natural, but also synthetized, Si/Al-oxide can be
used as an effective stabilizer of heavy metals in soil (Zorpas
et al. 2000).

Zeolites have a great potential for usage in agriculture and
for remediation of heavy metal–contaminated soils due to
their high cation-exchange capacity and thus potential to ab-
sorb heavy metals and hence reduce their phytoavailability
(Jakkula andWani 2018), by creating pores for water retention
while adsorbing heavy metals and hence lowering their
phytoavailability (Erdem et al. 2004; Terzano et al. 2005).
Additionally, zeolites are known to lower the soil pH and
thereby also Cd uptake by plants (Hu et al. 2018). Lija and
Kasim (2014) reported that application of formulated fertilizer
with clinoptilolite zeolite enhanced the nutrient uptake by
maize. Their results also indicated that application of zeolite-
amended fertilizers can improve the long-term availability of
K in soil due to the ability of zeolite to reversibly adsorb K,
thereby, increasing the usage of K from fertilizer (Lija and
Kasim 2014). It has been reported that addition of
clinoptilolite zeolite to soil can enhance the availability of P
and N, through ion exchange and improvement of soil struc-
ture and moisture retention (Jakkula and Wani 2018;
Mumpton 1999). Improving water and nutrient uptake by
the plant can enhance plant growth and thereby dilute the
heavy metal concentration in the edible parts of plants con-
tributing to healthier food.

On the contrary, biological methods to reduce heavy metal
uptake of plants (bioremediation) have been evaluated be-
cause of their lower cost and smaller environmental impact
(Council 1993). Today, it is known that some soil microorgan-
isms reduce the toxicity of heavy metals by immobilizing
them via absorption or uptake (Akbar 2011; Joner et al.
2000; Joner and Leyval 2000).

The most widespread and abundant plant-fungal nutritional
symbiosis is the interaction formed between AMF (phylum:
Glomeromycota) and the majority of crop and wild plants
(Selosse and Le Tacon 1998). Although, AMF may transfer
heavy metals to plants; they may also prevent uptake of toxic
amounts of heavy metals by plants (Gao et al. 2010; Zhang
et al. 2005). Mechanisms are dilution due to improved uptake
of nutrient elements, particularly, phosphorus (P) from the
soil, and growth stimulation (Cui et al. 2019; Hetrick et al.

1996), reduced Cd translocation from roots to shoots, and
alteration of the pH in the rhizosphere (Cui et al. 2019; Gao
et al. 2010). Also, absorption of heavy metals to extraradical
hyphae of AMF (Janoušková and Pavlíková 2010; Joner and
Leyval 2000) is considered important in reducing Cd uptake
by mycorrhizal plants (Chen et al. 2001; Joner et al. 2000).
However, root colonization and Cd toxicity to AMF are
genotype-specific (Liu et al. 2014; Mani et al. 2015; Zhang
et al. 2005).

Considering the importance of bread wheat in the Iranian
diet and its major production area in central Iran with big
industries, it seems necessary to look for a suitable strategy
to reduce the concentration of dangerous heavy metals, such
as Cd, in wheat grain. As combining chemical and biological
soil remediation appeared promising, we investigated the ef-
fects of zeolite application and presence of AMF onCd uptake
by bread wheat, grown in Cd-spiked soil. We predicted that
(1) zeolite addition to soil improves plant growth and reduces
the uptake of Cd fromCd-spiked soil, (2) inoculation of wheat
plants with indigenous AMF enhances plant growth and nu-
trient uptake and reduces Cd uptake, (3) plants grown in
zeolite-amended soil become more heavily colonized by
AMF, and (4) AMF taxon abundances shift in response to
Cd spiking and zeolite addition.

Materials and methods

Experimental design

A complete cross-factorial experiment with the factors Cd
spiking to soil [4 levels: none, 5, 10, and 15 mg Cd (kg
soil)−1], addition of zeolite (2 levels: none and 1% w/w), and
AMF inoculation (2 levels: none, indigenous AMF) was set
up with each treatment replicated five times. The resulting 80
pots were randomly arranged in the greenhouse.

Study soil and characterization

The soil used for this experiment was collected from the top
30 cm of a field at Pakal village (33° 49′ 00″ N 49° 20′ 16″ E(
located in the Markazi province in central Iran. The soil was a
silty clay loam as determined by the hydrometer method
(Cambardella and Elliott 1993). The soil pH in water extract
was 7.1 and the electrical conductivity (EC) was 0.84 dsm−1,
which were measured using a digital pH-meter (Model 691,
Metrohm AG, Herisau, Switzerland) and an EC-meter (Model
Ohm-644, Metrohm AG, Herisau, Switzerland), respectively
(Cambardella and Elliott 1993). The soil organic C content
was 0.17% which was measured using the Walkley and
Black (1934). The percentage of calcium carbonate was
30%, as measured by neutralization with hydrochloric acid
(HCl) and back titration with sodium hydroxide (NaOH)
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(Black and Hartge 1986). The concentration of DTPA-
extractable Cd (Lindsay and Norvell 1978) was below the
detection level of atomic absorption spectroscopy (AAS) be-
fore Cd spiking to soil.

Zeolite

The chosen zeolite was mined by the Kimiya Pars Shayankar
company in Iran. The result of X-ray diffraction (XRD) anal-
ysis indicated that the zeolite is mainly clinoptilolite
micronizehe, which is a hydrated aluminosilicate of alkaline
and alkaline earth metals (Na, K, Ca, and Mg). The chemical
composition of the applied zeolite is shown in Table 1. The
zeolite added to the soil for this experiment was sterilized by
autoclaving at 103 kPa and 121 °C for 2 h.

AMF inoculum

To have a field representative AMF inoculum, we used the
soil beneath wheat plants that were growing in the field where
we collected the soil. We used this method to have soil-
indigenous AMF as it has been reported that soil-indigenous
AMF stimulate plant growth and nutrient uptake more than
non-indigenous species due to their familiarity with the soil.
The edaphic adaptation results from long-term exposure to the
soil conditions (Aghilli et al. 2014, Bae et al. 2003, Sylvia and
Williams 1992).

Soil sterilization and inoculation with its indigenous
microbes

The soil used for this experiment was sterilized, by autoclav-
ing at 103 kPa and 121 °C for 2 h. Thereafter, the autoclaved
zeolite was added to the soil at two levels, 0 and 1% w/w.
Then, four levels of Cd (0, 5, 10, and 15 mg Cd (kg soil)−1)
in the form of CdNO3 were spiked to the soils by spraying a
solution on the dry soil while stirring it. Following that, half of

the experimental pots were filled with 500 g of Cd-spiked soil
and inoculated with AMF in the form of a fresh soil sample.
To this end, 20 g field soil was placed in a layer at a depth of
3 cm from the soil surface.

After that, all sterilized soil were re-inoculated with indig-
enous microbes, except AMF, by applying 50 ml of a micro-
bial filtrate per kilogram of soil. To prepare the microbial
filtrate, a 2.5% (w/v) soil suspension was filtered twice
through Whatman No. 1 filter papers. The microbial filtrate
of the native soil was added back to the sterilized soil; soil was
devoid of all bigger soil organisms, such as spores and hyphal
fragments of AMF (Aghili et al. 2014a; Aghili et al. 2014b).
Comparison between AMF-free soil and soil inoculated with
AMF allows testing the effects of AMF on plant Cd uptake.
This method was proposed by Thompson (1990) to determine
the effect of AMF on Zn uptake and has since been used in
many other studies on the effect of AM fungi on the uptake of
different nutrients (Nazeri et al. 2013; van de Voorde et al.
2012). By autoclaving all soil, we ensured that our observa-
tions are not due to alteration to the soil as a consequence of
autoclaving.

Experimental setup and growth conditions

Kernels of Triticum aestivum cv. Backcross, an Iranian wheat
cultivar, commonly grown in central Iran (Khoshgoftarmanesh
et al. 2009) were surface-sterilized with 15% H2O2 for 15 min
thoroughly rinsed in distilled water. After pre-germination on
moistened filter paper for 4 days, five seedlings were planted
into each pot of 500 g soil and later thinned to the two most
vigorous growing plants.

The climate conditions in the greenhouse were adjusted to
a 14-h photoperiod, relative air humidity of 40–45%, and day/
night temperature of 22/17 °C. Soil moisture was kept at 70%
water holding capacity during the experiment by daily
watering.

Harvest and nutrient analysis

The wheat plants were harvested at grain maturity, 130 days
after planting. Grains and aboveground parts of the plants
referred to as straw (i.e., the two plants) were separated from
the root fraction, rinsed, dried at 75 °C for 72 h, and weighted
to determine the dry biomass.

For the chemical analyses, the plant samples were milled
and 100 mg aliquots was incinerated at 550 °C for 6 h, and the
ashes were dissolved in 1 ml of 13 M HNO3 at 220 °C for
1 min (Aghili et al. 2014a). The concentrations of Cd in these
samples were determined by atomic absorption spectrometry
(AAS; PerkinElmer 3030; PerkinElmer, Wellesley, MA,
USA). The accuracy of the Cd analyses was checked by ana-
lyzing certified standard materials and including blanks in all
batches of separately processed samples.

Table 1 Chemical
composition of the
clinoptilolite zeolite used
for this experiment

Oxides %

SiO2 64.5

Al2O3 13.8

Li2O 9.4

K2O 4.29

CaO 3.13

Na2O 2.21

Fe2O3 1.1

MgO 0.82

TiO 0.23

P2O5 0.07

MnO 0.06
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The total P and N contents of the grain fraction were deter-
mined by spectrophotometry (model UV-1601, Shimadzu
Corp., Kyoto, Japan) (Ohno and Zibilske 1991) and a semi-
micro Kjeldahl digestion method (Bremner 1996)

Microscopic and molecular genetic quantification
of AMF root colonization

Roots were recovered with a cork-borer at anthesis to
quantify the levels of root colonization by AMF. The
sampled roots were washed free of soil and cut into
1 cm pieces. Thereafter, one fraction of the roots was
stained with 0.05% trypan blue in lactic acid, following
alkaline maceration, and the levels of mycorrhizal coloni-
zation were assessed according to McGonigle et al.
(1990), by evaluating 50 intersections of roots with a line
in the eyepiece per sample.

The total DNA of the roots of the plants growing in non-
sterile soil was extracted, using the DNeasy Plant MiniKit
(QIAGEN, Hilden Germany), following the manufacturer’s
procedure. The abundance of four AMF taxa was quantified
by real-time PCR (qPCR). The employed qPCR assays
(Thonar et al. 2011) targeted the nuclear ribosomal large sub-
unit RNA gene (nrLSU, 28S).

Data and statistical analyses

The growth and nutrient uptake response to mycorrhization
by the naturally occurring AMF was calculated as the ratio
of measurements of individual mycorrhized experimental
units and the mean of the respective non-mycorrhized units
of each experimental treatment (Watts-Williams and
Cavagnaro 2012).

To statistically test the effects of the experimental factors
“presence of AMF,” “zeolite addition to soil,” and “Cd spiking
to soil” on plant biomass, grain N, P, and Cd uptake and
concentration, three-way fixed factor analyses of variance
(ANOVA) were run. To test the effect of zeolite addition and
Cd spiking to soil on the root length colonized by AMF, AMF
taxon abundance and response to mycorrhization two-way
fixed factor analyses of variance were used. In case of signif-
icant effects, least square difference (LSD) tests were run for
mean comparison.

Normal distribution of residuals and equal variance as-
sumptions were verified by Shapiro-Wilcoxon and Leven’s
tests, respectively. If required, the data were logarithm,
square-roots, or arcsin-square root-transformed.

All statistical analyses were done using the software pack-
age SPSS version17 (SPSS Inc., Chicago, IL, USA). The fig-
ures were drawn in SigmaPlot version 12 [Systat Software
Inc. (SSI), San Jose, CA, USA].

Results

Plant biomass and grain Cd concentration

The shoot biomass and grain yield were affected by all exper-
imental factors (Fig. 1A–B, Table 2). The highest shoot bio-
mass [10.6 g (kg soil)−1] was recorded for plants grown in
non-Cd-spiked soil to which 1% w/w of zeolite was added
and in the presence of AMF (Fig. 1A). In contrast, the lowest
shoot biomass (3.6 g (kg soil)−1) was measured for plants
grown in soil spiked with 15 mg Cd kg−1 to which zeolite
was added (Fig. 1A).

The Cd concentration in the grain differed significantly
across all treatments (Table 2, Fig. 1C). The lowest grain Cd
concentration (0.26 mg (kg DW)−1) was recorded for plants
grown in soil spiked with the lowest rate of Cd to which
zeolite was added and that contained AMF. The highest con-
centration of Cd in grain [10.3 mg (kg DW−1)] was observed
for plants grown in soil to which most Cd was spiked and to
which no zeolite was added and that lacked AMF (Fig. 1C).

Addition of zeolite to soil reduced the differences between
the plant biomass and Cd concentrations of those plants that
had inoculated with AMF and those that had not, pointing in a
statistically significant interaction between zeolite addition to
soil and the presence of AMF (Fig. 1A–C).

Cd, P, and N uptake to grain

Addition of zeolite to soil and the presence of AMF in soil
significantly reduced Cd allocation to the grain (Fig. 2A,
Table 2). Spiking more Cd to soil increased Cd uptake to grain
(Fig. 2A). The interactions between the experimental factors
significantly changed the Cd allocation to the grain (Fig. 2A).
The lowest grain Cd uptake (1.1 mg (kg soil)−1) was recorded
for plants grown in soil to which least Cd was spiked and
zeolite was added and that contained AMF. The highest Cd
uptake (11.8 mg (kg soil)−1) was observed for plants grown in
soil to which the highest amount of Cd was spiked and to
which no zeolite was added and that lacked AMF (Fig. 2A).

Nitrogen uptake to the grain was significantly higher in soil
containing AMF and to which zeolite was added, compared
with the AMF-free soil without application of zeolite (Fig.
2B). Spiking Cd to soil reduced N uptake to grain (Fig. 2B).
Phosphorus uptake to grain was stimulated by AMF inocula-
tion and addition of zeolite to soil, but reduced by spiking the
soil with Cd (Fig. 2C). Highest P uptake to grain was recorded
for plants grown in soil containing AMF and after addition of
zeolite and no Cd spiking (Fig. 2C). In contrast, the lowest
amount of P uptake to grain was observed in plants grown in
AMF-free soil which was spiked with the highest amount of
Cd and to which no zeolite was added (Fig. 2C). Also, both N
and P uptake to grain were significantly affected by the inter-
action effect of the experimental factors (Fig. 2B–C).
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Root-to-shoot Cd translocation and Cd:P and Cd:N
ratios in grain

The Cd translocation from root to shoot (i.e., straw and grain)
ranged between 34 and 72%. It differed among all treatments
(Fig. 3A, Table 2). Addition of zeolite to soil lowered the root-

to-shoot Cd translocation, as did the presence of indigenous
AMF (Fig. 3A).

Addition of zeolite to soil and the presence of indige-
nous AMF reduced the Cd:P and Cd:N ratios in the grain
(Table 2, Fig. 3B–C). The highest Cd:P and Cd:N ratios in
the grain (5.4 × 10−3 and 9.5 × 10−4 respectively) were

Fig. 1 Grain yield (A), shoot (i.e.,
straw and grain) (B), and grain
cadmium (Cd) concentration (C)
of bread wheat plants grown in
differently treated soil. The soil
was differentially spiked with Cd
and emended with zeolite and
arbuscular mycorrhizal fungi
(AMF) or not. Bars show mean
values and associated standard
errors of five experimental repli-
cates. Different letters indicate
statistical differences According
to a least significant difference
test, following a significant three-
way analysis of variance (p <
0.05). For the full statistical de-
tails, see Table 2. Note: The Cd
concentrations in the grains of the
plants grown in soil not spiked
with Cd are not shown because
they were below the detection
limit
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recorded for plants grown on AMF-free soil spiked with
the highest amount of Cd and when no zeolite was added
to the soil (Fig. 3B–C).

Root colonization by AMF

Wheat plants raised in sterilized soil showed no sign of
AMF root colonization. The percentage of wheat root
length colonized by AMF increased when 5 mg Cd
kg−1 was spiked to soil and zeolite was added, but
dropped when more Cd was spiked to the soil (Fig. 4,
Table 3). Addition of zeolite to soil increased AMF root
colonization (Fig. 4).

Spiking Cd to soil increased the abundance of
Funneliformis particularly when no zeolite was added to the
soil (Fig. 5A). On the contrary, Cd spiking to soil strongly
reduced the abundance of Claroideoglomus, Diversispora,
and Rhizophagus in the roots and zeolite addition to soil did
not alleviate this detrimental effect much (Fig. 5B–D), al-
though it increased the overall root colonization by AMF
(Fig. 4).

Response to mycorrhization

The response of grain biomass and grain P and N uptake to
mycorrhization was all positive and stimulated by zeolite ad-
dition and Cd spiking to soil (Fig. 6A, C, D, Table 4). The
response in grain biomass to mycorrhization was consistently
positive with 16 to > 75% increases when no zeolite was
added to the soil and > 185% increases when zeolite was
added to the soil (Fig. 6A). Zeolite addition to soil also led
to a positive response to mycorrhization in N uptake to grain
of wheat plants (Fig. 6C).

The response in P uptake to mycorrhization was most
prominent and positive with 140 to 200% increases when
zeolite was added to the soil, and between 91 and 125% in-
creases when no zeolite was added to the soil (Fig. 6D).

Mycorrhization significantly reduced Cd uptake to
grain, particularly after zeolite addition to soil and at the
high amounts of spiked Cd (Fig. 6E). After zeolite addi-
tion to soil, there was a 58–65% mycorrhiza-dependent
reduction in grain Cd uptake, but when no zeolite was
added to soil, there was only a 24–33% mycorrhiza-
dependent reduction (Fig. 6E).

Table 2 Results of fixed factor three-way analyses of variance
(ANOVA) on the effects of cadmium (Cd) spiking and zeolite addition
to soil and the presence of indigenous arbuscular mycorrhizal fungi on

shoot (i.e., grain and straw) and grain biomass, Cd concentration, Cd,
nitrogen (N), and phosphorus (P) uptake to shoots of bread wheat, grain
Cd:P and Cd:N ratios, and root-to-shoot translocation of Cd

ANOVA model Shoot biomass Grain biomass Cd concentration Cd uptake N uptake P uptake

Source of variance MS df MS df MS df MS df MS df MS df

Full model 24.25*** 15 5.39*** 15 56.64*** 11 51.21*** 11 1161.0*** 15 47.78*** 15

Cd (A) 89.42*** 3 18.78*** 3 132.81*** 2 103.79*** 2 3185.60*** 3 36.42*** 3

Zeolite (B) 3.22*** 1 0.4*** 1 9.19*** 1 90.28*** 1 2119.53*** 1 89.59*** 1

AMF (C) 41.97*** 1 19.27*** 1 243.4*** 1 103.49*** 1 4337.61*** 1 466.29*** 1

(A) × (B) 2.07*** 3 0.28*** 3 6.06*** 2 26.65*** 2 117.42*** 3 0.09*** 3

(A) × (C) 4.52*** 3 0.94*** 3 40.48*** 2 51.11*** 2 205.36*** 3 1.74*** 3

(B) × (C) 18.00*** 1 0.77*** 1 10.3*** 1 0.523ns 1 357.91*** 1 45.96*** 1

(A) × (B) × (C) 4.18*** 3 0.144*** 3 0.49ns 2 2.32ns 2 19.5* 3 0.023ns 3

Error 0.066 64 0.036 64 0.52 48 3.67 48 4.90 64 0.049 64

ANOVA model Root-to-shoot Cd
translocation

Cd:P ratio Cd:N ratio

Source of variance MS df MS df MS df

Full model 751.5*** 11 1.32 × 10−5 11 3.32 × 10−7*** 11

Cd (A) 356.1*** 2 2.42 × 10−5*** 2 3.9 × 10−7*** 2

Zeolite (B) 308.2** 1 1.88 × 10−5*** 1 8.2 × 10−7*** 1

AMF (C) 777.6*** 1 5.14 × 10−5*** 1 7.7 × 10−7*** 1

(A) × (B) 1.81ns 2 4.01 × 10−6*** 2 1.2 × 10−7*** 2

(A) × (C) 3.68ns 2 8.43 × 10−6*** 2 3.1 × 10−7*** 2

(B) × (C) 19.2ns 1 1.32 × 10−5ns 1 8.1 × 10−8ns 1

(A) × (B) × (C) 11.81ns 2 3.95 × 10−7ns 2 1.7 × 10−7** 2

Error 25.01 48 1.94 × 10−7 48 3.04 × 10−8 48

ns not significant. *p, 0.05; **, p, 0.01; ***p, 0.001

Reducing the number of factor levels to three of the factor Cd spiking as the Cd concentrations in the biomass of the plants not receiving any Cd were
below the detection threshold and that they thus could not be reliably measured
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The response in grain Cd concentration to mycorrhization
was significantly affected by zeolite addition and Cd spiking
to the soil (Fig. 6F). In zeolite-amended soil, there was a 64–

87% reduction in grain Cd concentration, but in soil to which
no zeolite was added, the reduction in the grain Cd concen-
tration was only 41–62% (Fig. 6F).

Fig. 2 Grain cadmium (Cd, A),
grain phosphorous (P, B), and
grain nitrogen (N, C) uptake of
bread wheat plants grown in
differently treated soil. The soil
was differentially spiked with Cd
and emended with zeolite and
arbuscular mycorrhizal fungi
(AMF) or not. Bars show mean
values and associated standard
errors of five experimental repli-
cates. Different letters indicate
statistical differences according to
a least significant difference test,
following a significant three-way
analysis of variance (p < 0.05).
For the full statistical details, see
Table 2. Note: The Cd concentra-
tions in the grains of the plants
grown in soil not spiked with Cd
are not shown because they were
below the detection limit
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Discussion

The results confirmed our prediction that zeolite addition to
Cd-spiked soil together with AMF root colonization promotes
wheat grain yield and reduces grain Cd concentration. Zeolite
was reported to promote plant growth by retaining water and
mineral nutrients in plant- and AMF-accessible forms and by

absorbing Cd and thereby reducing Cd toxicity (Erdem et al.
2004; Lija and Kasim 2014).

The study further showed that the roots of plants grown in
zeolite-amended soil become more heavily colonized by
AMF, but only in Cd-spiked soil. The abundance of different
AMF taxa depended on zeolite addition to soil and Cd spik-
ing. Our experiment shows that zeolite addition to soil spiked

Fig. 3 Root:shoot (i.e., straw and
grain) translocation of cadmium
(Cd A), grain cadmium (Cd),
phosphorus (P) ratio (B), and
grain Cd:nitrogen (N) ratio (C) of
bread wheat plants grown in dif-
ferently treated soil. The soil was
differentially spiked with Cd and
emended with zeolite and
arbuscular mycorrhizal fungi
(AMF) or not. Bars show mean
values and associated standard
errors of five experimental repli-
cates. Different letters indicate
statistical differences according to
a least significant difference test,
following a significant three-way
analysis of variance (p < 0.05).
For the full statistical details, see
Table 2. Note: The Cd concentra-
tions in the grains of the plants
grown in soil not spiked with Cd
are not shown because they were
below the detection limit
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with Cd can promote N and P uptake to grain especially when
plants are mycorrhized.

The reduced grain Cd concentration and Cd uptake and
increased plant biomass and nutrient uptake from Cd-spiked
and zeolite-amended soil containing AMF (Figs. 1, 2, and 3)
must be explained by different chemical soil conditions, in-
creased root growth, and/or an overall improved plant
nutrition.

Addition of zeolite to soil and root colonization
by AMF reduced the Cd concentration in grains
of bread wheat

AMF root colonization and zeolite addition to soil reduced
grain Cd concentration and Cd uptake (Figs. 1C and 2A).
According to the Codex Alimentarius of the FAO and

WHO, the maximum allowable Cd concentration in wheat
grain is 0.2 mg (kg FW)−1. FAO/WHO (2012) AMF root
colonization and addition of zeolite to soil spiked with 5 mg
Cd (kg soil)−1 reduced the grain Cd concentration from
0.75 mg (kg FW)−1 to 0.24 mg (kg FW)−1, thus close to the
tolerance level for safe human consumption. Safari et al.
(2018) reported that 19 of 65 harvested wheat grain samples
from the Zanjan plain in Iran had a higher Cd concentration
than the maximally allowed value of 0.2 mg kg−1 because they
were grown on Cd-polluted land [> 5 mg (kg soil)−1].

The arbuscular mycorrhizal symbiosis thus appears to alle-
viate heavy metal toxicity. The mechanisms of detoxification
may, however, differ under different conditions (Chen et al.
2004; Cui et al. 2019). Arbuscular mycorrhizal fungi reduce
plant Cd levels through growth or Cd retention/
immobilization (Huang et al. 2017; Cui et al. 2019). The pres-
ent study showed that AMF can increase shoot biomass and
grain yield and that zeolite addition to soil is promoting it (Fig.
1A–B). The better growth of mycorrhized plants, compared
with non-mycorrhized plants, translated into higher grain
yield (Fig. 6A–B). This seems due to better plant P and N
nutrition, especially after the soil was amended with zeolite
(Fig. 6C–D). Some studies on heavy metal–polluted soils
showed that root colonization by AMF can protect plants
against heavy metal toxicity by supporting the plants in min-
eral nutrient and water uptake (Joner and Leyval 2000), some-
thing that is particularly important in dry calcareous soil, be-
cause of the low bioavailability of P and micronutrients, such
as Zn (Akbar 2011).

Another mechanism of AMF reducing the toxicity of heavy
metals for plants is their ability to selectively transport ele-
ments. Arbuscular mycorrhizal fungus-mediated nutrient ac-
quisition occurs in different steps, namely uptake, transloca-
tion, and transfer. Reduced root-to-shoot translocation may
occur when there is intravacuolar precipitation of metallic cat-
ions with polyphosphate in the fungus (Joner et al. 2000);
heavy metals may further bind to the chitin of fungal cell walls
(Zhou 1999). Furthermore, AMF may alter the mobility of

Table 3 Results of fixed factor two-way analyses of variance (ANOVA) on the effects of cadmium (Cd) spiking and zeolite addition to soil on the
abundance of arbuscular mycorrhizal fungi (AMF) in roots. The number of large subunit (LSU) gene copies was determined for four AMF genera

Source of
variance

Root length colonized by AMF LSU gene copies

Funneliformis Rhizophagus Claroideoglomus Diversispora

MS df MS df MS df MS df MS df

Full model 2151.1*** 7 9.1*** 7 0.61*** 7 4.14*** 7 2.5 × 10−7*** 7

Cd (A) 1315.2*** 3 49.52*** 3 1.32*** 3 9.57*** 3 5.3 × 10−7*** 3

Zeolite (B) 6250.0*** 1 9.74*** 1 0.3** 1 0.26*** 1 1.3 × 10−7*** 1

A × B 1620.1*** 3 4.43*** 3 0.006ns 3 0.005ns 3 1.6 × 10−8ns 3

Error 3.44 32 1.20 32 0.04 32 0.017 32 2.9 × 10−7 32

ns not significant. *p, 0.05; **p, 0.01; ***p, 0.001

Fig. 4 Arbuscular mycorrhizal fungal (AMF) root colonization of bread
wheat plants grown in differently treated soil. The soil was differentially
spiked with Cd and emended with zeolite and arbuscular mycorrhizal
fungi (AMF) or not. Bars show mean values and associated standard
errors of five experimental replicates. Different letters indicate statistical
differences According to a least significant difference test, following a
significant two-way analysis of variance (p < 0.05). For the full statistical
details, see Table 3
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heavy metals indirectly via changes to rhizosphere pH (LI
et al. 1991), root exudation (Laheurte et al. 1990), and/or soil
microbial communities (Olsson et al. 1998).

Our analyses showed that shoot, i.e., straw and grain, Cd
translocation was reduced in mycorrhized, compared with not
mycorrhized plants, a difference that was larger in zeolite-
amended soil (Fig. 3A). Li and Christie (2001) suggested that
AMF decrease root-to-shoot Cd translocation by immobilizing
heavy metals in and on fungal biomass (Li and Christie 2001).
Reduced Cd:P and Cd:N ratios in mycorrhized, compared with
not mycorrhized plants (Fig. 3B–C), point at element fraction-
ation by AMF (Joner and Leyval 2000). Since addition of zeo-
lite to soil additionally decreased the ratio of Cd:P and Cd:N, it
seems that zeolite also alters the availability of P, N, and Cd in
the soil (Jakkula andWani 2018), and reduces Cd toxicity to the
benefit of AMF.

Furthermore, the significant interaction between experi-
mental factors (Tables 2, 3, and 4 and Figs. 1, 2, 3, 4, 5, and
6) pointing at triple synergistic (i.e., more than additive/

positive interactive) effects of soil-indigenous AMF and zeo-
lite addition to soil on N and P nutrition of bread wheat as well
as a reduction of root-to-shoot Cd translocation as a conse-
quence of mycorrhization are responsible for the increased
grain yield and reduced grain Cd concentration and uptake.

Changes to root length colonized by AMF and AMF
taxon abundance

Some previous studies showed that AMF root colonization
can be reduced or even prevented by high concentrations of
heavy metals (Miransari 2011; Mozafar et al. 2002;
Weissenhorn and Leyval 1995). But other studies reported that
high Cd concentrations in soil do not affect AMF root coloni-
zation (Chen et al. 2004; de Andrade et al. 2008).

The results of our study indicated that Cd spiking to soil at
a rate of > 10mg (kg soil)−1 reduced colonization byAMF and
that zeolite addition to soil could ameliorate this toxicity effect
(Fig. 4). Del Val et al. (1999) revealed that as the heavy metal

Fig. 5 Quantitative abundance of arbuscular mycorrhizal fungi of the
genera Funneliformis (A), Rhizophagus (B), Claroideoglomus (C), and
Diversispora (D) in the roots of bread wheat plants grown in differently
treated soil as quantified by real-time PCR with taxon-specific assays.
The soil was differentially spiked with Cd and emended with zeolite or

not. Bars show mean values and associated standard errors of five exper-
imental replicates. Different letters indicate statistical differences accord-
ing to a least significant difference test, following a significant two-way
analysis of variance (p < 0.05). For the full statistical details, see Table 3
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concentrations increase in soil, the number of AMF spores
decreases. Biró (2005) quantified AMF root colonization in
barley growing in soils amended with different heavy metals
including Al, As, Ba, Cd, Cr, Cu, Hg, Ni, Pb, Se, Sr, and Zn at
four levels, 0, 30, 90, and 270 mg (kg soil)−1 after 12 years of
exposure and found that their sporulation was most sensitive
to heavy metal toxicity, as it declined with increasing concen-
trations of the heavy metals, except Ni (Biró 2005).

We found that increased Cd spiking to soil in the absence of
zeolite increased the abundance of Funneliformis (Fig. 6A). This
could be explained by Cd immobilization by this species (Joner
et al. 2000). The abundance of Rhizophagus increased only in
response to addition of 5 mg Cd kg−1 soil, but declined when
more Cd was spiked to soil (Fig. 5B), suggesting that this AMF
taxon is only moderately tolerant to soil Cd contamination.

Zarei et al. (2010) studied the AMF diversity in roots under
heavy metal contamination and revealed that differences in
soil properties and concentration of heavy metals relate with
differences in AMF community composition and structure in
roots of several dominant plant species in the Anguran mining
region (Zarei et al. 2010). Funneliformis and Rhizophagus
were reported as highly and moderately tolerant taxa to heavy
metal contamination, respectively (Zarei et al. 2010). Heavy
metal tolerance of AMF and their effects on plant growth,
nutrient, and heavy metal uptake is known to vary among
plants (Liao et al. 2003; Wang et al. 2007; Zhang et al.
2005). It was reported that Funneliformis can promote maize
plant growth and reduce the Cd translocation from root to
shoot via Cd immobilization in roots (Chen et al. 2004;
Liang et al. 2009). Claroideoglomus, on the contrary, was

Fig. 6 Percentage response of grain yield (A), shoot (i.e., straw and grain)
biomass (B), grain cadmiumCd concentration (C) and grain Cd (D), grain
P (E), and grain N (F) uptake of bread wheat plants grown in differently
treated soil to mycorrhization by naturally occurring arbuscular mycor-
rhizal fungi. The soil was differentially spiked with Cd and emended with
zeolite or not. Bars show mean values and associated standard errors of

five experimental replicates. Different letters indicate statistical differ-
ences according to a least significant difference test, following a signifi-
cant two-way analysis of variance (p < 0.05). For the full statistical de-
tails, see Table 4. Note: The Cd concentrations in the grains of the plants
grown in soil not spiked with Cd are not shown because they were below
the detection limit
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reported to even reduce the biomass of maize and increase
root-to-shoot Cd translocation (Liao et al. 2003; Wang et al.
2007). Diaz et al. (1996) who studied the uptake of Zn and Pb
by Lygeum spartum L. and Anthyllis cytisoides in response to
inoculation of Funneliformis mosseae and Glomus
microcarpum did not find any difference in Pb and Zn con-
centration between mycorrhized and not mycorrhized control
plants at low heavy metal concentrations. However, at higher
heavy metal contamination, the plants inoculated with
Funneliformis mosseae took up less heavy metals than the
not inoculated control. In contrast, the same or even higher
concentrations of the heavy metals were found in plants inoc-
ulated with G. microcarpum than such not inoculated.

These contradictory pieces of information suggest that
AMF need to be carefully selected for inoculation, accounting
for soil conditions, type and concentration of the pollutant,
and the availability of mineral nutrients to the fungi and plants.
Zeolite was found as an optimal soil conditioner to reduce
plant Cd uptake.

Implications for agronomic usage of AMF and zeolite

Agronomic approaches to immobilize and precipitate heavy
metals aim at reducing the solubility and mobility of heavy
metals in soil and thereby at reducing the heavy metal uptake
to edible parts of crop plants (Abbaspour and Golchin 2010;
Lair et al. 2006). Heavy metals can be immobilized via organ-
ic soil amendments (Brazauskiene et al. 2008; Sánchez-
Martín et al. 2007), or addition of chemicals (Erdem et al.
2004; Hu et al. 2018). However, in spite of promising reports
that AMF reduce the Cd concentration in crop plants (Chen
et al. 2004, Liang et al. 2009), our study clearly showed that
there are physiological limits to when and the degree to which
AMF reduce Cd concentration in bread wheat. A strong re-
duction in grain Cd concentration of plants grown in Cd-
spiked soil was only observed after additional zeolite addition

to soil. This points at either Cd toxicity for AMF or growth
stimulation of AMF by zeolite.

The AMF taxon abundance was differentially affected by
Cd spiking and zeolite addition to soil, pointing at taxon-
specific Cd toxicity and/or stimulation by zeolite addition.
Whether our findings relate to field conditions remains to be
verified, since conditions in pots in the glasshouse are differ-
ent in respect to lighting, irrigation, and the space for root
growth. Furthermore, contamination with just one heavy met-
al is not representative for heavy metal contamination in the
field. Lastly, it remains unclear what effect the autoclaving
and microbial re-inoculation had on the interaction of AMF
with the soil.

Therefore, the meaning of the findings of this study for
those under actual field conditions for application remains
unclear, although it showed that naturally occurring AMF
are capable to reduce Cd toxicity for crop plants, particularly
when the soil conditions are improved by zeolite addition.

Conclusion

The results of the present study suggest that zeolite addition to
soil with indigenous AMF can improve grain yield of bread
wheat produced on Cd-polluted soil. The efficiency of AMF
to reduce Cd uptake and promote growth and nutrient uptake
by bread wheat increased with the addition of zeolite to soil.

The total root colonization by AMF declined when more
Cd was spiked to the soil and the abundance of Funneliformis
increased, while Rhizophagus seemed to benefit particularly
from the addition of zeolite to the soil. This shows that soil-
indigenous AMF and the addition of zeolite to soil generally
show synergistic effects, reducing the Cd load of bread wheat,
a major quality impairment to the most important staple food.
The logical next step will be to verify the findings of this pot
study in the field.

Table 4 Results of fixed factor two-way analyses of variance (ANOVA) on the effects of cadmium (Cd) and zeolite addition to soil on the growth
physiological responses of the plants to colonization by arbuscular mycorrhizal fungi

ANOVA model Response to mycorrhization

Grain biomass Shoot biomass P uptake N uptake Cd uptake Cd concentration

MS df MS df MS df MS df MS df Ms df

Full model 2.46*** 7 0.51*** 7 0.93*** 7 0.11*** 7 0.15*** 5 0.18*** 5

Cd (A) 2.58*** 3 0.024*** 3 0.591*** 3 0.06** 3 0.041* 2 0.12*** 2

Zeolite (B) 3.89*** 1 1.81*** 1 4.96*** 1 0.53*** 1 0.68*** 1 0.58*** 1

A × B 0.98*** 3 0.57*** 3 0.06ns 3 0.035* 3 0.012ns 2 0.027*** 2

Error 0.001 32 0.001 32 0.024 32 0.012 31 0.013 24 0.001 24

ns not significant. *p, 0.05; **p, 0.01; ***p, 0.001

Reducing the number of factor levels to three of the factor Cd spiking as the Cd concentrations in the biomass of the plants not receiving any Cd were
below the detection threshold and that they thus could not be reliably measured
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