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Synergistic utilization of arbuscular mycorrhizal fungi and
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soils
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Abstract: A greenhouse pot experiment was conducted using tall fescue (Festuca elata ‘Crossfire
[I’) inoculated with or without the arbuscular mycorrhizal (AM) fungus Funneliformis mosseae.
Plant biomass, defense enzyme activities, phosphorus (P) uptake, and available cadmium (Cd)
content were determined in tall fescue plants grown in soil with Cd added at 0, 5, 15, and
30mg/kg. As the Cd concentration increased, the mycorrhizal colonization and mycorrhizal
relative dependency of the tall fescue increased. The presence of AM fungi improved P
transportation from roots to the shoots, which helped the plant accumulate more P in the shoots.
In addition, the activities of antioxidant enzymes were largely induced by the AM fungi and Cd
stress in the tall fescue plants. In particular, the catalase activity in AM fungus-inoculated plants
increased significantly compared to the non-inoculated control. Malondialdehyde content
decreased significantly in inoculated plants compared with control plants under Cd stress.
Inoculating F. mosseae greatly enhanced the Cd enrichment capacity of the host plants and was
conducive to fixing heavy metals within roots and reducing Cd content in the shoots compared to
the non-inoculated control. This study shows that tall fescue inoculated with AM fungi has good
potential as a Cd phytoremediator.
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Pollution with toxic

becoming increasingly serious with the
increase in industrial and human activities. In
particular, large amounts of heavy metals
(HMs) are accumulating in soils as a result of
irrigating agricultural land with sewage, sludge,
and garbage. In addition, fertilizers and
pesticides are often used unreasonably. The
cultivated area affected by cadmium (Cd),
mercury, arsenic, chromium, and lead has
reached about 20 million km®. Food loss is
about 10 million tons due to HM pollution
each year and 12 million tons of food is
contaminated. The economic loss has reached
20 billion RMB (Wu et al. 2010; Huang et al.
2018). The wide existence of HMs, which are
difficult to degrade and easy to accumulate,

pose potential harm to humans (Yabanli et al.
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2014).

Contaminated soil can be remediated by
chemical, physical, or biological technologies.
Some remediation technologies for
HM-contaminated soils are costly or damaging
to the environment, and do not make full use
of existing resources. Bioremediation is a
technique that uses natural biological
processes to eliminate toxic pollutants. It can
be any process that uses microorganisms,
fungi, green plants, or their enzymes to restore
the natural environment to its original state
that has been altered by a pollutant (Mani &
2014). The

bioremediation for metal-polluted sites has

Kumar potential role of
been a hot topic in recent years.
Arbuscular mycorrhizal (AM) fungi are soil

microorganisms that establish a symbiotic
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relationship with most higher plants (Liu &
Chen 2007) that s
bioremediation at metal-contaminated sites
(Janeeshma & Puthur 2020). AM fungi are

widely distributed in soils contaminated by

often used for

mining and in soils treated with sewage or
sludge (Regvar et al. 2010; Deram et al. 2011;
Li et al. 2013). A large number of field
investigations have isolated and identified a
variety of AM fungi from soil contaminated
with different HMs (Zhong 2012). These fungal
symbionts contribute to the acquisition of
mineral nutrients, particularly phosphorous
(P), from soil to host plants in exchange for
fixed carbon (C) from the plants (Plassard &
Dell 2010; Smith et al. 2011; Hu et al. 2014;
Sun et al. 2018). Furthermore, these fungal
symbionts play important roles in alleviating
various abiotic stressors in the soil (Evelin et al.
2009; Gamalero et al. 2009; Gianinazzi et al.
2010; Carrenho et al. 2018; Chaturvedi et al.
2018b). Previous studies have shown that
some fungal symbionts mitigate HM stress in
soil. AM fungi promote the absorption of Cd by
Lolium perenne and reduce Cd stress on leaves
(Liu 2011). Rhizophagus intraradices reduces
the toxicity of Cd to Salix viminalis (Bissonnette
et al. 2010), and F. mosseae and Funneliformis
caledonium significantly increase the mycorrhizal
colonization rate of the Helianthus annuus

rhizosphere in severe Cd polluted soil (Zhang

etal. 2018).
Plants and microorganisms absorb
pollutants from contaminated soils and

convert them into other chemicals (Dong et al.

2017). Tall fescue (Festuca elata) is a

subtropical cool-season turfgrass that is an
important forage resource widely used in
lawn, stadium, and protective turf (Fraser et al.
2016). Tall fescue takes up HMs from the soil,
such as Cd and zinc (Zn) (Wu et al. 2012;
2017).

mosseae alleviates nickel (Ni)-induced stress

Huang et al. Inoculation with F.
by reducing Ni transport from tall fescue roots
to shoots (Shabani et al. 2016). Inoculation
with Glomus caledoniun increases the yield of
tall fescue and  polycyclic aromatic
hydrocarbon accumulation in plants (Lu et al.
2015). F. and R.

significantly root colonization, P

mosseae irregularis
increase
content, compatible solutes (proline and
glycine betaine), and antioxidant enzymes
(superoxide dismutase and peroxidase) of tall
fescue whether under greenhouse or field
drought-stress conditions (Mahdavi et al.
2018).

focused on the effects of AM fungi on plants.

However, most previous studies

No study has investigated the combined
effects of AM fungi

mitigating Cd contamination in soil. The main

and tall fescue on

goal of this study was to evaluate the
combined effects of an AM fungus and tall
fescue on mitigating Cd pollution in soil. We
also determined the effects of AM fungi on
plant growth, available P, and transportation
of Cd in tall fescue. Our findings provide insight
into utilizing a specific AM fungus and tall

fescue to recover HM polluted soils.

1 MATERIALS AND METHODS

1.1 Experimental materials and plant set-up

The mycorrhizal inoculum was F. mosseae
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strain. F. mosseae inoculum consisted of a
mixture of rhizospheric soil derived from
cultures of Trifolium repens containing spores
(5 000spores/kg), hyphae and mycorrhizal root
fragments, which was provided by the Institute
of Mpycorrhizal Biotechnology of Qingdao
Agricultural University.

The tall fescue (F. elata ‘Crossfire II’)
seeds was purchased from Clover Group Co.,
Ltd., Beijing, China. The topsoil (5—-20cm) was
collected from the campus of Qingdao
Agricultural University (total Cd<0.07mg/kg),
with 0.75g/kg N, 0.43g/kg available P, 10.1g/kg
available K, total C 1.35%, 8.85g/kg organic
matter, and pH 7.1 (soil:water, 1:2.5, W/V),
then sieved and mixed with washed sand (1:1).
The mixture was sterilized twice in a steam
autoclave (0.11MPa and 121°C, 1h), to eliminate
the influence of indigenous AM fungi.

1.2 Experimental design

The experiment was conducted using a
double factor completely randomized factorial
design. The first factor was Cd added at four
different levels of 0, 5, 15, and 30mg/kg (as
solutions) to the root chamber as an analytical
grade CdCl, solution mixed thoroughly with
the soil. The second factor was inoculating
with 0 and 150 F. mosseae spores. Therefore,
there were eight treatments. Each treatment
was replicated four times in a total of 32 pots.

Different portions of Cd were mixed with
medium 2 weeks before planting. The medium
(2kg/pot) was added to pots (17cm diameter
and 20cm depth) sterilized with 75% alcohol.
Each pot was inoculated with 30g of AM

inoculum. An equivalent amount of sterilized
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inoculum and 15mL of culture filtrate were
added to non-inoculated plants to provide the
same medium conditions. Tall fescue seeds
were soaked in a 5% (V/V) NaClO solution for
10min for surface sterilization, rinsed with
sterilized distilled water, and germination was
accelerated in a culture dish (28°C, in the
dark). Then, 1g of seeds were sown in pots
according to the standard of 30-50g/m?. The
experiment was carried out in a greenhouse
under a controlled temperature of 25°C/22°C
(day/night) and a 14h/10h day/night
photoperiod. The plants were well watered
but no fertilizer was provided. The plants were
harvested 10 weeks after planting.
1.3 Estimation of root AMF colonization

1cm long fresh root systems were stained
by 0.05% (W/V) of trypan blue according to the
(1981).

Mycorrhizal infection rate = the number of

protocol described by Linderman

root segments colonized/total number of
observed root segments x 100. Photograph
was taken with Olympus BX51 microscope.
1.4 Measurement of growth and physiological
indices

Fresh and dry masses (after drying at
105°C for 5h) of the shoots and roots were
recorded. Relative mycorrhizal dependency
(RMD) = [(mycorrhizal plant dried weight —
non-inoculated plant dried weight)/mycorrhizal
plant dried weight] x100%. Approximately 0.6g
of dry shoots were burned in a muffle oven
(480°C, 15h), cooled, the ashes were dissolved
in HNOs (0.6mol/L), and filtered through
Whatman® 145 ashless filter paper (Shanghai
Huifen Electronics. Co., Ltd., Shanghai, China).
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This acid extract was used to quantify the P

content in the shoots by inductively
coupled-plasma mass spectrometry (Thermo
Electron Corp. Mod. IRIS Intrepid I XDL,
Waltham, MA, USA).
Malondialdehyde (MDA)

determined by the thiobarbituric acid method.

content was

The superoxide dismutase (SOD), peroxidase
(POD), and catalase (CAT) activities were
determined by nitroblue tetrazolium, the
guaiacol, and the ultraviolet absorption
methods, respectively.

The P and Cd concentrations, transportation
and Cd

coefficients were measured by heat digestion

coefficients, and P enrichment
with the perchloric acid-nitric acid method,
and Cd content was determined by the atomic
absorption method.

The contribution rate of mycorrhizae =
[(Cd concentration of mycorrhizal plants — Cd
concentration of non-inoculated plants)/Cd
concentration of mycorrhizal plants]x100%.
The enrichment coefficient (EC)=Cd content in
the plants/soil Cd content. The transportation
coefficient (TC)=shoot Cd content/root Cd
content.

1.5 Statistical analysis

All data were analyzed using SPSS11.5
(SPSS, Chicago, IL). A
analysis (ANOVA) was

carried out, followed by the Duncan’s Multiple

software package

one-way variance

Range Test (P<0.05) to determine differences
between means. All data are represented as
means + standard error (SE) of three
independent experiments with three biological

repeats per treatment.

2 RESULTS

2.1 AM colonization and relative mycorrhizal
dependency

None of the non-inoculated control tall
fescue seedlings were colonized with
mycorrhiza. The mycorrhizal status was best
manifested in the roots of plants inoculated
with F. mosseae. The root mycorrhizal
colonization rate varied between 28%—38% in
different treatments, while RMD was 19%—23%
(Table 1). The mycorrhizal colonization and RMD
increase in the Cd
(30mg/kg) plus
treatment was a significant source of variation
highest
colonization percentage of seedlings under the
38%, while the
colonization percentage of seedlings without
Cd added was 28%. Inoculation with AM fungi

significantly increased the root and root dry

increased with the
concentration. The Cd
colonization. The

in  mycorrhizal

30mg/kg treatment was

weight of tall fescue compared with the
without AM fungi,
concentrations of 5 and 10mg/kg. The shoot

control except at Cd
and root dry weights of tall fescue inoculated
with AM fungi were significantly higher than
those of non-inoculated plants under the same
Cd concentration. The RMD of 30mg/kg Cd
was 23%, while that of seedlings without Cd
was 19%. Two-way analysis of variance
(ANOVA) showed that the AM fungus had a
significant effect on shoot P concentrations in
tall fescue (P<0.05), while Cd and AM x Cd had
no significant effect on shoot P concentrations
in tall fescue. AM, Cd, and AM x Cd had no
significant effect on root P concentration
(Table 1).

EFIR 2789
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Table 1 Mycorrhizal colonization as well as shoot and root dry weight of Festuca elata per pot at soils with
different Cd concentrations

Treatments Cd concentration Colonization Shoot dry Root dry Mycorrhizal relative
(mg/kg) (%) weight (g/pot) weight (g/pot) dependency (%)
Non-inoculated Cdo - 13.6+0.10c 4.4+0.07c -
Cd5 - 12.1+0.10f 3.6+0.07d -
Cd15 - 11.7+0.10g 3.4+0.04d -
Cd30 - 10.6+0.05h 2.610.08e -
F. mosseae Cdo 28+0.04b 15.9+0.06a 6.4+0.03a 19+0.30c
Cd5 29+0.06b 13.0+0.09d 6.41+0.06a 19+0.50c
Cd15 34+0.06ab 14.1+0.05b 5.340.03b 22+0.50b
Cd30 38+0.03a 12.7+0.04e 4.7+0.06c 23+0.70a
AM ) ok ok NS ok ok )
Cd - NS NS HkE -
AMxCd - NS NS HkE -

Note: Values represent the meanstSE, n=4; the same letter within a column indicates no significant difference assessed by
Duncan’s multiple range test (P<0.05) following analysis of variance. Two-way ANOVA output: NS, not significant; *P<0.05,

**p<0.01, ***P<0.001. AM, arbuscular mycorrhizal fungus. -, not detected. The same below.

in the treatments at the four different Cd levels
of 0, 5, 15, 30mg/kg with the increase in Cd
concentration, respectively (Table 2). Under Cd

2.2 P absorption

The results showed that the shoot P
of tall
mosseae decreased

concentration fescue without F.

significantly with the stress, the AM fungi promoted the transport
increase in Cd concentration, while the shoot P of P from roots to shoots, which helped the

concentration of tall fescue inoculated with plant accumulate more P in shoots and

AM fungus increased significantly with the
increase in Cd concentration. Moreover, the
shoot P concentration of tall fescue inoculated
with AM fungus was significantly higher than
that of tall fescue without F. mosseae under
the same Cd concentration. These results
indicate that inoculating with AM fungus
increased the concentration of P in shoots, but
reduced the concentration of P in roots. The
contribution rate of mycorrhizae to P

absorption increased by 6%, 8%, 13%, and 18%

2790 EMEIR

maintain growth. However, regardless of AM
fungal inoculation, the P concentration in
roots of tall fescue with 30mg/kg Cd was
significantly lower than that without Cd.
Two-way ANOVA showed that AM fungi had a
significant effect on shoot P concentration in
tall fescue (P<0.05), while Cd and AM x Cd
shoot P

concentrations in tall fescue. AM, Cd, and AM

had no significant effect on
x Cd had no significant effect on root P

concentration (Table 2).
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Table 2 P concentrations in shoots and roots of Festuca elata grown in soils supplemented with varying Cd

concentrations

Shoots (mg/kg)

Roots (mg/kg)

Treatments Cd concentration (mg/kg)

Non-inoculated Cdo
Cd5
Cd15
Cd30

F. mosseae Cdo
Cd5
Cd15
Cd30

AM

cd

AMxCd

2 276.9+4.37a
2 234.3+1.08b
2139.1+3.84c
2 002.3+2.50d
2596.0+2.78d
2637.9+7.61c
2714.9%9.77b
2 786.4+2.18a
*

NS

NS

1544.1+3.62a
1456.6+5.01a
1390.4+3.44b
1362.9+5.87b
1463.7+2.93a
1407.8+2.21b
1369.8+49.3b
1337.5¢5.43b
NS

NS

NS

2.3 MDA concentration and SOD, CAT, and
POD activities

The Cd treatments resulted in significant
increases in MDA concentrations in the
inoculated and non-inoculated control plants.
MDA content decreased significantly in
inoculated plants compared with the control
plants under Cd stress (Fig. 1A). SOD, POD, and
CAT activities increased significantly with
increasing Cd concentration in the mycorrhizal
plants and the non-inoculated control. In
addition, when the Cd concentration was<
30mg/kg, the POD activity of inoculated plants
was significantly higher than that of
non-inoculated controls (Fig. 1B), while when
the Cd concentration was > 15mg/kg, the SOD
activity of inoculated plants was significantly
higher than that of non-inoculated controls
(Fig. 1C). CAT activity of inoculated plants was
significantly higher than that of the
non-inoculated groups when the Cd
concentration was 5-30mg/kg (Fig. 1D). SOD

and CAT activities of plants inoculated with AM
fungi significantly increased 38.41% and
35.88%, respectively, while POD activity of the
inoculated plants was 28.82% higher than that
of non-inoculated plants (Fig. 1).
2.4 Cd absorption and contribution rate of
mycorrhizae

The Cd content in shoots and roots of tall
fescue increased significantly with the increase
in the Cd treatment concentration. When the
concentration range of the Cd treatment was
0-15mg/kg, the shoot Cd concentration of
inoculated tall fescue was significantly lower
than that of non-inoculated plants. When the
Cd concentration was <5mg/kg, the shoot Cd
content of inoculated tall fescue was significantly
lower than that of non-inoculated plants.
However, the root Cd concentration and Cd
content of inoculated tall fescue were higher
than those of non-inoculated tall fescue under
any of the Cd treatment levels. Two-way
ANOVA showed that AM fungi had significant

EEFIR 2791
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effects on aboveground Cd concentration content (P<0.001), and shoot Cd content
(P<0.001) and root Cd content (P<0.01), but (P<0.05). AM x Cd had a significant effect on
did not affect root Cd concentration or shoot Cd concentration in shoots and roots of tall
Cd content. Cd had significant effects on the fescue (P<0.001), but had no significant effects
shoot and root Cd concentrations, root Cd on Cd contents in shoots or roots.

] Non-AM 0 AM
12 5 60
S 10 a L # Iso
& 8 ¢ o2 d g b p b a0 2
° e d C d [
£ ¢ & f 0 3
S 10 &
S 2
0 | ‘ | ‘ | | 0
3000 a 12
= 2500 b a =
& 2000 | b b g =
S 1500 c . ¢ e d c I 6 >
g 1000 . e e d ¥ 4
0! ‘ | : i : )
Cdo cds cdi15 Cd30 Cdo cds cd15 Cd30

Cd concentration (mg/kg)

Fig. 1 Malondialdehyde concentration and defensive enzyme activity in Festuca elata with varying Cd
concentrations. Values are meanstSE, n=4; different letters in common within a graph indicate significant
differences assessed by Fisher least significant difference test (P<0.05) following analysis of variance. CAT,
catalase; MDA, malondialdehyde; POD, peroxidase; SOD, superoxide dismutase.

Table 3 Effects of arbuscular mycorrhizae on the concentration and content of Cd in shoot and root of

Festuca elata

Treatments Cd concentration Shoot Cd concentration  Root Cd concentration Shoot Cd content Root Cd content
(mg/kg) (mg/kg) (mg/kg) (ug/pot) (ug/pot)

Non-inoculated CdO 0.35+0.08g 2.11+0.24h 4.80+0.29g 9.4010.63h
Cd5 3.92+0.11e 133.2+11.2f 47.311.23e 476.945.35f
Cd15 5.69+0.13c 211.9+6.05d 66.6+1.33d 718.5+6.90e
Cd30 7.92+2.88b 458.8+22.9b 87.0+£1.52b 1192.9+5.32c

F. mosseae Cdo 0.28+0.05h 2.59+0.32¢g 4.51+0.89¢g 16.50+1.23g
Cd5 3.23+0.40f 160.7£13.2e 41.9+2.02f 1029.0+4.32d
Cd15 5.28+0.63d 314.6+11.9¢ 74.7£1.37c 1664.6+9.26b
Cd30 8.18+2.66a 514.6+31.8a 100.5+1.65a 2408.3+4.55a

AM — Hkx NS NS ok

cd _ *ok ok ok * ok ok

AM x Cd — HRE * NS NS

2792 EMEIR
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coefficient (EC) and

transportation coefficient (TC)

2.5 Enrichment

The inoculated plants transferred less Cd

from roots to shoots compared with
non-inoculated plants, and the TC of Cd was
lower than that of the
EC of the
inoculated plant shoots was relatively less than
the EC of the
inoculated plant roots was higher than the
(Table 4). The Cd TC decreased

gradually in non-inoculated plants with the

significantly
non-inoculated control. The

the control. In contrast,

control

increase in Cd concentration but remained
unchanged in inoculated plants. However,
regardless of inoculation with AM fungi, the EC
of tall fescue shoots and roots was negatively
correlated with the Cd concentration. The EC
of shoots and roots was the highest when the

Cd concentration was 5mg/kg.

3 DISCUSSION

AM fungi are obligate symbiotic fungi that
colonize the roots of over 80% of terrestrial
vascular plants to form mutually beneficial
symbiotic relationships. AM fungi promote

plant growth and create a very high surface
root area that helps plants absorb mineral
nutrition from the soil while receiving
photosynthates from the plant. AM fungi also
play a central role in the natural attenuation of
host metal toxicity (Lehmann et al. 2014; Eke
et al. 2016). When soils are contaminated with
excess HMs, they become toxic as the HMs
damage physiological activities, leading to
lower photosynthetic efficiency and inhibited
plant growth and development (Maleva et al.
2012; Osoério et al. 2012; Aslam et al. 2014;
Mahardika et al. 2018). Our results indicate
that F. mosseae improved tall fescue growth
and P concentration while allowing the plants
to accumulate high levels of Cd in root tissues
and reduce the transfer of Cd to the shoots.
The P concentration in mycorrhizal-inoculated
tall fescue shoots increased with increasing Cd
level. AM

phosphatase activity under

may enhance soil
HM polluted
conditions, activate P in soil, or directly take up

symbiosis

and carry P into plants. The transport of P
across the symbiotic interface is regulated by a

characteristic mycorrhizal plant phosphate

Table 4 Transportation coefficients (TC) and enrichment coefficients (EC) of Cd in soils supplemented with

varying Cd concentrations

Treatments Cd concentration (mg/kg) TC of Cd EC of shoots EC of roots

Non-inoculated Cdo 0.64+0.03 0.64+0.01 1.85+0.02
Cd5 0.09+0.00 0.98+0.02 9.87+0.12
Cd15 0.0940.01 0.48+0.01 5.20+0.16
Cd30 0.07+0.01 0.36+0.00 4.96+0.25

F. mosseae Cdo 0.32140.01 0.51+0.02 1.87+0.11
Cd5 0.04+0.00 0.44+0.03 10.9+0.50
Cd15 0.04+0.00 0.27+0.05 6.03+0.43
Cd30 0.04+0.00 0.18+0.03 4.45+0.21
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transporter (Karandashov & Bucher 2005;
2006), which

non-mycorrhizal regions. P is involved in many

Wang et al. is absent in
plant physiological processes, such as energy
storage and transfer, photosynthesis, enzyme
regulation, and carbohydrate transport.
Therefore, AM fungi play an important role in
the phytoremediation of contaminated soils by
elevating the uptake of P (Leung et al. 2010;
Meier et al. 2012; Chaturvedi et al. 2018a). The
highest AM fungal colonization and RMD
values were seen in plants grown under the
highest Cd level. The AM fungal colonization
rate was 29% and the RMD was 19% when the
soil Cd concentration was low, whereas the
AM fungal colonization rate was 38% and the
RMD was 23% at the highest Cd concentration.
This finding is very consistent with that of
Abdelhameed & Metwally (2019) who
reported that AM fungi protect plant growth
under high concentration Cd stress. However,
no correlation has been observed between the
degree of colonization and the effectiveness of
the fungi in the symbiotic relationship.
Antioxidant capacity is used to
characterize the nutritional status of plants
and their bioactive components (Ayari et al.
2013). HM stress leads to the production of a
large number of reactive oxygen species (ROS),
which destroy biomolecules and cause
membrane lipid peroxidation. The activities of
the tall fescue antioxidant enzymes were
mainly induced by the presence of the AM
fungi and Cd stress. The low content of cellular
MDA suggested that the ROS scavenging

system was activated by the symbionts under

2794 EYEIR

the Cd stress condition. The Induction of
antioxidant enzymes, which was attributed to
excess production of ROS or overexpression of
antioxidant enzyme coding genes (Chaturvedi
et al. 2018), is a defense reaction that occurs
during the early stage of a plant symbiotic
relationship (Blilou et al. 2000; Hajiboland et
al. 2010). Previous studies have shown that
antioxidant enzyme activities are enhanced in
inoculated plants compared to non-inoculated
plants under different HM stressors (Janeeshma
& Puthur 2020). Chaturvedi et al. (2018b)

demonstrated that tomato (Solanum
lycopersicum)  inoculated  with  Glomus
mosseae upregulates antioxidant enzyme

(CAT, SOD, and APX) activities under Cd or Pb
stress. Tan et al. (2015) reported that CAT, GPX,
and APX activities in Solanum photeinocarpum
leaves associated with Glomus versiforme
improved in Cd-contaminated soils, which
helped to reduce the damage caused by ROS.
In contrast, Heydarian et al. (2018) determined
that the lowest CAT activity was obtained
when wheat was inoculated with Glomus
intraradices under nickel stress and assumed
that the ability of arbuscular mycorrhiza to
produce low stress in plants under heavy
stress depends on the ability of AM fungi to
produce glomalin (Arriagada et al. 2005). The
insoluble glycoproteins produced by the
mycelia bind to potentially toxic elements,
including HMs (Gonzalez-Chavez et al. 2004).
These conclusions may depend on the type of
HM, their concentration in the soil, and the
symbiotic partners of the AM fungi. A single

plant species inoculated with different AM
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fungi do not produce the same response, and
different plants inoculated with the same AM
fungi have different responses.

In natural and contaminated ecosystemes,
AM fungi form an extensive hyphal network in
the soil, extending the plant roots by
expanding the volume of accessible soil to
absorb nutrients and pollutants (Gohre &
Paszkowski 2006). The accumulation of Cd in
the roots of inoculated plants was more than
twice that of non-inoculated plants, and Cd
content in roots was significantly higher than
that in non-inoculated plants. Once the AM
symbiosis forms, extensive extraradical
mycelia develop, which directly absorb and
transport Cd from a distance to the roots (Wu
et al. 2016). Furthermore, this may be due to
the observation that AM colonization changes
the way plants absorb metals, such as the
chelation of polyphosphate particles to metals
in fungal vacuoles (Turnau et al. 1993).

Interestingly, the Cd content in shoots of
mycorrhizal plants was lower than that of
non-inoculated plants, except for the
treatments with the highest soil Cd content,
although their roots accumulated more Cd.
One possible mechanism is that AM symbiosis,
which promotes plant growth by promoting
plant uptake of P, leads to the “growth dilution
effect” on metals of plants (Chen et al. 2007),
or Cd immobilization in mycorrhizal roots. The
TC values of the mycorrhizal plants decreased
compared to non-inoculated plants grown
under the low and high Cd concentrations,
indicating that mycorrhizal tall fescue reduced

the transport of Cd from roots to shoots. This

finding is consistent with that of Abdelhameed
& Metwally (2019) who
Trigonella  inoculated with AM

reported that
fungi
accumulate high concentrations of Cd in their
roots, which is transferred to the shoots but in
(2016)

demonstrated that extraradical mycelia absorb

low concentrations. Wu et al.

Cd and transport it to mycorrhiza, but inhibit
the transfer of Cd from roots to shoots, thus
promoting the fixation of Cd in roots and
reducing the phytotoxicity of Cd. It has been
demonstrated that AM fungal structures
(hyphae, arbuscules, and vesicles) can fix HMs
(Janeeshma & Puthur 2020). HMs that reach
the roots are mainly deposited in the root
parenchyma cells, where most of the fungal
structures are located. Moreover, the spores
and extracellular mycelia of AM fungi limit the
transport of HMs from the soil to the
aboveground organs of the plant (Hildebrandt
et al. 2007; Gonzalez-Guerrero et al. 2008).
Gonzalez-Guerrero et al. (2010) reported that
Cd toxicity results in the expression of the
related transporter GintABC1. This may play a
key role in the Cd immobilized in roots and
reduced translocation to aboveground organs.

The most important finding of the present
study is that AM fungi maintained the Cd in
the roots of tall fescue plants, transported less
Cd to the shoots, and alleviated the harmful
effects of HM pollution. Mycorrhizal status was
best in roots inoculated with F. mosseae. The
ability of mycorrhizal plants to reduce metal
migration from roots to shoots suggests that
they are more suitable as plant stabilizers in

metal-contaminated land. Phytoremediation is
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an environmentally friendly technology that
uses plants to restore contaminated soil to a
level that is available for both private and
public use (Leung et al. 2013). Our technology
deserves further consideration for potential

application in related areas.

[REFERENCES]

Abdelhameed RE, Metwally RA, 2019. Alleviation of

cadmium stress by arbuscular mycorrhizal

symbiosis. International Journal of
Phytoremediation, 21(7): 663-671

Arriagada CA, Herrera MA, Ocampo JA, 2005.
Contribution of arbuscular mycorrhizal and
saprobe fungi to the tolerance of Eucalyptus
globulus to Pb. Water Air and Soil Pollution,
166(1-4): 31-47

Aslam U, Ahmad [, Hussain M, Khan A, Ghani A,
Mustafa I, Jalal S, Aqeel AM, Asif S, Ahmed H,
2014. Effect of heavy metal pollution on mineral
absorption in sunflower (Helianthus annuus L.)
hybrids. Acta Physiologiae Plantarum, 36(1):
101-108

Ayari B, Landoulsi A, 2013. Variability of phenolic
contentsin methanolic extracts of Origanum
majorana L. organs and effect on antioxidant
and antimicrobial activities. Children & Young
People Now, 126: 2990-3000

Bissonnette L, St-Arnaud M, Labrecque M, 2010.
Phytoextraction of heavy metals by two
Salicaceae clones in symbiosis with arbuscular
mycorrhizal fungi during the second year of a
field trial. Plant and Soil, 332(1-2): 55-67

Blilou I, Ocampo JA, Garcia-Garrido JM, 2000.
Induction of Ltp (lipid transfer protein) and Pal
(phenylalanine ammonia-lyase) gene expression
in rice roots colonized by the arbuscular
mycorrhizal fungus Glomus mosseae. Journal of
Experimental Botany, 51(353): 1969-1977

Carrenho R, Alves LDJ, Santos IDS, 2018. Chapter

2796 EMFIR

15-arbuscular mycorrhizal fungi, interactions

with heavy metals and rehabilitation of
abandoned mine lands. Bio-Geotechnologies for
Mine Site Rehabilitation, 261-279

Chaturvedi R, Favas P, Pratas J, Varun M, Paul MS,
2018a. Assessment of edibility and effect of
arbuscular mycorrhizal fungi on Solanum

melongena L. grown under heavy metal(loid)

contaminated soil. Ecotoxicology and
Environmental Safety, 148: 318-326

Chaturvedia R, Favasb P, Pratasc J, Varuna M, Paula
MS, 2018b. Effect of Glomus mosseae on
accumulation efficiency, hazard index and
antioxidant defense mechanisms in tomato
under metal(loid) stress. International Journal of
Phytoremediation, 20(9): 885-894

Chen BD, Xiao XY, Zhu YG, Smith FA, Xie ZM, Smith
SE, 2007. The arbuscular mycorrhizal fungus
Glomus mosseae gives contradictory effects on
phosphorus and arsenic acquisition by Medicago
sativa Linn. Science of The Total Environment,
379(2-3): 226-234

Deram A, Languereau F, Haluwyn CV, 2011.
Mycorrhizal and endophytic fungal colonization
in Arrhenatherum elatius L. roots according to
the soil contamination in heavy metals. Soil and
Sediment Contamination, 20(1): 114-127

Dong Q, Xu PX, Wang ZL, 2017. Differential cadmium
distribution and translocation in roots and
shoots related to hyper-tolerance between tall
fescue and kentucky bluegrass. Frontiers in Plant
Science, 8: 113

Durand TC, Sergeant K, Planchon S, Carpin S, Label
P, Morabito D, Hausman JF, Renaut J, 2010.
Acute metal stress in Populus tremula x P. alba
(717-1B4 genotype): leaf and cambial proteome
changes induced by cadmium®". Proteomics,
10(3): 349-368

Eke P, Chatue GC, Wakam LN, Kouipou RMT, Fokou
PVT, Boyom FF, 2016. Mycorrhiza consortia
suppress the fusarium root Rot (Fusarium solani

f. sp. phaseoli) in common bean (Phaseolus



R5IEX

22 October 2021, 40(10): 2785-2799

Mycosystema ISSN1672-6472 CN11-5180/Q

vulgaris). Biological Control, 103: 240-250
Evelin H, Kapoor R, Giri B, 2009. Arbuscular
myorrhizal fungi inalleviation of salt stress: a
review. Annals of Botany, 104(7): 1263-1280
Collette 'V, Hancock KR, 2016.
Characterisation of proanthocyanidins from

Fraser K,

seeds of perennial ryegrass (Lolium perenne L.)

and tall fescue (Festuca arundinacea) by liquid

chromatography/mass spectrometry. Journal of

Agricultural and 64(35):
6676-6684

Gamalero E, Lingua G, Berta G, Glick BR, 2009.

Beneficial role of plant growth promoting

Food Chemistry,

bacteria and arbuscular mycorrhizal fungi on
plant responses to heavy metal stress. Canadian
Journal of Microbiology, 55(5): 501-514
Gianinazzi S, Gollotte A, Binet MN, Tuinen VD,
Redecker D, Wipf D, 2010. Agroecology: the key
role of arbuscular mycorrhizas in ecosystem
services. Mycorrhiza, 20: 519-530
Gohre V, Paszkowski U, 2006. Contribution of the
arbuscular mycorrhizal symbiosis to heavy metal
phytoremediation. Planta, 223(6): 1115-1122
Gonzalez-Chavez MC, Carrillo-Gonzalez R, Wright SF,
Nichols KA, 2004. The role of glomalin, a protein
produced by arbuscular mycorrhizal fungi, in
sequestering  potentially toxic elements.
Environmental Pollution, 130(3): 317-323
Gonzélez-Guerrero M, Melville LH, Ferrol N, Lott JN,
C, Peterson RL, 2008.

Ultrastructural localization of heavy metals in

Azcén-Aguilar

the extraradical mycelium and spores of the

arbuscular mycorrhizal fungus Glomus
intraradices. Canadian Journal of Microbiology,
54(2): 103-110

Gonzalez-Guerrero M, Benabdellah K, Valderas A,
Azcon-Aguilar C, Ferrol N, 2010. GintABC1
encodes a putative ABC transporter of the MRP
subfamily induced by Cu, Cd, and oxidative
stress in Glomus intraradices. Mycorrhiza, 20(2):
137-146

Hajiboland R,

Aliasgharzadeh N, Laiegh SF,

2010. Colonization with

arbuscular mycorrhizal fungi improves salinity

Poschenrieder C,

tolerance of tomato (Solanum lycopersicum L.)
plants. Plant and Soil, 331(1-2): 313-327

He F, Sheng M, Tang M, 2017. Effects of rhizophagus
irregulatison photosynthesis and antioxidative
enzymatic system in Robinia pseudoacacia L.
under drought stress. Frontiers in Plant Science,
8:183

Hildebrandt U, Regvar M, Bothe H, 2007. Arbuscular
mycorrhiza and heavy
Phytochemistry, 68(1): 139-146

Hu JL, Wang HS, Wu FY, Wu SC, Cao ZH, Lin XG,
Wong MH, 2014. Arbuscular mycorrhizal fungi

metal tolerance.

influence the accumulation and partitioning of
Cd and P in bashfulgrass (Mimosa pudica L.)
grown on a moderately Cd-contaminated soil.
Applied Soil Ecology, 73: 51-57

Huang MY, Zhu HH, Zhang J, Tang DY, Han XL, Chen
L, Du DY, Yao J, Chen K, Sun J, 2017. Toxic effects
of cadmium on tall fescue and different
responses of the photosynthetic activities in the
photosystem electron donor and acceptor sides.
Scientific Reports, 7: 14387

Huang Y, Chen QQ, Deng MH, Japenga J, Li TQ, Yang
XE, He ZL, 2018. Heavy metal pollution and
health risk assessment of agricultural soils in a
typical peri-urban area in southeast China.
Journal of Environmental Management, 207:
159-168

Janeeshma E, Puthur JT, 2020. Direct and indirect
influence of arbuscular mycorrhizae on

enhancing metal tolerance of plants. Archives of

Mrciobiology, 202(1): 1-16

Bucher M, 2005.
phosphate transport in arbuscular mycorrhizas.
Trends in Plant Science, 10(1): 22-29

Lehmann A, Veresoglou SD, Leifheit EF, Rillig MC,
2014. Arbuscular mycorrhizal influence on zinc

Karandashov V, Symbiotic

nutrition in crop plants—a meta-analysis. Soil
Biology and Biochemistry, 69: 123-131
Leung HM, Wang ZW, Ye ZH, Yung KL, Peng XL,

EMFIR 2797



LI Wei et al. /Synergistic utilization of arbuscular mycorrhizal fungi and Festuca elata ......

Research paper

Cheung KC, 2013. |Interactions between

arbuscular  mycorrhizae and plants in
phytoremediation of metal-contaminated soils:
a review. Pedosphere, 23(5): 549-563

Leung HM, Wu FY, Cheung KC, Ye ZH, Wong MH,
2010. The effect of arbuscular mycorrhizal fungi
and phosphate amendment on arsenic uptake,
accumulation and growth of Pteris vittata in
As-contaminated soil. International Journal of
Phytoremediation, 12(4): 384-403

Linderman B, 1981. Quantifying vesicular-arbuscular
mycorrhizae: a proposed method towards
standardization. New Phytologist, 87(1): 63-67

Liu RJ, Chen YL, 2007. Mycorrhizology. Science Press,
Beijing. 1-447

Liu Y, 2011. Effects of Glomus intraradices on
growth and Cd enrichment of ryegrass (Lolium
perenne L.). Hubei Agricultural Sciences, 50(12):
2409-2412 (in Chinese)

Mahardika G, Rinanti A, Fachrul MF, 2018.
Phytoremediation of heavy metal copper (Cu2+)

(Helianthus
Conference Series: Earth and Environmental
Science, 106(1): 012120

Maleva MG, Nekrasova GF, BorisovaGG, Chukina NV,
Ushakova 0OS, 2012. Effect of heavy metals on
photosynthetic apparatus and antioxidant status

by sunflower annuus). 10OP

of Elodea. Russian Journal of Plant Physiology,
59(2): 190-197

Mani D, Kumar C, 2014. Biotechnological advances
in bioremediation of heavy metals contaminated
ecosystems: an overview with special reference
to phytoremediation. International Journal of
Environmental Science and Technology, 11(3):
843-872

Meier S, Bolan N, Borie F, Cornejo P, 2012.
Phytoremediation of metal polluted soils by
arbuscular mycorrhizal fungi. Environmental
Science and Technology, 42(7): 741-775

Osorio J, Osério ML, Romano A, 2012. Reflectance
indices as nondestructive indicators of the

status of Ceratonia

physiological siliqua

2798 EMIEIR

seedlings under varying moisture and
temperature regimes. Functional Plant Biology,
39(7): 588-597

Plassard C, Dell B, 2010. Phosphorus nutrition of
mycorrhizal trees. Tree Physiology, 30(9):
1129-1139

Regvar M, Likar M, Piltaver A, Kugoni¢ N, Smith JE,
2010. Fungal community structure under goat
willows (Salix caprea L.) growing at metal
polluted site: the potential of screening in a
model phytostabilisation study. Plant and Soil,
330(1-2): 345-356

Smith SE, Jakobsen I, Gronlund M, Smith FA, 2011.
Roles of arbuscular

mycorrhizas in plant

phosphorus nutrition: interactions between

pathways of phosphorus uptake in arbuscular

mycorrhizal roots have important implications

for understanding and manipulating plant
phosphorus acquisition. Plant
156(3): 1050-1057

Sun H, Xie YX, Zheng YL, Lin YL, Yang FY, 2018. The
enhancement by arbuscular mycorrhizal fungi of
the Cd

quality-related factors

Physiology,

remediation ability and bioenergy

of five switchgrass
cultivars in Cd-contaminated soil. Peer), 6(16):
e4425

Tan SY, Jiang QY, Feng Z, Liu H, Wang YT, Li SS, Ye
ZH, Jing YX, 2015. Effect of inoculation with
Glomus versiforme on cadmium accumulation,
antioxidant activities and phytochelatins of
Solanum photeinocarpum. PLoS One, 10(7):
e0132347

Turnau K, Kottke I, Oberwinkler F, 1993. Element
localization in mycorrhizal roots of Pteridium
aquilinum (L.) Kuhn collected from experimental
plots treated with cadmium dust. New
Phytologist, 123(2): 313-324

Wang FY, Lin XG, Yin R, Wu LH, 2006. Effects of
arbuscular mycorrhizal inoculation on the

growth of Elsholtzia splendens and Zea mays and

the activities of phosphatase and urease in a

multi-metal-contaminated soil under unsterilized



R5IEX

22 October 2021, 40(10): 2785-2799

Mycosystema ISSN1672-6472 CN11-5180/Q

conditions. Applied Soil Ecology, 31(1-2):
110-119

Wu G, Kang HB, Zhang XY, Shao HB, Chu LY, Ruan CJ,
2010. A critical review on the bio-removal of
hazardous heavy metals from contaminated

eco-environmental

soils: issues, progress,

concerns and Journal of
Hazardous Materials, 174(1-3): 1-8
Wu Q, Gao VYJ, Li DM, Li SC, Wang M, 2012.

Phytoremediation of heavy metal in sewage

opportunities.

river sediment by Festuca arundinacea. Journal
of Soil and Water Conservation, 26(6): 219-223
(in Chinese)

Wu SL, Zhang X, Chen BD, Wu ZX, Li T, Hu YJ, Sun YQ,
Wang YS, 2016. Chromium immobilization by
extraradical mycelium of arbuscular mycorrhiza

chromium tolerance.

contributes to plant

Environmental and Experimental Botany, 122:

10-18

Yabanli M, Yozukmaz A, Sel F, 2014. Heavy metal
accumulation in the leaves, stem and root of the
invasive submerged macrophyte Myriophyllum
spicatum L. (Haloragaceae): an example of Kadin
Creek (Mugla, Turkey). Brazilian Archives of
Biology and Technology, 57(3): 434-440

Zhang Y, Hu JL, Bai JF, Wang JH, Yin R, Wang JM, Lin
XG, 2018. Arbuscular mycorrhizal fungi alleviate
the heavy metal toxicity on sunflower

(Helianthus annuus L.) plants cultivated on a

heavily  contaminated field soil at a

WEEE-recycling site. Science of The Total
Environment, 628-629: 282-290

Zhong WL, 2012. Effects of arbuscular mycorrhizal

and Cd by Viola

baoshanensis. PhD Dissertation, Sun Yat-Sen

fungi on Pb uptake

University, Guangzhou. 1-127 (in Chinese)

(Rt sm: 24

EFIR 2799



