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Abstract. This study was conducted to evaluate the effects of combination of ethylene diamine tetra
acetic acid (EDTA) with arbuscular mycorrhizal fungi (AMF) on arsenic (As) phytoremediation using
maize plants in pot experiment with four treatments (Control, EDTA, AMF, and EDTA+AMF). The
results showed that lone addition of EDTA significantly increased exchangeable As concentration in the
rhizosphere soil, and thus, enhanced plant uptake of As in shoots and roots. However, it markedly
inhibited the root colonization, plant growth, and antioxidant enzyme activity. Consequently, As
biological enrichment factor was the lowest because of reduced plant dry weight, although the plants
possessed the highest As extraction efficiency. Unlike EDTA, AMF alone had a positive effect on root
colonization, dry matter accumulation, and antioxidant enzyme activity, whereas negative effects of AMF
on exchangeable As content in the rhizosphere soil and As uptake in shoots and roots were observed.
However, using EDTA-AMF combination, maize plants simultaneously exhibited significantly higher
exchangeable As extraction efficiency and biological enrichment factor, which were beneficial for the
remediation of heavy metal-contaminated soil. Therefore, it is concluded that the EDTA-AMF
combination could be regarded a promising choice for phytoremediation of heavy metal-polluted soil.
Keywords: EDTA, AMF, heavy metal, hyperaccumulator, phytoremediation, soil remediation

Introduction

Soil becomes polluted when potentially toxic substances are released in amounts
exceeding their permissible levels, and reaching prohibitively high concentrations,
which affect normal ecosystem functions (Meier et al., 2012). According to most
legislative schemes, soil may require remediation if the concentration of one or more
metals exceeds the specified threshold level in the soil profile (Meier et al., 2012).
Regarding the increasing need to combat heavy-metal pollution, various strategies for
soil remediation, mainly mechanical or physicochemical methods, including soil
washing, vitrification, thermal treatment, excavation and confinement of soil, and so on,
have been used to treat contaminated soil in recent decades (Bhargava et al., 2012;
Sarwar et al., 2017). These techniques are usually expensive, require technical expertise
and disturb the soil, occasionally rendering the land useless as a medium for further
events such as plant growth (Marques et al., 2009). Therefore, mechanical and
physicochemical treatments are not applicable on a large scale.

In contrast, phytoremediation is proposed to be efficient, cost-effective, with greater
public acceptance, environmental-friendly and sustainable technology from remediation
of metal contaminated soils (Pandey, 2012; Sinha et al., 2013; Shabir et al., 2018). In
these techniques, plant roots absorb metals from the soil and accumulate them into their
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vegetative parts which are then harvested, and thereby metal is removed from the site of
contamination (Shabir et al., 2018). The prerequisite for phytoremediation is that the
plants must be genetically capable of growing in soils with high concentrations of
metals, and have ability to accumulate metals in their shoots and roots without toxicity
to their metabolic processes (Seth, 2011; Tang et al., 2012). The known plants meeting
these requirements are called hyperaccumulators. However, growth and biomass
production of hyperaccumulators are slow, and consequently, phytoremediation requires
several years to reduce soil metal concentrations to an acceptable levels (McGrath and
Zhao, 2003). This long duration is a drawback of metal-polluted soil remediation.
Nevertheless, owing to preferred occurrence in residual forms, and strong binding with
non-biotic or biotic ligands in soil, or inclusion within the crystal lattices of primary or
secondary soil minerals, heavy metal bioavailability in soils is actually reduced
(Charriau et al., 2011; Echevarria et al., 2006; Shahid et al., 2012). Additionally, the
relatively low solubility and phytoavailability of heavy metals in soil is unfavorable for
phytoremediation.

To compensate for the relatively small biomass of hyperaccumulators and low metal
availability in soil, one alternative scenario has been hypothesized, wherein the plant
selected for remediation can have large biomass production, and a chelating agent
combined with soil amendment is used. This hypothesis is infact based on the concepts
that (1) high plant biomass can enhance metal extraction from polluted soil, (2)
chelating agents are used to improve the mobility, solubility, and bioavailability of
heavy metals in the soil solution phase, and (3) amendment is applied to increase plant
tolerance to heavy metal stress.

Actually, ethylene diamine tetra acetic acid (EDTA) is widely used as the most
efficient and effective chelating agent to extract metals from contaminated soil. After
soil application, EDTA transfers the metal sorption and precipitation equilibrium toward
the enhanced dissolution of heavy metals owing to metal-EDTA complex formation
(Goel and Gautam, 2010; Hadi et al., 2010). However, certain researchers reported that
there was no significant effect of EDTA on metal uptake by plants, and in certain cases,
even negative effects of EDTA application were observed (De La Rosa et al., 2007;
Tomé et al., 2009). These contradictory findings indicate that the effect of EDTA on
heavy-metal uptake varies with soil type, plant variety, heavy metal concentration and
soil pH.

Arbuscular mycorrhizal (AM) fungi (AMF) can develop extensive extraradical
hyphal networks, which explore the soil to a greater extent, absorb nutrients from a
large vacinity, and translocate them to the roots of host plants. Therefore, they are
considered intermediary between soil nutrients and host plants. Moreover, AMF shows
great potential for use in phytoremediation due to (i) their ubiquity in the soil
environments, and (ii) the development of several strategies enabling host plants to
tolerate high metal concentrations in the soil (Hildebrandt et al., 1999; Janouskova et
al., 2005). Nevertheless, the role of AMF in phytoremediation is still not completely
understood. Many studies have demonstrated that AMF promote phytoextraction,
causing an increase in metal translocation to shoots (Davies et al., 2001; Trotta et al.,
2006). However, other researchers have showed that AMF develop mechanisms that
only enable metal accumulation within plant roots, and prevent metal translocation to
the shoots (Citterio, 2005; Giasson et al., 2005). To the best of our knowledge, research
investigating role of EDTA or AMF in phytoremediation of metal contaminated soils
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are scarce, whereas no solid data set exists regarding their combined application for the
aforementioned purpose.

With growing concern about remediation techniques for heavy metal-polluted soil,
Knowledge of the processes and factors behind the combination of EDTA and AMF for
enhancing the phytoremediation of heavy metal-polluted soil is crucial to evaluate and
manage the outcomes of this technique. Therefore, this study aimed to highlight the role
of the combination of EDTA and AMF in the phytoremediation of soil contaminated
with arsenic (As), and additionally, to possibly provide new insight into the remediation
of heavy metal-polluted soil.

Material and methods
Experimental design

The experiment was based on a randomized complete block design with three
replications, and included four treatments. (i) Control: no EDTA and no AMF, (ii)
EDTA: EDTA alone, (iii) AMF: AMF alone, and (iv) EDTA + AMF: EDTA-AMF
combination.

AMF inoculum and domestication

The AMF inoculum Glomus versiforme was isolated from uncontaminated fluvo-
aquic soil at the Yantai Institute, China Agricultural University, Thereafter, a pot culture
was prepared with Trifolium repens L. grown in a sterilized soil-sand mixture at 1:9
contaminated with arsenic (As) at 50 mg kg~'. After 90 days, chopped root pieces of T.
repens along with soil were defined as the inoculum, containing a mixture of AM
spores, colonized root pieces, AM mycelia, and 700—750 spores per 100 g of inoculum.

Pot culture experiment

To explore the objective as outlined above, an indoor pot experiment was conducted
under controlled conditions in a greenhouse at the Yantai Institute, China Agricultural
University. For this purpose, plastic pots were used with height and surface diameter of
30 and 23 cm, respectively. Soil used in this study had 6.44 pH (soil:water, 1:2.5), 2.1%
organic matter, 140 mg kg ™' available nitrogen, 58 mg kg™' Olsen phosphorus, 158 mg
kg™ available potassium, and 5.2 mg kg™ total As. After collection from the field soil
was air-dried, and then sterilized at 121 °C for 25 min. Required amounts of
Na;HAsO,4 7H,0 (50 mg kg™ of soil) were dissolved in 1000 ml of distilled water, and
then sprayed onto the soil. Subsequently, the soil was mixed thoroughly, and each pot
was filled with 25 kg of the soil. The pots were incubated for 60 days to improve the
balance of As in the contaminated soil. During incubation, moisture in the pots was
maintained roughly at pot capacity. As was allowed to penetrate deep into the pots via
watering, and then, transferred to the soil surface by volatilization, and thereby, was
distributed uniformly in the soil. Regarding the AMF, 100 g of inoculum was uniformly
introduced at a depth of 3 cm. Thereafter, 5 seeds of maize (Zea mays L. ‘Denghai-
3622”) were sown in each pot. Before sowing the seeds were surface-sterilized with
0.5% NaClO solution, subsequently washed several times with distilled water, and
allowed to germinate at 28 °C for 48 h. Seven days after emergence, maize were thinned
to 3 plants per pot. In each pot, soil moisture was maintained daily at 70% of the pot
capacity with distilled water based on weight, and amount of nutrients were added
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according to chemical analysis and plant requirements. Fifty days after emergence
EDTA (5 mmol kg™"), prepared in distilled-deionized water, was sprayed on the soil
surface as per treatment plan

Data collection and analytical methods

From each pot, maize plants were harvested at 65 days after germination to estimate
shoot and root biomass. Shoots were clipped with a pair of scissor at ground level (Shah
et al., 2016). To harvest the roots, the whole soil clump from the pot was taken out and
placed in a container filled with cold water. After 2 h of soaking, the clump was
manually divided into 6 pieces. These pieces were taken out of the container one by one
and placed on a 0.5 mm mesh frame to separate roots from soil with a jet of tap water
and then, with deionized water as described by Shah et al. (2013). Percentage root
colonization by AMF was calculated using the gridline intersect method after staining
the roots with trypan blue (Koske and Gemma, 1989). The activities of superoxide
dismutase (SOD) and catalase (CAT) in fresh shoots and roots were measured as
described by Beauchamo and Fridovich (1971) and Aebi (1974), respectively. The
remaining parts were dried in an oven at 80 °C for 48 h, and then weighed to obtain dry
matter of shoots and roots. As concentrations in the dried plant materials were
determined by inductively coupled plasma atomic emission spectrometry (ICP-AES)
(Yang, 1986). Rhizosphere soil was collected following the procedures described by
Wang and Zabowski (1998). Classification of the heavy metal species in the dried soil
was performed using continuous extraction (Yang et al., 2003). The extraction
efficiency of the heavy metal and biological enrichment factor were calculated using
Equations 1 and 2, respectively.

shoot heavy metal uptake
(Eq.1)

Extraction efficiency (mg g™%) = ,
root dry weight

amount of heavy metal in plant
Biological enrichment factor = . . (Eq.2)
amount of heavy metal in soil

Statistical analysis

Values of the collected data are expressed as means of the three replicates. Effects of
EDTA, AMF and their combinations were tested using analysis of variance (ANOVA).
Means were compared among the treatments using the LSD (least significant
difference) test at the 0.05 probability level.

Results
Percentage root colonization

Results revealed the significant effects of AMF on the extent of root colonization
(Fig. 1). Mycorrhizal colonization was not observed in the control and EDTA
treatments, due to the lack of mycorrhizal inoculation. However, plants treated with
AMF alone and EDTA-AMF combination showed high colonization rates. In the former
case, percentage root colonization was 1.6 folds higher than in case of EDTA-AMF
combination.
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Figure 1. Root colonization percentage affected by AMF and EDTA application. All the values
are the mean of triplications. Different letters above columns indicate significant differences
between means by LSD at 5% level

Dry weights of maize shoots and roots

Dry weight of maize shoots and root are shown in Figure 2. Dry weights of both
shoots and roots were significantly influenced by application of AMF and/or EDTA.
The highest dry weights of both shoots and roots were observed in AMF and least in
case of EDTA. Results revealed 53, 119, and 21% higher shoot dry matter yield from
AMF treatment as compared to Control, EDTA, and EDTA-AMF, respectively. The
respective increased fractions in case of roots dry matter were 63, 122, and 27%.
Furthermore, the results indicated that EDTA application seriously inhibited dry matter
accumulation in shoots as well as roots and the values were even lower than the control.

60
2 shoot Troot

a1
o
1

v
o
1

30

N
o
1

Dry weight (g per plant)

Control EDTA AMF EDTA+AMF

Figure 2. Dry weight in shoot and root affected by AMF and EDTA application. All the values
are the mean of triplications. Different letters above columns indicate significant differences
between means by LSD at 5% level
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As concentrations in maize shoots and roots

Results revealed greater total plant As accumulation from AMF, EDTA and their
combination as compared to the control (Table 1). Among these treatments total As
accumulation followed the order EDTA> EDTA-AMF>AMF>Control. Out of the total
As accumulation, greater fractions ended up in roots irrespective to the treatments. For
the shoots, the highest value was observed in the plants treated with EDTA alone, and
the lowest value was observed in the AMF-inoculated plants. Compared with EDTA
alone, there was a decrease in As concentration in the plants treated with the EDTA-
AMF combination; however, statistical analysis revealed no difference. For the roots,
the highest value was similarly observed in the plants treated with EDTA alone;
however, the lowest value was observed in the control plants. Moreover, the results
indicated that increase in As concentration was larger in the roots than in the shoots, and
there were significant differences between them.

Table 1. Changes in average As concentration (n = 3) in shoot and root of maize plants.
Different letters following the means indicate significant differences between means by LSD at

5% level
As concentration (mg kg™)
Treatment
Shoot Root Total
Control 416Db 92.07d 96 d
EDTA 7.58 a 258.72 a 266 a
AMF 3.88¢c 168.49 ¢ 172 ¢
EDTA+AMF 7.25a 220.93 b 228 b

Enzyme activity

Results revealed a significant effect of AMF, EDTA, and their combination on SOD
and CAT activities as compared to the control (Fig. 3). SOD and CAT activities in the
shoots and roots were significantly improved after AMF application and respectively
increased by 37 and 30%, as compared to the control plants. This increased fractions in
case of AMF-EDTA combination was 29 and 16%. In contrast, sharp inhibition of both
these enzymes was observed in plants receiving EDTA only (Fig. 3). Consequently,
SOD and CAT activities in the shoots decreased by 17% and 30% respectively, as
compared with the control plants. Similar trend was observed for the roots; however, the
increase in CAT activity was evidently larger than that in SOD activity (Fig. 3).

Relative change in As in different species

Figure 4 shows the relative changes if As speciation as affected by the addition of
AMF, EDTA and their combination. We found that the ratio of different species to total
As exhibited different changes in the rhizosphere soil. When EDTA was added alone,
exchangeable As content increased to 13%, which was 1.72 times greater than control,
2.7 times that AMF alone, and 1.8 times than the EDTA-AMF combination. However,
the contents of all the other As forms in the EDTA treatment decreased as compared to
the other treatments. Although the exchangeable As content in the rhizosphere soil
treated with AMF alone was the lowest, the contents of carbonate As, Fe-Mn-bound As,
and organic-bound As increased by 71%, 63%, and 16% as compared to the control.
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Whereas the respective increased fraction was 212, 160, and 31% than EDTA alone,
and 15, 26 and 9%, as compared with EDTA-AMF combination. Compared with AMF
alone, the EDTA-AMF combination caused slight decreases in the contents of carbonate
As, Fe-Mn-bound As, organic-bound As, and residual As, equivalent to the increase in
exchangeable As content. The residual As was the greatest among all the As species,
irrespective to the treatment.
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Figure 3. Enzyme activities of SOD and CAT in shoot and root affected by AMF and EDTA
application. All the values are the mean of triplications. Different letters above columns
indicate significant differences between means by LSD at 5% level
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Figure 4. Relative change of As in different speciations as affected by AMF and EDTA
application. All the values are the mean of triplications. Different letters above columns
indicate significant differences between means by LSD at 5% level
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As extraction efficiency and biological enrichment factor

As extraction efficiency is shown in Table 2 and followed the order EDTA > EDTA
+ AMF > Control > AMF (P < 0.05). The order of As biological enrichment factor was
EDTA + AMF > AMF > EDTA > Control. The As extraction efficiency of maize plants
treated with the EDTA-AMF combination was 1.71, and 1.95 folds greater that of the
control, and AMF-treated plants, respectively, whereas the values were almost similar
to that of EDTA Similarly, As biological enrichment factor was 2.84, 1.54, and 1.11
times greater than that of the control, EDTA-treated, and AMF-treated plants,
respectively.

Table 2. Average As extraction efficiency and biological enrichment factor (n = 3) in maize
plants. Different letters following the means indicate significant differences between means
by LSD at 5% level

Treatment As extraction efficiency (mg g™) As biological enrichment factor (%)
Control 0.0347b 0.0403d
EDTA 0.0600 a 0.0743 ¢
AMF 0.0304 c 0.1029 b
EDTA+AMF 0.0593 a 0.1145a
Discussion

Mycorrhizal colonization

Percentage root colonization is an important factor indicating the establishment of
mycorrhizal associations by plants. This study showed that AMF application alone was
favorable for mycorrhizal colonization, whereas the EDTA-AMF combination was
observed to exert inhibitory effects to AMF survival (Fig. 1). These results were in line
with some earlier studies who reported that EDTA addition to soil decreases the
viability and number of AMF in the rhizosphere soil, although it is not lethal to the
fungus (Marques et al., 2008; Tanwar et al., 2013).

Plant dry weight

Figure 2 shows that the order of the dry weights of both shoots and roots was AMF >
EDTA + AMF > Control > EDTA. EDTA treatment alone considerably decreased dry
weight, probably because of the added phytotoxicity of EDTA and the heavy metal.
Moreover, Figure 2 indicates that biomass accumulation in the mycorrhizal plants with
and without EDTA treatment tended to increase. Various mechanisms have been
reported to demonstrate that mycorrhizae can help plant species colonize metal-
contaminated sites by improving P uptake by the plant, and thus, well-nourished plants
show better growth (Lin et al., 2007; Tabrizi et al., 2015). Furthermore, AMF can
effectively bind As to their cell walls, immobilize As in the fungal biomass, and
subsequently improve plant tolerance to the metal-contaminated environment (Garg and
Chandel, 2010; Joner et al., 2000). The positive effect of mycorrhizae on dry matter
accumulation was partly offset by EDTA,; the dry weight of plants treated with the
EDTA-AMF combination was lower than that of the AMF-treated plants, yet
significantly higher than that of the EDTA-treated plants.
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As uptake and transport

Roots are the first organs to be exposed to metal toxicity, and therefore, greater As
accumulation was observed in the roots than in the shoots for all treatments. This might
be regarded a strategy for preventing further metal translocation to the shoots and
evidence of the operation of a potential tolerance mechanism in the root cells (Khudsar,
2008). It is well known that EDTA addition to contaminated soil can bring metals into
solution through desorption of sorbed species and dissolution of precipitated
compounds, thus maintaining their bioavailability for plant uptake (Marques, 2009;
Norwell, 1984). Moreover, because of their neutral charge, metal-EDTA complexes are
not blocked or bound by carboxyl groups or polysaccharides on the rhizodermal cell
surface (Shahid et al., 2012). Therefore, root As concentration was the highest with the
EDTA treatment (Table 1).

Xu et al. (2009) indicated that metal-EDTA complexes are transported through the
apoplastic pathway, causing several-fold-stimulated metal translocation from roots to
aerial plant parts, in agreement with our finding that, shoot As concentration was higher
with the EDTA treatment than with other treatments. Extraradical hyphae of AMF can
restrict heavy metal transport from soil to aboveground plant organs, and thus, may
serve as a filter/biological barrier against heavy metal transport to plant shoots (Gaur
and Adholeya, 2004; Schutzendubel and Polle, 2002). Therefore, shoot As
concentration was observed to be minimum when AMF was applied alone. Although As
was mainly retained in the root through immobilization by efficient mycorrhizal
symbiosis, root As concentration with AMF alone was significantly lower than those
with EDTA alone and EDTA-AMF combination, because of improved As uptake by
EDTA.

Relative change in different As species

When EDTA was added to the soil, the ratios of the carbonate, Fe-Mn-bound, and
organic-bound forms to total As were the lowest in the rhizosphere soil among all
treatments, and the following mechanisms were mainly highlighted to explain this
decrease caused by EDTA: (1) EDTA can decrease soil pH (Chen et al., 2004).
Carbonates are sensitive to pH, and decrease in pH triggers As release from carbonate
minerals; (2) EDTA destabilizes the weak bond between metal ions and Fe-Mn oxides
and organic matter, and releases the metal ions from these substances (Luciano et al.,
2013). EDTA generally increases the exchangeable fractions of heavy metals in soil by
forming soluble complexes with them, and this organic molecule is capable of releasing
metals linked with different soil particles (Jean-Soro et al., 2012; Udovic and Lestan,
2009). These may be the reasons for the increase in exchangeable As content and
decrease in residual As content in the rhizosphere soil after EDTA application alone.

Figure 4 indicates that AMF application had a negative impact on exchangeable As
content in the rhizosphere soil; however, it had a positive impact on the contents of
carbonate-bound As, Fe-Mn-bound As, organic-bound As, and residual As. The
decrease in exchangeable As content and increase in bound As contents were beneficial
to maize growth under As stress. The benefits conferred by the mycorrhizosphere for
plant growth are: (1) metal ions are bound to extraradical mycelia, which form a dense
network of up to several meters of hyphae, and have an unusually high metal sorption
capacity (Janouskova and Pavlikova, 2010); (2) binding of metal ions to chitin in the
fungal cell wall reduces metal concentration in the mycorrhizosphere soil (Géhre and
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Paszkowski, 2006); (3) AMF have high affinity for heavy metals, and are particularly
suitable for fixing metal in the rhizosphere soil (Gohre and Paszkowski, 2006). These
phenomena clearly explain the decrease in exchangeable As content and increase in
bound As contents after AMF application alone. The ratio of exchangeable As to total
As with the EDTA-AMF combination was evidently higher than that with the control
and AMF alone, yet lower than that with EDTA alone, which was mainly because of
mycorrhizal inhibition and EDTA promotion of EDTA-ASs chelation.

Enzyme activity

Under stress induced by As at 50 mg kg, the activities of both SOD and CAT
increased significantly with AMF alone and EDTA-AMF combination; however,
activities of both enzymes decreased with EDTA alone, in both shoots and roots,
compared with the control (Fig. 3). Increase in enzyme activity is actually a defense
mechanism activated by the AMF relationship wherein the metal-induced production of
reactive oxygen species increases under metal stress, and activated SOD and CAT are
responsible for scavenging the excessively accumulated reactive oxygen species to
reduce oxidative stress (Saraswat and Rai, 2011). Concerning EDTA alone, the decrease
in enzyme activity might be related to the increase in As bioavailability promoted by
EDTA, which may result in enzyme inactivation.

As extraction efficiency and biological enrichment factor

Different responses of As extraction efficiency and biological enrichment factor are
presented in Table 2. The decrease in extraction efficiency with AMF alone and EDTA-
AMF combination indicated that the growth dilution effect was likely to be an important
protective mechanism provided by AMF (Zhang et al., 2005). However, the significant
increase in biological enrichment factor with AMF alone and EDTA-AMF combination
may be attributed to higher dry weight conferred by AMF and higher metal
bioavailability facilitated by EDTA. Although EDTA application alone showed the
highest extraction efficiency among all the treatments, biological enrichment factor was
lower, excluding the control, because of growth inhibition caused by higher metal
bioavailability.

Conclusions

We found that lone application EDTA significantly increased As extraction
efficiency. However, it reduced plant yield, root colonization and antioxidant enzymatic
activity. On the other hand, sole use of AMF, increased root colonization, maize dry
matter yield and antioxidant enzyme activities, whereas decreased As extraction
efficiency. Combine application of EDTA and AMF utilized the advantages of both
EDTA and AMF to enhance As desorption from soil, improve the tolerance of maize
plants to As stress, and increase As accumulation in shoots and roots. Thus, it showed a
promising option for the remediation of heavy metal-polluted soil. This study warrants
further investigations to optimize proportion of combination between AMF and EDTA.
Moreover, the time and cost required for the phytoremediation of metal-polluted soil
using maize should be considered.
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