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Abstract: Arbuscular mycorrhizal fungi (AMF) can improve plant tolerance to several abiotic stresses, including heavy metals, drought or salinity exposure. However, the role of AMF in alleviation of soil cadmium (Cd)-induced toxicity to plants is still largely unknown. In this study, Cd speciation in soil and subcellular distribution of Cd were used to characterize the roles of application AM fungi in the alleviation of Cd toxicity in alfalfa plants. Our results showed that the addition of Glomus mosseae in Cd contaminated soil (10 mg/Kg) significantly increased soil pH, cation exchange capacity (CEC) and organic matter in rhizosphere soil with Medicago truncatula L., and then account for significantly decreased contents of exchangeable and carbonate-bounded Cd speciation in rhizosphere soil, indicating alleviation of plant toxicity by reduction of bioavailable fractions of Cd. Although there is no significant difference found in Cd accumulation by roots and shoots respectively between Cd and AM-Cd treatments, more portion of Cd was recorded compartmentalization in cell wall fraction of both root and shoot in treatment of Cd with AM application, indicating alleviation of Cd toxicity to plant cell. Herein, application of AM fungi in Cd treatments performed to inhibit the appearance of Cd toxicity symptoms, including the improvement of leaf electrolyte leakage, root elongation, seedling growth and biomass. This information provides a clearer understanding of detoxification strategy of AM fungi on Cd behavior with development and stabilization of soil structure and subcellular distribution of plant.
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1  Introduction

In consideration of a closely combination on public food safety issues, agricultural soil contaminated with cadmium is of globally serious ecological concern [1–3]. Among the global soil resources, the cadmium content in France is the highest (16.7 mg/Kg), followed by Belgium (7.61 mg/Kg) and China (7.43 mg/Kg). In China, Cd over-standard rate of paddy field was 33.2% and low-level pollution accounted for 74.1% [4]. Currently, to address this widespread crisis on soil ecological environment, many researchers have figured out various combined phytoremediation approaches (such as chemic-biological, microbial-associated and etc.), as sustainable and environment-friendly remedy technologies, and made great progress on the limitations like small biomass and low accumulation of traditional single phytoremediation [5–8]. Although these combined phytoremediation technologies have contributed to the imitations on biomass, metal toxicity and effective removal rate of traditional remediation approaches, a further comprehension of the mechanisms in these methods is essential to overcoming the remaining limitations.

Arbuscular mycorrhizal symbioses have been widely utilized into phytoremediation-associated with the contribution to plant stability and development as well as improvement of soil environment status [9]. The investigations of the application and mechanisms of AM fungi on heavy metal pollution were increasingly and widely conducted in past decade due to a ubiquitous occurrence on more than 80% land plant species with AM fungi in ecosystems and contribution to plant development [10,11]. The remediation mechanisms by AM fungi mainly focused on physio-biochemical variations in fungi (containing colonization rate, spore density, some specific secretions and induced gene expression), plant (growth and development, bio-physiological responses, related gene expression, metal distribution and accumulation) and soil (residual metal and changes on form) [12,13]. There are two universally accepted putative detoxification mechanisms of AM fungi recognized by most researchers: avoidance and compartmentalization strategies. Avoidance mechanism principally includes metabolic binding, immobilization in hype and extra-radical mycelium, chelation of specific secretion to immobilize metal in soil. Besides, compartmentalization mechanism mainly devotes on adsorption and segregation in non-essential organelles, chelate production with organic acids, amino acids, phytochelatins (PCs) and metallothioneins (MTs) to weaken the toxicity on the symbiotic plants [14–16]. However, the detoxification mechanism of AM fungi in polluted soil ecologically remediation still needs to be expounded.

Generally, a low-concentration heavy metal contaminated-soil was widespread occupied among the deleterious heavy metal pollution with varying degrees in global, while the toxicity of the low-level Cd elements largely depends on its speciation in soils. Heavy metal speciation determines its toxicity via bio-mobility and chemical complexation performing in the accumulation, bio-modification and compartmentalization inside the organisms [17]. According to Tessier et al. [18], the Cd speciation was divided into five forms: exchangeable, carbonate-bounded, iron and manganese oxides-bounded, organic-bounded and residual forms. Among them the exchangeable and carbonate speciation closely related to soil pH and cation exchange capacity are regarded as the most deleterious forms due to their larger specific surface area with prominent capacity and easily absorbed both by plants and soil components [19]. Additionally, the organic and oxidized forms are relatively stable and low-toxicity with close correlation of soil organic matters and carbon, because their powerful combination performance of soil organic matters. Residual form is considered as the most stable in soils with few poison since united into secondary mineral and not easily assimilated by plants [19–21]. Besides, heavy metal speciation closely related to their bioavailability is complexly influenced by a large range of characteristics of the soil matrix such as hydrous oxides, clay minerals, organic matter and some physio-chemical conditions, such as pH and cation exchange capacity [22,23]. As far as we concerned, few articles have determined the relationship between phytoremediation combined with AM fungi and Cd speciation. Meanwhile, the information on uptake and tolerance of remediation plant species with AM symbiosis affected by heavy metals speciation and their content in soils is less known. There have been a lot of data expounded the Cd remission mechanisms with AM fungi-combined phytoremediation currently, but a deeper comprehension of AM fungi symbiosis between Cd behavior and soil characteristics as well as its effect on plant cell distribution is still far off at low-level heavy metal stresses. This work could contribute to a small gap between remediation principle and heavy metal behavior to predict a reliable detoxification for AM fungi heavy metal restoration application, therefore be regarded as work for further comprehension on the AM fungi symbiotic function in relationship of variation on Cd behavior and soil properties.

2  Materials and Methods

2.1 Experimental Lay-Out

Five representative Cd forms contents and a series of soil basic parameters (Organic matter, pH and cation exchange capacity) were used to illustrate the relation between rhizosphere soil and Cd forms with AM fungi symbiosis. Furthermore, plant growth, development and leaf cell permeability parameter as well as Cd subcellular distribution were applied to clarify this detoxification strategy and the performance of AM fungi under Cd stress. To meet these objectives, we set up four treatments pot cultures: control (only plants Medicago truncatula without Cd), AM fungi (Glomus ortuosum + M. truncatula without Cd), Cd (M. truncatula with 10 mg/Kg Cd), Cd + AM fungi (G. ortuosum + M. truncatula with 10 mg/Kg Cd). The experiment was conducted from June 17th to August 18th, 2019 in a sterile shed built outdoors in Southwest University of Science and Technology. The climate was mild and wet with average temperature of 2°C and the mean rainfall of 179 mm during this period (source: http://weatherspark.com). Each treatment was in triplicates with 15 plants.

2.2 Soil Collection, Characterization and Processing

The experimental soil was collected from top layer (0–20 cm) in a farmland area without any pollution history, Mianyang Sichuan Province China (N31°32′2″, E104°41′41″). The collected soil was screened through a 2 mm sieve and sterilized in the high-capacity autoclave sterilizer (TOMY SX-700, USA) at 121°C lasting for 20 min. A subsample of the experimental soil was characterized for physico-chemical characteristics including: 1.32 cmol/Kg CEC, pH 5.03, 11.04 g/Kg Organic matter, 6.38 g/Kg Organic carbon, 43 mg/Kg Cr, 42 mg/Kg Cu, 7.7 mg/Kg Pb, 35.3 mg/Kg Mn, 0.17 mg/Kg Hg and 0.16 mg/Kg Cd.

Two weeks before sowing, all the sterilized soils were artificially added with cadmium at 10 mg/Kg and thoroughly mixed to provide a homogenous soil. Cadmium was prepared as appropriate aliquots of aqueous solutions by dissolving cadmium chloride in ultra-pure deionized water (Sartorius, arium pro). The same deionized water was used to prepare all the regents in this study.

2.3 Preparation of AM Fungal Inoculum and Growing Conditions

In this study, Glomus mosseae (BGC HUBO1A) was selected as fungal inoculum and provided by School of Life Science and Engineering of Southwest University of Science and Technology (Mianyang, Sichuan Province, China). Prior to the pot culture experiment, M. truncatula was cultivated in a soil-sand substrate mixture (volume ratio: 7:1) to propagate the restorative fungi inoculum for 2 months in the greenhouse, with light 12 h/d and temperature 25 ± 3°C. Subsequently, all the soil and the belowground parts of M. truncatula were collected, consisting of mixed rhizosphere soil samples from M. truncatula cultures containing 68 spores per gram of soil adhering to the method of Bi et al. [24], and of each fungal hyphe as well as strongly infected root fractions with many internal spores. The harvested AM fungi inoculums (G. mosseae) were mixed thoroughly in a sterile basin with shovels and stored in the disposable plastic bags then settled in a drafty and air-dried environment two months for further investigation.

Screened plump and uniform M. truncatula seeds were surface-disinfected for 10 min in 10% H2O2, followed by rinsing with distilled-water. Five grams sterilized seeds were sown evenly in alcohol-disinfected plastic pots (15 cm diameter, 30 cm depth) with tweezers filled with artificially well-mixed 1 Kg sterilized soil and 20 g fungal inoculums. In control pots, the same weight fungal inoculums were disinfected in the autoclave sterilizer at 121°C for 20 min to exclude possible AM fungal propagules and pathogens as well as to block AM colonization in the control (non-AM fungi) pots. After the M. truncatula seedlings emerged, the plants were thinned into fifteen in each pot. 30 ml of Hoagland nutrient solution was supplied to each pot weekly almost at the same time. All the plants in pots were irrigated by de-ionized distilled water every 2 days. The pot moisture content was monitored by the weight variation of an electronic balance to keep around 60–70%.

2.4 Soil Characteristics and Cd Speciation Analysis

By the end of the experiment, the soil samples were collected from surface (0–10 cm) of the experiment pot in the rhizosphere. The samples were stored in plastic bags, mixed artificially to obtain a homogeneous substance, and then were analyzed the following characteristics: Cation exchange capacity (CEC), pH and the content of organic matter. CEC was determined according to a simple barium chloride method adhering to Hendershot et al. [25]. Soil pH was measured in 0.01 M CaCl2 (ASTMD2974-14, USA). The measurement of organic matter was determined by potassium dichromate (K2Cr2O7)-sulfuric acid mixture based on Walkley-Black (WB) titration method [26]. To evaluate the differences in speciation of Cd in the sediments, the metal speciation of Cadmium including exchangeable, carbonate, Fe-Mn oxide, organic and residual speciation was followed with Tessier et al. [18] and determined by atomic absorption spectrometry (EWAI AA-7003, China).

2.5 Cd Accumulation and Subcellular Distribution in Plant

After 60-day treatment, the plant samples were destructively harvested. All the plants were removed from the pots gently, and rinsed with distilled water until washed away the soil particles. Three grams of M. truncatula plants were collected to determine cadmium subcellular distribution as described previously to evaluate the cadmium content in cell wall, solutions and cell soluble fraction [15]. The fresh roots and shoots were separated and homogenized in 50 mmol L−1 Tris–HCl solution (pH = 7.5), then obtained the components by centrifugation at different speeds: 3000 r min−1 for 15 min, the centrifuged deposit represented to the cell wall fraction; 15000 r min−1 for 30 min for the preceding centrifugal supernatant. The obtained deposit and supernatant referred the organelle and cell soluble fractions and then digested the two deposits with a mixture of 5 ml HNO3 and 3 ml H2O2 using a graphite digestion instrument (KDNX-20) and determined the Cd content by atomic absorption spectrometer (EWAI AA-7003, China).

2.6 Plant Growth and Leaf Percentage of Electrolyte Leakage Analysis

After 60-day treatment, three M. truncatula plants were taken from each pot and their shoot and root length, fresh biomass was measured by Vernier calipers and electronic analytical balance (Sartorius BSA 224S-CW, India). The leaf percentage of electrolyte leakage was assessed (CyberScan CON 510, Singapore) followed by Zhong et al. [27]. Briefly, two grams of fresh M. truncatula leaves were collected and darken at room temperature for 1 h, then soaked in 20 ml deionized water for 2 h and measured the initial electrical conductivity EL1. The contents then were heated in a water bath at 100°C for 20 min and the final electrical conductivity EL2 was determined. The leaf percentage of electrolyte leakage was defined as follows: EL1/EL2 × 100%.

2.7 Statistical Analysis

All the experimental data were analysed by Statistic Package (SPSS 22.0) with one-way analysis of variance (ANOVA) to evaluate the growth performance and metal behaviours in both Medicago and soils. Duncan test was applied to analyse the statistical significance among treatments at a probability level of P < 0.05. Furthermore, all the figures were designed by GraphPad Prism 8.

3  Results and Discussion

3.1 Growth Improvement of M. truncatula by AM Symbiosis under Cd Stress

After 2-month incubation following sowing, the total height and fresh biomass were determined in each treatment as shown in Fig. 1. Compared with other groups, the plant height and biomass of M. truncatula in Cd treatment decreased significantly (P < 0.05), indicating the toxic effects of Cd on alfalfa growth. Normally, the presence of Cd, a non-essential element of the plant, is toxic to plants particularly excessively exits. It has been explained that Cd can alter the uptake of minerals by plants through its effects on the availability of minerals from the soil, or through a reduction in the population of soil microbes [28], and the impact of Cd on plant metabolism and development processes was closely related to its concentration and speciation in soils [29]. Accordingly, our results showed the application of G. mosseae in soil contaminated with Cd could increase the growth of M. truncatula including biomass, root and shoot length significantly as compared with Cd treatment, but not significant with the control, indicating the alleviation effect of Cd-toxicity to alfalfa plant by AM fungi. As described in previous study, AM fungi could effectively promote plant growth via establishing a vast connection between the roots of plants and nutrient elements such as phosphorus in soils [30]. In consideration of our results described above, it was seemed that the deduction of bioavailable portion of Cd speciation in rhizosphere soil and the increase of Cd distribution in cell wall fraction resulting from application of AM fungi under Cd stress were of benefit to the alleviation of Cd toxic effects on plants.
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Figure 1: Height and fresh biomass of Medicago under different treatments. Different shape bars represent standard ± errors in treatment means and * represents the difference at 0.05 levels of significance with control

3.2 Cd Uptake and Subcellular Distribution in M. truncatula

The total uptake of Cd in root and shoot of M. truncatula and the subcellular distribution in M. truncatula cell including cell wall, organelles and soluble fraction were shown in Fig. 2.
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Figure 2: Cd behavior in M. truncatula seedlings cells changed by AM fungi: The above graph represents the total Cd acquistion in plant cells of root and shoots parts. The below graph corresponds to the subcellular distribution of Cd in M. truncatula seedlings cells. Different shape bars represent ± standard errors in treatment means

In our work, the total uptake of Cd in M. truncatula was enhanced by AM fungi symbiosis. Some previous studies have shown that plant uptake of heavy metals could be limited by symbiosis of AM fungi [31,32], but there was a similar increase tendency presented in the Huang et al. [33] and Audet et al. [34]. They explained whether AM fungi could provide the positive effects to improve the uptake and transport of Cd to above-ground part depends on whether cadmium is at a relative low concentration in soil (20 mg/Kg Cd). Besides, slight increases of the total cadmium content in root and shoot cells were observed in AM-Cd groups. Combined with the variations of soil characteristics and leaf electrolyte leakage between Cd and AM-Cd treatments (Figs. 3 and 4), we deduced two possible reasons on this phenomenon: the cell membrane permeability on cation could be enhanced with the joint action of AM symbiosis and Cd stress. Meanwhile the entry of heavy metals to M. truncatula cells could occur through the same transport systems applied for performing the uptake of macro and micronutrients. So this means AM fungi may regard Cd at low-level in plants as alternative elements via trans-membrane carriers involved in the uptake of magnesium (Mg), calcium (Ca), iron (Fe), zinc (Zn) and copper (Cu) and sequentially promoted the uptake and transfer of low-level Cd [15,35]. Furthermore, the cell wall is regarded as the first defense barrier in cells contains a wide range of additional compounds such as cellulose, xylan and lignin, which is prone to combine with cationic charge [36]. In our work, the biggest amount of Cd collected in the cell wall fraction, with less in organelle fraction and the least in soluble fraction, both for the shoot and root cells. For shoot cells, the cell wall portion of Cd was increased by 14.02% and the proportion of soluble and organelle fractions were decreased by 3.69% and 4.16% respectively. For root cells, the cell wall fraction was increased by 13.57%, and the soluble and organelle fractions were decreased by 10.33% and 9.41%. The concentration of Cd in the cell wall fraction was increased more than in the shoot part, indicating that AM fungi mainly play a moderating Cd toxicity role in the root cells. In fact, there are three procedures occurred in AM fungi symbiont for metal elements transportation to plant cell, including an energy-dependent process from soil to fungal cytoplasm, then translocation to root cells via cytoplasmic streaming, and transferring in xylem from roots to shoots [37,38].
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Figure 3: Leaf electrolyte leakage of M. truncatula seedlings in each treatment. The same lowercases are not significantly different at 0.05 levels of significance by the Duncan’s test
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Figure 4: Changes in soil of pH, CEC and organic matter as influenced by different treatments. Different shape bars represent ± standard errors in treatment means and same lowercases are not significantly different at 0.05 levels of probability

3.3 Increase of Leaf Percentage of Electrolyte Leakage by AM Symbiosis under Cd Stress

This index was used to assess cell membrane permeability in relation to Cd stress [39]. In this work, the leaf percentage of electrolyte leakage was decreased significantly both in Cd and AM treatments compared to the control and AM-Cd groups. The reduction of the leaf percentage of electrolyte leakage in AM groups was similar with the investigation of Arthikala et al. [40], who presumed AM fungi could down-regulate plant cell death via decreasing electrolyte leakage in plant cells. Besides, the analogous observation was also found in Arthikala et al. [40] that the decrease of electrolyte leakage in AM treatments indicated successful colonization and more ions such as phosphate ion uptake and store in the AM fungi-symbiont. The decrease of leaf percentage of electrolyte leakage was also shown in Cd groups indicated that M. truncatula leaf cell membrane permeability was inhibited (Fig. 3). With occurrence of Cd, the ionic homeostasis, nitrogen and carbon metabolism of plant could be stunted even causing chlorosis, thus lower absorption of nutrients ions by plant tissues [41]. Moreover, Cd have strong affinity for nitrogen, sulfur ligands and proteins and competed preferentially compared with other nutrient ions such as manganese [42,43].

Combined with AM fungi, the increase of M. truncatula leaf cell membrane permeability may be due to AM fungi induce Cd ions efflux through cell membrane-associated Ca2+ transporter and displacement of Ca2+ pooled in cell wall fraction [36,44], indicating that AM fungi could improve membrane stability and tolerance of symbiotic plants under Cd stress. Results revealed that the decrease by the percentage of electrolyte leakage of the M. truncatula leaves in Cd groups could be a self-protection mechanism of plants to prevent nutrition ions efflux and the flow of toxicity ions [1].

3.4 Changes of Cd Speciation Portion in Rhizosphere Soil

The toxicity of soil contaminated with heavy metals is primarily determined by its metal speciation not only its concentration. In our study, five-part sequential extraction Tessier’s method was used to evaluate the influence of AM fungi on the transformation among five forms of cadmium. Adhering to this approach, the metals are partitioned into five fractions and the mobility and bio-toxicity of metals decreased in the order of exchangeable, carbonate, Fe-Mn oxide, organic and residual [45].

The concentration of Cd in each fraction was presented in Tab. 1. The proportion of former four speciation of Cd decreased in AM fungi treatment compared to Cd groups, significantly in exchangeable and carbonates-bounded speciation (P < 0.05). Heavy metal speciation is influenced by a series of basic properties in soil and one of the most important factors considered to manage soil heavy metal toxicity is soil pH [46]. The acid soluble fraction (including exchangeable and carbonate phases) was significantly decreased by 28.98% and 11.83% respectively under AM-Cd treatment compared to Cd treatment. As described by Sungur et al. [47], the acid soluble fraction of metal ions has a strongly positive correlation on heavy metal extractability and bio-availability. Meanwhile, the soil pH value decreased significantly in Cd-added groups whilst increased in AM-Cd treatments (Fig. 4a), which could be an assuasive strategy of AM fungi on Cd-polluted soil acidification. By contrast, the residual fraction of Cd speciation consisting of chemically stable and bio-inactive metals has a negative correlation with heavy metal bioavailability, affecting the extraction rate of heavy metals from plants.

Table 1: Cd speciation portion in rhizosphere soil under Cd and AM-Cd treatments
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Note: Values are means of standard error, where the * represents significant difference in data

In this study, the proportion of residual form of Cd speciation was increased by 20.29%, indicating AM fungi could alleviate the toxicity of Cd speciation as well as the environmental risk of Cd. Furthermore, both the Fe and Mn oxides-bounded and organic forms of Cd speciation were decreased by 4.61% and 5.95% respectively with comparison Cd groups. It is worth noting that AM-Cd increased the content of reducible speciation compared with Cd groups, indicating that AM fungi could reduce the Cd movability and alleviate Cd stress on themselves and symbiotic plants via metabolism. We presumed that AM fungal exudates such as glomalin contribute to the bioavailability of Cd, appearing to play a role in heavy metal immobilization [48].

3.5 Changes of Soil Properties Contributing to Detoxification

The availability of cadmium is influenced by a series of soil characteristics, including pH, CEC, and organic matter content and et al., and among them pH is the foremost [49]. To evaluate the mobilization potential of cadmium, these parameters were measured and presented in Fig. 4, respectively. The soil characteristics in four groups were alleviated by AM fungi symbiosis under Cd stress. Cd stress affected the soil original properties condition significantly in a negative way meanwhile organic matter and CEC decreased whilst AM fungi symbiosis mitigated this impact in comparison with control.

In Fig. 4a, there was no statistically difference on pH value between control and AM treatments (P > 0.05), whilst the pH value was decreased significantly and the soil acidification was intensified under Cd treatment (P < 0.05), which is consistent with the findings of Zhu et al. [50] that cadmium bio-availability increased following pH value decreased and there is a negative correlation between pH and metal sorption in soil proved by Elbana et al. [41]. To minimize the toxicity of cadmium, plants developed varieties of cellular and molecular strategies for their detoxification, including secretion humic acid for more capture of bio-availability cadmium stored in subcellular sequestration, which belongs to one of the possible explanations for soil acidification under Cd stress [51]. It is worth noting that the pH value in AM-Cd treatments had a significant increase compared to Cd groups (P < 0.05), which were possibly due to a secretion from AM fungi called glomalin with monomer structure. Although haven’t been fully established, the structure of this secretion could reduce cadmium mobility in soil via hydrophobic interaction combined with H+ as well as cation metal ions [15].

The variation tendency of soil CEC was consistent with that of pH (Fig. 4b). The CEC content in Cd groups was decreased significantly compared to all treatments (P < 0.05). A similar observation was confirmed by Honma et al. [21] that the soil CEC is strongly negatively correlated with exchangeable cadmium and positively with inorganically bound cadmium. This was largely depended by variation on soil of total C, clay, and amorphous iron and aluminum oxides closely related to active Cd forms [52]. Since inner-sphere complexes, one of the chemical binding means in reactive sites of soil inorganic constituents, can form firm metal hydroxides [53]. The soil CEC of AM treatment was lower than in the control group and higher than the Cd stress with AM application group but without statistical difference (P > 0.05). The results were similar with the results of Fang et al. [54]. Here, we outlined two potential mechanisms between AM symbiosis and soil CEC as followed: Firstly, AM fungi prefer utilizing nutrient cation such as NH4+ in soil generally that we observed CEC had a slight decrease as compared to the control [54]; Secondly, under cadmium stress, CEC increased with AM fungi inoculation, enabling the soil to absorb more cation potentially (such as N, Ca, S, K, Zn), which may be a dilution protective mechanism to reduce cadmium toxicity on plant symbiont [55].

Cation exchange capacity is capable of holding nutrients in soils and has a positive correlation with metal ions absorbability [21], therefore the organic matter in soils was increased significantly with AM treatments with comparison to control and Cd groups (Fig. 4b). There are other possible evidences leading this increased phenomenon that AM fungi, as well as called “soil fertilizer”, have high affinity with total phosphorus, soil microorganisms, organic carbon and matter due to their strong extra-radicul mycelium and big surface area in hype [56]. In Fig. 4c, AM fungi increased total soil organic matter compared to control (P < 0.05), which occurrence supported by the speculation of Daynes et al. [57]. However, the content of organic matter was dramatically decreased in Cd treatments, whilst this inhabitation effect was alleviated in AM-Cd treatments compared to Cd groups, though AM-Cd treatments had a slight decrease with comparison to control.

4  Conclusion

In this metal-behavior survey, we have focused on the relationship between soil properties and Cd speciation with AM fungi symbiosis. AM fungi as a soil buffer among phytoremediation could reduce the mobility and bioavailability of Cd in soils via alleviating the acidification of soil as well as increasing the content of CEC by dilution action in soil under the toxic effect of Cd. In addition, the content of organic matter in soil were also promoted due to the fertilizer function of AM fungi. We also recognized the role of AM fungi played at the subcellular level of Medicago sp. that more Cd was accumulated in the cell wall fraction to increase the plant tolerance to heavy metal with AMF application under Cd stress. Herein, application of AM fungi in Cd treatments performed to inhibit the appearance of Cd toxicity symptoms, including the improvement of leaf electrolyte leakage, root elongation, seedling growth and biomass. However, since this work was conducted under lab scale condition, further researches applied into natural ecosystems in comprehension of metal behaviors affected by AM fungi symbiont are necessary to utilize efficient bio-inoculants as well as considerable the Cd concentration levels and host plant species.
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