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Arbuscular mycorrhizal fungi (AMF) can form symbiotic relationships with most terrestrial plants and regulate the uptake and distribution of antimony (Sb) in rice. The effect of AMF on the uptake and transport of Sb in rice was observed using pot experiments in the greenhouse. The results showed that AMF inoculation increased the contact area between roots and metals by forming mycelium, and changed the pH and Eh of the root soil, leading to more Sb entering various parts of the rice, especially at an Sb concentration of 1,200 mg/kg. The increase in metal toxicity further led to a decrease in the rice chlorophyll content, which directly resulted in a 22.7% decrease in aboveground biomass, 21.7% in underground biomass, and 11.3% in grain biomass. In addition, the antioxidant enzyme results showed that inoculation of AMF decreased 22.3% in superoxide dismutase, 9.9% in catalase, and 20.7% in peroxidase compared to the non-inoculation groups, further verifying the negative synergistic effect of AMF inoculation on the uptake of Sb in rice. The present study demonstrated the effect of AMF on the uptake and transport of Sb in the soil–rice system, facilitating future research on the related mechanism in the soil–rice system under Sb stress.
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HIGHLIGHTS


-AMF should reduce the plant physiological character like decrease in chlorophyll and biomass under different concentration of Sb in the soil-rice system.

-AMF inoculation leading to more Sb entering various parts of the rice.

-Inoculation of AMF increased metal toxicity further led to a decrease in rice biomass.

-The activity of antioxidant enzyme decreased further verifying the negative synergistic effect of AMF inoculation on the uptake of Sb in rice.





INTRODUCTION

Antimony (Sb) is a carcinogenic element. Excessive Sb exposure leads to serious health consequences for humans, causing damage to the respiratory, cardiovascular, and urinary systems (Schnorr et al., 1995). Therefore, Sb was listed as a priority pollutant by the European Union (Filella et al., 2002) and the Environmental Protection Agency (Wei et al., 2015). Moreover, the antimony compound was listed as group 2B by the International Agency for Research on Cancer (IARC) (Saerens et al., 2019), and a restrictive pollutant by China. At present, the main sources of Sb pollution are anthropogenic activities, such as mining, metallurgy, alloy, fireproof materials, and medicines (Fan et al., 2016). In China, Sb concentrations in the soil can reach 3,365–5,949.2 mg/kg in the surrounding area of Sb mines at LengShuiJiang, Hunan province (Li et al., 2018; Zhang Q.M. et al., 2020; Zhang Y.X. et al., 2020), and the Sb content in paddy soil surrounding Xikuangshan was over 1,500 mg/kg (Okkenhaug et al., 2012). Although Sb is a non-essential element to plants, Sb in the soil can readily accumulate in plants and enter the food chain. Rice is a staple food crop, providing for 3 billion people in the world (Ren et al., 2014). Therefore, rice safety is crucial to the global population. The World Health Organization (WHO) reported that rice is the major pathway for Sb to enter the food chain, accounting for 33% of the intake of Sb in the human body. Wu et al. (2011) reported that the Sb concentration of rice can reach up to 0.93 mg/kg near the XiKuangShan mine. The tolerable daily intake (TDI) of Sb near the XiKuangShan mine is 1.54-fold higher than the WHO recommended value (Wu et al., 2011). Therefore, research on rice uptake and transport of Sb in soil–rice systems for food safety has become particularly important.

Microorganisms are essential components in soil–plant systems. The interaction between microorganisms and plant is important component in ecosystem, and was considered as an important partner that regulate local and systemic mechanisms in plant (Meena et al., 2017). Therefore, it is inevitable to consider the effect of microorganisms on the uptake and transport of Sb in soil–rice systems. AMF are a category of beneficial microorganisms in which all species identified belong to Glomeromycota (Redecker et al., 2013), and AMF can form symbiotic relationships with more than 80% of terrestrial plants (Wang and Shi, 2008). A large number of papers have reported AMF can form symbiosis with rice (Chen et al., 2017; Parvin et al., 2019). For example, Parvin et al. (2019) used high throughput Illumina sequencing found that there were 77 operational taxonomic units (OTUs, based on a sequence similarity threshold of 97%) from eight AMF families from 45 rice fields. In addition, AMF can form symbioses with plants when the plants are exposed to excessive Sb (Wei et al., 2015; Pierart et al., 2018; Xi et al., 2021). AMF accelerate the growth of plants by improving essential mineral element uptake, changing the root structure of host plants, and increasing heavy metal resistance (Solís-Domínguez et al., 2011; Hernández-Ortega et al., 2012). For instance, He et al. (2014) observed that inoculation with Glomeraceae had a significantly positive effect on plant growth, especially at high concentrations of heavy metals, compared to plants not inoculated with Glomeraceae. Furthermore, there are numerous reports on the effect of AMF on the uptake of Sb in plants. For example, under Sb exposure, AMF improved Sb absorption in carrots (Pierart et al., 2018) and Cynodon dactylon (Wei et al., 2016), whereas the opposite result was observed in maize (Shen et al., 2017). However, only a few studies have reported the effect of resistant bacteria on the uptake of Sb from soil–rice systems. For instance, Long et al. (2021) reported that an Sb-resistant bacterium can alter the iron plaque distribution of rice roots thus affect the uptake of Sb by rice, and Sun et al. (2019) found that when rice was exposed to antimony, different flooding conditions resulted in different microbial community structures. Therefore, based on above analysis, we speculated that AMF may be formed symbiotic relationship with rice, and, affect rice on Sb uptake and distribution.

To investigate the effect of AMF on the uptake of Sb in rice, we designed a comparative experiment of AMF inoculation with non-inoculated tests and measured chlorophyll, antioxidant enzymes, and Sb adsorption in different parts of rice plants using inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7500, Agilent Technology, United States), the chlorophyll meter (SPAD-502 Plus, Tuo Pu, China), and ultraviolet and visible spectrophotometer technology (Agilent 8453, Agilent Technology, United States). The aim of this study was to: (1) measure biomass and chlorophyll to elucidate the effect of AMF on growth and physiology; (2) determine the effect of AMF on the chemical properties of rhizosphere soil by measuring pH and redox potential (Eh); (3) determine the effect of AMF on the uptake of Sb by measuring the Sb concentration of different plant parts and Sb speciation; and (4) further analyze the activities of several typical antioxidant enzymes to evaluate the effects of AMF on the accumulation of Sb in rice. These results will further reveal the distribution and morphology of Sb in rice under the presence of AMF, which will help us better understand the migration and transformation of Sb in soil-rice system after AMF inoculation and the related effects on food crops.



MATERIALS AND METHODS


Soil, Fungi, and Plants

Soil was collected from Hunan Agricultural University in Hunan Province, China (113°5′23″E, 28°11′24″N). It was air dried and passed through a 2-mm sieve. The soil was then sterilized by autoclave steam for 2 h at 121°C under 0.1 MPa pressure. Four soil Sb concentrations (0, 300, 600, and 1,200 mg Sb/kg) were prepared by adding an appropriate volume of potassium pyroantimonate [KSb(OH)6] stock solutions (0, 300, 600, and 1,200 mg Sb/kg as K2H2Sb2O7⋅4H2O in ultrapure water) to the soil and then adding ultrapure water (Millipore-Q water, 18 Ω⋅cm) to maintain field capacity. The soil was aged for 4 weeks before being used in the experiment.

AMF (Glomus mosseae, BGC NM01A) was obtained from the Beijing Academy of Agriculture and Forestry Sciences, which contained the spores and hyphae of AMF and the rhizosphere soil of cultivated AMF.

Rice seeds (Oryza sativa L., Xiangwanxian No. 12) were purchased from the Hunan Rice Research Institute. They were surface-sterilized by soaking in 10% H2O2 solution for 20 min and then rinsed with ultrapure water five times to clear the residual H2O2. The seeds were wrapped in aseptic wet gauze placed in the FPQ multi-stage artificial climate box for 3 days in the dark for germination. The wet gauze was changed every 6 h. The germinated seeds were transferred to a 5.4-L polyvinyl chloride plate with 32-orifices containing aseptic soil substrate in the FPQ multi-stage artificial climate box and were cultured for 3 weeks. For 1 week, 10 mL 0.5-strength Hoagland nutrient solution was added to the orifices at the three leaf stage; thereafter, full strength Hoagland nutrient solution was used (Ren et al., 2014). The ratio of the light-to-dark cycle was 14–10 h with 180–240 μmol/(m2⋅s) sodium light. The temperature of the light period and that of the dark period were kept at 27 ± 1 and 20 ± 1°C, respectively. The relative humidity was maintained at 65–70%.



Pot Experiment Design

In the pot cultural experiment, rice was selected as the host plant, and Glomus mosseae was used as the inoculum. Two series of soil, which had four Sb concentrations (0, 300, 600, and 1,200 mg/kg) in each series, were prepared and used for rice growth. For each Sb concentration, three parallel pots, with each pot containing 5 kg of soil, were employed. The first series was inoculated with inactive AMF (M−); the second series was inoculated with active AMF (M+). The AMF in the first series was inactivated by autoclaved steam for 2 h at 121°C under 0.1 MPa pressure and then put into each pot. The rice seedlings at the four-leaf stage of a similar size and shape from culturing were selected and planted in each pot. Three seedlings were planted in each experimental pot. The base fertilizer was composted of CO(NH2)2, Ca(H2PO4)2, and KCl, and the respective rates were 1, 1, and 1.5 g/kg soil (He and Yang, 1999). The experiments were conducted in the greenhouse of the Chinese Research Academy of Environmental Sciences in Beijing. After 120 days, the rice plants were harvested.



Infection of Rice by Arbuscular Mycorrhizal Fungi

AMF infection of rice root was determined after 30 days of transplanting. The method of infection was measured according to Vierheilig et al. (2005) with some modifications. The fresh roots were cleared with deionized water, and then cut into 2-cm root segments. Cleared roots were added into stationary liquid for 24 h which contained formaldehyde, acetic acid and 50% ethanol, and the volume of rates were 13, 5, and 200, respectively. After cleaned, the root segments were transferred to the 50-mL beaker which contained 10% KOH. Then the beaker was in water bath at 90°C for root segments transparent. 5% acetic acid were added to root segments for acidification. The root segments were stained with 5% ink-vinegar for 5 min and cleared with tap water which contained several drops acetic acid. The root segments were then transferred to glass slide and added 2 drops of lactic acetic acid. The root segments were observed under a microscope (LIOO JS-750T, Germany).



Biomass of Rice and Chlorophyll Content of Rice Leaves

After harvesting, rice plants were rinsed with deionized water five times. The plants were cut into roots, stems, leaves, and grain by ceramic scissors and then dried in an oven for 72 h at 65°C. All parts of the rice plant were weighed with an electronic balance. Each part was weighed three times, and the average was taken.

The middle of the sixth top leaf was used to measure the chlorophyll content with a chlorophyll meter. Each part was measured three times, and the average was taken.



Antimony Concentration in Rice and Antimony Speciation in Rice Plants

The roots, stems, leaves, and grain of rice were freeze dried with a FD5-series freeze dryer (SIM, United States), and 100 mg of each sample was transferred to a digestion vessel containing 2 mL HNO3. The digestion vessel was sealed and digested in a microwave instrument (CEM, United States) for 2 h according to the digestion procedure (Supplementary Table 1), after cooling to room temperature. The digestion tubes were opened and transferred to a water bath (90°C) until the digestion solution became clear. Then, it was cooled to an ambient temperature. The solution was diluted with 1% HNO3 to 50 mL and filtered through a 0.45-μm polyether sulfone membrane before being analyzed by ICP-MS. The certified reference material, tomato leaves (ESP-1, China National Environmental Monitoring Center reference material), was used for quality control.

The method for measuring Sb speciation in rice plants was done according to Okkenhaug et al. (2012) with some modifications. After being frozen and dried, the rice roots were cut into fragments with ceramic scissors. Plant samples (0.3000 g) were weighed into a 5-mL centrifuge tube containing 3 mL of 100 mM citric acid. The solutions were oscillated for 30 min at 50°C with a vortex centrifuge and centrifuged at 1,033 × g for 10 min. The supernatants were extracted once again with the above method. The extraction solutions of the two supernatants were filtered with a 0.45-μm polyether sulfone membrane and stabilized with 10 mL of citric acid. The solutions were measured by ICP-MS.



Soil pH and Redox Potential

The soil samples were air-dried, ground to a power with a quartz mortar, and filtered through a 2-mm sieve. The soil pH was determined based on a soil-to-deionized water ratio of 1:2.5. The soil–water mixture was stirred for 5 min and settled for 30 min. The supernatant was then measured with a calibrated pH meter (PHBJ-260, Lei Ci, China). The results were replicated three times.

The Eh value for rhizosphere soil was measured following the method previously described by Chen et al. (1997) with a platinum electrode. Briefly, the platinum electrode (0.5-mm diameter) was inserted to a depth of 5 cm within the rhizosphere soil to measure the Eh value at different positions in each pot. Each pot was measured three times, and the average was calculated.



Activity of Antioxidant Enzymes and Malondialdehyde Content

To prepare the enzyme solution, 3 g fresh rice leaves were added to a glass mortar containing 30 mL phosphate buffer (pH 7.8) at 4°C. The mixture was homogenized and transferred into a 50-mL centrifuge tube. This was followed by centrifuging for 15 min at 1,837 × g. The supernatant was collected and transferred to a 150-mL volumetric flask. The centrifugation process was then repeated once. Ultrapure water was used to obtain a solution volume of 150 mL in the volumetric flask. This solution was used to determine enzyme activities (superoxide dismutase, SOD; peroxidase, POD; catalase, CAT) and the content of malondialdehyde (MDA).



Superoxide Dismutase Assay

The SOD assay was performed according to Giannopolitis and Ries (1977). Briefly, 3 mL of SOD test solution were prepared by mixing 1.5 mL 0.05 mol/L phosphate buffer, 0.3 mL 130 mmol/L methionine (Met) solution, 0.3 mL 0.75 mmol/L nitroblue tetrazolium (NBT) solution, 0.3 mL 0.1 mmol/L disodium edetate dihydrate (EDTA-Na2) solution, 0.3 mL 0.02 mmol/L riboflavin, 0.05 mL enzyme solution, and 0.25 mL of deionized water. Phosphate buffer was used instead of enzyme solution for the control group. The solutions were kept in the dark and irradiated under 4,000 xl fluorescent lamps for 20 min. The absorbance was determined at 560 nm with an ultraviolet and visible spectrophotometer.



Catalase Assay

The CAT assay was performed using the method of Knörzer et al. (1996). In brief, 2.5 mL enzyme solution and 2.5 mL 0.1 mol/L H2O2 were mixed in 50-mL triangular flasks. The solution was then heated in a water bath for 10 min at 30°C. After heating, 2.5 mL 10% H2SO4 was immediately added to the triangular flask. KMnO4 (0.1 mol/L) was used to titrate the solution in the triangular flask after the solution became colorless, and the number of burettes was recorded. The enzyme solution of the control group was inactivated. CAT was measured at a wavelength of 240 nm by an ultraviolet and visible spectrophotometer.



Peroxidase Assay

To measure the activity of POD, 2.9 mL 0.05 mol/L phosphate buffer, 1.0 mL 2% H2O2, 1.0 mL 0.05 mol/L guaiacol, and 0.1 mL enzyme solution were added to a 10-mL test tube and immediately heated in a water bath for 15 min at 37°C. Then the test tube was immediately transferred to an ice bath, and 2.0 mL of 20% trichloroacetic acid (TCA) was added to terminate the reaction. This was followed by centrifuging at 2,871 × g for 10 min. The supernatant was collected and diluted with phosphate buffer to 20 mL. The activity of POD was measured at an absorbance of 470 nm by an ultraviolet and visible spectrophotometer. A control group was also prepared in the same procedure, except the enzyme solution was inactivated.



Malondialdehyde Content

The MDA content was assayed using Chakraborty et al. (2013). Enzyme solution (0.5 mL) was added to the centrifuge tube containing 1 mL 20% trichloroacetic acid (TCA) and 0.5% thiobarbituric acid (TBA). The mixture was incubated for 30 min at 95°C and then stopped by placing the tubes in an ice bath. The mixture was centrifuged for 10 min at 11,487 × g (GTR21-1, China). The absorbance of the supernatant, measured by an ultraviolet and visible spectrophotometer at 600 nm, was subtracted from the absorbance at 532 nm.



Statistical Analyses

The biomass, chlorophyll content, MDA content, Sb concentration in different parts, antioxidant enzymes, pH, and Eh data in rhizosphere soil were shown as the mean ± standard deviations (n = 3), except for the speciation of Sb in rice roots. All data were examined with one-way analysis of variance (ANOVA) combined with Student’s t-test (P < 0.05). The experimental data were analyzed with SPSS® 21.0 (SPSS, United States) software. The graphs were plotted with Origin 9.1 (OriginLab, United States).




RESULTS AND DISCUSSION


Effects of Arbuscular Mycorrhizal Fungi Inoculation on Biomass and Chlorophyll Content of Rice

In the same concentration of Sb polluted environment, the reduction of aboveground and underground biomass of rice in the AMF inoculated group was significantly enhanced compared with that in the AMF non-inoculated group (Figures 1A,B and Supplementary Table 2). As shown in Figure 1, AMF had little effect on both aboveground rice biomass and underground rice biomass without Sb contamination (concentration of Sb was 0 mg/kg). With the increase in Sb concentration, the negative effect of AMF on rice biomass gradually appeared and became more and more obvious, the same phenomenon can also be seen intuitively in Supplementary Figure 1. The degree of biomass reduction resulting from AMF inoculation was similar in both the aboveground and underground parts of rice. For example, AMF inoculated rice treated with a series dose (300, 600, and 1,200 mg/kg) of Sb resulted in a 5.63–22.78% reduction in aboveground biomass relative to that inoculated with inactive AMF, while the M+ group treated with Sb at the same concentration resulted in a 6.14–22.56% reduction in underground biomass relative to the M− group. In addition, significant linear correlations were observed between the concentration of Sb and biomass values of the M+ and M− groups (Figures 1C,D). The linear slope showed that, for both aboveground and underground biomass, the slope of the M+ group was significantly greater than that of the M− group. These results indicated that the heavy metal exposure levels in rice was the direct influencing factor leading to biomass reduction, and the addition of AMF could significantly aggravate this phenomenon. This is likely because AMF inoculation could make more Sb transfer from soil to the root of rice through mycelia, thus inhibiting the biomass of rice (Guo et al., 1996; Chen et al., 2003). This was observed in the microstructures of AMF infection on rice roots through the ink–vinegar staining method (Figure 2). In addition, our results found that inoculation with AMF inhibited plant growth in comparison with non-inoculated groups, the another possible reason may be that the cost of organic carbon obtained by AMF from plants was greater than that of other nutrients provided by AMF (Johnson et al., 1997; Liao et al., 2003; Citterio et al., 2005).


[image: image]

FIGURE 1. Effects of AMF on rice biomass of aboveground and underground. (A) Biomass of aboveground, (B) biomass of underground, (C) the liner relationship between biomass of aboveground and concentrations of Sb, (D) the liner relationship between biomass of underground and concentrations of Sb. DW represents dry weight. Error bar was calculated from three parallel samples. Error bars sharing no common letter indicate that biomass are significantly different at P < 0.05 level for treatments. The data are means ± standard deviations (SDs) (n = 3).



[image: image]

FIGURE 2. Microstructure of arbuscular mycorrhizal fungi infect the root of rice. (A,B) Vesicle in roots of arbuscular mycorrhizal fungi, (C,D) hypha of arbuscular mycorrhizal fungi in roots. ve represents vesicle, hy represents hypha.


AMF inoculation of rice significantly reduced chlorophyll content, and the chlorophyll content decreased with increasing concentrations of Sb (Figure 3 and Supplementary Table 3). Figure 3A showed that the chlorophyll content of the M+ groups was significantly lower than that of the M− groups at the same Sb concentration. Without heavy metal pollution, the chlorophyll content of the inoculated group was reduced by 1.17% compared with that of the non-inoculated group. When treated with a series dose (300, 600, and 1,200 mg/kg) of Sb, chlorophyll content was reduced 2.68–9.01% relative to those inoculated with inactive AMF rice (M− group). Chlorophyll is an important factor in plant photosynthesis, and its content directly affects the plant biomass (Felip and Catalan, 2000). Therefore, the effect of AMF inoculation on chlorophyll content in rice was consistent with that on biomass (Figure 1). This indicated that the growth of rice plants treated with Sb was further inhibited by AMF inoculation according to the decrease in chlorophyll content.


[image: image]

FIGURE 3. Effects of AMF on chlorophyll contents and MDA contents of rice leaf. (A) Chlorophyll content in the leaves, (B) MDA content in the leaves. FW represents fresh weight. Error bar was calculated from three parallel samples. Error bars sharing no common letter indicate that chlorophyll content and MDA content are significantly different at P < 0.05 level for treatments. The data are means ± SDs (n = 3).


We further measured membrane lipid peroxidation (MDA), and the results were shown in Figure 3B and Supplementary Table 3. The MDA content in the M+ groups was higher than that in the M− groups (Figure 3B), which demonstrated that the inoculation of AMF accelerated the degree of membrane lipid peroxidation and increased chloroplast membrane breakage, resulting in chloroplast leakage. MDA is one of the final products of membrane lipid peroxidation caused by membrane structure breakage, which increases the content and further reflects the degree of membrane structure breakage, such as in the cell and chloroplast membranes (Sun et al., 2013; Wu et al., 2019).



Effects of Arbuscular Mycorrhizal Fungi Inoculation on the Accumulation of Antimony in Rice

The decrease of biomass and chlorophyll content of rice after AMF inoculation were mainly related to the change of Sb content and its existing form in rice after AMF inoculation. To verify the above hypothesis, we further studied the distribution and morphology of Sb in rice with or without AMF inoculation. The study found that Sb concentration of different tissues of rice increased with increasing Sb content, while inoculation with AMF accelerated the Sb absorption of rice at the same concentrations (Figure 4 and Supplementary Table 4). As shown in Figure 4, AMF had an insignificant effect on Sb absorption in rice at lower Sb concentrations (0 and 300 mg/kg). However, with the increase in Sb content, the concentrations of Sb in the AMF inoculated group was significantly higher than that in the non-inoculated group. When the concentration of Sb reached 600 mg/kg, the accumulation capacity of Sb in the roots, stems, and leaves of the M+ group was, respectively, 1.18, 1.21, and 1.13 times that of the M− group (Figures 4A–C). When the concentration of Sb increased to 1,200 mg/kg, the ability of AMF to enhance the metal accumulation for each rice part was further enhanced. The accumulation of Sb in the roots, stems, and leaves of the M+ group was, respectively, 1.20, 1.21, and 1.20 times higher than that of the M− group. Notably, the absorption ability of Sb for grain after inoculation with AMF was not obviously enhanced statistically (Figure 4D). This may be because Sb in the soil enters rice through the roots and migrates to different parts of the rice plant. The rice grains were the most link of the Sb migration and transfer pathway. Therefore, both the accumulation of Sb and the effect of AMF inoculation on the concentrations of Sb in grain were insignificant compared to those in other rice parts. Although AMF inoculation had no significant effect on the accumulation of Sb in grain, this negative effect still resulted in a significant decrease in the biomass of the grain and reduced the bioavailability of rice at high Sb concentrations (Supplementary Figure 2).
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FIGURE 4. Effects of AMF on Sb concentrations of rice. (A) Roots Sb concentration, (B) stems Sb concentration, (C) leaves Sb concentration, (D) grain Sb concentration. Error bar was calculated from three parallel samples. Error bars sharing no common letter indicate that Sb concentration are significantly different at P < 0.05 level for treatments. The data are means ± SDs (n = 3).


Symbiotic nets can be formed between rice roots and extraradical mycelium of AMF, and the symbiotic net can extend the contact area of plants with Sb in the soil, making Sb available for uptake by rice roots (Cejpková et al., 2016). This phenomenon was also confirmed in our microscope experiment (Figure 2 and Supplementary Figure 3), which caused further metal entering the rice and accumulating in various plant parts under conditions of AMF inoculation. In addition, the change of physical and chemical properties of rhizosphere soil was another reason for accelerating Sb accumulation by AMF inoculation. First, the addition of AMF significantly increased the acidity of the soil (Figure 5A and Supplementary Table 5), which was due to the fact that AMF exude amino acids, acetic acid, and citric acid and activate the acid phosphatase of plants (Willamson and Alexander, 1975; Wei et al., 2016). The increase in soil acidity will promote the transformation of Sb from carbonate mineral to a soluble state, making it easier for Sb to enter various rice parts from the roots (He, 2007; Ning et al., 2015). Second, at the same time, inoculation with AMF can also significantly increase the electronegativity of the soil (Figure 5B), which directly affects the speciation state of the metalloid Sb in soil, in particular the conversion between Sb(V) and Sb(III), while the toxicity of Sb(III) was approximately 10-fold higher than the toxicity of Sb(V) (Chai et al., 2016). To further verify this phenomenon, we measured the content of different speciation of Sb in rhizosphere soil. As shown in Figure 6, when the amount of Sb added to the soil was 300, 600, and 1,200 mg/kg, the ratio of Sb(III) in the M+ group was 52.81, 54.54, and 59.52%, respectively. Compared with this, the ratio of Sb(III) in the M− group was 48.76, 51.28, and 52.12%, respectively, and lower than that in the M+ group. More Sb(III) was absorbed by rice than Sb(V) due to molecule configuration. Additionally, Sb(III) was in the form of neutral Sb(OH)3 in the soil, whereas Sb(V) was in the form of Sb(OH)6– (Nakamaru and Altansuvd, 2014). Sb(OH)3 can enter the roots through aquaporins, which does not consume ATP (Feng et al., 2013). In contrast, plants might uptake Sb(OH)6– through low selectively anion transporters, such as Cl– and NO3– transporters, which requires ATP (Tschan et al., 2009). Furthermore, the negatively charged cell wall would hinder the transportation of similarly charged Sb(OH)6– to plants (Ren et al., 2014; Zhu et al., 2020). The combination of these factors made it easier for Sb(III) to enter rice than Sb(V). In conclusion, after inoculation with AMF, the contact area of rice root increased to absorb heavy metal, and soil properties changed. This influenced the presence of Sb, making it easier and more toxic to enter rice. These phenomena will lead to further enhancement of the metal poisoning in rice and cause a decrease in biomass, as shown in section of effects of AMF inoculation on biomass and chlorophyll content of rice.
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FIGURE 5. Effects of AMF on pH and Eh in rhizosphere soil. (A) pH, (B) Eh. Error bar was calculated from three parallel samples. Error bars sharing no common letter indicate that pH and Eh are significantly different at P < 0.05 level for treatments. The data are means ± SDs (n = 3).
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FIGURE 6. Effects of AMF on the proportion of Sb speciation in roots of rice.




Effect of Arbuscular Mycorrhizal Fungi on Oxidative Stress Reactions in Rice

In order to further verify that AMF inoculation was mainly due to increasing the content of Sb in rice, thus increasing the stress effect of heavy metals on rice, we further examined the antioxidant enzyme activity of the M+ and M− groups. Further analysis of the antioxidant enzymes revealed that AMF inoculation increased the degree of heavy metal contamination in rice and led to weak growth (Figure 7). When the plant is in a stable state, the antioxidant enzymes in its body are in a dynamic balance. When the plant is attacked by harmful factors such as heavy metals, the antioxidant enzyme activity will increase to alleviate abiotic stress, so antioxidant enzyme activity is an important factor in assessing the response to heavy metal stress (Meghnous et al., 2019; Rajabpoor et al., 2019).


[image: image]

FIGURE 7. Effects of AMF on antioxidant enzymes of rice. (A) SOD, (B) POD, (C) CAT. Error bar was calculated from three parallel samples. Error bars sharing no common letter indicate that SOD, CAT, and POD activity are significantly different at P < 0.05 level for treatments. The data are means ± SDs (n = 3).


In the present study, we measured the changes of three typical antioxidant enzymes, including SOD, CAT, and POD, in rice with and without AMF inoculation. As shown in Figure 7 and Supplementary Table 3, with the increased concentration of Sb, the response activities of the three antioxidant enzymes increased to different degrees, while inoculation with AMF decreased the corresponding values of the activities of the three antioxidant enzymes compared to non-inoculation AMF group. This phenomenon indicated that inoculation with AMF inhibited rice from activating the antioxidant enzymes to respond to heavy metal stress. In addition, the response of different antioxidant enzymes was different. For SOD (Figure 7A), the enzyme activity increased linearly with the increase in Sb concentration, because SOD was the first enzyme to defend against reactive oxygen species (ROS), and it could reduce the conversion of superoxide radicals ([image: image]) to hydrogen peroxide (H2O2) (Meier et al., 2011). When the concentration of Sb increased to 1,200 mg/kg, the enzyme activity of SOD was 3.40 times that of those without heavy metal addition, while the same enzyme activity of SOD was 3.11 times that without Sb addition after AMF inoculation. For POD (Figure 7B), the enzyme activity also increased linearly with the increase in Sb concentration; however, the increase in POD activity did not appear until the Sb concentration increased to 600 mg/kg, which may be because lower Sb concentrations could not activate the function of POD, which was to relieve the H2O2 produced by SOD (Bowler et al., 1992; Chai et al., 2016), so their activity response with the increase in metal concentration was behind that of SOD. Notably, the activity of POD for both the M+ and M− groups rapidly declined when the concentration of Sb was 1,200 mg/kg, because the tolerance of POD to Sb reached its limit, thus resulting in a significant decrease in enzyme activity (Hou et al., 2007; Chai et al., 2016). Interestingly, as shown in Figure 7C, when the concentration of Sb was below 1,200 mg/kg, the enzyme activity of CAT was not significantly changed, but when the concentration of Sb increased to 1,200 mg/kg, the enzyme activity of CAT increased rapidly. This may have occurred because the function of CAT and POD are to degrade hydrogen peroxide produced by SOD, and the response sensitivity of CAT may be poorer than that of POD (Kassa-Laouar et al., 2019). Therefore, when POD reached the upper limit of Sb tolerance, the stress response function of CAT was more activated. In addition, inoculation with AMF simultaneously reduced SOD, CAT, and POD activity in comparison to non-inoculated groups at the same Sb concentration, indicating that inoculation with AMF decreased antioxidant enzyme activity, resulting in more residual ROS in the leaves of rice, accelerating ROS damage to rice cells, and inhibiting rice growth.




CONCLUSION

This research elucidated that AMF plays a negative role in Sb transport in soil–rice systems. The presence of AMF increased the uptake of Sb in rice, thus aggravating the invasion of heavy metals. As a result, the chloroplast membrane of plants rupture, resulting in reducing photosynthesis and eventually leading to a significant reduction in the biomass of all parts of the plant, aboveground and underground. This was further corroborated by the decreased activity of various antioxidant enzymes caused by the enhanced stress response. Consequently, the presence of AMF would accelerate the invasion of Sb in rice. These phenomena will help us better understand the migration and transformation of Sb in soil-rice system in real natural environment. Such altered contaminant-accumulating capacities may significantly affect the availability and food safety of rice. Our research will further focus on screening the related proteins of Sb transport and regulatory network of Sb membrane protein to elucidate the molecular mechanism of AMF affecting Sb uptake and transport in rice roots. This aspect should be given consideration in the assessment of the effect of AMF on rice uptake of Sb, avoiding the health risks of rice consumption.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

MZ and XIL: conceptualization, methodology, data analysis and processing, visualization, and writing. XUL: sampling, investigation, and formal analysis. YM, RZ, HS, and HL: sampling and investigation. ZF: methodology and data analysis. YW and FW: research design, supervision, and funding acquisition. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the National Natural Science Foundation of China (Nos. 41907305, 41977294, and 52091544) and the Ministry of Science and Technology of the People’s Republic of China (No. 2020YF C1807700).



ACKNOWLEDGMENTS

We thank Letpub company for supporting in the language of this study.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.814323/full#supplementary-material



REFERENCES

Bowler, C., Montagu, M., and Inze, D. (1992). Superoxide-dismutase and stress tolerance. Annu. Rev. Plant Physiol. Plant Mol. Biol. 43, 83–116. doi: 10.1146/annurev.arplant.43.1.83

Cejpková, J., Gryndler, M., Hršelová, H., Kotrba, P., Řanda, Z., Synková, I., et al. (2016). Bioaccumulation of heavy metals, metalloids, and chlorine in ectomycorrhizae from smelter-polluted area. Environ. Pollut. 218, 176–185. doi: 10.1016/j.envpol.2016.08.009

Chai, L. Y., Mubarak, H., Yang, Z. H., Yong, W., Tang, C. J., and Mirza, N. (2016). Growth, photosynthesis, and defense mechanism of antimony (Sb)-contaminated Boehmeria nivea L. Environ. Sci. Pollut. Res. 23, 7470–7481. doi: 10.1007/s11356-015-5987-0

Chakraborty, S., Mukherjee, A., and Das, T. K. (2013). Biochemical characterization of a lead-tolerant strain of aspergillus foetidus: an implication of bioremediation of lead from liquid media. Int. Biodeter. Biodegradation 84, 134–142. doi: 10.1016/j.ibiod.2012.05.031

Chen, B. D., Li, X. L., Tao, H. Q., Christie, P., and Wong, M. H. (2003). The role of arbuscular mycorrhiza in zinc uptake by red clover growing in a calcareous soil spiked with various quantities of zinc. Chemosphere 50, 839–846. doi: 10.1016/S0045-6535(02)00228-X

Chen, J. X., Xuan, J. X., Du, C. X., and Xie, J. X. (1997). Effect of potassium nutrition of rice on rhizosphere redox status. Plant Soil 188, 131–137. doi: 10.1023/A:1004264411323

Chen, X. W., Wu, F. Y., Li, H., Chan, W. F., Wu, S. C., and Wong, M. H. (2017). Mycorrhizal colonization status of lowland rice (Oryza sativa L.) in the southeastern region of China. Environ. Sci. Pollut. Res. 24, 5268–5276. doi: 10.1007/s11356-016-8287-4

Citterio, S., Prato, N., Fumagalli, P., Aina, R., Massa, N., Santagostino, A., et al. (2005). The arbuscular mycorrhizal fungus Glomus mosseae induces growth and metal accumulation changes in Cannabis sativa L. Chemosphere 59, 21–29. doi: 10.1016/j.chemosphere.2004.10.009

Fan, J. X., Wang, Y. J., Fan, T. T., Dang, F., and Zhou, D. M. (2016). Effect of aqueous Fe(II) on Sb(V) sorption on soil and goethite. Chemosphere 147, 44–51. doi: 10.1016/j.chemosphere.2015.12.078

Felip, M., and Catalan, J. (2000). The relationship between phytoplankton biovolume and chlorophyll in a deep oligotrophic lake: decoupling in their spatial and temporal maxima. J. Plankton. Res. 22, 91–105. doi: 10.1093/plankt/22.1.91

Feng, R. Y., Wei, C. Y., Tu, S. X., Ding, Y. Z., Wang, R. G., and Guo, J. K. (2013). The uptake and detoxification of antimony by plants: a review. Environ. Exp. Bot. 96, 28–34. doi: 10.1016/j.envexpbot.2013.08.006

Filella, M., Belzile, N., and Chen, Y. W. (2002). Antimony in the environment: a review focused on natural waters I. occurrence. Earth Sci. Rev. 57, 125–176. doi: 10.1016/S0012-8252(01)00070-8

Giannopolitis, C. N., and Ries, S. K. (1977). Superoxide dismutases I. occurrence in higher plants. Plant Physiol. 59, 309–314. doi: 10.1104/pp.59.2.309

Guo, Y., George, E., and Marschner, H. (1996). Contribution of an arbuscular mycorrhizal fungus to the uptake of cadmium and nickel in bean and maize plants. Plant Soil 184, 195–205. doi: 10.1007/BF00010449

He, L., Yang, H. S., Yu, Z. X., Tang, J. J., Xu, L. G., and Chen, X. (2014). Arbuscular mycorrhizal fungal phylogenetic groups differ in affecting host plants along heavy metal levels. J. Environ. Sci. 26, 2034–2040. doi: 10.1016/j.jes.2014.07.013

He, M. C. (2007). Distribution and phytoavailability of antimony at an antimony mining and smelting area, Hunan, China. Environ. Geochem. Health 29, 209–219. doi: 10.1007/s10653-006-9066-9

He, M. C., and Yang, J. R. (1999). Effects of different forms of antimony on rice during the period of germination and growth and antimony concentration in rice tissue. Sci. Total Environ. 243, 149–155. doi: 10.1016/S0048-9697(99)00370-8

Hernández-Ortega, H. A., Alarcón, A., Ferrera-Cerrato, R., Zavaleta-Mancera, H. A., López-Delgado, H. A., and Mendoza-López, M. R. (2012). Arbuscular mycorrhizal fungi on growth, nutrient status, and total antioxidant activity of Melilotus albus during phytoremediation of a diesel-contaminated substrate. J. Environ. Manage 95, S319–S324. doi: 10.1016/j.jenvman.2011.02.015

Hou, W. H., Chen, X., Song, G. L., Wang, Q. H., and Chang, C. C. (2007). Effects of copper and cadmium on heavy metal polluted waterbody restoration by duckweed (Lemna minor). Plant Physiol. Biochem. 45, 62–69. doi: 10.1016/j.plaphy.2006.12.005

Johnson, B. N. C., Graham, J. H., and Smith, F. A. (1997). Functioning of mycorrhizal associations along the mutualism-parasitism continuum. New Phytol. 135, 575–585. doi: 10.1046/j.1469-8137.1997.00729.x

Kassa-Laouar, M., Mechakra, A., Rodrigue, A., Meghnous, O., Bentellis, A., and Rached, O. (2019). Antioxidative enzyme responses to antimony stress of serratia marcescens-an endophytic bacteria of Hedysarum pallidum roots. Pol. J. Environ. Stud. 29, 141–152. doi: 10.15244/pjoes/100494

Knörzer, O. C., Burner, J., and Böger, P. (1996). Alterations in the antioxidative system of suspension-cultured soybean cells (Glycine max) induced by oxidative stress. Physiol. Plant 97, 388–396. doi: 10.1034/j.1399-3054.1996.970225.x

Li, J. Y., Zheng, B. H., He, Y. Z., Zhou, Y. Y., Chen, X., Ruan, S., et al. (2018). Antimony contamination, consequences and removal techniques: a review. Ecotoxicol. Environ. Saf. 156, 125–134. doi: 10.1016/j.ecoenv.2018.03.024

Liao, J. P., Lin, X. G., Cao, Z. H., Shi, Y. Q., and Wong, M. H. (2003). Interactions between arbuscular mycorrhizae and heavy metals under sand culture experiment. Chemosphere 50, 847–853. doi: 10.1016/S0045-6535(02)00229-1

Long, J. M., Zhou, D. S., Li, B. Y., Zhou, Y. M., Li, Y., and Lei, M. (2020). The effect of an antimony resistant bacterium on the iron plaque fraction and antimony uptake by rice seedlings. Environ. Pollut. 258:113670. doi: 10.1016/j.envpol.2019.113670

Meena, K. K., Sorty, A. M., Bitla, U. M., Choudhary, K., Gupta, P., Pareek, A., et al. (2017). Abiotic stress responses and microbe-mediated mitigation in plants: the omics strategies. Front. Plant Sci. 8:172. doi: 10.3389/fpls.2017.00172

Meghnous, O., Dehimat, L., Doumas, P., Kassa-Laouar, M., Mosbah, F., and Rached, O. (2019). Oxidative and antioxidative responses to antimony stress by endophytic fungus Aspergillus tubingensis isolated from antimony accumulator Hedysarum pallidum Desf. Biologia 74, 1711–1720. doi: 10.2478/s11756-019-00305-z

Meier, S., Azcón, R., Cartes, P., Borie, F., and Cornejo, P. (2011). Alleviation of Cu toxicity in Oenothera picensis by copper-adapted arbuscular mycorrhizal fungi and treated agrowaste residue. Appl. Soil Ecol. 48, 117–124. doi: 10.1016/j.apsoil.2011.04.005

Nakamaru, Y. M., and Altansuvd, J. (2014). Speciation and bioavailability of selenium and antimony in non-flooded and wetland soils: a review. Chemosphere 111, 366–371. doi: 10.1016/j.chemosphere.2014.04.024

Ning, Z. P., Xiao, T. F., and Xiao, E. Z. (2015). Antimony in the soil-plant system in an Sb mining/smelting area of southwest China. Int. J. Phytoremediation 17, 1081–1089. doi: 10.1080/15226514.2015.1021955

Okkenhaug, G., Zhu, Y. G., He, J. W., Li, X., Luo, L., and Mulder, J. (2012). Antimony (Sb) and arsenic (As) in Sb mining impacted paddy soil from Xikuangshan, China: differences in mechanisms controlling soil sequestration and uptake in rice. Environ. Sci. Technol. 46, 3155–3162. doi: 10.1021/es2022472

Parvin, S., Geel, M. V., Yeasmin, T., Lievens, B., and Honnay, O. (2019). Variation in arbuscular mycorrhizal fungal communities associated with lowland rice (Oryza sativa) along a gradient of soil salinity and arsenic contamination in Bangladesh. Sci. Total Environ. 686, 546–554. doi: 10.1016/j.scitotenv.2019.05.450

Pierart, A., Dumat, C., Maes, A. Q., and Sejalon-Delmas, N. (2018). Influence of arbuscular mycorrhizal fungi on antimony phyto-uptake and compartmentation in vegetables cultivated in urban gardens. Chemosphere 191, 272–279. doi: 10.1016/j.chemosphere.2017.10.058

Rajabpoor, S., Ghaderian, S. M., and Schat, H. (2019). Effects of antimony on enzymatic and non-enzymatic antioxidants in a metallicolous and a non-metallicolous population of Salvia spinosa L. Plant Physiol. Biochem. 144, 386–394. doi: 10.1016/j.plaphy.2019.10.011

Redecker, D., Schüβler, A., Stockinger, H., Stürmer, S. L., Morton, J. B., and Walker, C. (2013). An evidence-based consensus for the classification of arbuscular mycorrhizal fungi (Glomeromycota). Mycorrhiza 23, 515–531. doi: 10.1007/s00572-013-0486-y

Ren, J. H., Ma, L. Q., Sun, H. J., Cai, F., and Luo, J. (2014). Antimony uptake, translocation and speciation in rice plants exposed to antimonite and antimonate. Sci. Total Environ. 475, 83–89. doi: 10.1016/j.scitotenv.2013.12.103

Saerens, A., Ghosh, M., Verdonck, J., and Godderis, L. (2019). Risk of cancer for workers exposed to antimony compounds: a systematic review. Int. J. Environ. Res. Public Health 16:4474. doi: 10.3390/ijerph16224474

Schnorr, T. M., Steenland, K., Thun, M. J., and Rinsky, R. A. (1995). Mortality in a cohort of antimony smelter workers. Am. J. Ind. Med. 27, 759–770. doi: 10.1002/ajim.4700270510

Shen, Y. Q., Wei, Y., Chen, Z. P., Zeng, Q. R., and Hou, H. (2017). Effects of arbuscular mycorrhizal fungi on growth, antimony uptake and antioxidant enzymes of maize under antimony stress. Res. Environ. Sci. 30, 712–719. doi: 10.13198/j.issn.1001-6929.2017.02.10

Solís-Domínguez, F. A., Valentín-Vargas, A., Chorover, J., and Maier, R. M. (2011). Effect of arbuscular mycorrhizal fungi on plant biomass and the rhizosphere microbial community structure of mesquite grown in acidic lead/zinc mine tailings. Sci. Total Environ. 409, 1009–1016. doi: 10.1016/j.scitotenv.2010.11.020

Sun, F., Yang, L. T., Xie, X. N., Liu, G. L., and Li, Y. R. (2013). Effect of chilling stress on physiological metabolism in chloroplasts of seedlings of sugarcane varieties with different chilling resistance. Acta. Agron. Sin. 38, 732–739. doi: 10.3724/SP.J.1006.2012.00732

Sun, W. M., Sun, X. X., Li, B. Q., Haggblom, M. M., Han, F., Xiao, E. Z., et al. (2019). Bacterial response to antimony and arsenic contamination in rice paddies during different flooding conditions. Sci. Total Environ. 675, 273–285. doi: 10.1016/j.scitotenv.2019.04.146

Tschan, M., Robinson, B. H., and Schulin, R. (2009). Antimony in the soil-plant system-a review. Environ. Chem. 6, 106–115. doi: 10.1071/EN08111

Vierheilig, H., Schweiger, P., and Brundrett, M. (2005). An overview of methods for the detection and observation of arbuscular mycorrhizal fungi in roots. Physiol. Plant 125, 393–404. doi: 10.1111/j.1399-3054.2005.00564.x

Wang, F. Y., and Shi, Z. Y. (2008). Biodiversity of arbuscular mycorrhizal fungi in China: a review. Adv. Environ. Biol. 2, 31–39.

Wei, Y., Chen, Z. P., Wu, F. C., Hou, H., Li, J. N., Shangguan, Y. X., et al. (2015). Molecular diversity of arbuscular mycorrhizal fungi at a large-scale antimony mining area in southern China. J. Environ. Sci (China). 29, 18–26. doi: 10.1016/j.jes.2014.10.002

Wei, Y., Su, Q., Sun, Z. J., Shen, Y. Q., Li, J. N., and Zhu, X. L. (2016). The role of arbuscular mycorrhizal fungi in plant uptake, fractions, and speciation of antimony. Appl. Soil Ecol. 107, 244–250. doi: 10.1016/j.apsoil.2016.04.021

Willamson, B., and Alexander, I. J. (1975). Acid phosphatase localised in the sheath of beech mycorrhiza. Soil Biol. Biochem. 7, 195–198. doi: 10.1016/0038-0717(75)90037-1

Wu, C. C., Li, F., Xu, H., Zeng, W. M., Yu, R. L., and Wu, X. L. (2019). The potential role of brassinosteroids (BRs) in alleviating antimony (Sb) stress in arabidopsis thaliana. Plant Physiol. Biochem. 141, 51–59. doi: 10.1016/j.plaphy.2019.05.011

Wu, F. C., Fu, Z. Y., Liu, B. J., Mo, C. L., Chen, B., and Corns, W. (2011). Health risk associated with dietary co-exposure to high levels of antimony and arsenic in the world’s largest antimony mine area. Sci. Total Environ. 409, 3344–3351. doi: 10.1016/j.scitotenv.2011.05.033

Xi, L., Shen, Y. Q., Zhao, X., Zhou, M., Mi, Y. D., Li, X. R., et al. (2021). Effects of arbuscular mycorrhizal fungi on frond antimony enrichment, morphology, and proteomics in Pteris cretica var. nervosa during antimony phytoremediation. Sci. Total Environ. 15:149904. doi: 10.1016/j.scitotenv.2021.149904

Zhang, Q. M., Gong, M. G., Liu, K. Y., Chen, Y. L., Yuan, J. F., and Chang, Q. S. (2020). Rhizoglomus intraradices improves plant growth, root morphology and phytohormone balance of Robinia pseudoacacia in arsenic-contaminated soils. Front. Microbiol. 11:1428. doi: 10.3389/fmicb.2020.01428

Zhang, Y. X., Song, B., Zhu, L. L., and Zhou, Z. Y. (2020). Evaluation of the metal(loid)s phytoextraction potential of wild plants grown in three antimony mines in southern China. Int. J. Phytoremediation 23, 1–10. doi: 10.1080/15226514.2020.1857685

Zhu, Y. M., Yang, J. G., Wang, L. Z., Lin, Z. T., Dai, J. X., Wang, R. J., et al. (2020). Factors influencing the uptake and speciation transformation of antimony in the soil-plant system, and the redistribution and toxicity of antimony in plants. Sci. Total Environ. 738:140232. doi: 10.1016/j.scitotenv.2020.140232


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Zhou, Li, Liu, Mi, Fu, Zhang, Su, Wei, Liu and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fmicb-13-814323-g001.jpg
1200

+ o &
- Q =
i : .
- O
| ' 9
= =
- o
-
© o
=
=2 =)
£ L
" =
o v
o
™
o
- O
o
©
r T T T T 1 f ~——— ~ - r r .y
= - @ v N © o N~ © To} <t ™
@ 10d/6) punoiBispun jo ssewolg (M@ 10d/6) punoibiepun jo ssewolg
= (]
o ® lm
+ . ot
S - Q
" F
N
[ e IO
= 3
=)
B s
© o
2
24 o
£ -3
Q
o W
o
o
o
- O
o™
o
I I 1 I 1 1 ﬂ > I 1 /Pa 1 1 O
o Q Q =] =) o N © O o~ © o
v - ™ N - < ® ™ -
(M@ 30d/6) punoibanoge jo ssewold (M@ 10d/B) punoiBanoge jo ssewolg

< )

Sb (mg/kg)

Sb (mg/kg)





OPS/images/fmicb-13-814323-i000.jpg





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Effects of Antimony on Rice Growth and Its Existing Forms in Rice Under Arbuscular Mycorrhizal Fungi Environment



		HIGHLIGHTS



		INTRODUCTION



		MATERIALS AND METHODS



		Soil, Fungi, and Plants



		Pot Experiment Design



		Infection of Rice by Arbuscular Mycorrhizal Fungi



		Biomass of Rice and Chlorophyll Content of Rice Leaves



		Antimony Concentration in Rice and Antimony Speciation in Rice Plants



		Soil pH and Redox Potential



		Activity of Antioxidant Enzymes and Malondialdehyde Content



		Superoxide Dismutase Assay



		Catalase Assay



		Peroxidase Assay



		Malondialdehyde Content



		Statistical Analyses







		RESULTS AND DISCUSSION



		Effects of Arbuscular Mycorrhizal Fungi Inoculation on Biomass and Chlorophyll Content of Rice



		Effects of Arbuscular Mycorrhizal Fungi Inoculation on the Accumulation of Antimony in Rice



		Effect of Arbuscular Mycorrhizal Fungi on Oxidative Stress Reactions in Rice







		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/cover.jpg
, frontiers
in Microbiology










OPS/images/logo.jpg
, frontiers
in Microbiology





OPS/images/fmicb-13-814323-g006.jpg
The proportion of Sb speciation (%)
N A ©® © O
o o o o o

-

[ ]Sb(V) [ Sb(iin)

M- M+ M- M+ M- M+
300 600 1200

Sb (mg/kg)





OPS/images/fmicb-13-814323-g007.jpg
1200

600

Sb (mg/kg)

300

c 1500 -

(

19)0.

1
o
!
I
.

d

(U

1
o
=)
&
B

T T 1
o o o
o o
w ™

)/jowr) Ayanoe qod

600

Sb (mg/kg)

300

A 200-

1
(-
(o]
©
19

(uieyoud

o
N
B/

o o o
co <

n) Aianoe gos

5.0

o'

T

Ty

< <
uieold (uiw-B

T

o

)

T

L}
0 o

™ ™
/Bw) Ayanoe | v

1
0
o

J

1200

600

Sb (mg/kg)

300





OPS/images/fmicb-13-814323-g004.jpg
M- [ M+

r
o

N
(M B

T
o
Q|

/Buw)

Tp)
uoneu

80U00 QS SWalS

< 250 -

<

00 -

1
o
T}

1 1
o o o
o wn

Sb (mg/kg)

1200

—
(@)
8] =
(®)]
=
—
e
w
a -
o
i
| | 1 1 I
-— -— o o o o

Q (\Q By/6w) uonesnueouod qs ulels)

Sb (mg/kg)

o . A>>
@ B/6w) uonesuaouod qs S100Y ¢y

Sb (mg/kg)

| 1 1 1 | I
L o L o uw o
(qY) od  d -—

q By/6w) uonesuaduod qs SeAea’





OPS/images/fmicb-13-814323-g005.jpg
A 7.5- B -250 -

[ Im- A+ v 2w

7.0- -200 . b
a a a

6.5- s & .

pH
Eh (mv)

6.0 -

5.54 n

AN

5.0

0 300 600 1200 0 600 1200
Sb (mg/kg) Sb (mg/kg)

w
o





OPS/images/fmicb-13-814323-g002.jpg





OPS/images/fmicb-13-814323-g003.jpg
B V- M+
C

Sb (mg/kg)

o o o o

o] < o o -
(M4 B/10wr) sjusjuoo yaw

L
o o

B V- [ M+

Sb (mg/kg)

L}
o
mn < < ™ o™ N

<« (peds) saAes| ay} ui Juayuod |jAydoiolyn





