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Arsenic (As) accumulation in plants is a global concern. Although the application of arbuscular mycorrhizal fungi (AMF) has been suggested as a potential solution to decrease As concentration in plants, there is currently a gap in a comprehensive, quantitative assessment of the abiotic and biotic factors influencing As accumulation. A meta-analysis was performed to quantitatively investigate the findings of 76 publications on the impacts of AMF, plant properties, and soil on As accumulation in plants. Results showed a significant dose-dependent As reduction with higher mycorrhizal infection rates, leading to a 19.3% decrease in As concentration. AMF reduced As(V) by 19.4% but increased dimethylarsenic acid (DMA) by 50.8%. AMF significantly decreased grain As concentration by 34.1%. AMF also improved plant P concentration and dry biomass by 33.0% and 62.0%, respectively. The most significant reducing effects of As on AMF properties were seen in single inoculation and experiments with intermediate durations. Additionally, the benefits of AMF were significantly enhanced when soil texture, soil organic carbon (SOC), pH level, Olsen-P, and DTPA-As were sandy soil, 0.8%–1.5%, ≥7.5, ≥9.1 mg/kg, and 30–60 mg/kg, respectively. AMF increased easily extractable glomalin-related soil protein (EE-GRSP) and total glomalin-related soil protein (T-GRSP) by 23.0% and 28.0%, respectively. Overall, the investigated factors had significant implications in developing AMF-based methods for alleviating the negative effects of As stress on plants.
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1 Introduction

Arsenic (As) contamination in agricultural soils is a common environmental issue that poses remarkable risks to human health and ecosystem sustainability (Wan et al., 2024). As a toxic metalloid, As can naturally occur in soils or be introduced through various human activities such as mining, industrial processes, and application of arsenical pesticides (Mawia et al., 2021; Gui et al., 2023). As contamination is a global issue in countries such as the United States, China, Argentina, Australia, Bangladesh, Chile, India, Mexico, Thailand, and Vietnam (Baruah et al., 2021; Wang et al., 2023; Jahandari and Abbasnejad, 2024). The As pollution in China is of grave concern, with the nation’s farmland soil arsenic levels averaging a concerning 11.83 mg/kg, significantly surpassing the global average of 7.20 mg/kg (Ren et al., 2022). As uptake by plant roots and its subsequent translocation to edible parts of plants can result in potential health risks throughout the food chain. According to the U.S. Agency for Toxic Substances and Disease Registry (ATSDR), As was classified as a top hazardous substance in the United States (Escudero-Lourdes, 2016). As exposure has been found to contribute to different cancer types such as skin, lung, liver, kidney, and bladder cancers (Zakir et al., 2022). Worldwide, the threat of As poisoning affects over 230 million people, with 180 million in Asia being especially vulnerable (Shaji et al., 2021). Hence, there is a growing attention to research on soil As pollution issues among researchers.

Arbuscular mycorrhizal fungi (AMF) are beneficial soil microorganisms, which form mutualistic symbiotic associations with roots in most land plant species (Hawkins et al., 2023). These symbiotic relationships play crucial roles in enhancing plant nutrient uptake, stress tolerance, and overall growth and development. Recently, several research works have highlighted the key role of AMF in the absorption, translocation, and accumulation of As in plants (Li et al., 2016; Alam et al., 2020; Mitra et al., 2022). AMF involvement may be crucial in decreasing As phytoavailability, which achieves this by stabilizing As through mycelium and glomalin (Wu et al., 2015; Zhang et al., 2020; Riaz et al., 2021). AMF mycelium forms a network in the soil, effectively immobilizing and trapping As to prevent its uptake by plants. In addition, glomalin, a glycoprotein produced by AMF, binds to and sequesters As to further reduce its availability for plant uptake (Maldonado-Mendoza and Harrison, 2018). These mechanisms, which are adopted by AMF to stabilize As, significantly contribute to lowering its potential impact on plants, enhancing agricultural system sustainability, and mitigating the risks associated with As contamination.

The interaction of AMF colonization and As accumulation holds great promise for ensuring safe food production and implementing bioremediation programs (Gupta et al., 2022). AMF inoculation effect on As concentration in soil–plant systems has been extensively studied by scholars all over the world. Singh et al. (2023) found that applying 10 g/kg Glomus mosseae significantly reduced arsenic in wheat grains (Singh et al., 2023). Gupta et al. (2021) reported that Rhizophagus intraradices inoculation counteracted As-induced changes in sugar metabolism, affecting enzyme activities related to starch phosphorylase, α-amylase, β-amylase, acid invertase, sucrose synthase, and sucrose phosphate synthase in leaves (Gupta et al., 2021). Under As stress of 25 mg/kg, the synergistic effect of Funneliformis mosseae and iron can reduce the toxic effects of arsenic by enhancing phosphorus uptake and increasing the activity of antioxidant enzymes in rice (Zhou et al., 2023). However, a comprehensive review of previous experimental studies revealed significant inconsistencies in the published results. Some research works have reported that AMF inoculation resulted in significant As concentration reductions in both roots and shoots of maize (Yu et al., 2009), while others have found increases in As concentration in maize roots (Long et al., 2021). Similarly, conflicting results have been reported in rice, with some research works showing no significant effect of AMF inoculation on total As concentration in rice grains (Zhang, X. et al., 2016), while some others have reported increased total and inorganic As concentrations in rice grains (Li et al., 2016). Several qualitative literature reviews have focused on the complex interaction frameworks of environmental and biological factors influencing AMF-mediated As concentration (Cabral et al., 2015; Neidhardt, 2021; Mitra et al., 2022; Tan et al., 2023). However, no comprehensive meta-analysis has been performed to quantitatively determine and evaluate the relationship between AMF and As concentration in plants under various environmental and biological conditions. Meta-analysis is a powerful method aimed at deriving broad generalizations by pooling and analyzing outcomes from multiple studies. Its fundamental goal is to provide a more comprehensive understanding than what can be obtained from individual primary studies alone. However, it is important to note that meta-analysis has limitations. The quality of each study included and the potential publication bias can influence the results of the meta-analysis. Additionally, the inclusion of new studies in the future may lead to updates and modifications in the conclusions of the meta-analysis. It is a dynamic process that requires continuous evaluation and consideration of new evidence (Gurevitch et al., 2018). Therefore, this research aims to 1) verify the impact of AMF inoculation on As accumulation in plants grown in As-contaminated soils; 2) quantify the effects of AMF on plant As concentration, considering various biotic factors (e.g., AMF root colonization rate, AMF inoculum type, AMF species, and plant family) and abiotic factors [e.g., soil texture, soil pH, and soil organic carbon (SOC)]; and 3) investigate the mechanisms supported by data as proposed in the literature. Additionally, potential future research directions regarding the interaction between AMF and As will be discussed.




2 Materials and methods



2.1 Bibliometric analysis using CiteSpace

CiteSpace is a new statistical analysis software widely used for bibliometric analysis and visualization in the academic community (Chen and Song, 2019). A systematic literature search was conducted from the Web of Science (WoS) Core Collection database on the topic of arsenic and arbuscular mycorrhizal fungi. A total of 227 publications from 1994 to 2024 were collected from the database and used CiteSpace software to visualize and analyze various aspects including annual publication volume, research countries, and keywords in this field (Supplementary Figure S1). The scientific knowledge mapping visualized by CiteSpace facilitated a better understanding of theoretical terms and provided some background knowledge for our meta-analysis work.




2.2 Literature collection

Peer-reviewed research papers on the subject were identified through the Web of Science (https://apps.webofknowledge.com) as of the end of December 2023. Search keywords included (As or arsenic or arsenite or arsenate) and (plant or crop) and (Arbuscular mycorrhizal fungi or AM or AMF) and (soil). The selected research articles for meta-analysis needed to meet the following criteria: 1) the research must be original and focus on plant performance in As-contaminated soils in response to AMF treatments. 2) The experiment must include both a control group (i.e., without AMF application) and a treatment group (i.e., with AMF application). 3) The research paper must include the mean and standard deviation values of As concentration in different tissues of plants. If no standard deviation was reported, one-tenth of the mean value was used instead (Luo and Zhang, 2006). 4) Each treatment and the control must have at least three replicates. 5) The experiment was conducted using sterilized soil or sand mixture. 6) The effect of AMF was determined in the absence of rhizobia so that the effect of nitrogen-fixing bacteria was eliminated. The literature selection procedure for the meta-analysis is shown in Figure 1, including a total of 76 research articles with 1,362 observations from different parts of the world (Figure 2).




Figure 1 | The flowchart of the literature selection procedure.






Figure 2 | Geographical distribution of 76 published research articles in the world.



Data in numerical form were extracted directly from the original literature or tables, and data in graphical form were extracted using WebPlotDigitizer 4.5 (https://apps.automeris.io/wpd/index.zh_CN.html). The extracted data were used to establish a database using Microsoft Excel 2016, including the following categories: authors, titles, published journals, publication date, plant species, AMF species, soil physical and chemical properties, P fertilizer application and the application rate, As concentration, dry weight, and P concentration and its standard deviation in different plant tissues. In the case of reporting a standard error (SE), the standard deviation (SD) is calculated by SD = SE *  .




2.3 Categorical independent variables

The effects of AMF on As concentration in different plant tissues were determined, including grain, husk, straw, shoot, and root tissues. To gain a better and more comprehensive understanding of how soil biotic and abiotic factors impact the response of selected variables to the experimental treatments, we classified those factors into 10 groups. These groups include both biotic factors (such as AMF inoculum type, AMF species, plant family, and experimental duration) and abiotic factors (such as soil texture, pH, SOC, soil DTPA-As, chemical forms of As, and soil Olsen-P levels).

The AMF inoculum type was classified into two categories: single and mixed AMF species. Single inoculation entailed using only one AMF species in the experiment, while mixed inoculation involved using multiple AMF species obtained from either field extraction or commercial suppliers. The species of AMF were classified into Rhizophagus irregularis, R. intraradices, G. mosseae, Glomus intraradices, Glomus caledonium, Glomus sp., Glomus geosporum, Glomus versiforme, Glomus etunicatum, and F. mosseae. Plant families were divided into Leguminosae, Pteridaceae, Compositae, Poaceae, Solanaceae, Plantaginaceae, and Melastomataceae. The experiment durations were categorized into three groups based on Lehmann and Rillig (2015): short with<56 days, medium with 56–112 days, and long with ≥112 days. According to the USDA Soil Classification (soils.USDA.gov), the soil texture included sandy and non-sandy soils. Sandy soil had a sand content of ≥50%. The soil pH had three levels: acid (pH< 6.5), neutral (pH 6.5–7.4), and alkaline (pH ≥ 7.4). The SOC also had three levels: low (SOC< 0.8%), medium (SOC 0.8–1.5%), and high (SOC ≥ 1.5%). Soil Olsen-P used as the background value was classified into two categories: deficiency (<9 mg/kg) and non-deficiency (≥9.1 mg/kg). P fertilizer application level was classified into three categories: low (<30 mg/kg), medium (30–60 mg/kg), and high (≥60 mg/kg). Soil DTPA-As used as the background value was divided into three categories: low (soil with final As concentration of<20 mg/kg or As added in irrigation water of<0.2 mg/L), medium (20–50 mg/kg or 0.2–1.0 mg/L), and high (≥50 mg/kg or ≥1.0 mg/L). The species of exogenous As were divided into As(III) and As(V). These categorization methods were used based on Lehmann and Rillig (2015) and Qiu et al. (2022).




2.4 Statistical analysis

The natural logarithm response ratio (lnR) method was used to calculate the effect size and variance of each set of data using MetaWin 2.1.

	

	

where lnR is the natural logarithm of the response ratio, defined as the effect size, XE is the averaged plant As concentration of the treatment group, XC is the averaged plant As concentration of the control group, and nE and nC are the number of replicates in the treatment group and the control group, respectively. SDE and SDC are the standard deviations of the treatment group and the control group, respectively.

To assess the overall variability of each variable, the QT statistic and the I2 index were used (Supplementary Table S1). If the included studies showed significant heterogeneity (p< 0.05), either a random-effects model (REM) or a fixed-effects model (FEM) was applied for analysis. Since our dataset had a p-value below 0.05, the appropriate choice for analysis was the REM. The entire dataset was then divided into different subgroups to investigate the source of heterogeneity. Before the weighted analysis, the software Origin 2019 was used to generate a frequency distribution histogram of lnR and fit the Gaussian function to determine the normality of the data (Supplementary Figure S2). The bootstrap method was employed to establish the 95% confidence intervals (CIs) for effect sizes across all study variables and categories. The percentage change in response was calculated as (R − 1) × 100%. The positive effect size and positive percentage change indicated that AMF inoculation promoted plant As accumulation, and the negative effect size and negative percentage change indicated that AMF inhibited plant As accumulation. Publication bias is a common issue in meta-analyses due to the tendency to not publish non-significant results. This study aimed to address this problem by utilizing two methods to evaluate potential publication bias. One method used was the calculation of Rosenthal’s fail-safe number using MetaWin 2.1. A fail-safe number equal to or greater than 5 * N + 10 (N representing the number of case studies) suggests a robust result. Another method employed was the use of funnel plots, where effect sizes were plotted against sample variances for lnR to assess publication bias. The data analysis results were then visually presented as color maps using Origin 2019 and as forest plots using GraphPad Prism 9.0.





3 Results



3.1 Effects of AMF on As concentrations, P/As ratio, and dry biomass in different tissues of plants

The effects of AMF on As concentrations in various tissues of plants grown on As-contaminated soil are illustrated in Figure 3. In comparison to non-mycorrhizal plants, those inoculated with AMF exhibited a significant reduction in total As concentration, with an average decrease of 19.3% (CI: −22.6% to −16.0%) (Figure 3A). Additionally, AMF inoculation resulted in an improvement in the nutritional status of plants, as evidenced by a mean increase of 33.0% (CI: 27.0% to 39.2%) in P concentration, 62.0% (CI: 52.1% to 71.7%) in dry biomass, and 64.9% (CI: 53.3% to 80.5%) in the P/As ratio (Figures 3B–D). The impact of AMF on the concentration of As in plants varied significantly among different plant tissues (Qb = 246, p< 0.01). There was a significant decrease in As concentration in grains, husks, leaves, shoots, and roots, with reduction rates of 34.1% (CI: −43.1% to −24.2%), 17.6% (CI: −32.8% to −2.5%), 32.8% (CI: −37.7% to −26.4%), 12.1% (CI: −17.6% to −5.8%), and 19.3% (CI: −24.5% to −13.5%), respectively. However, there was no significant effect on As concentration in straws (Figure 3A). It is worth noting that AMF inoculation significantly increased the grain dry biomass by 185% (CI: 91.9% to 328%) (Figure 3C). The application of AMF resulted in a significant reduction of As(V) concentration by 19.4% (CI: −33.4% to −2.34%), while no significant effect was observed on the concentration of As(III). Moreover, AMF application led to a significant increase in dimethylarsenic acid (DMA) concentration by 50.8% (CI: 11.0% to 115%) (Figure 3E).




Figure 3 | Effects of arbuscular mycorrhizal fungi (AMF) inoculation on total As concentration (A), P concentration (B), dry weight (C), and P/As ratio (D) in different tissues of plants and different valence As concentration (E) in plants. The value in the left bracket is the number of tests included in the analysis, and the value in the right bracket represents the size of the effect value. When the mean value is regular, there is a positive effect, and when it is negative, there is a negative effect. When CI does not overlap with 0, there is no significant effect. The same as below.






3.2 Effects of abiotic factors on As concentration in plants treated with AMF

The impact of AMF on plant As concentration varied based on the soil properties (Figure 4). Medium SOC content (0.8%–1.5%) exhibited the most significant reduction in plant As concentration, with a decrease of 21.4% (CI: −27.7% to −14.2%) (Figure 4A). In terms of specific plant tissues, medium SOC levels (0.8%–1.5%) were found to significantly decrease As concentration in grains, shoots, and roots (Figures 4B–D). Sandy soils exhibited a higher reduction in plant As concentration compared to non-sandy soils, with reductions of 21.5% (CI: −27.4% to −15.0%) and 18.1% (CI: −21.8% to −14.1%), respectively (Figure 4A). The effect of varying soil pH levels on As concentration was determined to be significant (Qb = 31.5, p< 0.01). Alkaline soil was identified as the most effective in reducing As concentration in different plant tissues mediated by AMF. Overall, there was a reduction in As concentration of 26.4% (CI: −30.1% to −21.9%) in total plants, 24.0% (CI: −33.7% to −11.8%) in grains, 29.2% (CI: −37.2% to −19.9%) in shoots, and 24.4% (CI: −38.4% to −9.64%) in roots (Figures 4A–D).




Figure 4 | Effects of different soil properties on As concentration in the total plants (A), grains (B), shoots (C), and roots (D) with arbuscular mycorrhizal fungi (AMF) inoculation.



Significant differences were observed among different levels of soil As concentration (Qb = 95.1, p< 0.01). Medium As concentration in the soil significantly inhibited As concentration in different plant tissues treated with AMF, resulting in reduction of 28.0% (CI: −33.5% to −22.4%) in total plants, 49.8% (CI: −59.1% to −40.3%) in grains, 14.0% (CI: −22.1% to −5.17%) in shoots, and 31.0% (CI: −39.5% to −21.0%) in roots (Figures 4A–D). Furthermore, significant inhibitory effects on As concentration were observed in soils containing deficient Olsen-P, with an average decrease of 23.3% (CI: −27.9% to −18.4%) (Figure 4A). Similarly, various abiotic factors influenced the impact of AMF on plant P concentration and dry biomass (Supplementary Figures S4, S6).




3.3 Effects of biotic factors on As concentration in plants inoculated with AMF

Significant differences were observed in the effects of different inoculation methods on plant As concentration (Qb = 211, p< 0.01). Single inoculation with AMF significantly decreased As concentration by 22.2% (CI: −25.3% to −18.8%). However, mixed inoculation showed a non-significant increase of 6.48% (CI: −5.33% to 19.4%) (Figure 5A). Moreover, there were significant differences in the effects of different AMF species on plant As concentration (Qb = 226, p< 0.01). Inoculation of F. mosseae and R. intraradices reduced As concentration by more than 30%, which was superior to other AMF species (Figure 6A). Additionally, the effects of AMF inoculation on As concentration in plants varied significantly among different families (Qb = 537, p< 0.01). In Leguminosae plants, the inoculation with R. intraradices resulted in the greatest reduction in As concentration (−44.9%, CI: −50.4% to −38.7%) (Figure 6B). The duration of the experiment did not have a significant effect on As concentration in plants (Qb = 6.78, p = 0.568) (Figure 5A). However, intermediate experiment durations significantly decreased As concentration in different plant tissues treated with AMF. This result led to a reduction of 60.1% (CI: −68.3% to −49.8%) in grains, 13.0% (CI: −19.6% to −5.96%) in shoots, and 20.3% (CI: −26.6% to −13.4%) in roots (Figures 5B–D). Similarly, various biotic factors influenced the impact of AMF on plant P concentration and dry biomass (Supplementary Figures S5, S7).




Figure 5 | Effects of different external factors on As concentrations in the total plants (A), grains (B), shoots (C), and roots (D) with arbuscular mycorrhizal fungi (AMF) inoculation.






Figure 6 | Effects of different arbuscular mycorrhizal fungi (AMF) species on As concentrations in total plants (A) and effects of AMF inoculation on As concentration in different plant families (B).



The meta-regression model results for the full dataset revealed a dose-dependent decrease in As concentrations in plants as the mycorrhizal infection rate increased (Figure 7A). Specifically, at mycorrhizal infection rates of 34.2% and 80.9%, the total As concentration in the plants decreased by 15% and 20%, respectively. The analysis also indicated a significant decrease in As concentration in shoots and roots as the mycorrhizal infection rate increased (Figures 7C, D). However, there were no significant impacts observed on the As concentration in grains (Figure 7B). Furthermore, the analysis demonstrated a significant linear positive effect of mycorrhizal infection rate on the effect size of P concentration and dry biomass (Supplementary Figures S8, S9).




Figure 7 | Relationships between mycorrhizal infection rate and effect size (As concentration) in plants (A), grains (B), shoots (C), and roots (D). The red lines represent the prediction of the meta-regression model. n: number of points. Significance of the model: ns, not significant; *significant at p< 0.05; **significant at p< 0.01. The right scales shown on (A, C) represent the values equivalent to the effect size in percentage of As concentrations change rates.






3.4 Effect of AMF treatment on As concentration in plants with P fertilizer

The study observed the influence of P fertilizer on the inhibitory effects of AMF on plant As accumulation. In the absence of P fertilizer, a significant reduction of 19.0% (CI: −22.3% to −15.8%) in plant As concentration was observed due to AMF. However, the presence of P fertilizer enhanced this reduction effect, resulting in a decrease of 24.7% (CI: −40.2% to −5.23%) in As concentration (Figure 5A). The effect of different P fertilizer conditions on plant As concentration showed a significant difference (Qb = 14.7, p< 0.01). Under low P fertilizer conditions (<30 mg/kg), AMF decreased As concentration by 16.8% (CI: −37.0% to 15.3%), although the effect was not statistically significant. Interestingly, under high P fertilizer conditions (≥60 mg/kg), AMF significantly decreased As concentration by 48.9% (CI: −70.6% to −9.07%) (Figure 5A).




3.5 Effect of AMF treatment on As concentration and P/As ratio in plants under As exposure

The analysis of the fitting curve revealed that an increase in P concentration in plants resulted in a lower concentration of As in mycorrhizal plants compared to non-mycorrhizal plants (Figure 8A). Additionally, it was observed that the P/As ratio was higher in mycorrhizal plants compared to non-mycorrhizal plants (Figure 8B). These findings suggested that the AMF treatments enhanced the P accumulation and the P/As ratio in plants, consequently decreasing the As concentration. Furthermore, a significant negative correlation (p< 0.05) was observed between the P/As ratio and the As concentration in both total plants and grains (Figures 8C, D).




Figure 8 | Relationships between P concentration and As concentration (A) and P/As ratio (B) in plants. Relationships between P/As ratio and As concentration in total plants (C) and grains (D). Red dots represent mycorrhizal plants (M-plants), and gray dots represent non-mycorrhizal plants (NI-plants). ns, not significant; significant at *p< 0.05 and *p< 0.01.






3.6 Effects of AMF on soil properties

To assess the changes in soil physical and chemical properties after AMF inoculation, we calculated the effect of soil pH, total As, easily extractable glomalin-related soil protein (EE-GRSP), and total glomalin-related soil protein (T-GRSP) in the AMF treatment group. The findings revealed that the AMF treatment had a significant effect on enhancing soil EE-GRSP and T-GRSP by 23.0% and 28.0%, respectively. However, there was no significant impact on the concentration of available As and soil pH (Figure 9).




Figure 9 | Change in soil properties induced by arbuscular mycorrhizal fungi (AMF) treatment.






3.7 Database and publication bias

From the extracted articles published by August 2023, a total of 76 articles met our selection criteria, and 1,362 data points were used for this meta-analysis. It was found that the fail-safe number was much higher than the threshold value (5 * N + 10, N is the number of case studies), indicating that these results were relatively robust (Supplementary Table S1). Additionally, the sample data points in the funnel plots were evenly distributed on both sides of the funnel, indicating the absence of publication bias (Supplementary Figure S3).





4 Discussion



4.1 How much does AMF treatment decrease total As concentration in plants and grains?

The results of the meta-analyses performed on the entire dataset demonstrated significant and dose-dependent effects of AMF inoculation on decreasing As concentration in plants (Figure 7A). In addition, the analysis showed that AMF treatment significantly decreased the overall As concentration of plants by 19.3% and significantly reduced As concentration in grains by 34.1% (Figure 3A). These results revealed the potential of AMF inoculation as a promising strategy for the mitigation of As contamination in plants. A conceptual flow diagram outlining the AMF-induced reduction of As accumulation in plants has been specifically discussed in the last paragraph of the Discussion section (Figure 10). In fact, AMF reduced As accumulation while increasing P, N, K, Mg, Ca, Fe, Zn, Mn, Ni, and Se levels in grains, indicating that AMF may assist in overcoming mineral deficiencies in populations that consumed wheat-based diets, especially in As-contaminated areas (Gupta et al., 2022). AMF can play a key role in enhancing nutritional value and addressing mineral deficiencies in affected populations. Hence, AMF-based strategies were found to have the potential to provide multiple nutritional benefits in As-contaminated regions. Through the promotion of the availability and uptake of essential minerals, mycorrhizal colonization improved the nutritional quality of grains and potentially contributed to addressing mineral deficiencies for populations with wheat-based diets, especially in As-contaminated areas. However, AMF can be potentially utilized in a conventional biofortification strategy to provide appropriate levels of minerals in grains and, thereby, help to overcome mineral deficiencies for populations with grain-based diets, especially in As-contaminated areas.




Figure 10 | A conceptual flow diagram of the role of arbuscular mycorrhizal fungi (AMF) in regulating As bioavailability and accumulation in the plants. The red arrow represents an increase in content or effect, and the blue arrow represents a decrease.



This research revealed that AMF treatment significantly decreased As(V) concentration but presented no significant effect on As(III) concentration (Figure 3E). Research indicates that AMF inhibited As uptake through plant roots by specifically inhibiting the high-affinity transport system, which was responsible for P uptake. This inhibition ultimately decreased As(V) absorption (Chan et al., 2013; Anawar et al., 2018). Our findings were supported by previous research studies. For example, Cattani et al. (2015) reported a significant reduction in As(V) concentration in the shoots and roots of AMF-inoculated maize, while As(III) concentration remained unaffected. Similarly, Yu et al. (2009) concluded that AMF inhibited As(V) accumulation in maize shoots, significantly lowering its uptake compared to non-mycorrhizal plants. However, its effect on As(III) uptake was not statistically significant. Indeed, AMF inoculation suppressed the activities of peroxidase, superoxide dismutase, and As(V) reductase, indicating that AMF colonization can prevent As(V) reduction to As(III). Consequently, As toxicity to plants was alleviated due to the decreased conversion of As(V) to more toxic As(III). AMF inoculation was found to play a key role in mitigating As toxicity in plants (Yu et al., 2009). In addition, AMF facilitated As methylation and volatilization, increasing the concentration of DMA and other organic substances. These findings provided valuable insights into the potential of AMF in mitigating As contamination in plants and highlighted its contribution to As detoxification processes (Li et al., 2022). Organic As toxicity is generally considered to be lower than that of inorganic As (Bali and Sidhu, 2021). Inoculation of plants with AMF could also lead to a 50.8% increase in DMA concentration (Figure 3E). This finding was consistent with the results obtained by Li et al. (2016), who reported a significant DMA concentration increase in rice grains following AMF inoculation. Others have reported that AMF contributed to detoxifying microbial As through processes such as methylation and volatilization (Li et al., 2018b).




4.2 How do soil factors affect As concentration in AMF-inoculated plants?

Although our meta-analysis revealed a significant dose-dependent AMF vaccination effect on decreasing As concentration in plants (Figure 7A), relatively poor data fitting the model were explained by large differences in experimental conditions (different plant species and varieties, growing periods, soil conditions, etc.) (Figures 4–6). According to our previous research findings (Figure 4A), soil-mediated AMF with moderate SOC levels (ranging from 0.8% to 1.5%) presented the maximum ability to decrease As concentration in plants. It is noteworthy that the amount of SOC can greatly influence AMF community structure (Qin et al., 2015). Specifically, high SOC levels increased the germination of AMF spores and mycelium and ultimately impacted AMF community composition in rhizosphere soils or roots (Luo et al., 2019). However, excessive levels of soil nutrients decreased the diversity and mycorrhizal benefits of AMF, hindering mycorrhizal symbiosis and weakening its ability to inhibit As uptake (Qin et al., 2020; Ma et al., 2021).

AMF exhibited a maximum As concentration reduction effect on plants in sandy soils or soils containing ≥50% sand, accounting for a plant As concentration reduction of 21.5% (Figure 4A). In contrast to sandy soils, non-sandy soils possessed greater adsorption capacities for As, and As was stabilized in the soil, which resulted in the reduction of its fluidity and solubility (Suriyagoda et al., 2018). Therefore, AMF inhibitory effect on As uptake was much more apparent in non-sandy soils. By increasing soil pH, AMF significantly reduced As concentration in host plants, which became especially pronounced under weak alkaline conditions (Figure 4A). As uptake by plants mainly depends on As bioavailability in soil (Kumarathilaka et al., 2018). As solubility and availability were increased as soil pH increased, leading to the release of large amounts of As in weakly alkaline soils (Yao et al., 2022). However, soil pH was the main environmental factor affecting the composition of the AMF community (Qin et al., 2015). Acidic soils inhibited AMF growth and spore germination, hindering AMF function (Liu et al., 2020). Therefore, we can conclude that the mycorrhizal effect was more pronounced in alkaline soils.

AMF exhibited the maximum reduction effect on the As concentration in plants at a medium As level. However, at higher levels of As in the soil, this inhibitory effect was weakened (Figure 4A). High concentrations of heavy metals and metalloids in soils can be toxic to plants, bacteria, and fungi (Parvin et al., 2019). Although AMF inoculation improved the tolerance of plants to As exposure, excessive concentrations of As in soils decreased the AMF colonization rate, negatively affecting their physiological activities and decreasing the host plant’s resistance to As symbiosis (Zhang et al., 2020). The physical and chemical properties of soils had significant effects on the AMF community, which in turn affected the germination of AMF spores and infection of hyphae, ultimately alternating As absorption and accumulation processes in plants (Tian et al., 2017; Xue et al., 2018). Strong interactions can occur between soil physicochemical properties and AMF. Therefore, further research is required to understand and optimize soil conditions under which AMF inoculation can have the most significant impact on the reduction of As concentration in plants and ecosystem protection. Meanwhile, further research is required to optimize AMF inoculation techniques, investigate genotype-specific responses, and evaluate long-term effects of AMF on As dynamics in different soil environments.




4.3 How do AMF inoculation methods modify As concentration in plants?

Our research revealed that several factors can influence the AMF effect on As concentration of plants. These factors included AMF inoculation species (Figure 6A), inoculation timing (Figure 5A), AMF colonization rate (Figure 7A), and host plants (Figure 6B). This was because various AMF species had distinct morphological properties, nutritional status, symbiotic efficiencies, and gene expression patterns during symbiotic interactions with plants. This research revealed a very interesting phenomenon: the interaction of AMF and crop plants affected As concentration. Maximum As reduction effects were obtained by G. geosporum and R. intraradices in Poaceae and Leguminosae (Figure 6B). From a food safety point of view, a significant reduction in As concentration of grains was highly desirable. This research also showed that certain varieties of Leguminosae exhibited significant suitability for AMF inoculation. Considering the significant importance of Leguminosae as a major crop plant, it was necessary to prioritize efforts aimed at decreasing As absorption and concentration in grains, specifically through AMF treatments, to improve plant health and decrease potential risks associated with As exposure.

Interestingly, the inhibitory effect of single AMF inoculation on total As levels in host plants was stronger than that of mixed AMF inoculation (Figure 5A). Chan et al. (2013) showed that rice grains inoculated with G. mosseae alone had remarkably lower total As concentrations than those inoculated with both G. versiforme and G. mosseae. Therefore, this observation suggested that fungi competed in roots and that one infection unit can prevent adjacent fungal infections, thereby avoiding secondary infections (Hepper et al., 1988; Buil et al., 2022). However, mixed inoculation presented a synergistic effect, which increased biomass and P concentration (Figures S4, S6). In fact, Pteris vittata co-colonized by both indigenous mycorrhizas and G. mosseae contained higher P concentrations than those colonized by either of the two AMFs (Leung et al., 2013).

Time plays a very important role in the biological process of AMF–plant symbiosis. Inhibitory effects of AMF on As concentration in host plants were gradually weakened with time (Figure 5A). This observation was consistent with the findings of Li et al. (2013). The colonization rates of the two rice cultivars exhibited significant decreases, with colonization rates ranging from 12% to 23% on day 7, from 7.3% to 11% on day 35, and from 1.3% to 4.9% on day 63. Correspondingly, shoot As concentrations appeared to be decreased on D63 when compared to D35 (p< 0.05) (Li et al., 2013). Initially, it was expected that longer experiments would promote the enhanced development of symbiosis, especially in situations where resources such as rooting space and nutrients were decreasing (Schroeder and Janos, 2004). However, contrary to these expectations, our findings showed that long duration levels (≥112 days) of the experiment did not result in higher mycorrhizal effects compared to short and intermediate experiments. Additionally, there was no significant difference among the three duration levels (Figure 5A). This is likely because As does not become limiting over time. Additionally, the results of the meta-analysis indicated a significant, dose-dependent effect of AMF infection rate on the reduction of As concentration in plants (Figure 7A). The duration of an experiment has a significant impact on the determining of AMF-mediated As tissue concentrations. Luo et al. (2017) found that the AMF colonization rates fluctuated with growth stages, reaching their peak at the jointing stage and then decreasing at flowering and ripening stages, but flowering and ripening stages were critical periods for AMF to limit grain Cd uptake. Wang et al. (2012) also observed a similar trend in alfalfa (Medicago sativa L.) that the root colonization rates by R. intraradices increased from 17% at day 25 to 69% at day 60 and then decreased to 43% after 80 days. This suggests that AMFs constitute an important functional component of the soil–plant system and the mechanisms cannot be explained by root colonization rates simply. Inoculation with G. intraradices at planting did not result in a higher root mycorrhizal colonization level than that found in non-inoculated control plants at the end of 18 months in the field. This highlights the presence of competitive processes between the natural AMF taxa and the introduced AMF strain that occurred over 18 months (Bissonnette et al., 2010). Based on the published literature, the AMF–plant symbiotic system generally exhibits ecological functions throughout the entire life span of a plant. Meanwhile, different symbiotic systems have varying time periods during which they exhibit maximum functionality. As the plant’s life cycle comes to an end, the colonization rate of AMF significantly decreases. However, it should be noted that the time period during which AMF exerts maximum functionality does not necessarily coincide with the time of maximum colonization rate.

Although we have obtained the above general conclusion, we must acknowledge that the colonization rate alone cannot adequately explain the mechanism of AMF tolerance to As. Feddermann et al. (2010) suggested that AMF inoculated with different host plants may possess different nutritional status, symbiotic efficiency, and gene expression patterns leading to distinct colonization rates. Liu et al. (2005) found that the shoot As concentration of rice with AMF inoculation decreased at lower rates of As application to the soil (<50 mg/kg), with the opposite trend at higher soil As levels. There was a break point at the added As level of 50 mg/kg at which the lowest proportion of As was distributed in the shoots (Liu et al., 2005). Long et al. (2021) also found that when adding 10 g/kg iron tailings (IT), AMF significantly increased root As concentration (p< 0.05), while at 40 g/kg iron tailings (IT), AMF decreased As concentration in shoots by reducing As absorption efficiency. This suggests that soil arsenic levels also influence AMF-mediated uptake and translocation of As in host plants. In fact, the effect of As concentration in plants mediated by AMF symbiosis was influenced by many factors, including plant species (AbdElgawad et al., 2022), plant growth stage (Chen et al., 2006), AMF species (Bhalla and Garg, 2021), physical and chemical properties of soil (Coutinho et al., 2015), nutritional status (Hajiboland et al., 2009), and soil amendment Bissonnette. Our findings also supported this viewpoint (Figures 4–6). The relatively poor fits of the data to the model were explained by the large difference in experimental conditions (different plant species and varieties, AMF species, growing period, soils, etc.) of the 76 studies that matched the selection criteria (Figure 7A). The contradictions in the literature regarding the effects of AMF on plant As response can be attributed to the complex soil–AMF–plant mechanisms involved, which cannot be solely evaluated based on root colonization rates.




4.4 How do P fertilizers and AMF modify As concentration in plants?

Our meta-analysis presented compelling quantitative evidence demonstrating a significant decrease in As concentration with the increase of the P/As ratio in the plant. In addition, a significant negative correlation (p< 0.05) was observed between the P/As ratio and As concentration in total plants and grains (Figures 8C, D). This finding was important since P competed with As for plant uptake, limiting As absorption and translocation in plants (Li et al., 2016). The symbiotic relationship between AMF and plants can effectively reduce As influx into roots and enhance the accumulation of plant nutrients, resulting in a “dilution effect” on As in plant tissues. Consequently, As concentration in crops was effectively decreased, mitigating the risk of As exposure to humans through dietary intake (Cheema and Garg, 2022). In addition, AMF facilitated As translocation from the host plants to their hyphae, enabling the fungi to effectively remove As from plant systems and prevent its accumulation in host tissues. This translocation process further helped to decrease As concentration within plants (Li et al., 2018a). However, under low and medium P supply conditions (P levels of below 60 mg/kg), AMF inoculation did not significantly affect As levels in plants (Figure 5A). This finding was interesting because it suggests that the AMF effect on decreasing As concentration in plants depended on the availability of P in soil. In other words, when P was limited, AMF might be unable to fully exert its potential in decreasing As accumulation. However, under high P conditions (P levels equal to or above 60 mg/kg), AMF inoculation was found to significantly decrease As concentration in plants (Figure 5A). This result showed that when plants had sufficient P supply, AMF could effectively increase the uptake and utilization of P, improving plant growth and diluting As accumulation. This finding highlighted the importance of considering P availability in soil when implementing AMF as a strategy for mitigating As contamination. Optimizing soil P levels through fertilization or soil amendment can potentially improve AMF effectiveness in decreasing As accumulation in plants.

AMF inoculation alleviated As toxicity to plants through two mechanisms. First, it upregulated the levels of low-affinity P transporters, thereby improving P absorption efficiency and assisting host plants in acquiring more P (Paszkowski et al., 2002). Second, it downregulated the expression levels of high-affinity P transporters on the root surface and hair, decreasing As uptake (Gupta et al., 2022). Both of the above mechanisms contributed to As toxicity mitigation in plants. Overall, the shoot P/As ratio served as a valuable indicator for evaluating the beneficial effects of AMF species in enhancing As tolerance in various plant species (Mitra et al., 2022). In fact, the shoot P/As ratio was found to be a critical indicator for investigating As concentrations in both plants and grains (Figures 8C, D). In addition, the shoot P/As ratio can help identify plants or varieties exhibiting higher As tolerance or lower As accumulation, assisting in breeding programs and agricultural practices aimed at minimizing As uptake in crops.




4.5 What are the general mechanisms of AMF regulation on the bioavailability and accumulation of As in plants, as proposed in literature and presented data?

This research showed that inoculating AMF significantly enhanced the concentrations of EE-GRSP and T-GRSP in As-contamination soils (Figure 9), which was consistent with the findings of previous studies (Li et al., 2018a; Zhang et al., 2020). GRSP, a glycoprotein produced by AMF in soil, has been extensively recognized for its ability to bind to toxic metals, thus contributing to metal stabilization (Chen et al., 2022). Previous research studies have revealed a significant correlation between GRSP and mycorrhizal root volume (Bedini et al., 2009). Others have observed that higher glomalin contents corresponded to a greater expansion of AMF extraradical hyphae (Zhang, H. et al., 2016). This observation suggested that increased GRSP contents might contribute to longer AMF extraradical hyphae and faster turnover of those hyphae compared to no-inoculation treatment (Zhang et al., 2020). In fact, this consequence explained the potential reasons why AMF inoculation enhanced plant tolerance to toxic As in soils. However, further research is still required to determine whether glomalin can directly bind to As, decrease As bioavailability in soil, and subsequently decrease As uptake by plants.

Finally, by integrating previous analysis results and literature, we outlined a conceptual flow diagram depicting the role of AMF in regulating the bioavailability and accumulation of As in plants (Figure 10). Figure 10 shows the potential of AMF–plant symbiosis systems to enhance dry biomass, increase P concentration, and subsequently decrease As concentration in plants. Tolerance of host plants to toxic As mainly relies on As uptake reduction in AMF plants, which is accomplished through different mechanisms, including the following.

	1) Downregulation of As transporters: As(III) is taken up by plants through the silicon transporter (Lsi1), and As(V) is taken up and transported by phosphate transporters (PhTs) (Ma et al., 2008; Zhao et al., 2009). Inoculation with AMF led to the downregulation of Lsi1 and Lsi2 in rice roots, resulting in reduced As(III) uptake and transport (Chen et al., 2012). In rice, inoculation with AMF downregulated the expression of several OsPT genes (OsPT1–3, OsPT6, and OsPT9–10) (Chen et al., 2013).

	2) Upregulation of P transporters: Inoculation with AMF significantly enhanced P nutrition in plants and limited As uptake through the upregulation of the AM-induced PhT gene, MsPT4 (Li et al., 2018a). Additionally, the activity of Pht1;5 and Pht1;6 increased and exhibited higher selectivity toward P than As, effectively reducing the absorption of As in AMF symbiosis (Christophersen et al., 2012).

	3) Sequestration, methylation, and volatilization of As: Mycorrhizal association can lead to involvement in sequestration (storage), deposition (in external mycelium), chelation (form stable metal–organic complexes), excretion [As(III) excretion to external media], methylation (conversion to less toxic forms), and volatilization (release into the air) of As (Liu et al., 2005; Li et al., 2016; Li et al., 2018a, b; Xing et al., 2024). These processes helped in decreasing the overall As load in plants.

	4) Improved physiological function: AMF can mitigate the oxidative stress induced by As, enhance the activity of the antioxidant enzyme system, and improve photosynthesis. By reducing the production of hydrogen peroxide (H2O2) and lipid peroxidation, AMF effectively countered oxidative damage in host plants (Shukla et al., 2023; Zhou et al., 2023). This symbiotic relationship significantly increased the activity of essential antioxidant enzymes, including catalase (CAT), peroxidase (POD), and superoxide dismutase (SOD) (Cheema and Garg, 2022, 2024; Mitra et al., 2022). AMF facilitated the restoration of pigment levels, including chlorophyll a, chlorophyll b, and carotenoids, and enhanced photosynthetic efficiency, transpiration rates, and water use efficiency under conditions of As stress (Zhang et al., 2022; Shukla et al., 2023).

	5) Increased the accumulation of nutrients: AMF not only facilitated the enhanced uptake of vital macronutrients but also significantly boosted the accumulation of critical nutrients, including nitrogen (N), P, potassium (K), calcium (Ca), and magnesium (Mg), in the plant grains. By increasing the host plants’ biomass, AMF also contributed to a reduction in the As concentration through a dilution effect, effectively mitigating the toxic effects of As exposure (Gupta et al., 2022).



To obtain a comprehensive understanding of the mechanisms applied by AMF to improve As tolerance in plants, further biochemical and physiological characterization is necessary. This knowledge will guide strategies to improve plant resilience to As contamination and contribute to developing sustainable and effective solutions for the management of As in agricultural systems.





5 Conclusions and prospects

Meta-analysis of 1,362 data records retrieved from 76 published studies evaluated the effects of various abiotic and biotic factors on AMF-related As accumulation in plants by subgroup and regression analyses. The findings of this research were as follows: AMF infection significantly lowered plant As levels in a dose-dependent manner (p< 0.05) and enhanced total P concentration and plant dry weight. Notably, As(V) levels decreased and DMA levels increased with AMF inoculation, but As(III) levels were unaffected. Single AMF inoculation was more effective at reducing As in plants than mixed inoculation. The optimal soil conditions for AMF are a SOC range of 0.8%–1.5% and a pH of ≥7.5 for maximum As reduction in plants. AMF inoculation increased the P/As ratio in plants, with a significant negative correlation (p< 0.05) between this ratio and As grain concentration. Among common AMF species, R. intraradices and F. mosseae were effective in reducing As in plants, with R. intraradices showing particular promise in Leguminosae plants, making them strong candidates for further research. AMF also increased EE-GRSP and T-GRSP concentrations in As-contaminated soils, offering a potential strategy to reduce As exposure and intake through the human diet, thereby enhancing human health.

For a further understanding of how AMF affects As accumulation in plants, future research should focus on 1) conducting field trials to optimize AMF use in biofortification, considering crop–AMF interactions, inoculation methods, soil properties, agricultural practices, and AMF’s long-term impact on As dynamics; and 2) investigating the mechanisms of AMF–plant synergy in As tolerance, including variability in AMF efficacy, environmental interactions, underlying metabolic pathways or signaling molecules, and key enzymes or proteins. Further in-depth research is needed to comprehensively understand the mechanisms by which AMF improves the As tolerance of plants.





Author contributions

SH: Data curation, Software, Visualization, Writing – original draft. YT: Data curation, Software, Visualization, Writing – original draft. ZL: Writing – review & editing. LX: Data curation, Software, Writing – original draft. XZ: Conceptualization, Visualization, Writing – review & editing. GB: Writing – review & editing.





Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.





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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1327649/full#supplementary-material




References

 AbdElgawad, H., El-Sawah, A. M., Mohammed, A. E., Alotaibi, M. O., Yehia, R. S., Selim, S., et al. (2022). Increasing atmospheric CO2 differentially supports arsenite stress mitigating impact of arbuscular mycorrhizal fungi in wheat and soybean plants. Chemosphere 296, 134044. doi: 10.1016/j.chemosphere.2022.134044

 Alam, M. Z., Carpenter-Boggs, L., Hoque, M. A., and Ahammed, G. J. (2020). Effect of soil amendments on antioxidant activity and photosynthetic pigments in pea crops grown in arsenic contaminated soil. Heliyon 6, e05475. doi: 10.1016/j.heliyon.2020.e05475

 Anawar, H. M., Rengel, Z., Damon, P., and Tibbett, M. (2018). Arsenic-phosphorus interactions in the soil-plant-microbe system: Dynamics of uptake, suppression and toxicity to plants. Environ. pollut. 233, 1003–1012. doi: 10.1016/j.envpol.2017.09.098

 Bali, A. S., and Sidhu, G. P. S. (2021). Arsenic acquisition, toxicity and tolerance in plants-From physiology to remediation: A review. Chemosphere 283, 131050. doi: 10.1016/j.chemosphere.2021.131050

 Baruah, S. G., Ahmed, I., Das, B., Ingtipi, B., Boruah, H., Gupta, S. K., et al. (2021). Heavy metal(loid)s contamination and health risk assessment of soil-rice system in rural and peri-urban areas of lower brahmaputra valley, northeast India. Chemosphere 266, 129150. doi: 10.1016/j.chemosphere.2020.129150

 Bedini, S., Pellegrino, E., Avio, L., Pellegrini, S., Bazzoffi, P., Argese, E., et al. (2009). Changes in soil aggregation and glomalin-related soil protein content as affected by the arbuscular mycorrhizal fungal species Glomus mosseae and Glomus intraradices. Soil Biol. Biochem. 41, 1491–1496. doi: 10.1016/j.soilbio.2009.04.005

 Bhalla, S., and Garg, N. (2021). Arbuscular mycorrhizae and silicon alleviate arsenic toxicity by enhancing soil nutrient availability, starch degradation and productivity in Cajanus cajan (L.) Millsp. Mycorrhiza 31, 735–754. doi: 10.1007/s00572-021-01056-z

 Bissonnette, L., St-Arnaud, M., and Labrecque, M. (2010). Phytoextraction of heavy metals by two Salicaceae clones in symbiosis with arbuscular mycorrhizal fungi during the second year of a field trial. Plant Soil 332, 55–67. doi: 10.1007/s11104-009-0273-x

 Buil, P. A., Jansa, J., Blažková, A., Holubík, O., Duffková, R., Rozmoš, M., et al. (2022). Infectivity and symbiotic efficiency of native arbuscular mycorrhizal fungi from high-input arable soils. Plant Soil 482, 627–645. doi: 10.1007/s11104-022-05715-8

 Cabral, L., Fonseca Sousa Soares, C. R., Giachini, A. J., and Siqueira, J. O. (2015). Arbuscular mycorrhizal fungi in phytoremediation of contaminated areas by trace elements: mechanisms and major benefits of their applications. World J. Microbiol. Biotechnol. 31, 1655–1664. doi: 10.1007/s11274-015-1918-y

 Cattani, I., Beone, G. M., and Gonnelli, C. (2015). Influence of Rhizophagus irregularis inoculation and phosphorus application on growth and arsenic accumulation in maize (Zea mays L.) cultivated on an arsenic-contaminated soil. Environ. Sci. pollut. Res. 22, 6570–6577. doi: 10.1007/s11356-014-3837-0

 Chan, W. F., Li, H., Wu, F. Y., Wu, S. C., and Wong, M. H. (2013). Arsenic uptake in upland rice inoculated with a combination or single arbuscular mycorrhizal fungi. J. Hazard. Mater. 262, 1116–1122. doi: 10.1016/j.jhazmat.2012.08.020

 Cheema, A., and Garg, N. (2022). Differential effectiveness of arbuscular mycorrhizae in improving rhizobial symbiosis by modulating sucrose metabolism and antioxidant defense in chickpea under As stress. Symbiosis 86, 49–69. doi: 10.1007/s13199-021-00815-y

 Cheema, A., and Garg, N. (2024). Arbuscular mycorrhizae reduced arsenic induced oxidative stress by coordinating nutrient uptake and proline-glutathione levels in Cicer arietinum L. (chickpea). Ecotoxicology. 33, 205–225. doi: 10.1007/s10646-024-02739-x

 Chen, B. D., Zhu, Y. G., and Smith, F. A. (2006). Effects of arbuscular mycorrhizal inoculation on uranium and arsenic accumulation by Chinese brake fern (Pteris vittata L.) from a uranium mining-impacted soil. Chemosphere 62, 1464–1473. doi: 10.1016/j.chemosphere.2005.06.008

 Chen, C., and Song, M. (2019). Visualizing a field of research: A methodology of systematic scientometric reviews. PloS One 14, e0223994. doi: 10.1371/journal.pone.0223994

 Chen, H., Xiong, J., Fang, L., Han, F., Zhao, X., Fan, Q., et al. (2022). Sequestration of heavy metals in soil aggregates induced by glomalin-related soil protein: A five-year phytoremediation field study. J. Hazard. Mater. 437, 129445. doi: 10.1016/j.jhazmat.2022.129445

 Chen, X., Li, H., Chan, W. F., Wu, C., Wu, F., Wu, S., et al. (2012). Arsenite transporters expression in rice (Oryza sativa L.) associated with arbuscular mycorrhizal fungi (AMF) colonization under different levels of arsenite stress. Chemosphere 89, 1248–1254. doi: 10.1016/j.chemosphere.2012.07.054

 Chen, X. W., Wu, F. Y., Li, H., Chan, W. F., Wu, C., Wu, S. C., et al. (2013). Phosphate transporters expression in rice (Oryza sativa L.) associated with arbuscular mycorrhizal fungi (AMF) colonization under different levels of arsenate stress. Environ. Exp. Bot. 87, 92–99. doi: 10.1016/j.envexpbot.2012.08.002

 Christophersen, H. M., Smith, F. A., and Smith, S. E. (2012). Unraveling the influence of arbuscular mycorrhizal colonization on arsenic tolerance in Medicago: Glomus mosseae is more effective than G. intraradices, associated with lower expression of root epidermal Pi transporter genes. Front. Physiol. 3. doi: 10.3389/fphys.2012.00091

 Coutinho, E. S., Wilson Fernandes, G., Louro Berbara, R. L., Valerio, H. M., and Goto, B. T. (2015). Variation of arbuscular mycorrhizal fungal communities along an altitudinal gradient in rupestrian grasslands in Brazil. Mycorrhiza 25, 627–638. doi: 10.1007/s00572-015-0636-5

 Escudero-Lourdes, C. (2016). Toxicity mechanisms of arsenic that are shared with neurodegenerative diseases and cognitive impairment: Role of oxidative stress and inflammatory responses. Neurotoxicology 53, 223–235. doi: 10.1016/j.neuro.2016.02.002

 Feddermann, N., Finlay, R., Boller, T., and Elfstrand, M. (2010). Functional diversity in arbuscular mycorrhiza - the role of gene expression, phosphorous nutrition and symbiotic efficiency. Fungal Ecol. 3, 1–8. doi: 10.1016/j.funeco.2009.07.003

 Gui, H., Yang, Q., Lu, X., Wang, H., Gu, Q., and Martin, J. D. (2023). Spatial distribution, contamination characteristics and ecological-health risk assessment of toxic heavy metals in soils near a smelting area. Environ. Res. 222, 115328. doi: 10.1016/j.envres.2023.115328

 Gupta, S., Thokchom, S. D., and Kapoor, R. (2021). Arbuscular mycorrhiza improves photosynthesis and restores alteration in sugar metabolism in Triticum aestivum L. grown in arsenic contaminated soil. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.640379

 Gupta, S., Thokchom, S. D., Koul, M., and Kapoor, R. (2022). Arbuscular Mycorrhiza mediated mineral biofortification and arsenic toxicity mitigation in Triticum aestivum L. Plant Stress 5, 100086. doi: 10.1016/j.stress.2022.100086

 Gurevitch, J., Koricheva, J., Nakagawa, S., and Stewart, G. (2018). Meta-analysis and the science of research synthesis. Nature 555, 175–182. doi: 10.1038/nature25753

 Hajiboland, R., Afiasgharzad, N., and Barzeghar, R. (2009). Influence of arbuscular mycorrhizal fungi on uptake of Zn and P by two contrasting rice genotypes. Plant Soil Environ. 55, 93–100. doi: 10.17221/319-PSE

 Hawkins, H.-J., Cargill, R. I. M., Van Nuland, M. E., Hagen, S. C., Field, K. J., Sheldrake, M., et al. (2023). Mycorrhizal mycelium as a global carbon pool. Curr. Biol. 33, R560–R573. doi: 10.1016/j.cub.2023.02.027

 Hepper, C. M., Azcon-Aguilar, C., Rosendahl, S., and Sen, R. (1988). Competition between three species of Glomus used as spatially separated introduced and indigenous mycorrhizal inocula for leek (Allium porrum L.). New Phytol. 110, 207–215. doi: 10.1111/j.1469-8137.1988.tb00254.x

 Jahandari, A., and Abbasnejad, B. (2024). Environmental pollution status and health risk assessment of selective heavy metal(oid)s in Iran’s agricultural soils: A review. J. Geochem. Explor. 256, 107330. doi: 10.1016/j.gexplo.2023.107330

 Kumarathilaka, P., Seneweera, S., Meharg, A., and Bundschuh, J. (2018). Arsenic speciation dynamics in paddy rice soil-water environment: sources, physico-chemical, and biological factors - A review. Water Res. 140, 403–414. doi: 10.1016/j.watres.2018.04.034

 Lehmann, A., and Rillig, M. C. (2015). Arbuscular mycorrhizal contribution to copper, manganese and iron nutrient concentrations in crops – A meta-analysis. Soil Biol. Biochem. 81, 147–158. doi: 10.1016/j.soilbio.2014.11.013

 Leung, H. M., Leung, A. O. W., Ye, Z. H., Cheung, K. C., and Yung, K. K. L. (2013). Mixed arbuscular mycorrhizal (AM) fungal application to improve growth and arsenic accumulation of Pteris vittata (As hyperaccumulator) grown in As-contaminated soil. Chemosphere 92, 1367–1374. doi: 10.1016/j.chemosphere.2013.04.093

 Li, H., Chen, X. W., and Wong, M. H. (2016). Arbuscular mycorrhizal fungi reduced the ratios of inorganic/organic arsenic in rice grains. Chemosphere 145, 224–230. doi: 10.1016/j.chemosphere.2015.10.067

 Li, H., Gao, M. Y., Mo, C. H., Wong, M. H., Chen, X. W., and Wang, J.-J. (2022). Potential use of arbuscular mycorrhizal fungi for simultaneous mitigation of arsenic and cadmium accumulation in rice. J. Exp. Bot. 73, 50–67. doi: 10.1093/jxb/erab444

 Li, H., Man, Y. B., Ye, Z. H., Wu, C., Wu, S. C., and Wong, M. H. (2013). Do arbuscular mycorrhizal fungi affect arsenic accumulation and speciation in rice with different radial oxygen loss? J. Hazard. Mater. 262, 1098–1104. doi: 10.1016/j.jhazmat.2012.05.044

 Li, J., Sun, Y., Jiang, X., Chen, B., and Zhang, X. (2018a). Arbuscular mycorrhizal fungi alleviate arsenic toxicity to Medicago sativa by influencing arsenic speciation and partitioning. Ecotoxicology Environ. Saf. 157, 235–243. doi: 10.1016/j.ecoenv.2018.03.073

 Li, J., Sun, Y., Zhang, X., Hu, Y., Li, T., Zhang, X., et al. (2018b). A methyltransferase gene from arbuscular mycorrhizal fungi involved in arsenic methylation and volatilization. Chemosphere 209, 392–400. doi: 10.1016/j.chemosphere.2018.06.092

 Liu, X., Feng, Z., Zhao, Z., Zhu, H., and Yao, Q. (2020). Acidic soil inhibits the functionality of arbuscular mycorrhizal fungi by reducing arbuscule formation in tomato roots. Soil Sci. Plant Nutr. 66, 275–284. doi: 10.1080/00380768.2020.1721320

 Liu, Y., Zhu, Y. G., Chen, B. D., Christie, P., and Li, X. L. (2005). Yield and arsenate uptake of arbuscular mycorrhizal tomato colonized by Glomus mosseae BEG167 in As spiked soil under glasshouse conditions. Environ. Int. 31, 867–873. doi: 10.1016/j.envint.2005.05.041

 Long, J., Chen, B., Zhu, Y., Li, X., Yue, X., Zhang, N., et al. (2021). Mycorrhiza and iron tailings synergistically enhance maize resistance to arsenic on medium arsenic-polluted soils through increasing phosphorus and iron uptake. Bull. Environ. Contamination Toxicol. 107, 1155–1160. doi: 10.1007/s00128-021-03329-x

 Luo, N., Li, X., Chen, A. Y., Zhang, L. J., Zhao, H. M., Xiang, L., et al. (2017). Does arbuscular mycorrhizal fungus affect cadmium uptake and chemical forms in rice at different growth stages? Sci. Total Environ. 599, 1564–1572. doi: 10.1016/j.scitotenv.2017.05.047

 Luo, X., He, X., Luo, X., Liu, Y., Wang, J., and Dong, J. (2019). Soil organic carbon shapes AMF communities in soils and roots of Cynodon dactylon under anti-seasonal drying-wetting Cycles. Diversity 11, 197. doi: 10.3390/d11100197

 Luo, Y., and Zhang, H. D. J. E. (2006). Elevated CO2 stimulates net accumulations of carbon and nitrogen in land ecosystems: A meta-analysis. Ecology 87, 53–63. doi: 10.1890/04-1724

 Ma, X., Geng, Q., Zhang, H., Bian, C., Chen, H. Y. H., Jiang, D., et al. (2021). Global negative effects of nutrient enrichment on arbuscular mycorrhizal fungi, plant diversity and ecosystem multifunctionality. New Phytol. 229, 2957–2969. doi: 10.1111/nph.17077

 Ma, J. F., Yamaji, N., Mitani, N., Xu, X.-Y., Su, Y.-H., McGrath, S. P., et al. (2008). Transporters of arsenite in rice and their role in arsenic accumulation in rice grain. Proc. Natl. Acad. Sci. U.S.A. 105, 9931–9935. doi: 10.1073/pnas.0802361105

 Maldonado-Mendoza, I. E., and Harrison, M. J. (2018). RiArsB and RiMT-11: Two novel genes induced by arsenate in arbuscular mycorrhiza. Fungal Biol. 122, 121–130. doi: 10.1016/j.funbio.2017.11.003

 Mawia, A. M., Hui, S., Zhou, L., Li, H., Tabassum, J., Lai, C., et al. (2021). Inorganic arsenic toxicity and alleviation strategies in rice. J. Hazard. Mater. 408, 124751. doi: 10.1016/j.jhazmat.2020.124751

 Mitra, D., Saritha, B., Janeeshma, E., Gusain, P., Khoshru, B., Nouh, F. A. A., et al. (2022). Arbuscular mycorrhizal fungal association boosted the arsenic resistance in crops with special responsiveness to rice plant. Environ. Exp. Bot. 193, 104681. doi: 10.1016/j.envexpbot.2021.104681

 Neidhardt, H. (2021). Arbuscular mycorrhizal fungi alleviate negative effects of arsenic-induced stress on crop plants: A meta-analysis. Plants People Planet 3, 523–535. doi: 10.1002/ppp3.10122

 Parvin, S., Van Geel, M., 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

 Paszkowski, U., Kroken, S., Roux, C., and Briggs, S. P. (2002). Rice phosphate transporters include an evolutionarily divergent gene specifically activated in arbuscular mycorrhizal symbiosis. Proc. Natl. Acad. Sci. U.S.A. 99, 13324–13329. doi: 10.1073/pnas.202474599

 Qin, H., Lu, K., Strong, P. J., Xu, Q., Wu, Q., Xu, Z., et al. (2015). Long-term fertilizer application effects on the soil, root arbuscular mycorrhizal fungi and community composition in rotation agriculture. Appl. Soil Ecol. 89, 35–43. doi: 10.1016/j.apsoil.2015.01.008

 Qin, Z., Zhang, H., Feng, G., Christie, P., Zhang, J., Li, X., et al. (2020). Soil phosphorus availability modifies the relationship between AM fungal diversity and mycorrhizal benefits to maize in an agricultural soil. Soil Biol. Biochem. 144, 107790. doi: 10.1016/j.soilbio.2020.107790

 Qiu, Q. Y., Bender, S. F., Mgelwa, A. S., and Hu, Y. L. (2022). Arbuscular mycorrhizal fungi mitigate soil nitrogen and phosphorus losses: A meta-analysis. Sci. Total Environ. 807, 150857. doi: 10.1016/j.scitotenv.2021.150857

 Ren, S., Song, C., Ye, S., Cheng, C., and Gao, P. (2022). The spatiotemporal variation in heavy metals in China’s farmland soil over the past 20 years: A meta-analysis. Sci. Total Environ. 806, 150322. doi: 10.1016/j.scitotenv.2021.150322

 Riaz, M., Kamran, M., Fang, Y., Wang, Q., Cao, H., Yang, G., et al. (2021). Arbuscular mycorrhizal fungi-induced mitigation of heavy metal phytotoxicity in metal contaminated soils: A critical review. J. Hazard. Mater. 402, 123919. doi: 10.1016/j.jhazmat.2020.123919

 Schroeder, M., and Janos, D. (2004). Phosphorus and intraspecific density alter plant responses to arbuscular mycorrhizas. Plant Soil 264, 335–348. doi: 10.1023/B:PLSO.0000047765.28663.49

 Shaji, E., Santosh, M., Sarath, K. V., Prakash, P., Deepchand, V., and Divya, B. V. (2021). Arsenic contamination of groundwater: A global synopsis with focus on the Indian Peninsula. Geosci. Front. 12, 101079. doi: 10.1016/j.gsf.2020.08.015

 Shukla, J., Narayan, S., Mishra, A., Shirke, P. A., and Kumar, M. (2023). Reduction of arsenic accumulation in rice grain by endophytic fungus Serendipita indica. Rhizosphere 26, 100680. doi: 10.1016/j.rhisph.2023.100680

 Singh, M., Chakraborty, D,, Mandal, J., Chaudhary, D. K., and Jha, A. K. (2023). Inoculation with Glomus mosseae: An efficient biological management strategy for arsenic mitigation in wheat (Triticum aestivum L.) under arsenic-contaminated soil. Commun. Soil Sci. Plant Anal. 54, 2645–2656. doi: 10.1080/00103624.2023.2240367

 Suriyagoda, L. D. B., Dittert, K., and Lambers, H. (2018). Arsenic in rice soils and potential agronomic mitigation strategies to reduce arsenic bioavailability: A review. Pedosphere 28, 363–382. doi: 10.1016/S1002-0160(18)60026-8

 Tan, Q., Guo, Q., Wei, R., Zhu, G., Du, C., and Hu, H. (2023). Influence of arbuscular mycorrhizal fungi on bioaccumulation and bioavailability of As and Cd: A meta-analysis. Environ. pollut. 316, 120619. doi: 10.1016/j.envpol.2022.120619

 Tian, Q., Taniguchi, T., Shi, W.-Y., Li, G., Yamanaka, N., and Du, S. (2017). Land-use types and soil chemical properties influence soil microbial communities in the semiarid Loess Plateau region in China. Sci. Rep. 7, 45289. doi: 10.1038/srep45289

 Wan, Y., Liu, J., Zhuang, Z., Wang, Q., Li, H., and Henriquez-Hernandez, L. A. (2024). Heavy metals in agricultural soils: Sources, influencing factors, and remediation strategies. Toxics 12, 63. doi: 10.3390/toxics12010063

 Wang, Y., Huang, J., and Gao, Y. (2012). Arbuscular mycorrhizal colonization alters subcellular distribution and chemical forms of cadmium in Medicago sativa L. and resists cadmium toxicity. PloS One 7, e48669. doi: 10.1371/journal.pone.0048669

 Wang, C.-C., Zhang, Q.-C., Kang, S.-G., Li, M.-Y., Zhang, M.-Y., Xu, W.-M., et al. (2023). Heavy metal(loid)s in agricultural soil from main grain production regions of China: Bioaccessibility and health risks to humans. Sci. Total Environ. 858, 159819. doi: 10.1016/j.scitotenv.2022.159819

 Wu, F., Hu, J., Wu, S., and Wong, M. H. (2015). Grain yield and arsenic uptake of upland rice inoculated with arbuscular mycorrhizal fungi in As-spiked soils. Environ. Sci. pollut. Res. 22, 8919–8926. doi: 10.1007/s11356-012-1440-9

 Xing, S., Shen, Q., Ji, C., You, L., Li, J., Wang, M., et al. (2024). Arbuscular mycorrhizal symbiosis alleviates arsenic phytotoxicity in flooded Iris tectorum Maxim. dependent on arsenic exposure levels. Environ. pollut. 340, 122841. doi: 10.1016/j.envpol.2023.122841

 Xue, P.-P., Carrillo, Y., Pino, V., Minasny, B., and McBratney, A. B. (2018). Soil properties drive microbial community structure in a large scale transect in south eastern Australia. Sci. Rep. 8, 11725. doi: 10.1038/s41598-018-30005-8

 Yao, B.-M., Wang, S.-Q., Xie, S.-T., Li, G., and Sun, G.-X. (2022). Optimal soil Eh, pH for simultaneous decrease of bioavailable Cd, As in co-contaminated paddy soil under water management strategies. Sci. Total Environ. 806, 151342. doi: 10.1016/j.scitotenv.2021.151342

 Yu, Y., Zhang, S., Huang, H., Luo, L., and Wen, B. (2009). Arsenic accumulation and speciation in maize as affected by inoculation with arbuscular mycorrhizal fungus Glomus mosseae. J. Agric. Food Chem. 57, 3695–3701. doi: 10.1021/jf900107y

 Zakir, H. M., Quadir, Q. F., Bushra, A., Sharmin, S., Sarker, A., Rashid, M. H., et al. (2022). Human health exposure and risks of arsenic from contaminated soils and brinjal fruits collected from different producers and retailers levels. Environ. Geochem. Health. 44, 4665–4683. doi: 10.1007/s10653-022-01227-7

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

 Zhang, Q., Gong, M., Xu, S., Wei, Y., Yuan, J., and Chang, Q. (2022). Rhizophagus intraradices improves arsenic tolerance in Sophora viciifolia Hance. Ann. Microbiol. 72, 8. doi: 10.1186/s13213-022-01668-6

 Zhang, H., Liu, Z., Chen, H., and Tang, M. (2016). Symbiosis of arbuscular mycorrhizal fungi and Robinia pseudoacacia L. improves root tensile strength and soil aggregate stability. PloS One 11, e0153378. doi: 10.1371/journal.pone.0153378

 Zhang, X., Wu, S., Ren, B., and Chen, B. (2016). Water management, rice varieties and mycorrhizal inoculation influence arsenic concentration and speciation in rice grains. Mycorrhiza 26, 299–309. doi: 10.1007/s00572-015-0669-9

 Zhao, F. J., Ma, J. F., Meharg, A. A., and McGrath, S. P. (2009). Arsenic uptake and metabolism in plants. New Phytol. 181, 777–794. doi: 10.1111/j.1469-8137.2008.02716.x

 Zhou, H.-Y., Nian, F.-Z., Chen, B.-D., Zhu, Y.-G., Yue, X.-R., Zhang, N.-M., et al. (2023). Synergistic reduction of arsenic uptake and alleviation of leaf arsenic toxicity in maize (Zea mays L.) by arbuscular mycorrhizal fungi (AMF) and exogenous iron through antioxidant activity. J. Fungi 9, 677. doi: 10.3390/jof9060677




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 © 2024 Hao, Tian, Lin, Xie, Zhou and Bañuelos. 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.


OEBPS/Images/M2.jpg
3
Xt noXE





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Effects of arbuscular mycorrhizal fungi on the reduction of arsenic accumulation in plants: a meta-analysis

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Bibliometric analysis using CiteSpace

          



          		

            2.2 Literature collection

          



          		

            2.3 Categorical independent variables

          



          		

            2.4 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Effects of AMF on As concentrations, P/As ratio, and dry biomass in different tissues of plants

          



          		

            3.2 Effects of abiotic factors on As concentration in plants treated with AMF

          



          		

            3.3 Effects of biotic factors on As concentration in plants inoculated with AMF

          



          		

            3.4 Effect of AMF treatment on As concentration in plants with P fertilizer

          



          		

            3.5 Effect of AMF treatment on As concentration and P/As ratio in plants under As exposure

          



          		

            3.6 Effects of AMF on soil properties

          



          		

            3.7 Database and publication bias

          



        



        



        		

          4 Discussion

        

          		

            4.1 How much does AMF treatment decrease total As concentration in plants and grains?

          



          		

            4.2 How do soil factors affect As concentration in AMF-inoculated plants?

          



          		

            4.3 How do AMF inoculation methods modify As concentration in plants?

          



          		

            4.4 How do P fertilizers and AMF modify As concentration in plants?

          



          		

            4.5 What are the general mechanisms of AMF regulation on the bioavailability and accumulation of As in plants, as proposed in literature and presented data?

          



        



        



        		

          5 Conclusions and prospects

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-15-1327649-g003.jpg
Mean (634) e (-19.3%)
Grain (70) ——e——i (-34.1%)
Husk Q7)) F —e—: (-17.6%)
Straw 200 ] (-2.63%)
Leaf @3) e : (-32.8%)
Shoot a7 L —.—i (-12.1%)
Root (259) e (-19.3%)
T r 1 F ¢ [ & ! L N L
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 04
Percentage change of As concentrations
(&3
Mean (651) | L (62.0%)
Total plant 24) L (25.4%)
Grain (55) Fi  —e—— (185%)
Straw (20) e (13.7%)
Leaf ay F .._. (24.5%)
Shoot (245) L . (54.5%)
Root (270) L - (45.5%)
L e s s B s B B
-6 -5 -4 -3 -2 -1 0 1 2 3 4 5
Percentage change of dry biomass
E
As(IIT) (49) - n—o—c (0.05%)
As(V) @4 F ._._. (-19.4%)
DMA as) + D (50.8%)
— T T T T i T T T T T T
-2.2 -1.6 -1.0 -0.4 0.2 0.8 1.4

Percentage change of As concentrations

Mean (376) - o (33.0%)
Grain (28) + ————— (64.6%)
Husk 0) + —e— (102%)
Straw a4) L en (25.6%)
Leaf @ | :ies (17.5%)
Shoot (133) - ot (35.1%)
Root A5 ¢ ven (23.1%)
T T T I T T T ! I L
-2.2 -1.6 -1.0 -0.4 0.2 0.8 14
Percentage change of P concentrations
Mean 332)F o (64.9%)
Grain ©8) ——————— (123%)
Husk 20) —e——i (137%)
Straw (149) —e— (58.0%)
Leaf as) + . (77.5%)
Shoot 15 —.—i (67.4%)
Root (13D e (41.4%)
T T T I T T T T
22 -16 -1.0 -04 02 0.8 1.4 20 2.6

Percentage change of P/As ratio






OEBPS/Images/fpls-15-1327649-g009.jpg
Available As

pH

EE-GRSP
T-GRSP

-1.0 -0.4 0.2 0.8

Percentage change in soil properties

(8.98%)
(-0.10%)
(23.0%)
(28.0%)

1.4





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-15-1327649-g007.jpg
>

S} w
T

Effect size (As concentration)
0 =)

(9]
w

— )

Effect size (As concentration)
<

=500 - {1908.55
Intercept =-0.118 \\
Regression slope = -0.0( 13" ) 163891 i
- s
: - 117183 8
o
) I ( =
[~ =8
3 T
{ P {6321 8
1-86.47
. . . . n ,
0 20 40 60 80 100
Mycorrhizal infection (%)
1908.55
n=153
t Intercept = 0.0297 1638.91
Regression slope = -0.003" a’
(o]
L 5 o 171.83 g
=]
]
| [}
o 3
53
H 63212
F —1-86.47
\ , . . L

Mycorrhizal infection (%)

o

'
=

Effect size (As concentration)
n

Effect size (As concentration)

ot
n

o
o

'
14
n

o
o

w

()

=]

'
[S]

n=>58.
r Intercept =-0.324 o
Regression slope = 0.0015™ o
___a__g__—___1____________;___
- 5

O O
-
0 20 40 60 80 100
Mycorrhizal infection (%)
rn=203

Intercept = -0.144
b Regression slope = -

0 20 40 60 80
Mycorrhizal infection (%)

L
100






OEBPS/Images/fpls.2024.1327649_cover.jpg
, frontiers | Frontiers in Plant Science

Effects of arbuscular mycorrhizal fungi on
the reduction of arsenic accumulation in
plants: a meta-analysis





OEBPS/Images/fpls-15-1327649-g005.jpg
A

P fertilizer no (600) ] (-19.0%)
yes Gy k- —— (-24.7%)
P fertilizer rate <30 (14) + »—0—4 (-16.8%)
30-60 ®) - r———o—4 (8.68%)
=60 ®) Fr—e—— (-48.9%)
AMF inoculum single (552) + o4 -22.2%)
mix 82) - e (6.48%)
Duration short 96) | ——t (-20.1%)
intermediate (386) | o (-20.1%)
long (152) | o—t (-16.6%)
T Y y T : T T T T ! T T Y

-2.2 -1.8 -1.4 -1.0 -0.6 -0.2 0.2 0.6

Percentage change of mean As concentrations
C
Pfertilizer  no (180) [N (-11.4%)
yes an b —e— (-23.1%)
AMF inoculum single (164) ot (-18.3%)
mix ¢G3) F S — (24.9%)
Duration short 32) >—0—< (-6.92%)
intermediate (158) o (-13.0%)
long "N Fr—— (-25.8%)
¥ T T k T ¥ X T t T T T T T

-2.2 -1.8 -1.4 -1.0 -0.6 -0.2 0.2 0.6 1.0

Percentage change of shoot As concentrations

P fertilizer no (70) | e (-33.7%)
yes -
AMF inoculum = single (62) | e (-34.5%)
mix ® F —e—i (-27.3%)
Duration short (8) —o—1 (-51.6%)
intermediate (15)—9— (-60.1%)
long “@n —_— (-17.8%)
T T T T T T T i I T I T T
=22 -1.8 -1.4 -1.0 -0.6 -0.2 0.2 0.6 1.0
Percentage change of grain As concentrations
P fertilizer no (-19.4%)
yes (-22.6%)
AMF inoculum  single (-21.4%)
mix (-2.69%)
Duration short (-20.1%)
intermediate (-20.3%)
long. (-14.4%)
T T 5 T £ T Y T
-2.2 -1.8 -1.4 -1.0 0.6 1.0

Percentage change of root As concentrations






OEBPS/Images/fpls-15-1327649-g001.jpg
Articles identified through
database searching (n=310)

Screened articles (n=227) [m— e ——— -

Excluded after screening (n=380)
Articles excluded on the basis of

| Screening | | Identification

titles and abstracts
Conference abstracts

Full-text articles retrieved and _Lllelftllre: °X‘ e:vs _______ J

assessed eligibility n=147) | ——————= === = = — - — — -
Excluded after screening (n=71)

[
Studies without available data !
Studies were not case-control studies '

£
!
=
o
=1
—
-

Articles included in meta-
analysis (n=76)

Included





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-15-1327649-g010.jpg
Leaf cell

Photosyqthes‘§ D Grain cell
® TAs (-34.1%) 1

¢ DMA (50.8%)

& 9
© ©
o @
w (.
o o

@
< S
o "

<






OEBPS/Images/im1.jpg





OEBPS/Images/fpls-15-1327649-g008.jpg
Ln (As concentration)

Ln (As concentration)

® M-plants 50000 - ® M-plant
©  NI-plants © NI-plant
3 ¥ = 0.0644x:2.32" 40000 1 ——y=588x+1202"
——y=0.06221x+2.69™ y=502x+213 "
L]
o
30000 |
< e o
5 20000 | .
o
10000 .)'
4
4 ot
1 1 " 1 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 4 3 2 - 0 1 2
P concentration (g/kg) Ln (P concentration)
D
M-plants 4+ oo, e M-plants
& o Nl-plants 2 ° © Ni-plants
* - It *
&, o o Ty=-0841x634" g —y=-125x0388"
fggg y =-0.313x+3.62 ‘5 Uy —y =-1.20x-0.347
5
o
st
5
< o
g 2L
5 8
-10 F
. . . . . . 12 . . . . . . .
-2 0 2 4 6 10 12; -4 -2 0 2 4 6 8 10

Ln (P/As)

Ln (P/As)






OEBPS/Images/M1.jpg





OEBPS/Images/fpls-15-1327649-g002.jpg
30°N

30°S

90°





OEBPS/Images/fpls-15-1327649-g004.jpg
SOC low (100) (-14.0%)
medium (104) (-21.4%)
high asny (-17.6%)

Soil texture sandy (232) | (-21.5%)
not sandy (402) (-18.1%)

Soil pH acidic 203) | (-10.0%)
neutral a2) (-15.7%)
alkaline (208) (-26.4%)

Soil As low (140) (-16.7%)
medium a197) (-28.0%)
high @25) | (-10.3%)

As species As(IIT) (58) F (-29.9%)
As(V) @ss) (-17.1%)

Soil P deficient (113) (-14.2%)
non-deficient (246) (-23.3%)

— 1+ & " G
-2.0 -1.6 -1.2 -0.8 0.4 0.8
Percentage change of mean As concentrations
C
soc low ey —— (-0.05%)
medium (30) - —e—i i (-23.8%)
high G4 e (-10.6%)
Soil texture  sandy 85 e} (-13.2%)
not sandy a12) - e (-12.0%)
Soil pH acidic (54 F ——— (6.73%)
neutral (48) = >-—0—1 (5.13%)
alkaline (62) —e—i (-29.2%)
Soil As low @) o (-8.28%)
medium (10) F el (-14.0%)
high (76) r ’—0—3 (-8.83%)
As species  As(IIl) 13y e (-14.3%)
As(V) a132) H—* (-8.97%)
Soil P deficient 54 e (-14.2%)
non-deficient (55) e (-25.2%)
T T T T T T
-1.6 -II 2 —l]‘ 8 -0.4 ()IU 0.‘4 0.8

Percentage change of shoot As concentrations

soc low (6) = 2 gl (-18.2%)
medium (20) - (-33.7%)
high @6 e (-6.40%)
Soil texture ~ sandy [ — (-48.5%)
not sandy (65) e (-32.5%)
Soil pH acidic (36) r —e—i (-16.3%)
neutral -
alkaline 6 e (-24.0%)
Soil As low e —e—i (-10.3%)
medium Q4) e (-49.8%)
high 19 e (-25.0%)
As species  As(II) ©) He~ (-56.1%)
As(V) ©61) e (-27.5%)
Soil P deficient r
non-deficient @) —— (14.9%)
T T " T T T ¥ T T 0 T T
-2.2 -1.8 -1.4 -1.0 -0.6 -0.2 0.2 0.6
Percentage change of grain As concentrations
soc low (40) (-9.04%)
medium (33) (-12.4%)
high (55) (-28.4%)
Soil texture  sandy 1) fr—e— (-24.1%)
not sandy (148) (-16.3%)
Soil pH acidic 7)) (-17.1%)
neutral 51y (-23.4%)
alkaline 94) p—eo— (-24.4%)
Soil As low 53 F (-20.5%)
medium 75) —e—— (-31.0%)
high (1o1) - (-7.20%)
As species As(III) (25) e (-29.6%)
As(V) 179) (-17.5%)
Soil P deficient (57) F (-12.2%)
non-deficient (82) H—e— (-29.3%)
y T f 1 T ' T T T
-1.6 -1.2 -0.8 -0.4 0.0 0.4 0.8

Percentage change of root As concentrations





OEBPS/Images/fpls-15-1327649-g006.jpg
R. irregularis (50) —e— (-26.6%)
R. intraradices 7 re (-31.4%)
F. mosseae (10) - +—e— (-36.9%)
G. mosseae (156) e—i (-16.7%)
G. intraradices 64 F >—0—-—4 (-7.36%)
G. caledonium QN F P—O—‘i (-12.1%)
G. 3. as) F »—-—< (-10.1%)
G. geosporum as) - o—e— (-30.0%)
G. versiforme an + .—.—. (-22.5%)
G. etunicatum 19 —— : (-22.1%)
T T T T T T
-1.8 -1.4 -1.0 -0.6 -0.2 0.2 0.6 1.0

Percentage change of As concentrations

Leguminosae (168) -+ (-36.6%)
Pteridaceae on '—H (-8.39%)
Compositae (16) '—0—* (-12.9%)
Poaceae (308) o (-11.6%)
Solanaceae 32 n—o—l (-11.7%)
Plantaginaceae ®) : (-39.7%)
Melastomataceae 3) r (39.2%)
Poaceae r

R. irregularis @n r (0.572%)
R. intraradices (53) + : (-17.8%)
G. mosseae (58) ot (-13.9%)
G. intraradices 42) '—0=—¢ (-4.63%)
G. geosporum (18)  r—e— : (-32.5%)
G. versiforme a4) + »—o—« (-24.1%)
Leguminosae r

R. irregularis (42) re (-44.2%)
R intraradices 1) Fres (-44.9%)
G. mosseae G4 '—0—3 (-21.8%)
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