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Arsenic Transformation in Soil-Rice System Affected by Iron-Oxidizing Strain (Ochrobactrum sp.) and Related Soil Metabolomics Analysis
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Iron-oxidizing bacteria (FeOB) could oxidize Fe(II) and mediate biomineralization, which provides the possibility for its potential application in arsenic (As) remediation. In the present study, a strain named Ochrobactrum EEELCW01 isolated previously, was inoculated into paddy soils to investigate the effect of FeOB inoculation on the As migration and transformation in paddy soils. The results showed that inoculation of Ochrobactrum sp. increased the proportion of As in iron-aluminum oxide binding fraction, which reduced the As bioavailability in paddy soils and effectively reduced the As accumulation in rice tissues. Moreover, the inoculation of iron oxidizing bacteria increased the abundance of KD4-96, Pedosphaeraceae and other bacteria in the soils, which could reduce the As toxicity in the soil through biotransformation. The abundance of metabolites such as carnosine, MG (0:0/14:0/0:0) and pantetheine 4’-phosphate increased in rhizosphere soils inoculated with FeOB, which indicated that the defense ability of soil-microorganism-plant system against peroxidation caused by As was enhanced. This study proved that FeOB have the potential application in remediation of As pollution in paddy soil, FeOB promotes the formation of iron oxide in paddy soil, and then adsorbed and coprecipitated with arsenic. On the other hand, the inoculation of Ochrobactrum sp. change soil microbial community structure and soil metabolism, increase the abundance of FeOB in soil, promote the biotransformation process of As in soil, and enhance the resistance of soil to peroxide pollution (As pollution).
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INTRODUCTION

Arsenic (As) is the most widespread toxic non-metallic element in nature, among which inorganic As (iAs) was identified as a class I carcinogen by the International Agency for Research on Cancer (IARC). As mainly exists as a sulfide (FeAsS, As4S4, and AsS) or is associated with other metal minerals in the natural environment. As mining and smelting, pesticide production, coal combustion and other human activities are important causes of environmental As pollution, and according to statistics, the global anthropogenic emissions of As in soil are 2.84 × 105–9.4 × 105 t (Clemens and Ma, 2016). According to a survey conducted by the Ministry of Environmental Protection and the former Ministry of Land and Resources, by 2014, the total exceeding rate of soil pollution in China had reached 16.1%, while the exceeding rate of soil sampling sites on cultivated land was 19.4%, and the exceeding rate of As samples was 2.7%, ranking third among the eight inorganic pollutants after cadmium and nickel. Rice is the staple food for approximately 3 billion people worldwide (Zhao et al., 2015). Pollution in paddy soil not only causes plant poisoning and crop yield loss but also enters the human body through the food chain, posing a serious threat to human health (Saifullah, et al., 2018). Therefore, the remediation of As-contaminated paddy soil is a major ecological and environmental problem, and it is urgent to find a cost-effective and environmentally friendly solution.

Soil microorganisms play an important role in affecting the geochemical cycling of arsenic, regulating its morphological transformation, environmental fate and bioavailability. Sforna et al. (2014) showed that microbial metabolism of As began 2.7 billion years ago, and some specific microorganisms contain active enzymes related to arsenic metabolism, which are able to regulate the redox and methylation processes of As in microbial cells (Sforna et al., 2014). Arsenic-oxidizing bacteria contain the arsenite oxidase gene (aioA), which can mediate arsenic oxidation, and their activities, such as in Ensifer sp. and Acinetobacter sp., lead to reduced toxicity of arsenic in soil and may help to stimulate the growth/activity of indigenous microorganisms in soil and promote the remediation of arsenic-contaminated soil by hyperaccumulator plants (Wang et al., 2012; Debiec-Andrzejewska et al., 2020). The genetically engineered bacteria Pseudomonas putida KT2440, Bacillus subtilis, and Westerdykella aurantiaca contain the As(III) S-adenosylmethionine methyltransferase gene (arsM) in their cells, which can methylate arsenic to methyl arsenate [MAs(V)], dimethyl arsenate [DMAs(V)] and trimethyl arsenic oxide [TMAs(V)O] to promote the production of volatile arsenic compounds, thereby reducing the inorganic arsenic content in soil (Chen et al., 2014; Verma et al., 2016). In addition, some other species of microorganisms have been reported to be involved in the remediation of As contamination. For example, the activity of sulfate-reducing bacteria and their subsequent production of sulfide precipitate As(III) or coprecipitate with iron can sequester As(III) in the mineral phase (Kirk et al., 2004; Alam and McPhedran, 2019). Achal et al. (2012) successfully reduced exchangeable As in soil and sequestered arsenic in carbonate precipitation through a calcite precipitation process induced by Sporosarcina ginsengisoli. In situ remediation of arsenic in soil by microorganisms has gradually become a popular research topic due to its advantages in regard to environmental disturbance and cost effectiveness (Achal et al., 2012).

The anaerobic oxidation capacity of FeOB offers the possibility for its potential application for effectively removing arsenic in soil and groundwater treatment. It was found that FeOB, including Acidovorax sp. strain BoFeN1 and Rhodobaster ferrooxidans strain SW2, strain KS has the ability to resist arsenic poisoning, and the oxidation of Fe(II) produces mineral phases such as goethite and nano goethite, which can effectively remove more than 96% of arsenic in solution (Hohmann et al., 2010). The rhizosphere soil environment is influenced by plant root exudates and rhizosphere microorganisms. Physicochemical properties of the soil rhizosphere (pH, Eh, EC, element concentration, etc.) and environmental factors (radial oxidation loss, metabolites secreted by plants, microbial activity, etc.) may affect the bioavailability of arsenic in paddy soil (Bais et al., 2006). Under flooded paddy soil, radial oxidation loss of rice roots induced the formation of iron plaque on the root surface (Wu et al., 2015), which sequestered As by adsorption or coprecipitation with iron oxides, thus affecting the bioavailability of As in the rhizosphere, serving as an important barrier against the uptake of As in rice (Tripathi et al., 2014). The flooding and Fe- and N-rich conditions in the paddy soil provided a suitable living environment for microaerobic nitrate-dependent FeOB (Ratering and Schnell, 2001). The microbial iron oxidation process successfully competes with chemical iron oxidation and occupies a dominant position. Nitrate-dependent FeOB utilizes nitrate as an electron acceptor to oxidize Fe(II) to Fe(III) (Klueglein et al., 2014; Jamieson et al., 2018) and mediates the metabolic pathway of denitrification and the reduction of alien nitrate to ammonia. It is the coupling link of the iron cycle and nitrogen cycle (Li et al., 2016) and plays a role in the biogeochemical cycle of As.

Several studies have proven that artificial inoculation of FeOB could stimulate the formation of iron plaque in rice roots and significantly reduce the concentration of As in rice roots, leaves, glumes and grains (Dong et al., 2016; Xiao et al., 2020). However, most studies focused on the effect of iron-oxidizing bacteria inoculation on arsenic fixation in soil and rice plants but paid little attention to the potential changes of microbial community structure and soil metabolism after iron-oxidizing bacteria inoculation. In this study, a new FeOB isolated in our previously study, Ochrobactrum sp. EEELCW01, was inoculated into paddy soil. The main objectives of this study were: (a) to explore the redistribution of arsenic in paddy soil and rice plants by inoculation with FeOB; (b) to investigate the changes of soil microbial community structure after inoculation with FeOB; (c) to understanding the regulatory mechanism of FeOB in soil from the perspective of metabonomics.



MATERIALS AND METHODS


Tested Strain and Growth Conditions

Ochrobactrum EEELCW01, a bacterium that can oxidize ferrous iron under microaerobic conditions, was isolated from a typical arsenic-contaminated paddy soil in Furong District, Changsha city, Hunan Province (Luo et al., 2021). The accession numbers of this bacterium in the NCBI GenBank are CP047598 and CP047599. After activation, Ochrobactrum EEELCW01 was cultured in liquid LB medium in a rotary shaker at 28°C and 200 rpm. After 48 h of culture after inoculation, the bacteria grew to the logarithmic phase, and the medium was centrifuged at 8000 rpm to collect the precipitated cells, which were washed with neutral sterile water three times to prepare a resting cell suspension.



Soil Source and Preparation of Pot Experiments

Pot experiment soils were collected from the surface (0–20 cm) of a paddy field near mining areas in Chenzhou, Hunan Province, China. Basic soil physical and chemical properties, including pH, EC, organic matter, available potassium, available nitrogen, total iron, aluminum, manganese and arsenic content, were determined, as shown in Table 1. To avoid affecting the composition of the soil microbial community and the abundance of arsenic metabolic genes, soil was immediately collected and used in pot experiments. The soil was packed in PVC pots (height 30 cm, bottom diameter 24 cm, and diameter 28 cm), and each pot contained 10 kg of soil. Fertilizer was applied according to the conventional fertilization ratio of N: P2O5:K2O = 1.5:1:2. In addition, 10 mmol/L sodium nitrate was added to supplement the additional nitrogen source for FeOB growth. The pot soil was irrigated with sterile water to reach field moisture capacity and equilibrated for approximately 1 week.


TABLE 1. Basic properties of the soil for pot experiments.

[image: Table 1]
The rice seeds were soaked in 30% (H2O2) hydrogen peroxide solution for 15 min to sterilize the surface and then transferred into petri dishes covered with moist filter paper for germination. When the seedlings (2–3 cm) germinated, they were transferred into seedling raising trays paved with paddy soil for seedling raising. Three uniform 2-week-old seedlings were selected and transplanted into each soil-filled PVC pot (Wu et al., 2014).



Pot Experimental Design

Four treatments were prepared in this study: (1) CK (controls without inoculation of bacteria and cultivation of rice plants), (2) FB (soil with inoculation of FeOB), (3) RP (soil with cultivation of rice plants) and (4) RF (soil with cultivation of rice plants and inoculation of FeOB on rice roots). Each treatment was replicated three times. To simulate actual field operations, rice seedlings were grown under flooded conditions (water surface 2 cm above the soil surface). The prepared bacterial suspension (100 mL/pot) was uniformly injected into rhizosphere soil by syringe.

The rhizosphere and non-rhizosphere soil solutions of rice plants were sampled with a Rhizon soil solution sampling tube (Rhizosphere, Netherlands) on Day 0, Day 15 (rice-tillering stage), Day 30 (rice-jointing stage), Day 45 (rice-heading stage), Day 75 (rice-filling stage) and Day 105 (rice-maturing stage) after seedling growth to analyze their pH, conductivity (EC), total As, available As content, As speciation [As(III) and As(V)] and iron (Fe) content (Wu et al., 2011; Yu et al., 2017). Soil samples were collected to determine the fractionation of As in the soil by sequential extraction procedures (Wenzel et al., 2001), and the available As was extracted by 0.5 mol⋅L–1 NaHCO3 (Woolson et al., 1971). Rice plants were harvested at the mature stage, washed with deionized water and then thoroughly rinsed with deionized water. After the surface moisture was air-dried, the arsenic content and arsenic species in the roots and straw were determined. In addition, at the maturity stage of rice, 50 mg solid soil samples were placed in a 1.5 mL centrifuge tube, quickly frozen in liquid nitrogen and immediately placed in a –80°C refrigerator for subsequent microbial diversity and metabolomics measurements.



Determination of Arsenic Speciation in Rice Plant Parts

The washed rice plants were divided into root and straw parts, dried in a freeze-drying oven, and ground and crushed under liquid nitrogen for later use. A 0.2–0.5 g sample was weighed in a 50 mL centrifuge tube and 20 ml of 0.28 mol/L HNO3 solution was added and extracted in a 95°C water bath for 1.5 h. The extract was cooled to approximately 25°C and centrifuged at 5000 r/min for 10 min, and the supernatant was filtered through a 0.22 μm membrane for further analysis. The speciation content of arsenic in the samples was determined with hydride generation atomic fluorescence spectrometry (HG-AFS, AFS-8230, Beijing Jitian Instruments Co., Beijing, China).



Microbial DNA Extraction and Illumina Sequencing

Microbial community genomic DNA was extracted from soil samples using the E.Z.N.A.® soil DNA Kit (Omega Bio-tek, Norcross, GA, United States) according to the manufacturer’s instructions. The DNA extract was checked on a 1% agarose gel, and DNA concentration and purity were determined with a NanoDrop 2000 UV-vis spectrophotometer (Thermo Scientific, Wilmington, DE, United States). The hypervariable region V3-V4 of the bacterial 16S rRNA gene was amplified with primer pairs 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) by an ABI GeneAmp® 9700 PCR thermocycler (ABI, Los Angeles, CA, United States). PCR amplification of the 16S rRNA gene was performed as follows: initial denaturation at 95°C for 3 min, followed by 27 cycles of denaturing at 95°C for 30 s, annealing at 55°C for 30 s, extension at 72°C for 45 s, a single extension at 72°C for 10 min, and a final extension at 4°C. The PCR mixtures contained 5 × TransStart FastPfu buffer 4 μL, 2.5 mM dNTPs 2 μL, forward primer (5 μM) 0.8 μL, reverse primer (5 μM) 0.8 μL, TransStart FastPfu DNA Polymerase 0.4 μL, template DNA 10 ng, and ddH2O up to 20 μL. PCRs were performed in triplicate. The PCR product was extracted from a 2% agarose gel, purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States) according to the manufacturer’s instructions, quantified using a Quantus™ Fluorometer (Promega, Madison, WI, United States), and then sequenced on an Illumina MiSeq PE300 platform (Illumina, San Diego, CA, United States).



Metabolite Extraction and Metabolomics Analysis

Fifty milligrams of soil sample was accurately weighed, and the metabolites were extracted using a 400 μL methanol: water (4:1, v/v) solution. The mixture was allowed to settle at –20°C and treated with a Wonbio-96c high-throughput tissue crusher (Shanghai Wanbo Biotechnology Co., Ltd., Shanghai, China) at 50 Hz for 6 min, followed by vortexing for 30 s and ultrasonication at 40 kHz for 30 min at 5°C. The samples were placed at –20°C for 30 min to precipitate proteins. After centrifugation at 13,000 g at 4°C for 15 min, the supernatant was transferred to sample vials for LC–MS/MS analysis (Wang and Xie, 2020).

A multivariate statistical analysis was performed using ropls (Version 1.6.21) R package. Principal component analysis (PCA) using an unsupervised method was applied to obtain an overview of the metabolic data, and general clustering, trends, or outliers were visualized. All metabolite variables were scaled to unit variances prior to conducting the PCA. Partial least squares discriminate analysis (PLS-DA) was used for statistical analysis. All metabolite variables were scaled to Pareto scaling prior to conducting the PLS-DA. The model validity was evaluated from model parameters R2 and Q2, which provide information on interpretability and predictability, respectively, of the model and avoid the risk of overfitting (Wang et al., 2021). Variable importance in the projection (VIP) was calculated in the PLS-DA model, and p values were estimated with paired Student’s t-test on single-dimensional statistical analysis. The variables with significant differences (p < 0.05) and VIP values > 1 were defined as key metabolites.



Univariate Statistical Analysis

Univariate statistical analyses were performed using SPSS 19.0 and summarized as the mean ± standard error (SE). Treatment means were compared using Tukey’s ANOVA at the 5% level of significance (p < 0.05).




RESULTS


Content of Available Arsenic and Arsenic Fractionation in Soil

Figure 1 shows the changing trend of available arsenic content in soil during the rice growth period. In the flooded paddy soil, the available As content in the soil first increased and then decreased with the growth period of the rice plants. In the CK and RP treatments without inoculation with FeOB, the content of available arsenic in soil increased greatly in the early stage of rice growth because paddy soil was flooded at that time, and the redox potential in the soil decreased, resulting in the reduction and dissolution of arsenic originally adsorbed on iron oxides and their re-release into the soil (Wu et al., 2016). The available arsenic content of soil reached the highest value, 2.228 mg/kg, at the jointing stage in CK, while in the treatments planted with rice (RP), the available As content was lower. In the FB and RF treatments inoculated with FeOB, the available arsenic content in the soil increased slightly with time, but the total content remained at the same low level as the initial value (1.487–1.554 mg/kg). The inoculation of FeOB significantly reduced the available arsenic content in paddy soil from the jointing stage to the maturity stage (P < 0.05). In the maturity stage, the available arsenic content of each treatment group was CK > RP > FB > RF, among which the available arsenic contents in the FB and RF treatments were 1.518 mg/kg and 1.516 mg/kg, respectively, which were 6.25–12.31% lower than the 1.731 mg/kg and 1.617 mg/kg of the CK and RP treatments, respectively.
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FIGURE 1. Available arsenic content in soils in different treatments at different growth stages.


Since the total arsenic concentration is insufficient to account for the bioavailability and toxicity of arsenic in soil (Huang et al., 2015), we used different extraction reagents to separate the arsenic components in the soil into the following binding states: (1) non-specific adsorption state, (2) specific adsorption state, (3) amorphous iron-aluminum oxide binding state, (4) crystalline iron-aluminum oxide binding state, and (5) residual state. Figure 2 shows the different arsenic fractions of soils in the rice maturation stage. In the CK, the As fraction concentration trend was residual state > amorphous iron-aluminum oxide binding state ≥ crystalline iron-aluminum oxide binding state > specific adsorption state > non-specific adsorption state. In other treatments, the As concentration in the residual state was 56.3∼82.0 mg/kg, accounting for 46∼59%; As concentration in the crystalline iron-aluminum oxide binding state was 23.2∼29.8 mg/kg, accounting for 17∼25%; As concentration in the amorphous iron-aluminum oxide binding state was 22.9∼32.7 mg/kg, accounting for 17∼25%; As concentration in the specific adsorption state was 9.55∼10.2 mg/kg, accounting for 7∼8%; and As concentration in the non-specific adsorption state was 0.15∼0.23 mg/kg, accounting for <1%. In unplanted soil, compared with the CK, FeOB inoculation (FB) increased the As fraction of the amorphous iron-aluminum oxide binding and crystalline iron-aluminum oxide binding states by 5 and 6%, respectively. However, the residual state decreased by 12% in the FB treatment compared with the CK. In rice rhizosphere soil, compared with the RP, FeOB inoculation (RF) increased the As fraction of the crystalline iron-aluminum oxide binding state by 5% but decreased the As fraction of the amorphous iron-aluminum oxide binding state by 4%.


[image: image]

FIGURE 2. Relative distribution of different arsenic binding states of different treatment groups at the maturing stage in paddy soils.




Arsenic Content and Speciation in Rice Plants

In order to explore the effect of inoculation of iron-oxidizing bacteria on the accumulation of As in rice plants, we harvested rice at mature stage and determined the arsenic speciation in the tissues. Figure 3 shows the As speciation concentrations in roots (A) and stems (B) of rice plants. Most As species in rice plants was inorganic As, while organic As accounted for lower proportions. In rice plants, the different As speciation trend was As(V) > As(III) > DMA ≥ MMA, which was in accordance with Smith (Smith et al., 2008). The contents of As(III) and As(V) in roots with FR treatment were 11.5 and 191 mg⋅kg–1, respectively, while those with RP treatment were 27.0 and 261 mg⋅kg–1, which were reduced by 57.4 and 26.8%, respectively. In the stems, with the inoculation of iron oxidizing bacteria, the contents of As(III) and As(V) decreased from 7.74 and 11.3 mg⋅kg–1 to 4.86 and 5.82 mg⋅kg–1, which were reduced by 37.2 and 48.5%, respectively. Apparently, the inoculation of iron-oxidizing bacteria significantly reduced the contents of As(III), As(V) and DMA in rice tissues.


[image: image]

FIGURE 3. Contents of arsenic in different speciation in roots (A) and stems (B) of rice plants.




Microbial Community Diversity

The species diversity index is a function of species richness and evenness and is a statistic used to describe the diversity of a community. As shown in Table 2, the evenness (Shannon and Simpson) and abundance (ACE and Chao) of the microbial community decreased in the treatments with FeOB (FB and RF), indicating that the addition of FeOB caused a disturbance to the microbial community structure in the original soil, in which the niches of some kinds of microorganisms were replaced, thus reducing microbial diversity. In addition, the microbial community diversity in the rhizosphere soil under different treatments was higher than that in the unplanted rice soil because the exudates from plant roots could have provided a carbon source for soil microorganisms and could have changed the microenvironmental conditions of the rhizosphere soil. These results were consistent with the results reported by Peiffer et al. (2013), who found that the microbial community diversity in the maize rhizosphere was significantly higher than that in the surrounding soil.


TABLE 2. α diversity index of microbial communities in the soils.
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As shown in Figure 4A, the number of microbial OTUs in the paddy soil and unplanted soil without FeOB was 5311 and 6182, respectively. The number of microbial OTUs detected in the paddy and unplanted soil inoculated with FeOB was 4643 and 4607, respectively. The number of common OTUs in the four treatment groups was 2691, accounting for 50.67, 43.53, 57.96, and 58.41% of the CK, RP, FB, and RF treatment groups, respectively. Figure 4B shows that the CK, RP, FB, and RF treatment groups contained 832, 900, 806, and 794 genera, respectively, and 617 bacterial genera were shared among all treatment groups. Compared with the treatments without inoculation of FeOB, the number of common genera in the soil with inoculation of FeOB decreased relatively, while the number of specific genera increased relatively.


[image: image]

FIGURE 4. Venn diagram of the microbial community at the OUT (A) and genus (B) level.


The soil samples collected in this experiment included Proteobacteria, Bacteroidetes, Firmicutes, Acidobacteria, Chloroflexi, Verrucomicrobia, Actinobacteria, Rokubacteria, Planctomycetes, Gemmatimonadetes, and Patescibacteria, accounting for more than 95% of the total phyla (Figure 5). Among them, Proteobacteria, Bacteroidetes, Firmicutes, and Acidobacteria were the dominant phyla, and their relative abundances in the CK treatment were 27, 17, 13, and 15%, respectively. In the FB treatment, the relative abundance of Firmicutes increased by 3%, that of Bacteroides increased by 3%, and that of Acidobacteria decreased by 2%. The changing trend of microbial phyla caused by inoculation with FeOB was different in the paddy soil compared with that in the unplanted soil. In the paddy soil, the relative abundances of Proteobacteria and Firmicutes increased by 5 and 2% after inoculation with FeOB, respectively. In genus level, the relative abundance of Bacteroides, Anaerolineaceae, Prevotella, Faecalibacterium, Gemmatimonadaceae, Rokubacteriales, and Thiobacillus was higher (Figure 6). However, the unclassified KD4-96 (belonging to the phylum Phanerochaete), Pedosphaeraceae, Geobacter were significantly enriched after inoculation with FeOB, while the abundances of Gemmatimonadetes and Rokubacteriales etc. were lower in the treatments with FeOB inoculation.


[image: image]

FIGURE 5. Circos diagram of microbial on phylum levels in different treatments.
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FIGURE 6. Heat map of microbial communities at the genus level.




Soil Metabolic Profiling

Soil metabolomics can detect hundreds of chemicals simultaneously and identify metabolic molecular changes that have occurred in the soil. However, current research on the effects of FeOB on soil microbial remediation generally does not include the analysis of soil metabolites. In this study, FeOB were added to the soil as in situ remediation agents to study the long-term effects of FeOB on soil metabolite profiling in the presence and absence of rice plants. To visualize general grouping information as a function of treatment, PCA analysis was performed (Figure 7). The results showed that except for the large deviation in the RF4 samples, the remaining samples were within the 95% confidence interval, and there was a significant difference between the two groups. However, the samples in the RP group were not completely separated due to their proximity to each other. The results showed that all samples except RF4 were within the 95% confidence interval. In Figure 7, PC1 and PC2 represented 27.20 and 14.40%, respectively, of the overall difference of the samples, and the FeOB inoculated treatments (RP and RF) and the non-inoculated treatments could be completely separated (CK and FB). In addition, whether rice was planted was considered the distinguishing condition, and the samples of the two treatments were also completely separated. And to achieve the maximum separation between soil metabolic samples from different treatment groups, partial least squares analysis (PLS-DA) with a supervised model was used to analyze the difference between two treatments. As shown in Figure 8, all 24 samples were in the confidence interval of 95%, and the group of CK, RP and FB, RF were obviously separated, which indicates that components 1 and 2 in this model can better explain the differences between groups, and the metabolite abundance among groups were significantly different. The replacement test of the model (Table 2) shows that R2X and R2Y represent the interpretation rate of the x and y matrices, and R2X(cum) and R2Y(cum) represent the cumulative interpretation rate. Q2 indicates the prediction ability of the model. The closer these three indices are to 1, the more stable and reliable the model, and Q2 > 0.5 indicates the better prediction ability of the model. The R2Y(cum) of the two PLS-DA models is close to 1, which indicates that the models agree with the real situation of samples, Q2 is greater than 0.5, and the intercept between q and the longitudinal axis is less than 0, which indicates that the models have good stability.


[image: image]

FIGURE 7. PCA scoring model of different treatments.
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FIGURE 8. PLS-DA scoring [(A) CK and FB and (B) RP and RF] models and permutation test [(C) CK and FB and (D) RP and RF].


A total of 448 metabolites were identified and semiquantified in soil samples by using non-target metabonomics based on liquid chromatography-mass spectrometry (LC–MS). A two-tailed test analysis was performed on all metabolites, and a volcano map of metabolite differences was created (Figure 9). Figure 9A shows the differential metabolites in the CK and FB, and most differential metabolites were significantly downregulated in the FB, with only a few metabolites were significantly upregulated. Notably, the inoculation of FeOB had different effects on soil metabolites in the rice rhizosphere, more metabolites were significantly upregulated in RF. According to P < 0.05 and VIP > 1, the differential metabolites with the top 30 VIP values are shown in Figure 10. In the treatment groups without rice planting, except for the increase in two metabolites, the abundance of most differential metabolites was downregulated with the inoculation of FeOB (Figure 10A), which indicated that FeOB might affect the metabolism of soil microorganisms, resulting in the inhibition of some metabolite synthesis pathways or the enhancement of decomposition pathways. Notably, the abundance of several lipids and lipid-like compounds was significantly downregulated with inoculation of FeOB, including fatty alcohols (1-acetoxy-2-hydroxy-16-heptadecen-4-one), fatty acid esters (3-hydroxypentadecanoyl carnitine), retinoids (bexarotene), linoleic acids and their derivatives [8(R)-hydroperoxylinoleic acid], fatty acyl glycoside (1-octen-3-yl glucoside) and glycerophospholipids [PG (a-13:0/i-12:0)]. In addition, the abundance of carbohydrates and their derivatives, including methyl beta-D-glucopyranoside, D-ribose, 1-octen-3-yl glucoside, sucrose and amino acid derivatives, including rhizonin A, histidinyl-threonine, tryptophyl-aspartate, temocarilat, methionyl-asparagine, aminopentanamide and others, were also downregulated with inoculation with FeOB.
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FIGURE 9. Volcano map of metabolic differences (A: CK vs. FB; and B: RP vs. RF).
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FIGURE 10. Heat map of metabolic differences of the top 30 metabolites in unplanted (A) and rice rhizosphere (B) soils.


In the presence of rice plants, the soil metabolite pool consists of metabolites secreted by plants and metabolites produced by microbial communities. The results showed that inoculation with FeOB also changed the distribution of soil metabolites in the rhizosphere soil. Part of the key metabolites were consistent with those in the unplanted soil (Figure 10B), including some amino acid analogs and some lipid compounds such as N-N-heptanoyl-homoserine lactone NE and N-octanoyl-L-homoserine lactone etc., which were still downregulated after inoculation with FeOB. Furthermore, some other key metabolites not found in the unplanted soil, such as pantetheine 4′-phosphate, etriol-3-glucuronide (not shown in the figure), were also downregulated. Interestingly, in contrast to the unplanted soil, more metabolite abundances were upregulated after inoculation with FeOB in the paddy-planted soil, including carnosine, MG(0:0/18:3(9Z,12Z,15Z)/0:0), MG(0:0/14:0/0:0), todatriol glucoside, avocadyyne 1-acetate, (2,6,6-trimethyl-2-cyclohexen-1-yl)-1,6-heptadien-3-one, and acetoxy-2-hydroxy-16-heptadecyn-4-one.




DISCUSSION


Redistribution of Arsenic in Paddy Soil and Rice Plants by Inoculation With FeOB

The toxicity and mobility of As depend largely on its speciation, the content of total arsenic in soil is of limited significance for measuring the bioavailability of As in soil (Flynn et al., 2002). Therefore, the determination of available As content and the As fractionation in soil is of great significance to the environmental risk assessment of arsenic in soil. The available As content in this study were rank as follow: CK > RP > FB ≥ RF (Figure 1). The available As content in the treatments planted with rice (RP) was lower than CK, which was due to the oxygen secretion function of the rice root system, promoting the formation of iron plaque on the rice root surface and immobilizing the heavy metals through adsorption or coprecipitation, thus resisting the damage to the plants by the heavy metals in the soil (Wu et al., 2015). The inoculation of FeOB effectively controlled the content of available arsenic in soil and inhibit the desorption and release of adsorbed arsenic in flooded soil. It was because FeOB promoted the aggregation of Fe (II), accelerated the oxidation rate of Fe (II) and promoted the formation of iron (hydroxide) oxides under microaerobic or anaerobic conditions. It was reported that most iron (hydroxide) oxides generated from Fe(II) oxidation mediated by neutral FeOB initially exist as second-line ferrihydrite (Fe5HO8⋅4H2O) or amorphous iron oxyhydroxide (FeOOH) (Miot et al., 2009). These iron minerals have the characteristics of high surface activity, low crystallinity, amorphous state, and strong adsorption performance for heavy metals. However, second-line ferrihydrite was in a metastable state in the environment and was prone to conversion into mineral phases and morphological structures under the action of chemicals or microorganisms, thus further forming high-crystallinity and more stable iron minerals such as lepidocrocite, hematite, goethite and magnetite. This process was usually accompanied by the migration and release of heavy metals from the mineral surface, followed by secondary adsorption and coprecipitation.

As fractions in the soil could have been affected by the rice rhizosphere environment, including physicochemical properties (such as pH and Eh), radial oxygen loss of rice (ROL) and microbes in the rice rhizosphere. For example, Wu et al. showed that ROL could affect As transfer in soils, leading to the coprecipitation of As and Fe and increasing the As fraction of the amorphous iron-aluminum oxide binding state (Wu et al., 2015). Moreover, the activities of plant roots and microorganisms promote the oxidation of difficult-to-convert substances such as sulfide (FeAsS) and organic matter in soil (Huang et al., 2015). For example, FeOB oxidized Fe(II)to Fe(III), which accelerated the oxidation-dissolution reaction of As-containing minerals such as arsenopyrite, leading to the formation of FeAsO4⋅2H2O (Garcia-Sandchez and Alvarez-Ayuso, 2003). This process increased the As content in the iron-aluminum oxide binding state but decreased the As content in the residue state. In addition, the radial oxygen loss of rice might stimulate microbial activities in rhizosphere soil and further affect the behavior of As.

Previous studies (Wenzel et al., 2001; Smith et al., 2008) have shown that As in soil is closely related to amorphous or crystalline iron-aluminum oxides. The As component in the non-specific adsorption state, specific adsorption state, and amorphous iron-aluminum oxide binding state was considered to constitute the main part of bioavailable As (Tang et al., 2007), whereas the crystalline iron-aluminum oxide binding state and residual state were relatively stable. Therefore, the As component associated with the amorphous iron-aluminum oxide binding state was a key part in controlling bioavailability. In these results, the inoculation of FeOB increased the amorphous iron-aluminum oxide binding state and crystalline iron-aluminum oxide binding state of As in the soil without rice planting. In the rhizosphere soil, the inoculation of FeOB promoted the transformation of the amorphous iron-aluminum oxide binding state of As to the crystalline iron-aluminum oxide binding state, which indicated that the application of FeOB in soil resulted in the redistribution of arsenic speciation in soil and effectively reduced the bioavailability of As.

With the inoculation of FeOB, different As speciation, especially As(V), As(III) and DMA, were significantly decreased in both stems and roots. FeOB could have promoted the formation of rhizosphere iron (hydrogen) oxide and the formation of iron plaque, which could have sequestered As on rice roots. This has potential for As remediation in soils and decreasing As accumulation in rice plants. Moreover, other studies also showed that with the addition of FeOB to paddy fields, the As and Cd concentrations in different parts of rice significantly decreased (Dong et al., 2016; Xiao et al., 2020).



Changes of Soil Microbial Community Structure After Inoculation With FeOB

These results of microbial community diversity indicated that inoculation with FeOB changed the microbial composition in the microdomain of paddy soil and could significantly affect the growth of some microorganisms, resulting in significant differences in microbial communities (Figure 4). At the phylum level, with the inoculation of iron-oxidizing bacteria, Proteobacteria, Bacteroidetes, and Firmicutes were increased in the unplanted and rice rhizosphere soils (Figure 5). The enrichment of Proteobacteria, Bacteroidetes, and Firmicutes was consistent with the previously reported microaerophilic FeOB studies. In the study of enrichment and subculture of micro-aerobic iron-oxidizing bacteria in paddy soil by Chen et al. (2016) and Li et al. (2019), enrichment of some bacteria with iron oxidation function was found, and most of them belong to Proteobacteria, Bacteroides, and Firmicutes, accounting for more than 90% of microbial community, which indicates that the inoculation of Ochrobactrum strain promotes the enrichment of iron oxidation-related microorganisms in soil in this study. Moreover, the Ochrobactrum strain in our study, belongs to Proteobacteria. Although the abundance increase of Proteobacteria was detected in the results of microbial communities, Ochrobactrum sp. was not detected as dominant genus at the genus level, which might be since after a long period of culture, Ochrobactrum sp. competed with indigenous microorganisms, and have not developed into the dominant genus or the universal primers used for PCR amplification in this study had no specificity for 16S rRNA genes of Ochrobactrum (Wang et al., 2009).

In the results of the genus level (Figure 6), Girardot et al. (2020) reported that KD4-96 was a heavy metal-resistant bacterium, and it may play an important role in the biotransformation of heavy metals. Cao et al. (2020) found that Pedosphaeraceae had a significant positive correlation with the accumulation of Pb and Cd in hyperenriched plants, but the behavioral mechanism was not elucidated. The enrichment of Pedosphaeraceae might indicate that inoculation with FeOB reduced the toxicity of heavy metals in soil (Cao et al., 2020). The abundances of Gemmatimonadetes and Rokubacteriales were lower in the FeOB inoculation treatments. Gemmatimonadetes is a beneficial bacterium essential for phosphorus dissolution, microbial nitrogen metabolism and soil respiration (Chen et al., 2020) and widely exists in farmland soil. Similarly, studies have shown that Rokubacteriales is a type of bacteria with nitrogen respiratory potential (Becraft et al., 2017). These results indicated that the relevant carbon and nitrogen metabolic pathways were relatively weakened in the treatment with FeOB after 105 days of inoculation. It was speculated that the inoculation of nitrate dependent, FeOB at an early stage stimulated the process of iron oxidation coupled with nitrogen reduction and accelerated the consumption of nitrogen sources in the soil, thus weakening the nitrogen metabolic pathway at the mature stage. Furthermore, the abundance of Geobacter, which is related to iron-reducing bacteria, was higher in the rhizosphere soil than in the unplanted soil, and the abundance was highest in the RF, suggesting that the action of oxygen secretion from the rice rhizosphere and FeOB jointly promoted the iron redox cycle in the soil.



Regulatory Mechanism of FeOB in Soil From the Perspective of Metabonomics

The structure and function of soil ecosystems are very complex, and their key biogeochemical cycles are driven by a variety of factors, including soil animals, microorganisms, extracellular enzymes, and plants. Soil metabolites can be considered phenotypic to changes in soil microbial community activity, as changes at the biological and enzyme levels will ultimately be manifested as changes in the metabolite profiles. In addition, plants can also actively regulate the distribution of rhizosphere secretions. Swenson et al. (2015) first proposed the “soil metabolomics” method to analyze soil organic matter reservoirs, and the changes experienced by organisms and enzyme levels are manifested as changes in metabolic profiling to propose reasonable assumptions for changes in soil biochemistry. In this study, FeOB may directly or indirectly interact with soil organic matter and microorganisms and thus affect biochemical processes and metabolic pathways in soil. The secreted intracellular and extracellular metabolites of soil microorganisms constitute the soil metabolite pool, and monitoring soil metabolites could indirectly reflect the changes in microbial metabolism.

In unplanted soil (Figure 10A), (R)-Hydroperoxylinoleic acid is a linoleic acid derivative that can be produced by some fungi through linoleic acid metabolism (Brodowsky et al., 1992; Brodowsky and Oliw, 1993), while PG(a-13:0/i-12:0) is a glycerophospholipid that is not only an important component of biofilms but also involved in protein recognition and signal transduction by the cell membrane. Oxylipins are a type of lipid oxide signal that regulates many physiological processes, such as growth and development, defense responses to pathogens and herbivores, and abiotic stresses (Wang et al., 2020). 12-OPDA, a metabolite of the allene oxide synthase (AOS) pathway, is produced by the oxidation of α-linolenic acid by 13-lipoxygenase, followed by the formation of unstable alkylene oxide through AOS action and subsequent cyclization by alkylene oxide cyclase (Stenzel et al., 2012), which has been reported to arise under stress in response to a variety of environmental changes. Moreover, fatty acids and their derivatives, such as stearidonic acid, 9(S)-HODE, 9-OxoODE, and prostaglandin J2, also showed significant differences between the FB and CK. According to the functional pathway of the KEGG pathway, these unsaturated fatty acid cascades could produce a variety of endogenous signaling molecules to regulate a variety of biological processes (Milne et al., 2005). D-ribose has been reported as the structural skeleton of purine and pyrimidine in genetic material and pentose precursor of some amino acids and is a component of many cofactors (especially adenosine triphosphate), playing a key role in energy metabolism (Croci et al., 2011; Maifiah et al., 2017). The reduction of these carbohydrates and amino acids might affect the normal microbial activities in the soil. The downregulation of carbohydrate abundance in soil might be due to the increase in carbohydrate molecular consumption caused by the addition of FeOB or due to the changes in the composition of microbial communities, which affect the carbon cycle in soil. A series of studies showed that exopolysaccharides and proteins secreted by bacteria are likely to provide nucleation sites for mineralization in the process of metal ion precipitation (Chan et al., 2004, 2009; Miot et al., 2009), inducing the accumulation of metal ions and the formation of different mineral phases. Huang et al. (2015) demonstrated that polysaccharides, such as dextran, chitosan, gelatine, and protein, could serve as nucleation sites and regulate the biomineralization process (Sun and Huang, 2006; Huang and Sun, 2007). The results of this study showed that the abundance of carbohydrates and amino acid analogs was downregulated to a certain extent after inoculation with FeOB. Combined with the results of the increase in the amorphous iron-aluminum oxide binding state and crystalline iron-aluminum oxide binding state of As in paddy soil, it could be speculated that the decrease in the abundance of polysaccharides and protein was due to the sampling time at the maturity stage of rice. A period after inoculation with FeOB promoted the utilization of polysaccharides, amino acids, and other substances in the soil during the growth stage of rice, as well as the occurrence of biomineralization, which in turn led to the downregulation of protein polysaccharide abundance at the maturity stage.

In rice rhizosphere soil (Figure 10B), Carnosine was reported as an endogenous dipeptide present in different tissues that inhibits lipid peroxidation and protein carbonylation (Kang et al., 2002; Aldini et al., 2005; Aydin et al., 2010; Kalaz et al., 2014). Carnosine functions as a free radical scavenger, a membrane protector, and a transition metal-chelating agent in organisms and has superoxide dismutase-like activity (Boldyrev et al., 2010) and is capable of neutralizing lipid peroxidation. The increase in carnosine abundance was conducive to resisting the destructive effects of oxidant pollutants. In addition, the abundance of most lipids and their derivatives in soil was upregulated by RP treatment, such as MG(0:0/18:3(9Z,12Z,15Z)/0:0), MG(0:0/14:0/0:0), todatriol glucoside, avocadyyne 1-acetate, (2,6,6-trimethyl-2-cyclohexen-1-yl)-1,6-heptadien-3-one, and acetoxy-2-hydroxy-16-heptadecyn-4-one. The upregulation of lipid compounds indicated that the inoculation of FeOB affected the lipid metabolic pathway in the soil planted with rice, but the abundance of lipid compounds showed the opposite change trend to that in the unplanted soil, which also indicated that the occurrence of lipid peroxidation in the soil was inhibited to a certain extent. Moreover, pantetheine 4’-phosphate was reported to be capable of synthesizing CoA, which is involved in many metabolic pathways, including the citric acid cycle, fatty acid biosynthesis as the coenzyme of acyltransferase (Rath et al., 2018). Some studies have shown that pantothenic acid and its derivatives have a protective effect on cell and tissue damage and are related to resistance to peroxidation damage (Slyshenkov et al., 1995). Besides, the abundances of N-N-heptanoyl-homoserine lactone NE and N-octanoyl-L-homoserine lactone were downregulated. Other studies reported that homoserine internal lipids also affected plant cells. If homoserine lactone exists around plants, plants might change gene expression, protein levels, and growth status and enhance their defense response (Mathesius et al., 2003; Miao et al., 2012; Zhao et al., 2016).

In summary, FeOB still downregulated the abundance of some metabolites in the rice rhizosphere soil, indicating that inoculation of FeOB caused a disturbance to the microbial community structure in the soil. However, there were a few upregulated metabolites, especially some compounds related to lipid metabolism. It was speculated that the coregulation of plant root exudates and soil microorganisms might enhance the defense ability of the soil-microorganism-plant system against peroxidation damage. However, the potential mechanism of these changes, including the role of plants, and whether such regulation is active or passive are still unclear.




CONCLUSION

The iron-oxidizing strain (Ochrobactrum sp. EEELCW01) was inoculated into As polluted paddy soil as a microbial agent, which could effectively reduce As bioavailability. The content of soil available As in the treatments (FB, RF) inoculated with iron oxidizing bacteria was decreased by 6.25–12.31% compared with that in the treatments (CK, RP) not inoculated. The inoculation of iron oxidizing bacteria also increased the proportion of As in the iron-aluminum oxide binding fraction, and significantly reduced As accumulation in rice tissues. The abundances of KD4-96, Pedosphaeraceae and other bacteria in soils increased with the inoculation of iron oxidizing bacteria. These bacteria had heavy metal resistance and could reduce the toxicity of heavy metals in soil through the biotransformation. However, the abundance of Gemmatimonadetes and Rokubacteriales decreased relatively, which was related to the consumption of a large amount of N-derived substances in the early stage. Soil metabolites could reflect the changes in microbial metabolic process. In the unplanted soil, the reduction of most polysaccharides and protein substances might be due to the promotion of iron oxide bacteria to metabolize and decompose polysaccharides, amino acids and other substances in the soils. In the rhizosphere soils, the abundance increases of Carnosine and some lipid substances including MG (0:0/14:0/0:0) and Pantetheine 4′-phosphate indicated that the defense ability of soil-microorganism-plant system against peroxidation damage was improved.



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

ZQ: experiment, data curation, formal analysis, software, visualization, writing – review and editing. CW: methodology, resources, writing – review and editing. WP: funding, conceptualization, and resources. XX and LX: experiment and data curation. WL: review and editing. All authors contributed to the article and approved the submitted version.



FUNDING

This work was financially supported by the Research Foundation of Education Bureau of Hunan Province, China (No. 20A246), Natural Science Foundation of Hunan Province of China (No. 2021JJ30340), National Natural Science Foundation of China (No. 42177392), and Dean’s Research Fund 2020/21 (Project code: 04626) of the Education University of Hong Kong.


FOOTNOTES

1http://bioconductor.org/packages/release/bioc/html/ropls.html


REFERENCES

Achal, V., Pan, X., Fu, Q., and Zhang, D. (2012). Biomineralization based remediation of As(III) contaminated soil by Sporosarcina ginsengisoli. J. Hazard. Mater. 201, 178–184. doi: 10.1016/j.jhazmat.2011.11.067

Alam, R., and McPhedran, K. (2019). Applications of biological sulfate reduction for remediation of arsenic. Chemosphere 222, 932–944. doi: 10.1016/j.chemosphere.2019.01.194

Aldini, G., Facino, R. M., Beretta, G., and Carini, M. (2005). Carnosine and related dipeptides as quenchers of reactive carbonyl species: from structural studies to therapeutic perspectives. Biofactors 24, 77–87. doi: 10.1002/biof.5520240109

Aydin, A. F., Kucukgergin, C., Ozdemirler-Erata, G., Kocak-Toker, N., and Uysal, M. (2010). The effect of carnosine treatment on prooxidant-antioxidant balance in liver, heart and brain tissues of male aged rats. Biogerontology 11, 103–109. doi: 10.1007/s10522-009-9232-4

Bais, H. P., Weir, T. L., Perry, L. G., Gilroy, S., and Vivanco, J. M. (2006). The role of root exudates in rhizosphere interations with plants and other organisms. Annu. Rev. Plant. Biol. 57, 233–266. doi: 10.1146/annurev.arplant.57.032905.105159

Becraft, E. D., Woyke, T., Jarett, J., Ivanova, N., Godoy-Vitorino, F., Poulton, N., et al. (2017). Rokubacteria: genomic giants among the uncultured bacterial phyla. Front. Microbiol. 8:02264. doi: 10.3389/fmicb.2017.02264

Boldyrev, A. A., Stvolinsky, S. L., Fedorova, T. N., and Suslina, Z. A. (2010). Carnosine as a natural antioxidant and geroprotector: from molecular mechanisms to clinical trials. Rejuv. Res. 13, 156–158. doi: 10.1089/rej.2009.0923

Brodowsky, I. D., Hamberg, M., and Oliw, E. H. (1992). A linoleic acid (8R)-dioxygenase and hydroperoxide isomerase of the fungus Gaeumannomyces graminis. Biosynthesis of (8R)-hydroxylinoleic acid and (7S,8S)-dihydroxylinoleic acid from (8R)-hydroperoxylinoleic acid. J. Biol. Chem. 267, 14738–14745.

Brodowsky, I. D., and Oliw, E. H. (1993). Biosynthesis of 8R-hydroperoxylinoleic acid by the fungus Laetisaria arvalis. Biochim. Biophys. Acta 1168, 68–72. doi: 10.1016/0005-2760(93)90267-d

Cao, X., Luo, J., Wang, X., Chen, Z., Liu, G., Khan, M. B., et al. (2020). Responses of soil bacterial community and Cd phytoextraction to a Sedum alfredii-oilseed rape (Brassica napus L. and Brassica juncea L.) intercropping system. Sci. Total Environ. 723:138152. doi: 10.1016/j.scitotenv.2020.138152

Chan, C. S., De Stasio, G., Welch, S. A., Girasole, M., Frazer, B. H., Nesterova, M. V., et al. (2004). Microbial polysaccharides template assembly of nanocrystal fibers. Science 303, 1656–1658. doi: 10.1126/science.1092098

Chan, C. S., Fakra, S. C., Edwards, D. C., Emerson, D., and Banfield, J. F. (2009). Iron oxyhydroxide mineralization on microbial extracellular polysaccharides. Geochim. Cosmochim. Acta 73, 3807–3818. doi: 10.1016/j.gca.2009.02.036

Chen, J., Sun, G. X., Wang, X. X., de Lorenzo, V., Rosen, B. P., and Zhu, Y. G. (2014). Volatilization of arsenic from polluted soil by Pseudomonas putida engineered for expression of the arsM Arsenic(III) S-Adenosine Methyltransferase Gene. Environ. Sci. Technol. 48, 10337–10344. doi: 10.1021/es502230b

Chen, L., Hao, Z., Li, K., Sha, Y., Wang, E., Sui, X., et al. (2020). Effects of growth-promoting rhizobacteria on maize growth and rhizosphere microbial community under conservation tillage in Northeast China. Microb. Biotehchnol. 14, 535–550. doi: 10.1111/1751-7915.13693

Chen, Y. T., Li, F. B., and Li, X. M. (2016). Diversity and biomineralization of Microaerophilic iron-oxidizing bacteria in paddy soil. Ecol. Environ. Sci. 25, 547–554. doi: 10.16258/j.cnki.1674-5906.2016.04.001

Clemens, S., and Ma, J. F. (2016). Toxic heavy metal and metalloid accumulation in crop plants and foods. Annu. Rev. Plant. Biol. 67, 489–512. doi: 10.1146/annurev-arplant-043015-112301

Croci, S., Bruni, L., Bussolati, S., Castaldo, M., and Dondi, M. (2011). Potassium bicarbonate and D-ribose effects on A72 canine and HTB-126 human cancer cell line proliferation in vitro. Cancer Cell Int. 11, 30. doi: 10.1186/1475-2867-11-30

Debiec-Andrzejewska, K., Krucon, T., Piatkowska, K., and Drewniak, L. (2020). Enhancing the plants growth and arsenic uptake from soil using arsenite-oxidizing bacteria. Environ. Pollut. 264:114692. doi: 10.1016/j.envpol.2020.114692

Dong, M. F., Feng, R. W., Wang, R. G., Sun, Y., Ding, Y. Z., Xu, Y. M., et al. (2016). Inoculation of Fe/Mn-oxidizing bacteria enhances Fe/Mn plaque formation and reduces Cd and As accumulation in Rice Plant tissues. Plant Soil 404, 75–83. doi: 10.1007/s11104-016-2829-x

Flynn, H. C., McMahon, V., Diaz, G. C., Demergasso, C. S., Corbisier, P., Meharg, A. A., et al. (2002). Assessment of bioavailable arsenic and copper in soils and sediments from the Antofagasta region of northern Chile. Sci. Total Environ. 286, 51–59. doi: 10.1016/S0048-9697(01)00962-7

Garcia-Sandchez, A., and Alvarez-Ayuso, E. (2003). Arsenic in soils and waters and its relation to geology and mining activities (Salamanca Province, Spain). J. Geochem. Explor. 80, 69–79. doi: 10.1016/s0375-6742(03)00183-3

Girardot, F., Allegra, S., Pfendler, S., Conord, C., Rey, C., Gillet, B., et al. (2020). Bacterial diversity on an abandoned, industrial wasteland contaminated by polychlorinated biphenyls, dioxins, furans and trace metals. Sci. Total Environ. 748:142746. doi: 10.1016/j.scitotenv.2020.141242

Hohmann, C., Winkler, E., Morin, G., and Kappler, A. (2010). Anaerobic Fe(II)-oxidizing bacteria show as resistance and immobilize as during Fe(III) mineral precipitation. Environ. Sci. Technol. 44, 94–101. doi: 10.1021/es900708s

Huang, G., Chen, Z., Sun, J., Liu, F., Wang, J., and Zhang, Y. (2015). Effect of sample pretreatment on the fractionation of arsenic in anoxic soils. Environ. Sci. Pollut. Res. 22, 8367–8374. doi: 10.1007/s11356-014-3958-5

Huang, J. B., and Sun, Z. Y. (2007). An experimental study of the mineralization of iron hydroxide modulated by microbial polysaccharide and dextran. Acta Ichthyol. Piscat. 26, 467–473. doi: 10.1631/jzus.2007.B0900

Jamieson, J., Prommer, H., Kaksonen, A. H., Sun, J., Siade, A. J., Yusov, A., et al. (2018). Identifying and quantifying the intermediate processes during nitrate-dependent Iron(II) oxidation. Environ. Sci. Technol. 52, 5771–5781. doi: 10.1021/acs.est.8b01122

Kalaz, E. B., Coban, J., Aydin, A. F., Dogan-Ekici, I., Dogru-Abbasoglu, S., Oztezcan, S., et al. (2014). Carnosine and taurine treatments decreased oxidative stress and tissue damage induced by D-galactose in rat liver. J. Physiol. Biochem. 70, 15–25. doi: 10.1007/s13105-013-0275-2

Kang, J. H., Kim, K. S., Choi, S. Y., Kwon, H. Y., Won, M. H., and Kang, T. C. (2002). Carnosine and related dipeptides protect human ceruloplasmin against peroxyl radical-mediated modification. Mol. Cells 13, 498–502. doi: 10.1002/yea.884

Kirk, M. F., Holm, T. R., Park, J., Jin, Q. S., Sanford, R. A., Fouke, B. W., et al. (2004). Bacterial sulfate reduction limits natural arsenic contamination in groundwater. Geology 32, 953–956. doi: 10.1130/g20842.1

Klueglein, N., Zeitvogel, F., Stierhof, Y.-D., Floetenmeyer, M., Konhauser, K. O., Kappler, A., et al. (2014). Potential role of nitrite for Abiotic Fe(II) oxidation and cell encrustation during nitrate reduction by denitrifying bacteria. Appl. Environ. Microb. 80, 1051–1061. doi: 10.1128/aem.03277-13

Li, X., Zhang, W., Liu, T., Chen, L., Chen, P., and Li, F. (2016). Changes in the composition and diversity of microbial communities during anaerobic nitrate reduction and Fe(II) oxidation at circumneutral pH in paddy soil. Soil Biol. Biochem. 94, 70–79. doi: 10.1016/j.soilbio.2015.11.013

Li, X. M., Mou, S., Chen, Y. T., Liu, T. X., Dong, J., and Li, F. B. (2019). Microaerobic Fe(II) oxidation coupled to carbon assimilation processes driven by microbes from paddy soil. Sci. China Earth Sci. 62, 1–11. doi: 10.1007/s11430-018-9329-3

Luo, X. H., Jiang, X. X., Xue, S. G., Tang, X. J., Zhou, C. H., Wu, C., et al. (2021). Arsenic biomineralization by iron oxidizing strain (Ochrobactrum sp.) isolated from a paddy soil in Hunan. China. Land Degrad. Dev. 32, 2082–2093. doi: 10.1002/ldr.3842

Maifiah, M. H. M., Creek, D. J., Nation, R. L., Forrest, A., Tsuji, B. T., Velkov, T., et al. (2017). Untargeted metabolomics analysis reveals key pathways responsible for the synergistic killing of colistin and doripenem combination against Acinetobacter baumannii. Sci. Rep. 7:45527. doi: 10.1038/srep45527

Mathesius, U., Mulders, S., Gao, M. S., Teplitski, M., Caetano-Anolles, G., Rolfe, B. G., et al. (2003). Extensive and specific responses of a eukaryote to bacterial quorum-sensing signals. Proc. Natl. Acad. Sci. U.S.A. 100, 1444–1449. doi: 10.1073/pnas.262672599

Miao, C., Liu, F., Zhao, Q., Jia, Z., and Song, S. (2012). A proteomic analysis of Arabidopsis thaliana seedling responses to 3-oxo-octanoyl-homoserine lactone, a bacterial quorum-sensing signal. Biochem. Biophys. Res. Commun. 427, 293–298. doi: 10.1016/j.bbrc.2012.09.044

Milne, G. L., Musiek, E. S., and Morrow, J. D. (2005). The cyclopentenone (A(2)/J(2)) isoprostanes - Unique, highly reactive products of arachidonate peroxidation. Antioxid. Redox Signal. 7, 210–220. doi: 10.1089/ars.2005.7.210

Miot, J., Benzerara, K., Obst, M., Kappler, A., Hegler, F., Schaedler, S., et al. (2009). Extracellular iron biomineralization by photoautotrophic iron-oxidizing bacteria. Appl. Environ. Microb. 75, 5586–5591. doi: 10.1128/aem.00490-09

Peiffer, J. A., Spor, A., Koren, O., Jin, Z., Tringe, S. G., Dangl, J. L., et al. (2013). Diversity and heritability of the maize rhizosphere microbiome under field conditions. Proc. Natl. Acad. Sci. U.S.A. 110, 6548–6553. doi: 10.1073/pnas.1302837110

Ratering, S., and Schnell, S. (2001). Nitrate-dependent iron(II) oxidation in paddy soil. Environ. Microbiol. 3, 100–109. doi: 10.1046/j.1462-2920.2001.00163.x

Rath, C. M., Benton, B. M., de Vicente, J., Drumm, J. E., Geng, M., Li, C., et al. (2018). Optimization of CoaD inhibitors against gram-negative organisms through targeted metabolomics. ACS Infect. Dis. 4, 391–402. doi: 10.1021/acsinfecdis.7b00214

Saifullah, Dahlawi, S., Naeem, A., Iqbal, M., Farooq, M. A., Bibi, S., et al. (2018). Opportunities and challenges in the use of mineral nutrition for minimizing arsenic toxicity and accumulation in rice: a critical review. Chemosphere 194, 171–188. doi: 10.1016/j.chemosphere.2017.11.149

Sforna, M. C., Philippot, P., Somogyi, A., van Zuilen, M. A., Medjoubi, K., Schoepp-Cothenet, B., et al. (2014). Evidence for arsenic metabolism and cycling by microorganisms 2.7 billion years ago. Nat. Geosci. 7, 811–815. doi: 10.1038/ngeo2276

Slyshenkov, V. S., Rakowska, M., Moiseenok, A. G., and Wojtczak, L. (1995). Pantothenic acid and its derivatives protect Ehrlich ascites tumor cells against lipid peroxidation. Free Radic. Biol. Med. 19, 767–772. doi: 10.1016/0891-5849(95)00084-b

Smith, E., Juhasz, A. L., Weber, J., and Naidu, R. (2008). Arsenic uptake and speciation in rice plants grown under greenhouse conditions with arsenic contaminated irrigation water. Sci. Total Environ. 392, 277–283. doi: 10.1016/j.scitotenv.2007.11.023

Stenzel, I., Otto, M., Delker, C., Kirmse, N., Schmidt, D., Miersch, O., et al. (2012). ALLENE OXIDE CYCLASE (AOC) gene family members of Arabidopsis thaliana: tissue- and organ-specific promoter activities and in vivo heteromerization. J. Exp. Bot. 63, 6125–6138. doi: 10.1093/jxb/ers261

Sun, Z. Y., and Huang, J. B. (2006). Effect of dextran on the crystallization of ferric hydroxide. Acta Phys. Chim. Sin. 22, 172–177.

Swenson, T. L., Jenkins, S., Bowen, B. P., and Northen, T. R. (2015). Untargeted soil metabolomics methods for analysis of extractable organic matter. Soil Biol. Biochem. 80, 189–198. doi: 10.1016/j.soilbio.2014.10.007

Tang, X. Y., Zhu, Y. G., Shan, X. Q., McLaren, R., and Duan, J. (2007). The ageing effect on the bioaccessibility and fractionation of arsenic in soils from China. Chemosphere 66, 1183–1190. doi: 10.1016/j.chemosphere.2006.07.096

Tripathi, R. D., Tripathi, P., Dwivedi, S., Kumar, A., Mishra, A., Chauhan, P. S., et al. (2014). Roles for root iron plaque in sequestration and uptake of heavy metals and metalloids in aquatic and wetland plants. Metallomics 6, 1789–1800. doi: 10.1039/c4mt00111g

Verma, S., Verma, P. K., Meher, A. K., Dwivedi, S., Bansiwal, A. K., Pande, V., et al. (2016). A novel arsenic methyltransferase gene of Westerdykella aurantiaca isolated from arsenic contaminated soil: phylogenetic, physiological, and biochemical studies and its role in arsenic bioremediation. Metallomics 8, 344–353. doi: 10.1039/c5mt00277j

Wang, J., Muyzer, G., Bodelier, P. L. E., and Laanbroek, H. J. (2009). Diversity of iron oxidizers in wetland soils revealed by novel 16S rRNA primers targeting Gallionella-related bacteria. ISME J. 3, 715–725. doi: 10.1038/ismej.2009.7

Wang, J., Wen, X., Zhang, Y., Zou, P., Cheng, L., Gan, R., et al. (2021). Quantitative proteomic and metabolomic analysis of Dictyophora indusiata fruiting bodies during post-harvest morphological development. Food Chem. 339:127884. doi: 10.1016/j.foodchem.2020.127884

Wang, K. D., Borrego, E. J., Kenerley, C. M., and Kolomiets, M. V. (2020). Oxylipins other than jasmonic acid are xylem-resident signals regulating systemic resistance induced by Trichoderma virens in Maize. Plant Cell 32, 166–185. doi: 10.1105/tpc.19.00487

Wang, X., Rathinasabapathi, B., de Oliveira, L. M., Guilherme, L. R. G., and Ma, L. Q. (2012). Bacteria-mediated arsenic oxidation and reduction in the growth media of arsenic hyperaccumulator Pteris vittata. Environ. Sci. Technol. 46, 11259–11266. doi: 10.1021/es300454b

Wang, X. Y., and Xie, J. (2020). Assessment of metabolic changes in Acinetobacter johnsonii and Pseudomonas fluorescens co-culture from bigeye tuna (Thunnus obesus) spoilage by ultra-high-performance liquid chromatography-tandem mass spectrometry. LWT Food Sci. Technol. 123:109073. doi: 10.1016/j.lwt.2020.109073

Wenzel, W. W., Kirchbaumer, N., Prohaska, T., Stingeder, G., Lombi, E., and Adriano, D. C. (2001). Arsenic fractionation in soils using an improved sequential extraction procedure. Anal. Chim. Acta 436, 309–323. doi: 10.1016/s0003-2670(01)00924-2

Woolson, E. A., Axley, J. H., and Kearney, P. C. (1971). Correlation between available soil arsenic, estimated by six methods, and response of corn. Soil Sci. Soc. Am. J. 35, 101. doi: 10.2136/sssaj1971.03615995003500010030x

Wu, C., Ye, Z., Shu, W., Zhu, Y., and Wong, M. (2011). Arsenic accumulation and speciation in rice are affected by root aeration and variation of genotypes. J. Exp. Bot. 62, 2889–2898. doi: 10.1093/jxb/erq462

Wu, C., Zou, Q., Xue, S., Mo, J., Pan, W., Lou, L., et al. (2015). Effects of silicon (Si) on arsenic (As) accumulation and speciation in rice (Oryza sativa L.) genotypes with different radial oxygen loss (ROL). Chemosphere 138, 447–453. doi: 10.1016/j.chemosphere.2015.06.081

Wu, C., Zou, Q., Xue, S.-G., Pan, W.-S., Yue, X., Hartley, W., et al. (2016). Effect of silicate on arsenic fractionation in soils and its accumulation in rice plants. Chemosphere 165, 478–486. doi: 10.1016/j.chemosphere.2016.09.061

Wu, W., Swanner, E. D., Hao, L., Zeitvogel, F., Obst, M., Pan, Y., et al. (2014). Characterization of the physiology and cell-mineral interactions of the marine anoxygenic phototrophic Fe(II) oxidizer Rhodovulum iodosum - implications for Precambrian Fe(II) oxidation. FEMS Microbiol. Ecol. 88, 503–515. doi: 10.1111/1574-6941.12315

Xiao, A., Li, W. C., and Ye, Z. (2020). Effects of Fe-oxidizing bacteria (FeOB) on iron plaque formation, As concentrations and speciation in rice (Oryza sativa L.). Ecotoxicol. Environ. Saf. 190:110136. doi: 10.1016/j.ecoenv.2019.110136

Yu, H.-Y., Wang, X., Li, F., Li, B., Liu, C., Wang, Q., et al. (2017). Arsenic mobility and bioavailability in paddy soil under iron compound amendments at different growth stages of rice. Environ. Pollut. 224, 136–147. doi: 10.1016/j.envpol.2017.01.072

Zhao, F.-J., Ma, Y., Zhu, Y.-G., Tang, Z., and McGrath, S. P. (2015). Soil contamination in China: current status and mitigation strategies. Environ. Sci. Technol. 49, 750–759. doi: 10.1021/es5047099

Zhao, Q., Li, M., Jia, Z., Liu, F., Ma, H., Huang, Y., et al. (2016). AtMYB44 positively regulates the enhanced elongation of primary roots induced by N-3-Oxo-hexanoyl-homoserine lactone in Arabidopsis thaliana. Mol. Plant Microb. Interact 29, 774–785. doi: 10.1094/mpmi-03-16-0063-r


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 Qian, Wu, Pan, Xiong, Xia and Li. 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/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Arsenic Transformation in Soil-Rice System Affected by Iron-Oxidizing Strain (Ochrobactrum sp.) and Related Soil Metabolomics Analysis



		INTRODUCTION



		MATERIALS AND METHODS



		Tested Strain and Growth Conditions



		Soil Source and Preparation of Pot Experiments



		Pot Experimental Design



		Determination of Arsenic Speciation in Rice Plant Parts



		Microbial DNA Extraction and Illumina Sequencing



		Metabolite Extraction and Metabolomics Analysis



		Univariate Statistical Analysis







		RESULTS



		Content of Available Arsenic and Arsenic Fractionation in Soil



		Arsenic Content and Speciation in Rice Plants



		Microbial Community Diversity



		Soil Metabolic Profiling







		DISCUSSION



		Redistribution of Arsenic in Paddy Soil and Rice Plants by Inoculation With FeOB



		Changes of Soil Microbial Community Structure After Inoculation With FeOB



		Regulatory Mechanism of FeOB in Soil From the Perspective of Metabonomics







		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		FOOTNOTES



		REFERENCES

















OPS/images/fmicb-13-794950-t002.jpg
Sample Shannon Simpson Ace Chao

RF 6.864 0.003103 5357 5334
FB 6.776 0.003557 5553 5558
RP 7175 0.002425 7232 7248

CK 6.974 0.002699 6360 6299





OPS/images/fmicb-13-794950-t001.jpg
pH As (mg/kg) Al (mg/kg) Cd (mg/kg) Cr (mg/kg) Cu (mg/kg) Fe (g/kg) Mn (g/kg) Pb (g/kg) Zn (g/kg)

Soil 7.25 1425 250.4 22.05 168.1 165.1 16.43 9.330 1.460 89.89





OPS/images/cover.jpg
, frontiers
in Microbiology

Arsenic Transformation in
Soil-Rice System Affected by
Iron-Oxidizing Strain
(Ochrobactrum sp.) and Related
Soil Metabolomics Analysis







OPS/images/fmicb-13-794950-g010.jpg
3.5.5-Tnimethyl-1.2-cyclohexanedione

Methenamine

1.2.3.4.5.6-Hexahydro-5-(1-hydroxyethylidene)-7H-cyclopenta|b]pyridin-7-one
N-heptanoyl-homoserine lactone
N-octanoyl-L-Homoscrine lactone

Tryptophyl-Aspartate
7-Hydroxyoctanoic acid
Histidinyl-Threonine
4-Guanidinobutanoic acid
Mc(hlon)I Aﬂpamgmc

i Phcnylal.m)l Arginine

1-Octen-3-yl glucoside

Temocapnlat

N.N-dimethyl-L-Valine

| D(-)-beta-hydroxy butyric acid
3-Methyl-2-cyclopenten-1-one

1-Acctoxy-2-hydroxy-16-heptadecen-4-one
Methyl-10-hydroperoxy-8E,12Z,15Z-octadecatrienoate
3-hydroxypentadecanoy! carnitine

Tecostanine

Bexarotene
8(R)-Hydroperoxylinoleic acid
Methyl beta-D-glucopyranoside
D-Ribose

2-(beta-D-Glucosyl)-sn-glycerol

PG(a-13:0/1-12:0)
PE(9:0/9:0)[U)
11-deoxy-PGE]
12-OPDA

Camosine
MG(0:0/18:3(9Z,12Z,15Z)/0:0)
MG(0:0/14:0/0:0)

Meradimate

Todatriol glucoside

Avocadyne l-acetate

1-(2,6,6-Trnimethyl-2-cyclohexen- 1-yl)-1,6-heptadien-3-one
1-Acetoxy-2-hydroxy-16-heptadecyn-4-one

Histidinyl-Threonine
Mcthionyl-Asparagine
Auxin a

3.5,5-Trimethyl-1,2-cyclohexanedione
2-(beta-D-Glucosyl)-sn-glycerol

7-Hydroxyoctanoic acid
I-Kestose

3-hydroxy-3-methyl-Glutaric acid

N-Norgramine
1 1-deoxy-PGE|

I-Acctoxy-2-hydroxy-16-heptadecen-4-one
3-hydroxypentadecanoyl camitine

Heliannone B

Pantetheine 4'-phosphate
Glutamic acid g-semialdehyde
Temocaprilat

1,2,3,4.5,6-Hexahydro-5-( 1-hydroxyethylidene)-7H-cyclopenta[b]pyridin-7-one

Deoxycytidine
N,N-dimethyl-L-Valine
Tryptophyl-Aspartate

N-octanoyl-L-Homoserine lactone
N-heptanoyl-homoserine lactone

-
3
1o
S -

i

SR [TLITL
Ay 2ot
=y
$
:
L] Ll .. -
W) B

re

%)
)
<
;.«a
)
A
N

II.
:
: 3
-
é"—b)'v)

=1
o =

Lrare g ® :I
- * :
:
H

|

o
s'
.v.d

BN







OPS/images/fmicb-13-794950-g001.jpg
2.4 1

Content (mg/kg)
- 9 19
o] o |\
| | |

[am—
(@)
|

—
I~
|

1.2 .

Beﬁoﬁe 9

'{\0%

\

N

|
(,‘0% 5’&‘&%6
S

|

Sag®
e
Time

|
$
200 o

<

¥

T I
g .
’\\\.ﬁ\% o N\‘Aw““%

Ka%®





OPS/images/fmicb-13-794950-g002.jpg
Treatments

] Residue state

I Crystalline iron-aluminum oxide state
| ] Amorphous iron-aluminum oxide state
B Specific adsorption state
[ |Non-specific adsorption

I L] L] L] L] I L] L] L] L I L L] L] L I

' T % |
20 40 60 80 100
Contents (%)





OPS/images/fmicb-13-794950-g003.jpg
A B
300 4
250 -
=0 20
=< 200 - 4
30 2N
g =)
§. 150 - §
= =
@) @)
© 100 - O
50
()_

As(III) As(V) DMA MMA As(111) As(V) DMA MMA
Arsenic speciation Arsenic speciation





OPS/images/fmicb-13-794950-g004.jpg
A RP FB ®CK B RP FB @®CK
orr Orp
FB RF
393 RF
i RF
172 .
254
500 4
271 =
332
806 ¢
Zggg 4643 4607 S ~
: 400
2000 200
, , 0 - : '
0 < &






OPS/images/logo.jpg
, frontiers
in Microbiology





OPS/images/fmicb-13-794950-g005.jpg





OPS/images/fmicb-13-794950-g006.jpg
Bacteroides

norank f Anaerolineaceae 1
. norank_f norank_o__ norank_c__Subgroup_6
| norank_f__norank_o_ MBNT15 0.5
. Prevotella_9 0
Faecalibacterium
norank _f norank_o_norank ¢ KD4-96 ' _05
norank_f Gemmatimonadaceae
norank f norank o Rokubacteriales -1
Thiobacillus

. Escherichia—Shigella

norank f norank o norank ¢ Subgroup 17
Geobacter

Sulfurifustis

Veillonella

norank f norank o NB1-j
unclassified o Betaproteobacteriales
Agathobacter

norank f norank o Subgroup 7
Phascolarctobacterium

Bifidobacterium

norank_f SC-1-84

unclassified_c__ Deltaproteobacteria

norank _f norank o norank ¢ Subgroup_ 18
. . unclassified k norank d_Bacteria
unclassified f Enterobacteriaceae
Anaeromyxobacter

. uncIassified_c_Subgroup_6

norank_f Pedosphaeraceae

Sh765B-TzT-35






OPS/images/fmicb-13-794950-g007.jpg
PC2(14.40%)

L& & & L L &~ — o W A L O
S & & & &8 S o000 & &8 & & &
| | | | | | | | | | | | |

-— e = = = .. .
— - o A
- —_—— .
—

—
—— ——

N e ST Sy T T e
~ 7 . e
g sl | - -
-~ —
Y, R i % g
______
P R e e . s & El ~
- o
\ R e . B TS e e s i s e i e i B B v
\\\
N .~y
N e
~ \\\
~ -~
~ = s
~ = i
\\ u ~
~ [ | ~
~
o . =
~ ] ~
~ ~
~ u ~
~ ~
L. L] ~
~ u ~
\\ ] \\
\\ | | ~
~
~ n ~
-~
*\ ~
| | Iy N
—~—
[ = e N
| e = )

~ -
-~ -
—
e —— -

120 -100 -80 -60 -40 20 O 20 40 60 80 100
PC1(27.20%)

@ CK

éRP

BB





OPS/images/fmicb-13-794950-g008.jpg
-40

-804

X
v'? 40"‘
o\
& 204
g
= 0~
o]
.
201
Q

- -
- - - -
-

.

N:-goc
S © <O <
P P T

\

'

’

J

Component 2(25.7%)

&

=)

1

<>
<>

0

10
Component 1(21.6%)

20 30 40

Similarity (Y, Yperm)

P> rp

—_—
-
1
-
.
.
-
/
/’
’
-

60 50 -40 30 20 -10 0 10 20 30 40 S
Component 1(24.2%)

Similarity (Y, Yperm)

06 07 08 09 |1

>
»>>

> o
(e
1o

T

0 01 02 03 04 05 06 07 08 09 I

ORP
érB

~
(S





OPS/images/fmicb-13-794950-g009.jpg
-Log10(pvalue)

-Log10(pvalue)

2 -1.8-1.6-14-1.2 -1 -0.8-0.6-04-02 0 0.2 0.4 0.6 0.8

Log2FC

9
8..
7-.
6-. :'
2 @
4 1
- :
’ s
" wol] ®
~.
2_
O— k]
35 3 25 2 -15-1 050 05 1 15 2 25

Log2FC

®up
® nosig
@® down





