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Mining and smelting result in vanadium (V) being released into the environment. Biologically removing V(V) with washing water of rice (WWR) was investigated in this study. Over a 7-d trial, the V(V) removal efficiency increased with dosing washing water of rice dosage up to 56.6%. The results demonstrated that washing water of rice could be used as carbon and microbial sources for biologically reducing V(V). Using domesticated sludge as the inoculum could enhance V(V) detoxification performance, and 95.5% of V(V) was removed in the inoculated system for 5 d. Soluble V(V) was transformed into insoluble V(IV) (VO2), which could be further removed with precipitation. In addition to ABC transporters, a two-component system was also involved in V(V) reduction. The study confirmed that washing water of rice could be utilized for V(V) bio-detoxification.
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1 INTRODUCTION
Vanadium (V) pollution is a persistent problem in numerous parts of the world, such as the Persian Gulf (Pourang et al., 2005), California (Wright and Belitz, 2010), Colorado River Basin (United States) (Noël et al., 2017), and the area of Mount Fuji (Japan) (Ono et al., 2019). Although V is an essential element for normal cell growth, it becomes toxic to animal cells at concentrations higher than 1–10 nM (Yelton et al., 2013). Adding 182 μg of V2O5 three times a week for a month can lead to neurobehavioral and neurochemical damage (Ngwa et al., 2014). The limit of V for drinking water quality in China is 0.01 mg/L (GB26452-2022). Although V removal by biological, physical, or chemical methods are all effective, the main difference lies in the input of economic and environmental costs (Birgitta et al., 2007). The application of adsorbent and co-precipitation technology requires a large amount of the absorbent or chemical agent. Although efficient and cost-effective biological methods are considered appropriate elimination techniques, attracting more and more attention (Lai et al., 2018), heterotrophic microbes could reduce V(V) to V(IV) by using organics as electron donors (Yelton et al., 2013). However, organic matter in V(V) contaminated wastewater is generally stoichiometrically deficient; therefore, adding carbon substrates can improve stability and efficiency, such as glucose (Hao et al., 2015), acetate (Liu et al., 2016), and soluble starch (Hao et al., 2016). However, the remediation fee would correspondingly increase substantially in this way, as acetate (0.042–15.2 CNY/mL), lactate (0.082–0.088 CNY/mL), glucose (0.05 CNY/g), citrate (89.6–166 CNY/g), and soluble starch (0.074–8.39 CNY/g) (www.reagent.com.cn). Hence, it is vital to ascertain apposite economical carbon sources for actual remediation of V(V) contamination.
Waste products are considered a potentially economical and environmentally friendly source of carbon. Rice is the second fastest growing grain and also the main food source for more than two-thirds of humans all over the world (He et al., 2016b). The annual consumption of rice in China has recently been estimated at 120–130 million t (Zhong and Zhang, 2014). Cleaning first is required before use; thus, large amounts of washing water of rice (WWR) are produced (He et al., 2019). According to statistics, the annual per capita WWR emission is 2,573.2 L in China (Huang D. et al., 2019). Depending on its use for direct consumption, rice can also be used to make a wide variety of processed foods. A single winery (Xiangshan Winery, Quanzhou County, Guilin) could produce wastewater during the production process up to 20 t/d with main sewage from WWR (Wang et al., 2003). WWR-containing solid particles composed of starch, proteins, and vitamins would adversely affect nearby freshwater ecosystems if discharged directly (Watanabe et al., 2011; Zou et al., 2012). Separate treatment of the WWR would also require significant capital, manpower, and material resources. A sewage treatment station (design scale: 35 m3/d) adopts a UASB reactor and contact oxidation method to treat WWR, and the project investment is 95,000 CNY, with 0.96 CNY/m3 of daily power consumption (Jiang et al., 2004). For a winery producing WWR as the main wastewater (20 t/d), the total investment of the treatment station project is 180,000 CNY and 1.54 CNY/t of wastewater for the operating cost (electricity, labor, and maintenance) (Wang et al., 2003). From an economic view, the utilization of WWR could still further save economic costs and resources compared with commonly used liquid carbon sources. Moreover, WWR was already proven to be successful as both carbon and microbial sources for denitrification (He et al., 2016a; He et al., 2016b; He et al., 2019). WWR could be another vital alternative microbial and carbon source for V(V) remediation in terms of environmental protection and resource conservation. However, it has not been attempted before and needs further confirmation.
Furthermore, revealing bacterial community structures in the WWR-based V(V) bio-detoxification processes would be vital and can give insights into the microbial restoring mechanisms. Recently, dominant and functional bacteria in V(V) reduction systems using various kinds of carbon sources have been widely determined (Hao et al., 2021c; Shi et al., 2021; Chen et al., 2022). The highly toxic V(V) could be reduced to the less toxic V(IV) by many species in a polluted environment (V(V)-reducing-related bacteria, VRB) (Supplementary Table S1). VRB was the community that possessed a common V reduction function with a vital role in the related process (Wang et al., 2020). To the best of our knowledge, this was the first V(V) bio-detoxification system based on WWR to analyze V(V) reduction from the perspective of WWR utilization and microbial community.
This study has focused on the potential V(V) bio-detoxification based on WWR. The main objectives were to 1) investigate the feasibility of V(V) removal by using WWR as both microbial and carbon sources; 2) explore the relationship between V(V) removal and WWR utilization with its various dosages; 3) evaluate the enhanced removal of V(V) with inoculated sludge based on WWR; and 4) identify the core microbiome responsible for mediating community response to V(V) pollution and elucidate the core role of VRB with V(V) stress.
2 MATERIALS AND METHODS
2.1 Experimental program
2.1.1 WWR as both microbial and carbon sources
Rice was obtained from northeast China (Supplementary Figure S1A), and 200 g of rice was washed with deionized water (350 mL) three times for WWR collection (Supplementary Figure S1B) to investigate whether WWR could contribute to V(V) reduction as both microbial and carbon sources. TOC (total organic carbon) in the WWR was around 208.8 mg/L. To better simulate the actual application, 0, 20, 50, 100, and 150 mL WWR were added to serum bottles (250 mL), and correspondingly, deionized water was supplemented to 250 mL (Supplementary Figure S2A). Tests in serum bottles were repeated in duplicate. NaVO3 was added to the whole 250 mL liquid with the given 75 mg V(V)/L concentration. The whole experiment period was also set as 7 days and cultivated at 35°C in a constant temperature incubator (Nicolet iS5, Thermo Scientific, United States).
2.1.2 Enhanced V(V) reduction with WWR and supernumerary inocula
For the experiment, 200 g of rice was washed three times in a 1-L beaker with deionized water. The washed water was then collected and mixed as WWR. V(V) was added directly to above 800 mL WWR as synthetic V(V) pollution in the form of NaVO3 with the given concentration of 75 mg V(V)/L. Sludge was collected from the Gaobeidian wastewater treatment plant (Beijing, China), which was domesticated at room temperature for 3 months before inoculation. The culture solution was prepared by adding CH3COONa (1.6 g/L) and NaVO3 (0.17942 g/L) to tap water and replaced every 3 days. Acetate was selected as the carbon source in the domestication stage since it was widely used in previous studies, including actual V(V) remediation applications (Yelton et al., 2013).
Microcosm V(V) removal experiments were carried out in four 250-mL serum bottles containing 200 mL WWR with 75 mg/L V(V). The reactors were divided evenly into two groups, and the test was carried out simultaneously with and/or without the inoculated sludge (Supplementary Figure S2B): 1) indigenous experiments without inoculation in R1 and R2 (Group RC, the un-inoculated system); 2) 20 mL sludge centrifuged at 3,000 rpm (30 min) and the solid part was added to R3 and R4 (Group RS, the inoculated system). All reactors were purged by nitrogen gas for 5 min prior and then cultivated at 150 rpm and 35°C. The operation period was 5 days for both the inoculated and uninoculated systems.
2.1.3 Chemical analysis
The supernatant sample of 5 mL was periodically (1 day) collected from each reactor for analysis. Afterward, samples were filtered through 0.45-μm membrane filters. The V(V) concentration was measured using spectrophotometric methods at 601 nm (Cary 5000, Agilent Technologies, United States). ICP-OES (ICAP7200, Thermo Fisher Scientific, United States) determined the total V concentration in the solution. TOC of the liquid samples was measured (vario TOC cube, Elementar, Germany). XPS (K-Alpha, Thermo Scientific, United States) and XRD (Bruker D8 Advance, Bruker, Germany) was used to characterize the reaction products. Changes in WWR before and after utilization were compared by SEM (Zeiss Merlin Compact, Zeiss, Germany). An optical microscope was used to assess the changes in the morphology of samples (Axioscope, Carl Zeiss Microscopy GmbH, Germany).
2.1.4 Microbial analysis
Molecular biology analysis was performed to obtain the characteristics of the microbial population. Samples were collected in the reactors without (RC)/with (RS) inocula at the end of the operation and the inoculated sludge. Total genomic DNA was extracted, which was then pooled and amplified by PCR with primers 515FmodF (5′-GTGYCAGCMGCCGCGGTAA-3′) and 806RmodR (5′-GGACTACNVGGGTWTCTAAT-3′). The mixture of amplicons was used for high-throughput 16S rRNA gene pyrosequencing on MiSeq (Illumina, The United States) after being purified and quantified. Raw pyrosequencing data obtained from this study were deposited in the NCBI Sequence Read Archive database (No. PRJNA863753).
3 RESULTS AND DISCUSSION
3.1 WWR served as both microbial and carbon sources for V(V) removal
3.1.1 V(V) removal performance
V(V) concentrations varied with the dosage of WWR (Figure 1A). In the reactors with different WWR dosages, the removal trends of V(V) were also different. In group A, the control group, V(V) remained stable despite slight fluctuation. When WWR dosage was 20 mL (group B), V(V) was a minimum of 68.0 mg/L on day 3 and then fluctuated in a small range around 73.5 mg/L on day 7. Similar to group B, the concentration of V(V) in group C gradually reduced to 59.2 mg/L on day 2 and then slightly increased to 68.6 mg/L (day 6), and it was 58.4 mg/L on day 7, while the concentration of V(V) on day 2 had a little difference from that on day 7. V(V) in groups D and E decreased sharply in the first 2 days, decreasing to 34.8 and 29.1 mg/L on day 3, respectively. Subsequently, V(V) in group D fluctuated, and the reaction endpoint was 41.6 mg/L. V(V) in group E remained stable from 3 to 7 days, around 32.6 mg/L. Virtually all the groups (groups B, D, and E) achieved a relatively good removal performance on day 3. The solid particles in WWR might adsorb V(V) first, and then, they were hydrolyzed with the extension of time (Figures 2A, B). The adsorbed V(V) might be released back again into the liquid state (Watanabe, 2009; Huang Z. et al., 2019); meanwhile, microbes used organics contributing to V(V) reduction.
[image: Figure 1]FIGURE 1 | V(V) removal in various WWR dosage groups (A). V(V) changes in un-inoculated (RC) and inoculated (RS) systems (B).
[image: Figure 2]FIGURE 2 | SEM images of WWR before (A) and after (B) use. XPS pattern of the precipitate in group D (100 mL WWR) (C). Characterization of the dissolved organic matter by fluorescence regional integration with various WWR dosages (D). XRD pattern of the precipitate in reactors without (E) and with (F) inoculated sludge.
As the dosage of WWR increased, V(V) removal increased with its removal efficiency around 2.0% (group B), 22.1% (group C), 44.5% (group D), and 56.6% (group E). Among them, the highest V(V) removal efficiency by unit WWR (group D) was up to 0.445% V(V)/mL WWR. The XPS (Figure 2C) pattern confirmed the presence of V(IV), which meant that V(V) was indeed reduced. Thus, the feasibility of microbially reducing V(V) with WWR was confirmed. WWR was also reported to be able to support the reduction of nitrate (He et al., 2016a; He et al., 2016b; He et al., 2019).
Moreover, the total V removal (Supplementary Figure S3A) has shown that it was almost consistent with V(V) with the final removal efficiency (7 d) as 14.1% (group B), 15.6% (group C), 21.7% (group D), and 33.0% (group E), while the maximum total V removal per unit WWR was obtained in group E (0.22% total V/mL WWR). Soluble V(IV) generated or a section of V(V) possibly adsorbed by solid particles of WWR was able to result in a higher removal performance of V(V) than total V (Noisuwan et al., 2011). However, it is obvious that V(V) removal needs to be further strengthened for better actual application, such as by using sludge inoculation and other appropriate methods.
3.1.2 WWR utilization
TOC results showed that the initial TOC in WWR was 208.8 mg/L, and the end-point TOC in group C (42.2 mg/L) was almost twice that in group B (21.2 mg/L). TOC concentrations in groups D and E were 74.6 and 110.3 mg/L, respectively (Supplementary Figure S3B). Results confirmed that WWR could provide both microbial and carbon sources for V(V) removal, while TOC concentration relations differed from the WWR dose ratio in the study. Solid particles in WWR might be continuously hydrolyzed into the solution as a supplement TOC (Nabayi et al., 2021).
Based on fluorescence spectra and the PARAFAC model, four kinds of fluorescence components in liquid samples were analyzed (Ex/Em = 340/440 nm for humic acid-like substances, Ex/Em = 270/340 nm for tryptophan, Ex/Em = 360 (270)/420, and Ex/Em = 375 (270)/485 nm for humic-like organics) (Baghoth et al., 2011; Hao et al., 2021a). In systems with various WWR dosages (groups A, B, C, D, and E), the proportion of organic matter in each zone changed along with the time (Supplementary Figure S4). As shown in Figure 2D, the results changed significantly in regions IV and V on days 0, 4, and 7. The humic acid-like substance area (region V) increased, and the soluble microbial products (region IV) decreased over time. The reduced proportion of soluble microbial products reflected the small number of microorganisms in the WWR, coupled with the lack of domestication prior to exploitation, which resulted in their inability to adapt to the system environment, thus reducing their activity and even dying. The polycarboxylate humic acid-like component (Ex/Em = 340/410 nm) was considered, produced by the dead organisms and the excrements of organisms (He et al., 2019).
The surface of the solid substance in WWR was rough and conducive to microbial adhesion growth but it changed after the utilization (Figures 2A, B) (Lee et al., 2017; Liu J. et al., 2021). The solid particles in the used WWR were significantly smaller, and the hole was significantly altered. It was speculated that functional microorganisms were attached to its surface.
3.2 Enhanced V(V) bio-detoxification by additional inocula
V(V) in the inoculated systems sharply decreased (Figure 1B), from 75.0 to 31.6 mg/L (1 d), 19.6 mg/L (2 d), and then steadily remained at around 3.4 mg V(V)/L until the end of tests (5 d). In contrast, V(V) in the un-inoculated systems barely decreased from 75.0 to 71.9 mg/L (1 d); afterward, it dramatically decreased to 51.8 mg/L (2 d) and then remained at a constant level of 51.6 mg/L (5 d). Finally, V(V) reduction efficiencies in the inoculated and un-inoculated systems were 95.5% and 31.2%, respectively. XRD (Figures 2E, F) analysis of solid samples after the reaction showed that VO2 was generated in both RC and RS. Therefore, enhanced V(V) removal could be effectively achieved by using domesticated sludge additionally as inocula based on WWR as a microbial and carbon source. Inoculation of acclimated sludge was necessary for better V(V) removal in the short term for actual remediation processes.
The V(V) removal rate obtained in the un-inoculated system (R1 and R2) was 9.6 mg V(V)/(L·d) lower than that in the inoculated system [14.3 mg V(V)/(L·d)]. In the present study, the WWR-based V(V) removal rate was higher than those obtained in previous studies using different carbon sources, such as 7.1 mg V(V)/(L·d) for glucose (Hao et al., 2021c), 7.82 mg V(V)/(L·d) for citrate (Wang et al., 2017), and 1.94 ± 0.04 mg V(V)/(L·d) for ethanol (Zhang et al., 2019a). The combined fermentation of peanut meal and WWR was used to produce volatile fatty acids as an additional carbon source (Huang D. et al., 2019), which also helped explain the faster V(V) removal rate by using WWR to some extent.
3.3 Evolution of microbial communities
The changes in the morphology of particles in WWR before use (Supplementary Figures S5A, B) and endpoint samples of un-inoculated (Supplementary Figures S5C, D) and inoculated systems (Supplementary Figures S5E, F) were observed by using an optical microscope. It seemed that the particles in the WWR were degraded and utilized in the microbial reduction process. Therefore, high-throughput analysis was used to reveal microbial evolution and function throughout the process.
Microbial communities were analyzed for samples S0 (the original inoculated sludge), RWW (the initial WWR), W1 (tests with sole WWR), and SW1 (tests with WWR and inocula). The coverage of all samples was above 99.6%, suggesting the results were able to represent a nearly overall microbial diversity and reflected the true state of the microbial community. Shannon and Ace indexes (Supplementary Table S2) in W1 were higher than those in the RWW sample, reflecting that WWR acted as an effective source of carbon, as did wheat straw (Hao et al., 2021a), altering the microbial diversity and richness in the system. Compared with S0, sample SW1 showed a declined richness and biodiversity. Compared with WWR as the sole microbial source, the inoculated sludge increased microbial richness and biodiversity in the RS group, probably contributing to the better V(V) removal performance.
Evolutions of communities were observed in all samples on the phylum level (Figures 3A, B). There were a total of 17 phyla detected in all samples, accounting for 63.6%, 50.0%, 18.9%, and 20.6% of the total phyla in the RWW, W1, S0, and SW1 samples, respectively (Figure 3A). Proteobacteria (RWW, W1, S0, and SW1), Firmicutes (W1, S0, SW1), Chloroflexi (S0, SW1), and Bacteroidetes (S0, SW1) dominated the communities (Figure 3B), identical to the main phyla detected in the V(V)-contaminated soil (Zhang et al., 2020). Firmicutes dominated W1, S0, and SW1 samples with abundances of 67.3%, 6.6%, and 13.7%, respectively. They could play an important role not only in plant growth promotion (bio-fertilizer) and plant pathogen biological control (biological control agent) but also in heavy metal remediation (Hashmi et al., 2020). Firmicutes were also considered highly culturable, with about 14% of the species in cultured specimens belonging to them (Hugenholtz, 2002). Proteobacteria was increased orderly in the S0 (16.5%), W1 (32.0%), and SW1 (62.3%) samples, taking the majority of abundance in SW1. In the marine environment, Proteobacteria participated in sulfur autotrophic sulfate reduction and denitrification (Zhou et al., 2020). Proteobacteria (38.5%) and Cyanobacteria (61.0%) were the majority in RWW, with the sum of them as high as 99.5%. Cyanobacteria can simultaneously fix nitrogen and release oxygen under aerobic and micro-aerobic conditions (Kulasooriya and Magana-Arachchi, 2016), which was one of the important contributors to paddy stability (Singh et al., 2018). Cyanobacteria, as photoautotrophs (Sánchez-Baracaldo and Cardona, 2020), also explained the sharp decrease of the proportions in W1, S0, and SW1. Results suggested that V(V) and WWR affected constituents of microbial communities.
[image: Figure 3]FIGURE 3 | Venn diagram of samples (A) and percentage of community abundance (B) on the phylum level. Circos diagram (C) and ternary analysis (D) of microbial communities on the genus level.
3.4 Functional microbes and genes
Figure 3C suggests the various microbial communities in each group at the genus level. Unclassified_f_Comamonadaceae largely accounted for the communities in S0 (21.0%) and SW1 (78.0%), also reported to be the dominant bacterial community in the constructed wetland-microbial electrolytic cell coupling system (CW-MEC) (Xia et al., 2020). Patureau et al. (1996) found that Unclassified_f_Comamonadaceae can efficiently remove ammonia nitrogen and nitrite nitrogen. Bacillus was found in this study, and it accounted for 92.0% in W1, with a conspicuous decrease to 7.1% in SW1 (inoculated samples). Bacillus was one of the VRB, which was related to the V content (Wang et al., 2020). Two Bacillus sp., namely, F2.5 and F2.8, were able to produce hydrogen from organic components of municipal solid waste (Shah et al., 2016). Bacillus mycoides enhanced the redox of V ions by reducing the V(IV)/V(V) and V(II)/V(III) redox potentials at the porous lamellar carbon electrode used in the composite electrode (Deng et al., 2020). Moreover, some microbes in the communities might be able to use WWR to maintain activity and provide energy for V(V) bio-reduction. It was considered that the addition of WWR as the carbon source stimulated the enrichment of Pseudomonas in SW1 (0.20% in RWW, 5.3% in S0, and 94.0% in SW1). It was reported that carbon sources, like glucose, produced electron transfer intermediates such as NADPH and small organic acids in EPS, avoiding inhibition of reducibility under bacterial starvation (Dogan et al., 2011). Pseudomonas aeruginosa could use glucose rapidly as a nutrient to promote Cr(VI) reduction (Li et al., 2020). Pseudomonas stutzeri D6, selectively isolated from activated sludge, obtained more complete denitrification at a higher initial organic carbon concentration or a directly metabolic carbon type by increasing the oxygen consumption rate of substrate stimulation (Yang et al., 2012). Pseudomonas was isolated from the uranium mine (India), realizing Ni2+ (1,048 ng) or Cd2+ (700 ng) absorption for 1 mg dry weight, with preferential metal deposition happening in the cell envelope (Choudhary and Sar, 2009). Pseudomonas putida was reported to achieve 69% and 48% vanadate and uranyl ion removal, respectively, under alkaline conditions (Safonov et al., 2018).
In Figure 3D, the three corners represent three samples, the circles represent microbes at the genus level, and the size of the circles represents the average relative abundance of genera. Based on the ternary plot results, genera of g_Thioclava, g_Proteiniphilum, g_Pseudomonas, and g_unclassified_f_Comamonadaceae were mostly associated with the SW1 communities, whereas g_Bacillus was associated with microbial communities of sample W1, which were consistent with findings from the results in Figure 3C.
As shown in Figures 4A, B, the species of unclassified_g_Bacillus (38.1%) and Paenibacillus_riograndensis_SBR5 (24.9%) accounted for large proportions in communities of W1, while for SW1, Pseudomonas_stutzeri_g_Pseudomonas (29.3%) was the main species with a high abundance. Both Pseudomonas V-reductans strain T-1 (a plant-processing V-containing slags) and Pseudomonas V-reductans strain A-1 (an ascidian worm in the Bay of Kuril Islands, Pacific Ocean) separated from different places could reduce V(V) to V(IV) and V(III), respectively, with color changes (Lyalkova and Yurkova, 1992). Pseudomonas chlororaphis strain L19, isolated from stone coal soil, could perform bioleaching to release V ions from mineral ores (Peng et al., 2009). W1 and SW1 had a removal effect of V(V), and it was speculated that Bacillus belonged to VRB (Supplementary Table S1). Perhaps, due to the complexity of microbes in sludge, the high V(V) removal efficiency appeared in SW1 with a low abundance of Bacillus (2.9%). Wang et al. (2020) found that the existing Bacillus accounted for 6.61% ± 9.82% by means of the Panzhihua V smelter range of 10–4,000 m soil sampling inspection. Investigations have shown that V(V) was bio-reduced to less toxic by enriched Bacillus, and Thauera was proposed (Zhang et al., 2019b).
[image: Figure 4]FIGURE 4 | Hierarchical clustering tree (A) and Fisher’s exact test bar plot (B) on the species level.
Analyses with functional genes were summarized based on PICRUSt 2 to indicate the microbial variation (Figure 5). Genes involved in the biosynthesis of metabolic pathways, biosynthesis of secondary metabolites, microbial metabolism in diverse environments, biosynthesis of amino acids and pyruvate metabolism (metabolism), ABC transporters and two-component system (environmental information processing), and quorum sensing (cellular processes) in W1 and SW1 were enriched compared with RWW, while the functional enrichment of carbon metabolism in W1 reflected the presence of bacteria in RWW. Unexpectedly, the functional enrichment of ABC transporters in W1 was more obvious than in SW1. It was speculated that the complexity of inoculated sludge might support other ways for reducing V(V) in the system, such as sulfur metabolism and nitrogen metabolism in SW1. V(V) bio-reduction could be coupled with the biological oxidation of elemental sulfur [S(0)] and zero-valent iron [Fe(0)] to produce V(IV) (Zhang et al., 2018). Another reason for the lower ABC transporters and two-component system in SW1 was speculated to be competition. The A. vinelandii strain expressing the V-nitrogenase strain could reduce CO in vivo, and CO was reduced to hydrocarbons in the secondary metabolic pathway rather than being used as a carbon source for cell growth (Singh et al., 1993), which may compete for electrons with V(V) reduction. The two-component system was enriched in both W1 and SW1 (Figure 5A). It was reported that ABC transporters and two-component system were also the main function of the microbial community in mining areas and watersheds related to metal substances (As, Zn, and Pb) (Hou et al., 2019). ABC transporters and two-component system belonged to the top five enriched functional attributes in both active tailings (Liu Y. et al., 2021). Similarly, their enrichments were also found in biological V reduction by using wheat straw as the carbon source (Hao et al., 2021b).
[image: Figure 5]FIGURE 5 | Heatmap of pathway level 3 (A) and enzyme (B) through PICRUSt 2 analysis based on the KEGG database.
The interconnectedness and differences of initial WWR, S0, W1, and SW1 could be explained by Figure 5A. The functional abundance of starch and sucrose metabolism in W1 was significantly stronger than that in RWW, suggesting V alone can stimulate microbial activity to some extent (Ortiz-Bernad et al., 2004). It was also reported that the stimulation of V could lead to the improvement of microbial enzyme activity (Fei et al., 2022). The relative abundances of starch and sucrose metabolism were also enriched in SW1, possibly as a result of the hydrolysis of starch and other substances by microbes in the WWR. Amino sugar and nucleotide sugar metabolism, starch and sucrose metabolism, and fructose and mannose metabolism were also reported in the simultaneous removal of V(V) and U(VI) reactors (Liu et al., 2022). The changes of alanine, aspartate, and glutamate metabolism; 2-oxocarboxylic acid metabolism; fatty acid metabolism; propanoate metabolism; citrate cycle (TCA cycle);butanoate metabolism; pentose phosphate pathway; peptidoglycan biosynthesis; phenylalanine, tyrosine and tryptophan biosynthesis; homologous recombination; folate biosynthesis; flagellar assembly; and bacterial secretion system (increasing in W1 and SW1 compared with that in RWW and S0) helped prove that V and WWR promoted the microbial activities.
Enrichments of enzymes in samples were also observed, presumably contributing to V(V) bio-reduction (Figure 5B). The abundance of 2.7.13.3 histidine kinase was enhanced in SW1 compared with S0. Enzyme analysis may also explain the inhibition of V(V) bio-reduction to a certain extent. The abundance of 1.9.3.1 cytochrome-c oxidase existed in W1 and SW1, with its abundance higher in W1. Mitochondria or purified cytochrome c oxidase could oxidize the positive vanadyl and negative vanadite ions (Frederick, 1975). It was speculated that the higher abundance of 1.9.3.1 cytochrome-c oxidase may have led to a lower V(V) removal performance in W1. Immobilized metal ion affinity chromatography (IMAC) analysis revealed that 2.5.1.18 glutathione transferase had a high affinity with V(IV), Fe(III), and Cu(II) and had high selectivity for V(IV); in other words, the metal-binding ability of the enzyme might play a role in metal homeostasis and detoxification (Yoshinaga et al., 2007), which created conditions for the stable existence of V(IV) (Figure 2F) by its high abundance in SW1 (Figure 5B).
To summarize, WWR could act as both microbial and carbon sources, contributing to V(V) bio-reduction. Results from this study could provide a theoretical reference for practical WWR and V(V) wastewater co-treatment. In the future, more advanced techniques can be used to analyze the mechanism of V(V) bio-detoxification in the system.
4 CONCLUSION
WWR was proved as a promising microbial and carbon source for V(V) bio-detoxification. Here, 0.445% V(V)/mL WWR was realized with 100 mL WWR dosage (group D). Solid particles in the system were utilized, and microbes were attached to the surface. In tests with inoculated sludge, V(V) removal efficiency was up to 95.5% within 5 days, confirming the enhanced V(V) bio-reduction performance. Functional genes based on the PICRUSt 2 analysis indicated ABC transporters and two-component system played vital roles in V(V) bio-reduction, while sulfur metabolism and nitrogen metabolism might also contribute to it. Further research on the co-treatment of V-contaminated wastewater with WWR can be on the agenda, providing the economical and environmentally friendly co-treatment bioremediation for WWR and V(V) polluted wastewater.
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