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Synergistic removal of emerging contaminants using bacterial augmented floating treatment bed system (FTBs) of Typha latifolia and Canna indica for rejuvenation of polluted river water
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Introduction: Floating Treatment Bed systems (FTBs) provide an effective approach to remove pollutants from the rivers. These systems consist of aquatic plants anchored on mats, which support the growth of microbial communities. Such a synergy between plants and microbes in FTBs plays a pivotal role to improve efficacy of river restoration strategies.

Methodology: The effectiveness of the FTBs was evaluated for the rejuvenation of polluted water from the Mini River in Gujarat, India. These systems consisted of wetland plants, either Typha latifolia or Canna indica, which were augmented with the bacterial consortium VP3. Furthermore, the 16S rRNA gene amplicon sequencing approach identified the dominant bacterial communities and relative microbial community shifts within the FTBs. The presence of emerging contaminants, antimicrobial resistance genes, and pathogenic bacterial species in the untreated river water was evaluated, along with their reduction following treatment through FTBs. This analysis yielded important insights into the microbial dynamics governing the reduction of these contaminants.

Results and discussion: The bacterial augmented FTBs consisting wet plants achieved reduction of 57%, 70%, 74%, and 80% in biochemical oxygen demand (BOD), chemical oxygen demand (COD), total phosphate, and sulfate, respectively. Moreover, the 16S rRNA gene amplicon sequencing identified Proteobacteria as the dominant phylum, with Pseudomonas species and Hydrogenophaga species being the most abundant genera in FTBs containing T. latifolia and C. indica, respectively. The functional gene prediction indicated presence of various xenobiotic degrading genes too. Non-targeted LC-HRMS analysis of treated water demonstrated complete elimination of antibiotic derivatives and dye intermediates, along with the partial removal of pharmaceutical and personal care products (PPCPs) and chemical intermediates. Additionally, the abundance of probable pathogenic bacteria and dominant antibiotic resistance genes was significantly reduced upon treatment. The phytotoxicity analysis of the treated water supported the outcomes. The studies on removal of emerging contaminants in the polluted river ecosystem has been relatively less explored, highlighting novelty and future possible applications of the plant-microbial augmented FTBs in rejuvenation of polluted rivers.
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1 Introduction

The rivers are facing an unprecedented crisis as a result of rapid industrialization and anthropogenic activities globally (Gomes et al., 2023; Bandyopadhyay and De, 2017). Starting from the mighty Amazon to the Ganges, these crucial waterways that have nurtured life for centuries are now in the danger (Gomes et al., 2023; Su et al., 2023; Richards et al., 2023). This crisis has damaged the aquatic ecosystems and also poses health risks to billions of people depended on these waterways (Madhav et al., 2020).

These rivers are directly exposed to varieties of anthropogenic pollutants originating from industrial effluents, agricultural runoff, domestic sewage, and disposal of solid waste. Consequently, the number of severely polluted rivers in India is increasing at an alarming rate, posing substantial health risks to communities residing along their banks. The presence of highly toxic, carcinogenic, and mutagenic substances in these water bodies underscores the urgent need for eco-friendly, cost-effective, and sustainable mitigation strategies to address river pollution.

Biological treatment technologies have emerged as promising solutions to mitigate river pollution effectively (Singh et al., 2020). Amid, traditional phytoremediation techniques, such as constructed wetlands have shown superior pollutant removal efficiency and cost-effectiveness. However, their widespread adoption is hindered by significant land area they require. In contrast, floating treatment bed system have gained prominence as viable alternatives for restoring eutrophic rivers and lakes due to their demonstrated effectiveness and ease of management (Tao et al., 2020; Yadav and Goyal, 2022). Studies have highlighted its potential as an affordable technology for restoring polluted rivers, primarily due to its minimal land requirement and lower operational costs compared to other treatment methods (Yadav and Goyal, 2022; Asghar et al., 2022; Fahid et al., 2020; Tao et al., 2020).

The Floating Treatment Bed system (FTBs) represent a practical approach to enhance pollutant removal in rivers (Nandy et al., 2022; Liu et al., 2016; Samal and Trivedi, 2020; Huang et al., 2020; Yao et al., 2021). FTBs typically consist of aquatic plants and a specialized mat structure that supports an enhanced microbial population. This synergistic combination of plants and microbes plays a crucial role in improving the efficacy of river restoration strategies (McCorquodale-Bauer et al., 2023). However, despite their advantages, the application of FTBs for removing emerging contaminants from polluted river water remains underexplored. Rivers contaminated by diverse waste sources often carry emerging contaminants, posing challenges for effective river restoration (Srivastava et al., 2017).

Antibiotic resistance has emerged as a critical environmental and public health concern, affecting ecosystems, human health, as well as animal husbandry (Koch et al., 2021; Hernando-Amado et al., 2019). The origins of antibiotic resistance are multifaceted and complex, influenced by factors such as overuse and improper disposal of antibiotics in both human medicine and agriculture (Kinney and Heuvel, 2020; Bengtsson-Palme et al., 2018). Ávila et al. (2021) demonstrated the effective removal of antibiotics and antibiotic resistance genes (ARGs) from urban wastewater using vertical subsurface flow constructed wetlands, highlighting the potential of phytoremediation techniques in mitigating antibiotic resistance in the aquatic environments. Similarly, Bano et al. (2023) successfully treated amoxicillin-contaminated water using an improved FTB augmented with antibiotic-degrading bacteria, showcasing the capability of microbial technologies to address antibiotic pollution in water bodies.

The current study employed two native wetland plants, Typha latifolia (T. latifolia) and Canna indica (C. indica), cultivated on floating beds to investigate their efficacy in improving river water quality. The study monitored changes in physico-chemical parameters, such as biological oxygen demand (BOD), chemical oxygen demand (COD), total phosphate and sulfate along with pathogenic bacterial counts as indicators of water quality improvement. Additionally, 16S rRNA gene amplicon sequencing approach was used to identify the predominant bacterial communities within the FTBs, while the Shannon-Wiener diversity index characterized microbial community structures. The occurrence of antibiotics and corresponding ARGs was assessed in all FTBs at the end of the operational period, providing insights into the dynamics of microbial populations involved in antibiotic removal. This comprehensive approach lays a foundation for enhancing the overall quality of polluted urban rivers, offering valuable insights into the potential of FTBs as sustainable solutions for mitigating anthropogenic pollution and improving overall health of the invaluable riverine ecosystems.



2 Materials and methods


2.1 Collection and characterization of water from polluted river

The water was collected from the Mini river, Vadodara, Gujarat, India (22°23′35” N, 73°05′49” E). The Mini river receives pollutants from various sources, i.e., industrial, household as well as agricultural runoff. Samples were filtered using 0.45 μm nylon filter paper (PALL Corporation, USA) prior to analysis, and all the mentioned parameters were evaluated in triplicates. The parameters such as pH, EC, TDS, total nitrogen and dissolved oxygen (DO) were analyzed using HQ440D multi-meter (HACH, USA). The samples were analyzed for chemical oxygen demand (COD), biochemical oxygen demand (BOD5), total phosphate, and sulfate were estimated using closed reflux spectrophotometric method, titrimetric method, stannous chloride method, and turbidimetric method respectively as per American Public Health Association (APHA, 2017) for the characterization of the river water quality based on the Indian Standard Water Quality Guidelines (BIS, 2012).



2.2 Enrichment of bacterial consortium from soil sediment of industrially polluted sites

The bacterial consortia for bioremediation of the polluted Mini river water were developed following enrichment culture technique using polluted soil and sediments collected from the Mini river as shown in Table 1. A total of five bacterial consortia were developed and enriched in the polluted water of the Mini river supplemented with Bushnell-Hass medium (BHM) along with co-substrates (0.01% w/v glucose and 0.01% w/v yeast extract) at 37°C. The active cultures were sub-cultured on every 5th day. After 50 subcultures the enriched bacterial consortia were evaluated for treatment of the polluted water of the Mini river by analyzing their treatment efficiencies for COD and BOD removal as described in the standard methods for water and wastewater analysis (APHA, 2017).


TABLE 1 Source of enriched bacterial consortia; where, GIDC stands for Gujarat Industrial Development Corporation.
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2.3 Development of small-scale floating treatment bed systems

Specifically, six parallel laboratory scale FTBs were developed using plastic tanks (60 cm × 40 cm × 22.5 cm). The effective depth of the device was about 20 cm, and the total volume was 10 L. The FTBs were consisted of either of the two floating frameworks; (1) Styrofoam sheet or (2) Polyvinyl chloride pipe-frames (Supplementary Figure S1a). Each of the FTB developed with Styrofoam sheet has equally spaced eight PVC holders with the diameter of 6 cm. All the holders contain coconut coir as a floating bed material. Whereas, FTB developed with PVC pipe-frames have fiber mat with coconut coir as support (Supplementary Figure S1b). Two potential macrophytes, T. latifolia and C. indica originated from polluted zone of the Mini river, Gujarat, India were collected for the study. Both the plants were acclimatized in polluted river water for 21 days before actual experiments in FTBs. Each FTB contains total of 24 plant saplings. Detailed description of each FTB is enlisted in Table 2. The bacterial consortium, VP3 was enriched using the samples collected from the polluted source to capture the indigenous bacteria capable of removal of emerging contaminants. VP3 augmentation was performed for VP3-augmented FTBs taking 1L active culture of VP3 consortium. The consortium VP3 for augmentation was prepared using Bushnell Haas Medium (BHM) without the addition of external BOD. The inoculum was applied at a concentration of 107 cells/mL, ensuring an effective microbial load for bioaugmentation. The developed FTBs were operated at different HRTs, mainly 1 day, 2 day, 3 day, 5 day, and 10 day.


TABLE 2 Floating treatment bed (FTB) systems used for the study; where, first two letters FT, Floating bed treatment; P, Polystyrene frame; S, styrofoam frame; CN, control without plant; CI, C. indica; TL, T. latifolia.
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2.4 Performance evaluation of FTB

The quality of FTB treated polluted water was determined using various physico-chemical parameters, according to the standard methods for water and wastewater analysis (APHA, 2017) as described in the Section 2.1.

Pathogenic indicator bacterial populations of each FTB were determined using membrane filtration techniques (MFT) using different selective media such as Hi-Chrome M-TEC for Escherichia coli, deoxycholate citrate agar for Salmonella species and Shigella species, and TCBS media for Vibrio cholerae. All media for the study were purchased from Hi-Media, India. All samples were serially diluted for enumeration of bacterial pathogens using 0.9% (w/v) sterile normal saline. The samples were filtered using S-Pak white gridded filter membranes (Merck Millipore, Germany). The filter membrane was aseptically removed and placed over the agar surface of the respective agar plate. All the plates were incubated at 37°C for 24 h. Standard viable counting was performed to evaluate the colony-forming units (CFU/mL) representing the pathogens.



2.5 Determination of emerging contaminants removal by FTB from polluted river water

Removal of emerging contaminants from polluted water of the Mini river by FTB were analyzed based on the previously reported methods with few modifications (Liu et al., 2021; Zhou et al., 2012). The untreated and treated river water samples were subjected to solid-phase extraction (SPE) using Oasis HLB cartridges with specifications of 60 μm particle size, 80 Å pore size, 500 mg sorbent weight and 6 cc barrel size (Waters, Milford, MA, USA). Cartridges were pre-conditioned with 10 mL methanol, followed by 15 mL ultrapure water (3 times × 5 mL). Later, the untreated and treated river water samples were passed through the pre-conditioned SPE cartridges and elution was carried out using 10 mL methanol in the Waters Extraction Manifold (Waters, Milford, MA, USA). The extracts were concentrated and re-constituted in 10 mL ACN: H2O (9:1) and filtered through 0.2 μm filter before subjecting to LC-HRMS analysis. The extracted sample (10 μL) was injected using the in-built auto-sampler into a Thermo Scientific™ Hypersil GOLD™ C18 column [100 mm (l) × 2.1 mm (i.d.), 1.9 μm particle size] maintained at 30 °C at a flow rate of 0.3 mL/min. The mobile phase comprised of eluent A (0.1% formic acid in ultrapure water) and eluent B (acetonitrile with 0.1% formic acid). Subsequently, elution and detection of ECs were performed using Thermo Scientific™ Vanquish™ (liquid chromatography) coupled with Orbitrap Exploris™ 240 mass spectrometer (Thermo Fisher Scientific, USA). The mass spectrometry was conducted with a heated electrospray ionization (HESI) source operating in positive and negative ionization modes and data analysis was conducted using Thermo Scientific™ Xcalibur™ 4.4 software.



2.6 Microbial community analysis

All the VP3-augmented FTBs and control FTBs (FT-P-CN, FT-S-CN) were dismantled and the plant roots and matrix materials were vigorously mixed with water samples of respective FTBs to acquire complete microbial community of the system. The metagenomic DNA was extracted by filtering 1,500 mL sample through using 0.22 μm DURAPORE PVDF membrane filter (Merck Millipore, Germany). The filter pads were transferred aseptically to the extraction of the metagenomic DNA using XpressDNA Soil Kit (MagGenome, India) according to the manufacturer's protocol. The experiments were conducted in triplicates. The extracted metagenomic DNA quantity and quality was checked using Nanodrop 2000 (Thermo Fisher Scientific, USA) and 0.8% w/v agarose gel electrophoresis, respectively. Pooled metagenomic DNA of each VP3-augmented FTBs were outsourced for high-throughput amplicon sequencing of the V3–V4 regions of the 16S rRNA gene using Illumina NextSeq 2000 platform (MedGenome, India). All of the 16S rRNA gene sequence data obtained for the study was submitted to NCBI under Project ID: 1170026 Biosample: All of the 16S rRNA gene sequence data obtained for the study was submitted to NCBI under Project ID: 1170026 Biosample: SAMN44091849 (Sample VP3), SAMN44089104 (Sample FT-S-TL+VP3), SAMN44089103 (Sample FT-S-CI+VP3), SAMN44089102 (Sample FT-P-TL+VP3), SAMN44089101 (Sample FT-P-CI+VP3), SAMN44089100 (Sample FT-S-CN), and SAMN44089099 (Sample FT-P-CN).

Multiplexed paired-end reads (2 × 300 bp) generated on the Illumina platform were analyzed using The Quantitative Insights into Microbial Ecology 2 (QIIME 2) program version 2022.8 (Bolyen et al., 2019). The “demux summarize” plugin was employed to assess the read quality, followed by quality filtering, denoising to amplicon sequence variants (ASVs), and chimeric sequence removal via “dada2 denoise-paired” plugin, where reads with Q < 30 were removed (Callahan et al., 2016). Feature-IDs were mapped to sequences from the representative sequence file and feature-table obtained after “q2-dada2.” Taxonomy classification was performed with the “feature classifier” (classify-sklearn) plugin leveraging a naive Bayesian classifier trained on the latest version (2022.10) of the Greengenes database (McDonald et al., 2012). The classified taxonomies were visualized using the “taxa barplot” plugin in QIIME 2-view.

The functional metabolic capability of the VP3-augmented FTB was predicted using PICRUSt2 software (Douglas et al., 2020) according to the denoizing algorithms that enables phenotypic predictions via functional Enzyme Commission (EC) number (Kanehisa and Goto, 2000).



2.7 Effect of FTBs on antibiotic resistance profiles of Mini river water

Each metagenome was evaluated for the presence of four antibiotic resistance genes (ARGs): sul1 and sul2 (resistant to sulphonamides), blaTEM (resistant to beta-lactams), and aac(6′)-Ib-Cr (resistant to aminoglycosides). These ARGs were previously identified as abundant in the Mini river (Patel et al., 2024), and thus were selected for evaluating the antibiotic resistance in Mini river water treated by VP3-augmented FTBs along with control FTBs. The Supplementary Table S1 contains a list of the ARG-specific primers used during the investigation. The primer sequences were obtained from the previous studies (Park et al., 2006; Pei et al., 2006; Adegoke et al., 2020). The polymerase chain reaction (PCR) was conducted in triplicates along with no template control using SureCycler 8800 Thermocycler (Agilent Technologies, USA). 1.2% w/v Agarose gel electrophoresis was performed to determine the presence of ARGs. The PCR program was carried out as follows: initial denaturation at 94°C for 4 min, followed by 30 cycles of denaturation at 94°C for 40 s, annealing at 55°C for 45 s and extension at 72°C for 60 s; and final extension at 72°C for 5 min.

The Invitrogen™ PureLink™ Quick Gel Extraction Kit (Thermo Fisher Scientific, USA) was used to extract the PCR products for cloning. Subsequently, the purified DNA was cloned using the Mighty TA-Cloning Kit (Takara, Japan) according to the manufacturer's instructions. Cloned plasmids were isolated using Invitrogen™ PureLink™ Quick Plasmid Miniprep Kit (Thermo Fisher Scientific, USA). Quantification of cloned plasmids was performed using NanoDrop 2000 (Thermo Fisher Scientific, USA). Log dilution of cloned plasmids was used in RT-qPCR to prepare standard curves for each primer pair. Prior to use for final RT-qPCR analysis, each pair of primers was validated against each standard for product size and annealing temperature confirmation using normal PCR amplification and 1.2% agarose gel electrophoresis. Quantification of targeted ARGs was performed using the Stratagene Mx3005P (Agilent Technologies, USA) in triplicate experiments as per the user instructions. The RT-PCR analysis was conducted using PowerUp™ SYBR® Green MasterMix (Thermo Fisher Scientific, USA). The RT-PCR program was carried out as follows: initial denaturation at 95°C for 3 min; followed by 40 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 60 s; and final extension at 72°C for 5 min.



2.8 Phytotoxicity analysis

Phytotoxicity of FTBs treated and untreated Mini river water was performed using Vigna radiata plant seeds following the procedure described by Rane et al. (2014). In brief, 10 healthy V. radiata seeds were kept in 20 mL FTBs treated and untreated samples at an ambient temperature, where 20 mL distilled water served as a control. The seed germination percentage was calculated after 3 days using following equation according to Ghosh et al. (2023):
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2.9 Statistical analysis

Statistical analysis was performed for all the dataset using GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA). One-way ANOVA was used for the data analysis. Post-hoc analysis was conducted using Tukey's multiple comparison test to determine significant differences between the groups. A value of p < 0.05 was considered statistically significant.




3 Results


3.1 River water characterization

The overall quality of the Mini river water is mentioned in Table 3. Designated best use water quality criteria suggested by the Central Pollution Control Board (CPCB) (2018) of India (https://cpcb.nic.in) reveals that the obtained values for BOD and DO were Below-E. It means that the water is not suitable for drinking, outdoor bathing, fisheries or irrigation purposes. Moreover, the values of COD, sulfate and phosphate are also above the acceptance limits of general standards set by CPCB of India for industrial discharge.


TABLE 3 Water quality assessment of the Mini river with reference to the standard Indian water quality criteria.
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3.2 Performance evaluation of the enriched bacterial consortia

The degradation potential of the enriched bacterial consortia was evaluated based on the removal efficiencies for COD, BOD, sulfate, and phosphate. In total, 5 consortia were established (Table 1), of which VP3 performed best and was therefore used for bio-augmentation. The bacterial consortium VP3 demonstrated the following removal efficiencies (as shown in Table 4): COD (60.4 ± 4.14%), BOD (72.45 ± 0.1%), sulfate (57 ± 4.22%), and phosphate (75.89 ± 0.59%).


TABLE 4 Analysis of % removal efficiencies (±SD) regarding the potential of enriched bacterial consortia after 5days; where, COD, Chemical Oxygen Demand; BOD, Biochemical Oxygen Demand.
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To characterize the microbial community of VP3, metagenomic DNA was extracted and sequenced. QIIME-2 analysis was performed to reveal the microbial community composition of VP3 (Figure 1A). The dominant phyla in VP3 were Proteobacteria, followed by Firmicutes, and Bacteroidetes. Where, the abundance of multiple genera namely Pseudomonas, Hydrogenophaga, Brevibacillus, Brevundimonas, Aquincola, Delftia, Methylibium, Acidovorax, and Sphingomoas belonging to different class of phylum Proteobacteria were obtained in consortium VP3.
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FIGURE 1
 (A) Microbial community composition of the developed consortium VP3. Pie chart represents the phylum level microbial community and donut chart represents abundant genera of the consortium VP3. (B) Relative abundance of bacterial community at phylum level in VP3-augmented FTBs and FTB controls. FT, Floating bed treatment; P, Polystyrene frame; S, styrofoam frame; CN, control without plant; CI, C. indica; TL, T. latifolia. (C) Relative abundance of bacterial community at genus level in VP3-augmented FTBs and FTB controls. FT, Floating bed treatment; P, Polystyrene frame; S, styrofoam frame; CN, control without plant; CI, C. indica; TL, T. latifolia.




3.3 Performance evaluation of the floating treatment bed systems

The biological oxygen demand (BOD) and chemical oxygen demand (COD) are generally used to evaluate the organic and other pollutants in the waterbodies and their quality. In this study, VP3-augmented Floating Treatment Bed systems (FTBs) demonstrated significant performance, achieving over 57 ± 1.65% reduction in BOD (Figure 2A) and approximately 70 ± 1.34% reduction of COD (Figure 2B) in 3-day Hydraulic Retention Time (HRT). The performance of floating treatment beds (FTBs) was improved in presence of macrophytes, T. latifolia and C. indica. These plants achieved better remediation compared to the non-vegetated FTB controls (FT-P-CN and FT-S-CN), i.e., approximately 40 ± 1.65% BOD removal and 37 ± 1.67% COD removal at a 3-day hydraulic retention time (HRT). This highlights the role of macrophytes in improving the purification efficiency of FTBs. Moreover, sulfate and phosphate contributes significantly in the eutrophication process, generation of algal blooms, and oxygen depletion in the aquatic ecosystems. All vegetated floating treatment beds (FTBs), including FT-P-TL, FT-P-CI, FT-S-TL, and FT-S-CI, achieved over 60 ± 2.5% sulfate removal efficiency. Among these, VP3-augmented FTBs demonstrated the highest efficiency, with sulfate removal exceeding 80 ± 2.04% (Figure 2C). A similar pattern was observed for phosphate removal, with vegetated FTBs achieving an average efficiency of 51 ± 0.42% and the highest removal of 74 ± 0.6% recorded in VP3-augmented T. latifolia-planted FTBs (Figure 2D, Table S3).
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FIGURE 2
 Performance evaluation of FTBs at different HRT (A) % BOD removal (B) % COD removal (C) % sulfate removal (D) % phosphate removal. FT, Floating bed treatment; P, Polystyrene frame; S, styrofoam frame; CN, control without plant; CI, C. indica; TL, T. latifolia.




3.4 Assessment of FTBs for the mitigation of the probable pathogens

The effectiveness of VP3-augmented Floating Treatment Bed systems (FTBs) for the removal of microbial pathogenic strains was assessed using the selective plate count method. The control FTBs, which did not incorporate plants or the VP3 consortium, exhibited nearly twice as many pathogens compared to the experimental setups (Figure 3). Specifically, Salmonella and Shigella were found in the highest concentrations in the FT-P-CN (control FTB without plants and VP3) and were least prevalent in the FTBs containing VP3 and T. latifolia (FT-P-TL). Similarly, the counts for Vibrio species and E. coli were highest in FT-P-CN and FT-S-CN (control FTBs). The lowest pathogen counts were observed in the FTBs containing both VP3 and T. latifolia. This indicates that the combination of T. latifolia and VP3 is highly effective in reducing pathogen levels.


[image: Figure 3]
FIGURE 3
 Probable pathogen abundance in Mini river water after FTB treatment. FT, Floating bed treatment; P, Polystyrene frame; S, styrofoam frame; CN, control without plant; CI, C. indica; TL, T. latifolia.




3.5 Evaluation of the microbial status of polluted Mini river water after FTB treatment

The microbial community structure of floating treatment beds (FTBs) was analyzed to assess the impact of the VP3 consortium on microbial composition. The predominant microbial phyla in VP3-augmented FTBs included Proteobacteria, Actinobacteria, Bacteroidetes, and Planctomycetes, demonstrating notable differences compared to control FTBs. The dominance of the Proteobacteria highlighted the significant influence of VP3 on the overall performance of the FTBs. In particular, the relative abundance of Actinobacteria increased to 7.2%, 6.4%, 3.1%, and 4.4% in FT-P-TL+VP3, FT-P-CI+VP3, FT-S-TL+VP3, and FT-S-CI+VP3, respectively, compared to 2.1% and 1.7% in the control FTBs FT-S-CN and FT-P-CN (Figure 1B). This phylum, previously associated with the bioremediation of heavy metals, antibiotics, and pesticides, exhibited enhanced abundance in VP3-augmented FTBs (Behera and Das, 2023; Antezana et al., 2023; Alvarez et al., 2017).

Additionally, increased relative abundances of Acidobacteria, Chloroflexi, and Firmicutes were observed in FT-P-CI+VP3 and FT-S-CI+VP3 compared to the controls. The phylum Verrucomicrobia was notably enriched in FT-P-TL (3.8%) and FT-S-TL (2.7%), suggesting plant-specific microbial community shifts. The Proteobacteria are known for their role in the bioremediation of xenobiotic pollutants, remained the most dominant phylum (Jokhakar et al., 2022; Srivastava and Verma, 2023; Zhang et al., 2020). Firmicutes, along with Proteobacteria and Actinobacteria, have been reported to establish compatibility with the rhizosphere of T. latifolia (Pietrangelo et al., 2018). Moreover, Proteobacteria were predominant in FTBs with C. indica for tetracycline antibiotic bioremediation (Xu et al., 2023). Notably, Verrucomicrobia, a key phylum in submerged membrane bioreactors for sulfonamide antibiotic removal, showed increased relative abundance in FTBs planted with T. latifolia (Yu et al., 2018).

At the genus level, microbial shifts were evident between control FTBs (FT-P-CN, FT-S-CN) and VP3-augmented FTBs (FT-P-CI+VP3, FT-S-CI+VP3, FT-P-TL+VP3, FT-S-TL+VP3), indicating the influence of VP3 and the planted macrophytes on microbial community composition. The control FTBs were dominated by the genera Bacillus species and Woodsholea species, whereas VP3-augmented FTBs with T. latifolia (FT-P-TL+VP3, FT-S-TL+VP3) exhibited a shift toward dominance of Pseudomonas species. In contrast, FTBs with C. indica (FT-P-CI+VP3, FT-S-CI+VP3) were predominantly enriched with Hydrogenophaga species (Figure 1C). The genus level microbial profiles in VP3-augmented FTBs closely mirrored those of the developed VP3 consortium. FTBs with T. latifolia were characterized by the dominance of Pseudomonas species, along with notable abundances of Brevundimonas, Azospirillum, Hydrogenophaga, Delftia, Hyphomicrobium, and Planctomyces. In contrast, FTBs with C. indica were primarily dominated by Hydrogenophaga, followed by Delftia, Acidovorax, Pseudomonas, and Azospirillum, showcasing plant-specific microbial community structures induced by the VP3 augmentation.



3.6 Functional gene annotation of the bacterial community involved in the FTB treatment

The predicted metabolic capabilities acquired from PICRUSt based on 16S profiles of the FTB-treated samples identified 80 genes associated with the degradation of various xenobiotic compounds (Figure 4). Notably, the genes involved in antibiotic degradation were more prevalent in the test FTBs (FT-P-TL+VP3, FT-S-TL+VP3, FT-P-CI+VP3, FT-S-CI+VP3) compared to the control FTBs (FT-P-CN, FT-S-CN). Among these, approximately 40 genes were linked to the degradation of a range of pollutants, including antibiotics, pesticides, aromatic hydrocarbons, plasticizers, detergents, heavy metals, and azo dyes. The abundance of these genes was higher in the test FTBs (FT-P-TL+VP3, FT-S-TL+VP3, FT-P-CI+VP3, FT-S-CI+VP3) compared to the control FTBs (FT-P-CN, FT-S-CN). Conversely, 9 genes associated with antibiotic resistance were found in higher abundance in the control FTBs (FT-P-CN and FT-S-CN) and were present in lower quantities in the test FTBs (FT-P-TL+VP3, FT-S-TL+VP3, FT-P-CI+VP3, FT-S-CI+VP3). This suggests a reduced prevalence of antibiotic resistance mechanisms in the test FTBs compared to the controls. These findings indicate that VP3-augmented FTBs have a greater potential for the removal of various emerging contaminants.
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FIGURE 4
 Predicted functional genes involved in biodegradation in VP3-augmented FTBs and FTB controls. FT, Floating bed treatment; P, Polystyrene frame; S, styrofoam frame; CN, control without plant; CI, C. indica; TL, T. latifolia.




3.7 Removal of emerging contaminants by FTB treatment

Non-targeted screening using LC-HRMS revealed the presence of various pollutants in the VP3-augmented FTBs after treatment. The analysis showed that FT-P-CN contained 304 pharmaceutical and personal care chemicals (PPCPs), which were reduced to 114 in FT-P-TL+VP3 and 132 in FT-P-CI+VP3. Similarly, FT-S-CN initially had 296 PPCPs, which were decreased to 112 in FT-S-TL+VP3 and 131 in FT-S-CI+VP3. Chemical intermediates, which are often associated with anthropogenic pollution and adverse effects on aquatic ecosystems were found in quantities of 226 and 217 in FT-P-CN and FT-S-CN, respectively. These numbers were significantly reduced in the VP3-augmented FTBs, with 49 intermediates in FT-P-TL+VP3, 47 in FT-S-TL+VP3, 51 in FT-S-CI+VP3, and 54 in FT-P-CI+VP3 (Supplementary Figure S2). Pesticides, known contributors to river pollution, were present in 44 compounds in FT-P-CN and 47 in FT-S-CN. The VP3-augmented FTBs reduced pesticide concentrations to 29 in FT-P-TL+VP3, 26 in FT-P-CI+VP3, 27 in FT-S-TL+VP3, and 24 in FT-S-CI+VP3. Notably, 7–12 antibiotic derivatives and 6 dye stuff intermediates were detected in FT-P-CN and FT-S-CN, but these compounds were completely eliminated in all VP3-augmented FTBs. The detailed information about various emerging contaminants have been provided in the Supplementary Table S2.



3.8 Impact of FTBs on antibiotic resistance profiles of the Mini river water

The results showed that the majority of the abundant ARGs of untreated Mini river water were absent in the FTBs treated samples (Supplementary Table S4). Specifically, the FT-P-CI+VP3 and FT-P-TL+VP3 completely eliminated all four ARGs. Whereas, FT-S-CI+VP3 and FT-S-TL+VP3 reduced the prevalence of these ARGs after treatment. However, the control FTBs; FT-P-CN and FT-S-CN revealed presence of all four tested ARGs. It indicates role of bacterial consortium and macrophytes in reduction of ARGs.

The Real-time PCR analysis of four selected antibiotic resistance genes (ARGs) confirmed a significant reduction in gene copy numbers following treatment with floating treatment beds (FTBs). The standard curves for the ARGs exhibited strong linear relationships (R2 > 0.925), and the melt curves validated the absence of non-specific amplification during RT-PCR (Supplementary Figure S3). Comparative analysis revealed a significant reduction in ARG abundance in FT-P-CI and FT-P-TL compared to control FTBs, FT-P-CN and FT-S-CN (Figure 5).


[image: Figure 5]
FIGURE 5
 Absolute quantification of abundant ARGs using real-time qPCR of VP3-augmented FTB treated water samples (A) Absolute abundance of gene blaTEM (B) absolute abundance of gene sul1 (C) absolute abundance of gene aac (6′)-Ib-Cr (D) absolute abundance of gene sul2. FT represents Floating bed treatment, P stands for Polystyrene frame, S stands for styrofoam frame, CN stands for control without plant, CI stands for C. indica, and TL stands for T. latifolia.


The sul1 gene, conferring resistance to sulfonamide antibiotics, was the most prevalent ARG, with initial copy numbers of 3.57 × 109 and 1.42 × 1010 copies/mL in FT-P-CN and FT-S-CN, respectively. These were substantially reduced to 4.72 × 104, 7.55 × 104, 1.13 × 105, and 1.88 × 105 copies/mL in FT-P-TL, FT-P-CI, FT-S-TL, and FT-S-CI, respectively. A similar trend was observed for sul2, which initially had 2.74 × 109 and 4.22 × 109 copies/mL in FT-P-CN and FT-S-CN, showing a reduction of 5.0 to 5.68 log folds in FT-P-TL, FT-P-CI, and FT-S-TL.

The aminoglycoside resistance gene aac (6′)-Ib-Cr showed a marked decrease from 6.04 × 108 to 1.52 × 108 copies/mL in the control FTBs to 1.91 × 104 copies/mL in FT-P-CI and FT-P-TL. Similarly, the extended-spectrum beta-lactam resistance gene blaTEM exhibited significant reductions, with initial copy numbers of 9.99 × 108 and 4.21 × 108 in FT-P-CN and FT-S-CN dropping to 9.97 × 102, 1.33 × 104, 5.62 × 106, and 6.2 × 104 copies/mL in FT-P-TL, FT-P-CI, FT-S-TL, and FT-S-CI, respectively.



3.9 Phytotoxicity evaluation of the Mini river water treated using FTBs

The toxicity of Mini river water treated by VP3-augmented FTBs was evaluated using the Vigna radiata seed germination assay. The results indicated that the FTB planted in a PVC frame with T. latifolia was the most effective in reducing toxicity, followed by the FTBs with C. indica in PVC and Styrofoam frames. Water treated by the VP3-augmented FTBs demonstrated a higher percentage of seed germination compared to the controls FT-P-CN and FT-S-CN (Supplementary Figure S4). However, the percentage of seed germination in the treated water was slightly lower than that observed in the positive control (distilled water). Untreated Mini river water exhibited the lowest percentage of seed germination due to the presence of various pollutants.




4 Discussion

The Mini river water quality was not suitable for drinking as per the CPCB criteria. This adversely affects the riverine ecosystems and ultimately disturbs the food web. The FTBs vegetated with T. latifolia and C. indica in presence of VP3 efficiently reduced the COD and BOD of the polluted water of Mini river. This efficiency aligns with the known capabilities of floating treatments in handling organic pollutants. The VP3-augmented FTBs achieved approximately 70% COD removal within a hydraulic retention time (HRT) of 3 days. This aligns with previous studies demonstrating that microbial augmentation significantly enhances the biodegradation of organic and inorganic pollutants, achieving COD reductions of 65% to 85% depending on pollutant load and system design (Liu et al., 2021). Among the systems, FT-P-TL+VP3 achieved the highest phosphate removal of 100.1 ± 1.07 mg/L (~84.7 ± 0.91%) from an initial phosphate concentration of 118.1 ± 1.53 mg/L. The phosphate uptake by macrophytes such as C. indica, T. latifolia, Phragmites australis, and Iris pseudacorus has been previously reported to reduce nutrient levels in polluted wastewater due to their robust root systems, which support microbial growth and enhance phosphate uptake (Haritash et al., 2017; Han et al., 2022). Similarly, Chand et al. (2021) reported that constructed wetlands incorporating biochar and Typha species achieved 73.92% sulfate removal after a 6-day retention time. In this study, the VP3-augmented FTBs demonstrated a maximum sulfate removal of over 83.6% within a 5-day HRT, indicating the role of microbial mechanisms in bioremediation and facilitating nutrient uptake by macrophytes such as T. latifolia and C. indica. Kumar and Singh (2017) also reported that microbial consortium augmentation with Eichhornia crassipes enhanced sulfate removal efficiency in constructed wetlands. These findings confirm that VP3-augmented FTBs, including FT-P-TL+VP3, FT-P-CI+VP3, FT-S-TL+VP3, and FT-S-CI+VP3, exhibit superior pollutant removal potential compared to non-augmented FTBs (FT-P-CI, FT-P-TL, FT-S-CI, and FT-S-TL).

The effectiveness of VP3-augmented FTBs suggests a synergistic interaction between the bacterial consortium and the vegetated system. These findings are consistent with the earlier studies, such as Shahid et al. (2019); which reported improved water quality in FTBs vegetated with Typha domingensis and Lepidagathis fusca, augmented with a mixed bacterial culture for treatment of polluted water of Ravi river, Lahore. Where, they obtained the COD and BOD5 decreased to 47 and 21 mg/L from initial concentration of 405 and 190 mg/L, respectively in the system consisting bacteria augmented T. domingensis.

The probable pathogenic enumeration reveals that the inclusion of VP3 and T. latifolia in FTBs significantly reduces the abundance of microbial pathogens compared to control FTBs that lack these components. The significantly lower pathogen counts in the FTBs containing both VP3 and T. latifolia suggest a synergistic effect, where both components work together to improve the overall efficacy of the FTBs. The presence of T. latifolia likely contributes to enhanced pathogen removal through processes such as root filtration and microbial interactions, while the VP3 consortium may further assist in reducing pathogen counts through its bioremediation capabilities. This finding supports the use of VP3-augmented FTBs with macrophytes like T. latifolia in mitigating waterborne pathogenic outbreaks, especially in polluted waterways such as the Mini river. Earlier, Donde et al. (2020) emphasized the critical role of macrophytes in reducing fecal pathogenic bacteria and importance of combining local emergent and submerged macrophytes for efficient treatment. These finding uncovers the potential of VP3-augmented FTBs in managing microbial contamination in water bodies.

The microbial community of VP3 exhibits greater similarity with the microbial community at similarly polluted sites in Budha Nala and Tung Dhab drain at Punjab, India (Kumar and Saini, 2024). The phyla Proteobacteria and Actinomycetota consist of variety of genera efficient for bioremediation of polluted waterways (Joye et al., 2016) as well as potential plant growth promoting microbes involved in rhizo-remediation (Behera and Das, 2023; Singh et al., 2018). The phylum Proteobacteria comprises of genera such as Brevundimonas species, Pseudomonas species and Desulfobacca species reported for bioremediation of petroleum and oily sludge contaminated by total petroleum hydrocarbons, saturates, aromatics, and polar compounds (González-Toril et al., 2023). Chen et al. (2023) noted that a consortium dominated by Pseudomonas species, Stenotrophomonas species, and Delftia species exhibited high degradation potential for phenanthrene. This suggests that the microbial community within consortium VP3 has a robust capacity to metabolize a range of emerging pollutants.

To understand the potential of the FTBs, the composition of microbial communities developed during treatment is crucial. In this study, the dominant phyla Proteobacteria, Actinobacteria, Bacteroidetes, and Planctomycetes were consistent across all FTB configurations, indicating their fundamental role in the treatment processes. The microbial community of the VP3-augmented FTBs was dominated by phylum Proteobacteria representing the successful augmentation of the VP3 with the macrophytes used for the study. This consistent dominance of Proteobacteria in all the VP3-augmented FTBs reinforces potential of VP3 consortium for degradation of various pollutants (Jokhakar et al., 2022; Srivastava and Verma, 2023; Zhang et al., 2020). However, the control FTBs (FT-P-CN and FT-S-CN) where no plants were introduced has relatively less abundance of the phylum Proteobacteria. The increase in the relative abundance of Acidobacteria, Chloroflexi, and Firmicutes in FTBs with T. latifolia and C. indica suggests that these plant species may enhance the growth of these microbial groups, potentially improving bioremediation efficacy. Observed presence of Actinobacteria aligns with its ability to remediate heavy metals and organic pollutants (Antezana et al., 2023; Alvarez et al., 2017). Earlier, Pietrangelo et al. (2018) noted that the phyla of Proteobacteria, Actinobacteria, and Firmicutes involved in the foundation of the microbiota with some other phyla such as Acidobacteria, Bacteroidetes, Chloroflexi, and Verrucomicrobia which varies according to the plant species. The presence of Firmicutes in association with T. latifolia and its compatibility with rhizosphere environments supports its role in effective bioremediation within VP3-augmented FTBs with T. latifolia. Similarly, the prominence of Proteobacteria in FTBs with C. indica highlights its adaptability and efficacy in various bioremediation contexts. This combination of Proteobacteria with C. indica was earlier reported for degradation of tetracycline antibiotics from water using mycorrhizal fungi based vertical flow constructed wetlands with more than 90% removal efficiency (Xu et al., 2023). The increased abundance of Verrucomicrobia in FTBs planted with T. latifolia is compelling interest, as this phylum has been previously associated with the removal of sulfonamide antibiotics (Yu et al., 2018). This suggests that T. latifolia may foster conditions conducive to the growth of Verrucomicrobia, enhancing the overall pathogen removal efficiency of the FTBs.

These findings indicate that both plant species, T. latifolia and C. indica, play significant roles in shaping microbial community structure and enhancing the bioremediation capacity of FTBs. The synergy between plant and microbial components in FTBs discloses the potential for improved water treatment of polluted rivers. The prevalence of the genus Pseudomonas in FTBs with T. latifolia aligns with its well-documented role in biodegrading a wide range of pollutants, including antibiotics, personal care products (PPCPs), pesticides, heavy metals, and aromatic hydrocarbons (Tang et al., 2024; Pápai et al., 2023). The dominance of potential plant growth promoting bacterial genus Azospirillum in the VP3-augmented FTBs planted with T. latifolia enhances the stress tolerant abilities of the plant. Earlier genus Azospirillium was reported to have significantly reduced the damage to roots of Polygonum hydropiperoides planted constructed wetlands exposed to the heavy metal contamination (Barbosa et al., 2023). The presence of the Genus Hydrogenophaga species in FTBs with C. indica is also significant, as this genus is known for its ability to degrade aromatic compounds and certain chlorinated compounds used in pesticides and PPCPs (Borah et al., 2023; Yang et al., 2023). These findings unveil the impact of macrophytes on shaping microbial communities and highlight the role of specific bacterial genera in the bioremediation processes within FTB systems. The interplay between macrophytes and microbial communities are key contributors optimizing the effectiveness of pollutant removal in FTBs.

The effective degradation of xenobiotics is essential for mitigating their environmental impact and preventing the proliferation of antibiotic-resistant bacteria (ARB). The identification of approximately 40 genes related to the degradation of various pollutants including pesticides, aromatic hydrocarbons, plasticizers, detergents, heavy metals, and azo dyes, demonstrates the versatility of the test FTBs in addressing a wide spectrum of contaminants. These findings, supported by LC-HRMS analysis, confirm that VP3-augmented FTBs are highly effective in degrading critical pollutants such as antibiotics and dyes. Overall, the results underscore the strong potential of VP3-augmented FTBs to reduce diverse contaminants, making them valuable tools for improving water quality and addressing pollution challenges in river systems. The potential transfer of ARGs to pathogenic bacteria remains a significant global public health concern. However, the present study revealed a substantial reduction in ARG absolute abundances (1.84 to 6 log fold) within the VP3-augmented FTBs. The observed reduction in gene copies/mL highlights the progressive elimination of ARGs across these systems. For instance, Porras-Socias et al. (2024) reported a decrease in sul1 abundance from 4.3 × 106 to 6.9 × 104 copies/mL in constructed wetlands planted with Sparganium erectum. Similarly, in this study, the VP3-augmented FTBs significantly reduced ARGs, including sul1, sul2, blaTEM, and aac(6′)-Ib-Cr, through mechanisms such as plant uptake, bacterial host die-off, or sorption to organic matter (Sabri et al., 2021). The robust root systems of wetland plants like T. latifolia and C. indica play a pivotal role in this process by supporting microbial communities involved in filtration, adsorption, absorption, and biotransformation of ARGs. Additionally, macrophytes provide oxygen to microbes and act as primary filters for solid particles, enhancing microbial activity, reducing ARG accumulation, and promoting overall ARG removal (Fang et al., 2017). These findings align with Donde et al. (2020), who demonstrated the effectiveness of T. latifolia in constructed wetlands for the removal of 12 antimicrobial agents and their associated resistance genes, achieving a purification efficiency of 75% in effluents from Lake Dianchi, China. Similarly, Ávila et al. (2021) reported that subsurface flow constructed wetlands vegetated with Phragmites australis effectively removed antibiotics, including ciprofloxacin, ofloxacin, pipemidic acid, and azithromycin, alongside ARGs such as sul1 (46%−97%), sul2 (33–97%), ermB (9%−99%), qnrS (18%−97%), and blaTEM (11%−98%). These studies support the current findings, emphasizing the significant role of the VP3 microbial consortium, combined with suitable macrophytes, in mitigating antibiotic resistance in river systems. This integrated bioremediation strategy highlights its potential to address complex pollution challenges in environmental remediation effectively.

The findings from the Vigna radiata seed germination assay suggests that the VP3-augmented FTBs effectively reduce the toxicity of Mini river water. Specifically, the FTBs planted with T. latifolia in PVC frames showed the highest efficiency in toxicity removal, making it the most promising option for further applications. The treated water from the VP3-augmented FTBs exhibited significantly higher seed germination rates compared to the untreated controls (FT-P-CN and FT-S-CN), although it did not fully match the germination rates seen with distilled water. These results are consistent with previous studies, such as those by Kumar et al. (2018), who reported that polluted Hindon river water adversely affected Vigna radiata seed germination, indicating poor water quality due to anthropogenic pollution. Their study concluded that diluted water was more suitable for irrigation practices. In contrast, the treated water from the VP3-augmented FTBs, particularly with T. latifolia, showed that it could be used directly without further dilution for agricultural purposes. Overall, the data highlighted the effectiveness of the VP3-augmented FTBs in removing toxicity from polluted water bodies, suggesting a viable approach for improving water quality and suitability for agricultural use.



5 Conclusion

The study demonstrates that the plant-microbial combination enhances the overall efficiency of floating treatment bed (FTB) systems in removing sulfate, phosphate, COD, and BOD from polluted river water. Further, it also exhibited significant potential for pathogen elimination from contaminated water. The metagenomic analysis revealed that the VP3-augmented FTBs host a microbial community predominantly composed of the genera Pseudomonas species and Hydrogenophaga species, both belonging to the phylum Proteobacteria. In addition, the VP3-augmented FTBs possess a range of functional genes critical for the degradation of antibiotics, pesticides, pharmaceutical and personal care products (PPCPs), polycyclic aromatic hydrocarbons (PAHs), and other emerging contaminants (ECs). ARG detection confirmed that VP3-augmented FTBs were more efficient in reduction of ARGs, with lower ARG distribution compared to control FTBs. It could remove 7–12 antibiotic residues, 6 dye intermediates, and over 50% of pesticides, which further establishes its effectiveness in reduction of ECs in the polluted rivers. Phytotoxicity testing using Vigna radiata revealed that water treated by FT-P-TL and FT-P-CI exhibited improved seed germination rates, indicating enhanced environmental safety. These findings highlight the potential of FTBs, especially those enriched with bacterial consortia, as effective and sustainable solutions for removing a broad range of emerging pollutants under environmental conditions. The study underscores the advantages of FTBs over intensive treatment approaches for improving water quality in polluted river systems.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary material.



Author contributions

VP: Data curation, Formal analysis, Investigation, Methodology, Writing – original draft. SS: Data curation, Formal analysis, Investigation, Writing – original draft. CD: Conceptualization, Funding acquisition, Project administration, Resources, Writing – review & editing. BK: Formal analysis, Funding acquisition, Methodology, Project administration, Resources, Supervision, Validation, Writing – review & editing. DM: Conceptualization, Formal analysis, Funding acquisition, Methodology, Project administration, Resources, Supervision, Validation, Visualization, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. The authors gratefully acknowledge financial support received for this research work from the Network Research Program on Antimicrobial Resistance (AMR), Superbugs and One Health [GSBTM/JD(R&D)/616/21-22/1236] and the Engineering hybrid biological systems for self-sustainable treatment of persistent mobile chemicals in common effluent treatment plant (CETP) wastewater [GSBTM/JD(R&D)/662/2022-23/00292469] funded by the Gujarat State Biotechnology Mission (GSBTM), DST, GoG, India.



Acknowledgments

The authors are thankful to Bhartiben and P. R. Patel Biological Research Laboratory, P. D. Patel Institute of Applied Sciences and Charotar University of Science and Technology (CHARUSAT), Changa, Gujarat, India for providing instrumentation facilities to conduct this research. The authors also acknowledge the technical support under the Promotion of University Research and Scientific Excellence (PURSE) grant by the Department of Science and Technology (DST), the Government of India. The graphical abstract was created with BioRender (https://www.BioRender.com).



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.



Generative AI statement

The author(s) declare that no Gen AI was used in the creation of this manuscript.



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.1512992/full#supplementary-material



References

 Adegoke, A. A., Madu, C. E., Aiyegoro, O. A., Stenström, T. A., and Okoh, A. I. (2020). Antibiogram and beta-lactamase genes among cefotaxime resistant E. coli from wastewater treatment plant. Antimic. Resist. Infect. Control 9, 1–12. doi: 10.1186/s13756-020-0702-4

 Alvarez, A., Saez, J. M., Costa, J. S. D., Colin, V. L., Fuentes, M. S., Cuozzo, S. A., et al. (2017). Actinobacteria: current research and perspectives for bioremediation of pesticides and heavy metals. Chemosphere 166, 41–62. doi: 10.1016/j.chemosphere.2016.09.070

 Antezana, P. E., Colin, V. L., Bourguignon, N., Benimeli, C. S., and Fuentes, M. S. (2023). Applied of Actinobacteria consortia-based bioremediation to restore co-contaminated systems. Res. Microbiol. 174:104028. doi: 10.1016/j.resmic.2023.104028

 APHA (2017). Standard Methods for Examination of Water and Wastewater, 23rd edn. Washington: APHA, AWWA, WPCF.

 Asghar, I., Younus, S., Islam, E., Iqbal, S., Afzal, M., Boopathy, R., et al. (2022). A comparative study of the treatment efficiency of floating and constructed wetlands for the bioremediation of phenanthrene-contaminated water. Appl. Sci. 12:12122. doi: 10.3390/app122312122

 Ávila, C., García-Galán, M. J., Borrego, C. M., Rodríguez-Mozaz, S., García, J., and Barceló, D. (2021). New insights on the combined removal of antibiotics and ARGs in urban wastewater through the use of two configurations of vertical subsurface flow constructed wetlands. Sci. Total Environ. 755:142554. doi: 10.1016/j.scitotenv.2020.142554

 Bandyopadhyay, S., and De, S. K. (2017). “Estimation of bank erosion of the Haora River and proposition of bank erosion vulnerability zonation model,” in Human Interference on River Health: A Study on the Haora River, Tripura, India, 141–167. doi: 10.1007/978-3-319-41018-0_9

 Bano, S., Tahira, S. A., Naqvi, S. N. H., Tahseen, R., Shabir, G., Iqbal, S., et al. (2023). Improved remediation of amoxicillin-contaminated water by floating treatment wetlands intensified with biochar, nutrients, aeration, and antibiotic-degrading bacteria. Bioengineered 14:2252207. doi: 10.1080/21655979.2023.2252207

 Barbosa, R. B. G., Borges, A. C., de Araújo, H. H., Vergütz, L., and Rosa, A. P. (2023). Effects of the addition of phytohormone and plant growth-promoting bacteria on the health and development of Polygonum hydropiperoides cultivated in constructed wetlands treating chromium-contaminated wastewater. Ecol. Eng. 190:106931. doi: 10.1016/j.ecoleng.2023.106931

 Behera, S., and Das, S. (2023). Potential and prospects of Actinobacteria in the bioremediation of environmental pollutants: cellular mechanisms and genetic regulations. Microbiol. Res. 273:127399. doi: 10.1016/j.micres.2023.127399

 Bengtsson-Palme, J., Kristiansson, E., and Larsson, D. J. (2018). Environmental factors influencing the development and spread of antibiotic resistance. FEMS Microbiol. Rev. 42:053. doi: 10.1093/femsre/fux053

 BIS, I. (2012). 10500 Indian Standard Drinking Water–Specification, second revision. New Delhi: Bureau of Indian Standards.

 Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-Ghalith, G. A., et al. (2019). Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 37, 852–857. doi: 10.1038/s41587-019-0209-9

 Borah, S., Hazarika, D. J., Baruah, M., Bora, S. S., Gogoi, M., Boro, R. C., et al. (2023). Imidacloprid degrading efficiency of Pseudomonas plecoglossicida MBSB-12 isolated from pesticide contaminated tea garden soil of Assam. World J. Microbiol. Biotechnol. 39:59. doi: 10.1007/s11274-022-03507-x

 Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., and Holmes, S. P. (2016). DADA2: High-resolution sample inference from Illumina amplicon data. Nat. Methods 13, 581–583. doi: 10.1038/nmeth.3869

 Central Pollution Control Board (CPCB) (2018). Assessment of Common Effluent Treatment Plants (CETPs) in the Industrial Clusters Comprising of Medium and Small Scale Industries. Available at: https://cpcb.nic.in/status-of-cetps/ (accessed August 12, 2024).

 Chand, N., Suthar, S., and Kumar, K. (2021). Wastewater nutrients and coliforms removals in tidal flow constructed wetland: effect of the plant (Typha) stand and biochar addition. J. Water Proc. Eng. 43:102292. doi: 10.1016/j.jwpe.2021.102292

 Chen, R., Zhao, Z., Xu, T., and Jia, X. (2023). Microbial consortium HJ-SH with very high degradation efficiency of Phenanthrene. Microorganisms 11:2383. doi: 10.3390/microorganisms11102383

 Donde, O. O., Makindi, S. M., Tian, C., Tian, Y., Hong, P., Cai, Q., et al. (2020). A novel integrative performance evaluation of constructed wetland on removal of viable bacterial cells and related pathogenic, virulent and multi-drug resistant genes from wastewater systems. J. Water Proc. Eng. 33:101060. doi: 10.1016/j.jwpe.2019.101060

 Douglas, G. M., Maffei, V. J., Zaneveld, J. R., Yurgel, S. N., Brown, J. R., Taylor, C. M., et al. (2020). PICRUSt2 for prediction of metagenome functions. Nat. Biotechnol. 38, 685–688. doi: 10.1038/s41587-020-0548-6

 Fahid, M., Arslan, M., Shabir, G., Younus, S., Yasmeen, T., Rizwan, M., et al. (2020). Phragmites australis in combination with hydrocarbons degrading bacteria is a suitable option for remediation of diesel-contaminated water in floating wetlands. Chemosphere 240:124890. doi: 10.1016/j.chemosphere.2019.124890

 Fang, H., Zhang, Q., Nie, X., Chen, B., Xiao, Y., Zhou, Q., et al. (2017). Occurrence and elimination of antibiotic resistance genes in a long-term operation integrated surface flow constructed wetland. Chemosphere 173, 99–106. doi: 10.1016/j.chemosphere.2017.01.027

 Ghosh, A., Sah, D., Chakraborty, M., and Rai, J. P. N. (2023). Bio-mediated detoxification of heavy metal contaminated soil and phytotoxicity reduction using novel strain of Brevundimonas vancanneytii SMA3. Heliyon 9:22344. doi: 10.1016/j.heliyon.2023.e22344

 Gomes, R. P., Oliveira, T. R., Rodrigues, A. B., Ferreira, L. M., Vieira, J. D. G., and Carneiro, L. C. (2023). Occurrence of antibiotic resistance genes, antibiotics-resistant and multi-resistant bacteria and their correlations in one river in Central-Western Brazil. Water 15:747. doi: 10.3390/w15040747

 González-Toril, E., Permanyer, A., Gallego, J. R., Márquez, G., Lorenzo, E., and Aguilera, A. (2023). Metagenomic analysis of the microbial community at the Riutort oil shale mine (NE Spain): Potential applications in bioremediation and enhanced oil recovery. Fuel 349:128609. doi: 10.1016/j.fuel.2023.128609

 Han, Y., White, P. J, and Cheng, L. (2022). Mechanisms for improviing phosphorus utilization efficiency in plants. Ann. Bot. 129, 247–258. doi: 10.1093/aob/mcab145

 Haritash, A. K., Dutta, S., and Sharma, A. (2017). Phosphate uptake and translocation in a tropical Canna-based constructed wetland. Ecol. Proc. 6, 1–7. doi: 10.1186/s13717-017-0079-3

 Hernando-Amado, S., Coque, T. M., Baquero, F., and Martínez, J. L. (2019). Defining and combating antibiotic resistance from One Health and Global Health perspectives. Nature Microbiol. 4, 1432–1442. doi: 10.1038/s41564-019-0503-9

 Huang, Z., Kong, F., Li, Y., Xu, G., Yuan, R., and Wang, S. (2020). Advanced treatment of effluent from municipal wastewater treatment plant by strengthened ecological floating bed. Bioresour. Technol. 309:123358. doi: 10.1016/j.biortech.2020.123358

 Jokhakar, P., Godhaniya, M., Vaghamshi, N., Patel, R., Ghelani, A., and Dudhagara, P. (2022). Comparative taxonomic and functional microbiome profiling of anthrospheric river tributary for xenobiotics degradation study. Ecol. Genet. Gen. 25:100144. doi: 10.1016/j.egg.2022.100144

 Joye, S. B., Kleindienst, S., Gilbert, J. A., Handley, K. M., Weisenhorn, P., Overholt, W. A., et al. (2016). Responses of microbial communities to hydrocarbon exposures. Oceanography 29, 136–149. doi: 10.5670/oceanog.2016.78

 Kanehisa, M., and Goto, S. (2000). KEGG: kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28, 27–30. doi: 10.1093/nar/28.1.27

 Kinney, C. A., and Heuvel, B. V. (2020). Translocation of pharmaceuticals and personal care products after land application of biosolids. Curr. Opin. Environ. Sci. Health 14, 23–30. doi: 10.1016/j.coesh.2019.11.004

 Koch, N., Islam, N. F., Sonowal, S., Prasad, R., and Sarma, H. (2021). Environmental antibiotics and resistance genes as emerging contaminants: methods of detection and bioremediation. Curr. Res. Microbial Sci. 2:100027. doi: 10.1016/j.crmicr.2021.100027

 Kumar, D., Kumar, V., and Kumari, S. (2018). Effect of hindon river water on seed germination of mung bean (Vigna radiata), black gram (Vigna mungo) and wheat (Triticum aestivum) in vitro. Oriental J. Chem. 34, 2622–2630. doi: 10.13005/ojc/340553

 Kumar, M., and Saini, H. S. (2024). Deciphering indigenous bacterial diversity of co-polluted sites to unravel its bioremediation potential: a metagenomic approach. J. Basic Microbiol. 64:e2400303. doi: 10.1002/jobm.202400303

 Kumar, M., and Singh, R. (2017). Performance evaluation of semi continuous vertical flow constructed wetlands (SC-VF-CWs) for municipal wastewater treatment. Bioresour. Technol. 232, 321–330. doi: 10.1016/j.biortech.2017.02.026

 Liu, J., Wang, F., Liu, W., Tang, C., Wu, C., and Wu, Y. (2016). Nutrient removal by up-scaling a hybrid floating treatment bed (HFTB) using plant and periphyton: From laboratory tank to polluted river. Bioresour. Technol. 207, 142–149. doi: 10.1016/j.biortech.2016.02.011

 Liu, S., Wang, C., Wang, P., Chen, J., Wang, X., and Yuan, Q. (2021). Anthropogenic disturbances on distribution and sources of pharmaceuticals and personal care products throughout the Jinsha River Basin, China. Environ. Res. 198:110449. doi: 10.1016/j.envres.2020.110449

 Madhav, S., Ahamad, A., Singh, A. K., Kushawaha, J., Chauhan, J. S., Sharma, S., et al. (2020). “Water pollutants: sources and impact on the environment and human health,” in Sensors in water pollutants monitoring: Role of material, eds. D. Pooja, P. Kumar, P. Singh, S. Patil (Singapore: Springer), 43–62. doi: 10.1007/978-981-15-0671-0_4

 McCorquodale-Bauer, K., Grosshans, R., Zvomuya, F., and Cicek, N. (2023). Critical review of phytoremediation for the removal of antibiotics and antibiotic resistance genes in wastewater. Sci. Total Environ. 870:161876. doi: 10.1016/j.scitotenv.2023.161876

 McDonald, D., Price, M. N., Goodrich, J., Nawrocki, E. P., DeSantis, T. Z., Probst, A., et al. (2012). An improved Greengenes taxonomy with explicit ranks for ecological and evolutionary analyses of bacteria and archaea. ISME J. 6, 610–618. doi: 10.1038/ismej.2011.139

 Nandy, S., Kalra, D., and Kapley, A. (2022). Designing efficient floating bed options for the treatment of eutrophic water. Water Infrastr. Ecosyst. Soc. 71, 1332–1343. doi: 10.2166/aqua.2022.100

 Pápai, M., Benedek, T., Táncsics, A., Bornemann, T. L., Plewka, J., Probst, A. J., et al. (2023). Selective enrichment, identification, and isolation of diclofenac, ibuprofen, and carbamazepine degrading bacteria from a groundwater biofilm. Environ. Sci. Pollut. Res. 30, 44518–44535. doi: 10.1007/s11356-022-24975-6

 Park, C. H., Robicsek, A., Jacoby, G. A., Sahm, D., and Hooper, D. C. (2006). Prevalence in the United States of aac (6′)-Ib-cr encoding a ciprofloxacin-modifying enzyme. Antimicrob. Agents Chemother. 50, 3953–3955. doi: 10.1128/AAC.00915-06

 Patel, V., Patil, K., Patel, D., Kikani, B., Madamwar, D., and Desai, C. (2024). Distribution of bacterial community structures and spread of antibiotic resistome at industrially polluted sites of Mini River, Vadodara, Gujarat, India. Environ. Monit. Assess. 196:208. doi: 10.1007/s10661-024-12380-0

 Pei, R., Kim, S. C., Carlson, K. H., and Pruden, A. (2006). Effect of river landscape on the sediment concentrations of antibiotics and corresponding antibiotic resistance genes (ARG). Water Res. 40, 2427–2735. doi: 10.1016/j.watres.2006.04.017

 Pietrangelo, L., Bucci, A., Maiuro, L., Bulgarelli, D., and Naclerio, G. (2018). Unraveling the composition of the root-associated bacterial microbiota of Phragmites australis and Typha latifolia. Front. Microbiol. 9:1650. doi: 10.3389/fmicb.2018.01650

 Porras-Socias, P., Tomasino, M. P., Fernandes, J. P., De Menezes, A. B., Fernández, B., Collins, G., et al. (2024). Removal of metals and emergent contaminants from liquid digestates in constructed wetlands for agricultural reuse. Front. Microbiol. 15:1388895. doi: 10.3389/fmicb.2024.1388895

 Rane, N. R., Chandanshive, V. V., Khandare, R. V., Gholave, A. R., Yadav, S. R., and Govindwar, S. P. (2014). Green remediation of textile dyes containing wastewater by Ipomoea hederifolia L. RSC Adv. 4, 36623–36632. doi: 10.1039/C4RA06840H

 Richards, L. A., Guo, S., Lapworth, D. J., White, D., Civil, W., Wilson, G. J., et al. (2023). Emerging organic contaminants in the River Ganga and key tributaries in the middle Gangetic Plain, India: characterization, distribution and controls. Environ. Pollut. 327:121626. doi: 10.1016/j.envpol.2023.121626

 Sabri, N. A., Schmitt, H., van der Zaan, B. M., Gerritsen, H. W., Rijnaarts, H. H. M., and Landenhoff, A. A. M. (2021). Performance of full scale constructed wetlands in removing antibiotics and antibiotic resistance genes. Sci. Total Environ. 786:147368. doi: 10.1016/j.scitotenv.2021.147368

 Samal, K., and Trivedi, S. (2020). A statistical and kinetic approach to develop a Floating Bed for the treatment of wastewater. J. Environ. Chem. Eng. 8:104102. doi: 10.1016/j.jece.2020.104102

 Shahid, M. J., Tahseen, R., Siddique, M., Ali, S., Iqbal, S., and Afzal, M. (2019). Remediation of polluted river water by floating treatment wetlands. Water Supply 19, 967–977. doi: 10.2166/ws.2018.154

 Singh, D. P., Patil, H. J., Prabha, R., Yandigeri, M. S., and Prasad, S. R. (2018). “Actinomycetes as potential plant growth-promoting microbial communities,” in Crop Improvement Through Microbial Biotechnology, 27–38. doi: 10.1016/B978-0-444-63987-5.00002-5

 Singh, P., Singh, V. K., Singh, R., Borthakur, A., Madhav, S., Ahamad, A., et al. (2020). “Bioremediation: a sustainable approach for management of environmental contaminants,” in Abatement of Environmental Pollutants, 1–23. doi: 10.1016/B978-0-12-818095-2.00001-1

 Srivastava, A., and Verma, D. (2023). Ganga River sediments of India predominate with aerobic and chemo-heterotrophic bacteria majorly engaged in the degradation of xenobiotic compounds. Environ. Sci. Pollut. Res. 30, 752–772. doi: 10.1007/s11356-022-22198-3

 Srivastava, P., Sreekrishnan, T. R., and Nema, A. K. (2017). Human health risk assessment and PAHs in a stretch of river Ganges near Kanpur. Environ. Monit. Assess. 189, 1–11. doi: 10.1007/s10661-017-6146-5

 Su, Z., Wang, K., Yang, F., and Zhuang, T. (2023). Antibiotic pollution of the Yellow River in China and its relationship with dissolved organic matter: distribution and source identification. Water Res. 235:119867. doi: 10.1016/j.watres.2023.119867

 Tang, L., Yang, J., Liu, X., Kang, L., Li, W., Wang, T., et al. (2024). Biodegradation of phenanthrene-Cr (VI) co-contamination by Pseudomonas aeruginosa AO-4 and characterization of enhanced degradation of phenanthrene. Sci. Total Environ. 918:170744. doi: 10.1016/j.scitotenv.2024.170744

 Tao, M., Guan, L., Jing, Z., Tao, Z., Wang, Y., Luo, H., et al. (2020). Enhanced denitrification and power generation of municipal wastewater treatment plants (WWTPs) effluents with biomass in microbial fuel cell coupled with constructed wetland. Sci. Total Environ. 709:136159. doi: 10.1016/j.scitotenv.2019.136159

 Xu, Z., Huang, J., Chu, Z., Meng, F., Liu, J., Li, K., et al. (2023). Plant and microbial communities responded to copper and/or tetracyclines in mycorrhizal enhanced vertical flow constructed wetlands microcosms with Canna indica L. J. Hazard. Mater. 451:131114. doi: 10.1016/j.jhazmat.2023.131114

 Yadav, S., and Goyal, V. C. (2022). Current status of ponds in India: a framework for restoration, policies and circular economy. Wetlands 42:107. doi: 10.1007/s13157-022-01624-9

 Yang, M., Jiao, Y., Sun, L., Miao, J., Song, X., Yin, M., et al. (2023). The performance and mechanism of tetracycline and ammonium removal by Pseudomonas sp. DX-21. Bioresour. Technol. 386:129484. doi: 10.1016/j.biortech.2023.129484

 Yao, X., Zheng, G., Cao, Y., and Yu, B. (2021). Life cycle and economic assessment of enhanced ecological floating beds applied water purification. Environ. Sci. Pollut. Res. 28, 49574–49587. doi: 10.1007/s11356-021-14008-z

 Yu, Z., Zhang, X., Ngo, H. H., Guo, W., Wen, H., Deng, L., et al. (2018). Removal and degradation mechanisms of sulfonamide antibiotics in a new integrated aerobic submerged membrane bioreactor system. Bioresour. Technol. 268, 599–607. doi: 10.1016/j.biortech.2018.08.028

 Zhang, L., Tu, D., Li, X., Lu, W., and Li, J. (2020). Impact of long-term industrial contamination on the bacterial communities in urban river sediments. BMC Microbiol. 20, 1–16. doi: 10.1186/s12866-020-01937-x

 Zhou, J. L., Maskaoui, K., and Lufadeju, A. (2012). Optimization of antibiotic analysis in water by solid-phase extraction and high performance liquid chromatography–mass spectrometry/mass spectrometry. Anal. Chim. Acta 731, 32–39. doi: 10.1016/j.aca.2012.04.021

Copyright
 © 2025 Patel, Sharma, Desai, Kikani and Madamwar. 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/xhtml/Nav.xhtml




Contents





		Cover



		Synergistic removal of emerging contaminants using bacterial augmented floating treatment bed system (FTBs) of Typha latifolia and Canna indica for rejuvenation of polluted river water



		1 Introduction



		2 Materials and methods



		2.1 Collection and characterization of water from polluted river



		2.2 Enrichment of bacterial consortium from soil sediment of industrially polluted sites



		2.3 Development of small-scale floating treatment bed systems



		2.4 Performance evaluation of FTB



		2.5 Determination of emerging contaminants removal by FTB from polluted river water



		2.6 Microbial community analysis



		2.7 Effect of FTBs on antibiotic resistance profiles of Mini river water



		2.8 Phytotoxicity analysis



		2.9 Statistical analysis







		3 Results



		3.1 River water characterization



		3.2 Performance evaluation of the enriched bacterial consortia



		3.3 Performance evaluation of the floating treatment bed systems



		3.4 Assessment of FTBs for the mitigation of the probable pathogens



		3.5 Evaluation of the microbial status of polluted Mini river water after FTB treatment



		3.6 Functional gene annotation of the bacterial community involved in the FTB treatment



		3.7 Removal of emerging contaminants by FTB treatment



		3.8 Impact of FTBs on antibiotic resistance profiles of the Mini river water



		3.9 Phytotoxicity evaluation of the Mini river water treated using FTBs







		4 Discussion



		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Generative AI statement



		Publisher's note



		Supplementary material



		References

















OPS/images/math_1.gif
Seed Germination Percentage (SG%) =
(Number of germinated seeds/ Total number of seeds) x 100





OPS/images/fmicb-16-1512992-t004.jpg
VP1 VP2 VP3 VP4 VPS5
cop 31824988 2343 +£421 60.40 £ 4.13 44.55+9.16 19.0142.57
BOD 63:£4.17 61.5+2.69 72454 0.1 4729+ 0.51 55.0243.43
Sulfate 4593+ 118 37.19 £ 2.06 5794422 41.06 £ 1.79 21.97 £ 3.59
Phosphate 7094 125 57.82+ 1.08 75.89  0.59 71.98  1.04 53274294












OPS/images/crossmark.jpg
©

|






OPS/images/logo.jpg
& frontiers | Frontiers in Microbiology







OPS/images/fmicb-16-1512992-g005.gif





OPS/images/fmicb-16-1512992-g006.gif
o

HTAITTE e ]1E

[N lllllﬁ‘ TE

DO






OPS/images/fmicb-16-1512992-g003.gif





OPS/images/fmicb-16-1512992-g004.gif





OPS/images/fmicb-16-1512992-t003.jpg
Water Mini river ~ Water General

quality water quality industrial

parameters status as discharge
per limits
1S:10500*  (CPCB**)

pH 862+ 0.04 ¢ 5.5-9.0

Temperature (°C) 27.5 £ 0.00 - Not <5°C

from AT

DO (mg/L) 1.55+078 | Below-E -

COD (mg/L) 898.4+2535 | - 250

BOD (mg/L) 35274042 | Below-E 30

Sulfate (mg/L) 872 4 0.06 N 10

Phosphate (mg/L) | 11938+ 198 | - 5

Total Nitrogen 029+ 0.02 - 03

(mg/L)

*Indian Standard for drinking water specification. **Central Pollution Control Board
of India. C represents drinking water source after conventional treatment and disinfection,
whereas Below-E represents not suitable for drinking, bathing o irrigation.





OPS/images/fmicb-16-1512992-t001.jpg
Consortia ~ Source catil

VP1 Wastewater polluted site GIDC, Vatva, Gujarat

VP2 Waste disposal site Sankarda, Gujarat

VP3 ‘Wastewater polluted site GIDC, Nandesari,
Gujarat

VP4 Mini river Anagadh, Gujarat

VPS5 Mahi river Sindhrot, Gujarat






OPS/images/fmicb-16-1512992-t002.jpg
Floating mat

Floating
matrix

Plant used

FT-P-CN Polystyrene pipes Coconut coir No plant (control)
and nylon mesh

FT-S-CN Styrofoam sheet Coconut coir No plant (control)
and plastic pots

FT-P-CI Polystyrene pipes Coconut coir C. indica
and nylon mesh

FT-P-TL Polystyrene pipes Coconut coir T. latifolia
and nylon mesh

FT-S-CI Styrofoam sheet Coconut coir C. indica
and plastic pots

FT-S-TL Styrofoam sheet Coconut coir T. latifolia

and plastic pots






OPS/images/cover.jpg
& frontiers | Frontiers in Microbiology

Synergistic removal of emerging
contaminants using bacterial
augmented floating treatment

bed system (FTBs) of
and Canna indica for
rejuvenation of polluted river
water





OPS/images/fmicb-16-1512992-g001.gif





OPS/images/fmicb-16-1512992-g002.gif
L VT






