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Abstract

:

Landfills are an example of an environment that contains highly complex communities of microorganisms. To evaluate the microbial community structure, four stainless steel pilot-scale bioreactor landfills with single- and double-layered geotextile fabric were used. Two reactors (R-1 and R-2) contained municipal solid waste (MSW) and sewage sludge, while the other two reactors (R-3 and R-4) contained only MSW. A single layer of geotextile fabric (R2GT3 and R3GT3) was inserted in the drainage layers of the two reactors (R-2 and R-3), while a double layer of geotextile fabric (R4GT2 and R4GT1) was inserted in one of the reactors (R-4). Scanning electron microscopy demonstrated that biomass developed on the geotextile fabrics after 540 days of bioreactor operation. The metagenomics analyses of the geotextile samples by 16S rRNA gene sequencing indicated that the geotextile bacterial communities were dominated by the phyla Firmicutes, Bacteroidetes, and Thermotogeae, while Proteobacteria were detected as the rarest bacterial phylum in all the geotextile samples. Treponema, Caldicoprobacter, and Clostridium were the most dominant anaerobic and fermentative bacterial genera associated with the geotextile fabric in the bioreactors. Euryarchaeota was the predominant archaean phylum detected in all the geotextile samples. In the archaeal communities, Methanosarcina, and Vadin CA11 were identified as the predominant genera. The diversity of microorganisms in landfill bioreactors is addressed to reveal opportunities for landfill process modifications and associated operational optimization. Thus, this study provides insights into the population dynamics of microorganisms in geotextile fabrics used in bioreactor landfills.
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1. Introduction


Municipal solid waste (MSW) generates high disposal costs for local authorities [1]. The organic fraction of these wastes presents the greatest difficulties in terms of disposal and management. Furthermore, sewage sludge, which is an organic form of waste, is also complicated to dispose of [2]. Although local governments often see it as a nuisance, organic waste, which is generated in large quantities every day in each city, is essentially a unique source of biomass [3]. Anaerobic waste bioreactors, also known as waste bioreactors or bioreactor landfills, represent some of the most important technologies available for the treatment of these organic wastes. Bioreactor landfills are designed to accelerate the stabilization of the landfilled waste and the production of the landfill gas (LFG) [4]. Similar to hydro, geothermal, wind, and solar energy sources, LFG or biogas is adopted as a renewable source of energy [5]. Many studies on anaerobic bioreactor landfills have shown that this technology provides highly efficient methanization from the laboratory scale to the field scale, providing waste stabilization faster than traditional landfills [6]. In the last decade, studies on the disposal of the organic fraction of urban solid wastes with bioreactor landfill technology have become a main focus of researchers. Numerous reports have been published on this subject, and this technology has been investigated in detail through laboratory experiments and field tests [7,8].



Typical anaerobic digesters, which mainly treat the organic fraction of wastes, provide efficient biological conversion [9]. However, obtaining only the organic part (mostly kitchen waste) of urban solid wastes is not cost-effective under most circumstances. In contrast, bioreactor landfill technology can be used to treat unsorted municipal solid waste [10]. It is a known fact that the stabilization of waste takes years in traditional landfill areas, which have been developed for the safe disposal of urban solid waste only (40–100 years) [11]. The most important environmental conditions that negatively affect the degradation of the wastes landfilled include insufficient or in some cases excessive water content, the irregularity of water flow and distribution on the horizontal–vertical axis, and uncontrolled temperature conditions [12,13]. These uncontrolled environmental conditions delay the onset of anaerobic degradation and slow down the degradation rate in solid waste landfills [12]. In some cases, some industrial and hazardous forms of waste are also mixed with urban solid wastes. These hazardous wastes often contain compounds that are toxic to methanogens. These are known as highly sensitive methane-producing microorganisms [14]. Under these adverse conditions, it takes time for anaerobic microorganisms to reproduce effectively by developing resistance to these toxic substances, resulting in an inability to produce a significant amount of LFG over the years.



In MSW landfills, biodegradable contents are converted to methane through a series of phases involving a number of anaerobic microorganisms [15,16]. These biodegradation phases include the aerobic, acidogenic, methanogenic, oxidation, and natural decomposition phases [17,18]. The hydrolysis and fermentation of complex organics are carried out by microorganisms known as acetogens or acid producers. The microbes known as methanogens (archaea) or methane producers are mostly involved in producing methane (CH4) and carbon dioxide (CO2), using acetate (C2H3O2−), CO2, CO, H2, methanol (CH₃OH), methylamine (CH3NH2), propionate (C3H5O2−), and butyrate (C4H2O−2).



In this study, the microbial consortium for four pilot-scale anaerobic bioreactor landfills containing MSW and sewage sludge was investigated. These bioreactor landfills also contained horizontally placed geotextile filters in their drainage layers as a biofilm medium for leachate treatment. The biomass-holding capacity of porous nonwoven geotextiles has been reported in the literature in detail [6,19,20]. In the current study, the diversity and composition of the bacterial and archaeal communities developed on geotextile filters placed in the drainage chamber of pilot-scale bioreactor landfills were examined after 540 days of anaerobic operation through the metagenomics approach. To understand the function and development of both bacterial and archaeal communities in the bioreactors associated with geotextiles filters, their identification and characterization are required. Routine microbial cultivation methods cannot be used to culture the whole microbial community due to the differences in nutrient demands; however, recent advances in next-generation sequencing (NGS) through the metagenomics analysis deliver a reliable identification of the microbial community. In recent years, Illumina sequencing has been used as a powerful tool to study microbial diversity in various environmental samples [21]. The identification of both bacterial and archaeal communities using the Illumina Miseq technology and their diversity analysis is expected to provide valuable information for the development of a novel process for the treatment of MSW and sewage sludge. This study aims to analyze the population dynamics of microorganisms in geotextile fabrics used in bioreactor landfills. The objective of this study was to address the diversity of microorganisms in landfill bioreactors in order to reveal opportunities for landfill process modifications and associated operational optimization.




2. Materials and Methods


2.1. Bioreactor Setup


It is more meaningful if urban solid waste, which is known for its heterogenic structure, is treated in large reactors. In this study, instead of simulating a real landfill with hundreds of tons of waste in a single cell (or lot), 4 stainless steel and leak-proof pilot-scale reactors with a height of 3.5 m and a diameter of 80 cm (1.75 m3 of volume and 1 ton of waste) were used (Figure 1). It was expected that a layer of biofilm would form on the surface and in the pores of the geotextile fabrics to degrade the organics present in the leachate. While a single layer of geotextile fabric (R2GT3 and R3GT3) was used in 2 reactors (R-2 and R-3), a double layer of geotextile fabric (R4GT2 and R4GT1) was used in 1 reactor (R-4). Furthermore, 2 reactors (R-1 and R-2) contained solid waste and sewage sludge at a ratio of 1/20, respectively, while the other 2 reactors contained only solid waste. The effect of using geotextile layers on leachate quality in laboratory-scale and pilot-scale landfill bioreactors has been investigated in previous papers and is not included in this study [6,20].



The depth of the drainage layers was designated as 15 cm in total. A 10 cm coarse gravel layer (d50 = 12.5 mm) was placed at the bottom of the drainage layer, while a 5 cm fine gravel layer (d50 = 10 mm) was placed at the top. Geotextile fabrics were inserted into the drainage layers of R-2 (R2GT3), R-3 (R3GT3), R-4 (R4GT2 (upper), and R4GT1 (lower). The technical specifications of the geotextile fabrics used in this study are given in Table 1. Geotextiles are thin, durable, and permeable fabrics which are made of polypropylene (PP) or polyester (PET) materials and are widely used in several areas of civil, geotechnical, and environmental engineering. Geotextiles are used in the drainage layers of landfills to protect geomembrane layers from gravel and sharp solid particles. In addition, geotextiles are used in construction and geotechnical and environmental engineering for filtration, separation, drainage, or different applications. Starting 2 decades ago, geotextile fabrics have been used in the treatment of wastewater, stormwater, and leachate [20,22]. The formation of biofilm in the internal structure of geotextile fabrics was first observed in the 1990s [23]. In that first study, it was observed that the geotextiles used in the landfill areas were blocked due to leachate filtration and biofilm formation.




2.2. Sample Collection and Scanning Electron Microscopy Analysis


After 540 days of operation, the geotextile fabric was removed from each reactor and air-dried overnight. Then, two 1 cm × 1 cm geotextile specimens were cut from each sample for scanning electron microscope (SEM) and microbial analysis. Geotextile samples were gold-coated before the SEM analysis, which was carried out with Philips XL30S-FEG device. At the end of the operation, 1 cm2 samples of the geotextile materials were cut in a sterile environment and transferred to tubes filled with sterile glycerol. All sample tubes were kept closed at −40 °C until DNA extraction and library preparation were performed. Table 2 shows the geotextile sample IDs, their positions in the bioreactors, and the type of reactor feed.




2.3. Metagenomic DNA Extraction


The NGS method was used for the determination of bacterial and archaeal species that formed on the geotextile fibers or were suspended between the geotextile fibers. Geotextile samples were collected in a microcentrifuge tube using autoclaved forceps and were washed 3 times with the autoclaved deionized water. The tubes were centrifuged at 10,000× g for 5 min and the supernatant was discarded. DNA was extracted from the geotextile fibers using the DNeasy PowerBiofilm Kit according to the manufacturer’s instructions (QIAGEN Cat No./ID: 24000-50, Dusseldorf, Germany). The quality and quantification of the metagenomic DNA extracted from geotextile fibers were determined using 3 different methods. First, Nanodrop: A260/A280 measurements were performed to measure the purity of DNA. Then, agarose gel electrophoresis was used to determine DNA integrity or degradation and potential contamination. Finally, Qubit 2.0 was used to determine the concentration of DNA in the samples. The concentration and purity of metagenomic DNA were found to be suitable for the study (amount ≥ 120 ng, volume ≥ 20 μL, concentration ≥ 6 ng/μL, purity A260/A280 = 1.7–1.8, no degradation, no contamination).




2.4. Bacterial V3–V4 Amplicon Library Preparation and Sequencing


The V3–V4 region of the bacterial 16S ribosomal RNA gene, approximately 466 bp in length, was amplified using primers 341F and 806R (Table S1). After the control PCR (polymerase chain reaction) reactions, a paired-end library suitable for the Illumina HiSeq platform was prepared using the NEBNext Ultra DNA Library kit (New England Biolabs, Inc., Ipswich, MA USA) as per the guidelines of the manufacturer. The specific barcodes and adapter sequence were attached to the ends of the primers to prepare the 16S rRNA libraries (Table S2). The 16S rRNA gene library was used to obtain raw sequences by using the Illumina HiSeq platform.




2.5. Archaeal V4 Amplicon Library Preparation and Sequencing


The V4 region of the archaeal 16S ribosomal DNA, approximately 397 bp in length, was amplified using the primers 519F and 915R (Table S1) [24]. After the control PCR reactions, a paired-end library suitable for the Illumina HiSeq platform was prepared using the NEBNext (New England Biolabs) Ultra DNA Library kit as per the guidelines of the manufacturer. The specific barcodes and adapter sequences were attached to the ends of the primers to prepare the 16S rRNA libraries (Table S2). The 16S rRNA gene library was used to obtain raw sequences by using the Illumina HiSeq platform.




2.6. Processing of Raw Sequences


Before the bioinformatic analysis of the raw sequences was processed through the various data analyzing tools, the specific barcode and primer sequences of the samples were subtracted, and the sequence of each sample was recorded. After trimming the unwanted sequences, quality scores of the DNA sequences were analyzed using the Phred score, which was assessed by calculating the relationship between the error rate and the nucleotide quality value Qphred Equation (1). The relationship between the Phred score and the error rate is shown in the supporting information (Table S3).


   Q  p h r e d   =  [  − 10 l o g  ( e )   ]   



(1)








2.7. Bioinformatics Analysis


Bioinformatics analyses were performed using Quantitative Insights into Microbiological Ecology (QIIME) v1.9.1 and Microbiome Helper software [25,26]. The FastQC v0.11.5 was used to check the quality scores of the sequences [27,28]. After removing the undesirable sequences from original paired-end data, a consensus V3 and V4 region sequence was constructed using the PEAR v0.9.10 program with a default setting [29]. The FASTX-Toolkit v0.0.14 was used to filter quality scores and lengths of the paired-end sequences [30]. Paired-end sequences of less than 400 bp and at 90% below the Q30 score were removed from the data. Chimeric sequences were removed from the data using the VSEARCH v2.4.3 algorithm [31]. The operational taxonomic units (OTUs) were assigned as a reference base using SortMeRNA v2.1 contained in the QIIME and de novo using SumaClust 1.0.31 [32]. OTUs were generated according to the GreenGenes database with a 97% similarity threshold [33]. Before the final assignments, low-confidence and singleton OTUs were removed. The final OTUs were normalized at a reading depth of 18435 reads.




2.8. Biodiversity Analysis


The alpha diversity was analyzed by calculating the Chao1 and metrics observed [34]. The beta diversity between the samples was calculated using the UniFrac matrix [35]. The statistical analysis of the generated OTUs was performed using the STAMP (statistical analysis of metagenomic profiles) v2 program [36].




2.9. Data Availability


The metagenomic data generated from the geotextile samples were deposited with the National Center for Biotechnology Information (NCBI) under the project title, “Metagenomic Analysis of Bacteria and Archaea in Landfill Bioreactor”, with the bioproject ID: PRJNA644277. BioSample accession numbers SRS6999806, SRS6999805, SRS6999804, SRS6999803, SRS6999802, SRS6999801, SRS6999800, and SRS6999799 represent the sample IDs R4GT2 bioreactor, R4GT1 bioreactor, R3GT3 bioreactor, R2GT3 bioreactor, R42 bottom bioreactor, R42 top bioreactor, R32 bioreactor, and R22 bioreactor, respectively.





3. Results and Discussion


3.1. SEM Analysis of the Geotextile Fabrics


Many different types of microorganisms live in landfills, including bacteria and archaea. Such microbes have immense bioremediation potential [37]. Studying the composition and characterization of such microbial communities is a complex process due to the high physical and chemical multiplicity conditions of the landfills. Studies conducted in the past have shown that biomass can accumulate inside the porous structure of nonwoven geotextiles [19]. The SEM images of the clean geotextile samples were taken before the study (Figure 2A–C). After 540 days of operation, some microbial biomass formation was expected in the geotextile filters. To visualize this biomass, SEM images of the geotextile samples were taken at 50× magnification. These samples were previously removed from the reactors and air-dried. The geotextile samples R4GT1 and R2GT3 clearly demonstrated that a complex biomass structure developed between the geotextile fibers (Figure 2D). However, in case of R4GT2 and R3GT3, moderate biomass formed on the fibers (Figure 2E,F). Overall SEM analyses of geotextile samples confirmed biofilm formation in the geotextile samples.




3.2. Microbial Community Analysis


Many studies have previously been performed to deal with heterogeneity by examining the samples from specific landfills. Few studies reported that the sampling was done within an individual site of the landfill to understand the categorization of waste and soil of landfills [38]. These techniques provide limited information on existing diverse microorganisms and are also time-consuming and expensive. Therefore, through the currently available forefront technology, the present study examines various parameters of bioreactor landfills, including the biofilm characteristics of geotextiles, using high-throughput sequencing of the 16S rRNA gene libraries. This study illustrates the taxonomic distributions of microbes with respect to both bacteria and archaea.



3.2.1. Bacterial V3–V4 Amplicon Sequencing and Taxonomic Identification


The bacterial V3–V4 amplicon was sequenced using the Illumina Hiseq high-throughput sequencing to assess the composition of bacteria associated with geotextile samples. The overall raw reads statistics of sample reads before and after merging and quality filtering are listed in Table 3. The average number of raw reads retrieved from each sample was 95,226 reads. The paired-end reads (tags) were generated based on the overlapped sequence of the reads. After filtering the low-quality reads followed by trimming the barcodes, adaptors, primers, and chimera sequences, eligible pair-end reads (PE) were obtained. In total, 77,978, 65,422, 77,708, and 80,885 tags were obtained from R2GT3, R3GT3, R4GT2, and R4GT1, respectively. For raw PE, four rows were taken as a unit to calculate the total amount of read1 and read2 in raw data files split by barcode. For combinations, the raw tags generated from PE reads based on overlap were taken, and for qualified tags, clean tags after qualification from raw tags under specific filtering conditions were considered. In the case of Nochime, effective tags after removing the chimera sequences were taken.



The relative abundance plot at the phylum and genus level based on OTUs is depicted in Figure 3a,b. The taxonomic composition and relative abundance of the most dominant bacterial phyla and genera of the four geotextile samples are depicted in Figure 3a,b. Bacterial phyla associated with all the samples were Firmicutes, Bacteroidetes, Thermotogae, Synergistetes, Tenericutes, Spirochaetes, and Proteobacteria. However, Actinobacteria was only identified in R3GT3. The most dominant sequenced phyla associated with the sample R2GT3 (44.1%) was Bacteroidetes; however, in samples R3GT3 (46.0%), R4GT2 (48.2%), and R4GT1 (82.4%), Firmicutes was the most dominant phylum (Figure 3a). The rarest bacterial phylum associated with all the geotextile sample was Proteobacteria. At the phylum level, a small fraction of OTUs did not show any alignments with known bacterial phyla, and were designated as uncharacterized. However, at the genera level, a large number of OTUs were not assigned to any known species and were designated as uncharacterized. Additionally, diverse bacterial genera were associated with geotextile samples, including Clostridium, Caldiciprobacter, Treponema, Aminobacterium, Syntrophomonas, Sphaerochaeta, Thermacetogenium, Geotoga, Delftia, Sphingomonas, Sedimentibacter, Ruminoccocus, Pelatomaculum, Lutispora, Caldiciprobacter, and Streptomyces at the genera level. Predominant identified genera associated with the R2GT3 and R4GT1 were Treponema and Caldiciprobacter, whereas Clostridium was the dominant bacterial genus in both the R3GT3 and R4GT2 samples (Figure 3b). Certain bacterial genera were unique, such as Streptomyces, Ruminococcus, and Sphingomonas, which were only identified in R3GT3. The genera Lutispora, Pelatomaculum, and Sedimentibacter were almost equally distributed in all the geotextile samples. The R3GT3 geotextile sample was more diverse at the genera level, whereas the samples R2GT3 and R4GT2 were less diverse among the samples.




3.2.2. Bacterial Diversity Analysis


To determine the bacterial diversity in the geotextile samples, different diversity indices were measured. Alpha diversity in the geotextile samples was obtained based on rarefaction analysis. The rarefaction curve based on the Chao1 metrics showed a similar pattern of diversity in all the samples (Figure 4a). The rarefaction measure based on observed OTUs indicated that samples R3GT3 and R4GT2 showed relatively high abundance, in contrast to samples R2GT3 and R4GT1 (Figure 4b). Further, beta diversity analysis was performed to estimate the ecological similarity and dissimilarity of bacterial communities among different geotextile samples. The ecological dissimilarity was derived from the weighted UniFrac method, and principal coordinate analyses (PCoA) was used to visualize the data. The sample R4GT1 exhibited maximum dissimilarity between the four samples (Figure 5a). The distance matrix analysis within samples represented a significant distance, as well as between the other two samples, except for R4GT2 vs. R4GT2 (Figure 5b).




3.2.3. Archaeal V4 Amplicon Sequencing and Taxonomic Identification


The archaeal V4 amplicon was sequenced using Illumina Hiseq high-throughput sequencing to assess the composition of archaea associated with geotextile samples. The overall raw reads statistics of sample reads before and after merging and quality filtering are listed in Table 4. The numbers of raw reads retrieved from samples R2GT3, R3GT3, R4GT2, and R4GT1 were 131,103, 101,791, 58,195, and 45,258, respectively. The paired-end reads (tags) were generated based on the overlapped sequence of the reads. After filtering of the low-quality reads followed by trimming of the barcodes, adaptors, primers, and chimera sequences, eligible pair-end reads were obtained. A total of 96,773, 74,432, 39,024, and 28,378 tags were obtained from samples R2GT3, R3GT3, R4GT2, and R4GT1, respectively. Four rows are taken as a unit to calculate the total amount of read1 and read2 in raw data files split by barcode. For combinations, the raw tags generated from PE reads based on overlap were taken. Clean tags after qualification from raw tags under specific filtering conditions were considered. In the case of Nochime, effective tags after removing the chimera sequences were taken.



The relative abundance plot at the genus level based on OTUs is depicted in Figure 6. The taxonomic composition and relative abundance of the most dominant archaeal phyla and genera from the four geotextile samples were studied. The most dominant sequenced phylum associated with samples R2GT3 (22.0%), R3GT3 (20.0%), R4GT1 (11.2%), and R4GT2 (50%) was Euryarchaeota, and another phylum identified was Crenarchaeota, at < 1% in all the samples. A small fraction of OTUs did not show any alignments with known archaeal phyla. Moreover, the V4 amplicon also identified certain bacterial phyla which were excluded from the archaeal data. On the other hand, the diverse archaeal genera associated with geotextile samples were Vadin CA11, Methanomassiliicoccus, Methanosarcina, Methanofollis, Methanoculleus, Methanobrevibacter, and Methanobacteriu. At the genera level, the most predominant identified genus associated with all four was Methanosarcina, while the second most predominant was VadinCAII. However, the archaeal genus Methanofollis was unique to R4GT2, while Methanobrevibacter was absent only in the R2GT3 sample. A large fraction of archaeal OTUs at the genus level did not show any alignment with known archaeal genera, and were characterized as uncharacterized.




3.2.4. Archaeal Diversity Analysis


To determine the depth of archaeal diversity in the geotextile samples, different diversity indices were measured. The alpha diversity in the geotextile samples was obtained based on rarefaction analysis. The rarefaction curve based on the Chao1 metrics showed a similar pattern of diversity in all the samples (Figure 7a). The rarefaction measure based on observed OTUs indicated that samples R2GT1, R3GT3, and R4GT1 showed relatively similar abundance, in contrast to sample R4GT2, which showed lesser OTUs (Figure 7b).



Additionally, Figure 8 represents the beta diversity analysis used to estimate the diversity of the bacterial community among different geotextile samples. The ecological dissimilarity was derived from the weighted UniFrac method, and principal coordinates analysis (PCoA) was used to visualize the data. Sample R4GT2 showed the maximum dissimilarity between the four samples (Figure 8a), whereas Figure 8b illustrates the Weighted UniFrac distance box plot within and between the samples.



Alterations in parameters such as operating conditions and composition of the substrate of bioreactor landfills have a great influence on the occurrence of microbial consortium [39]. As presented in Figure 3, the most prominent bacterial phyla identified based on high-throughput sequencing were Firmicutes and Bacteroidetes, whereas Archaea and Methanogens (Figure 6) mostly included Euryarchaeota and a minor share of Crenarchaeota in the bioreactor landfills. These microbes are known to harbor the mcr gene and are typically obtained in bioreactor landfills. Three different pathways for methanogenesis exist, including the acetoclastic, hydrogenotrophic, and methylotrophic pathways [40]. These anaerobic microbial consortia mediate the breakdown of organic matter via the hydrolysis of big biopolymers. Polymer hydrolysis, achieved through a cascade of metabolic events, leads to small molecule production and finally to methane and carbon dioxide, which are the main energy units of biogas (LFG), and nutrient-rich digestate remnants [41].



The current study of metagenomic sequencing of geotextile fabrics showed that the percentages of Firmicutes, Bacteriodetes, and Euryachaeota were the same for all the bioreactor landfills and were dominant among all the samples. This signifies that these phyla may have a major part to play in the degradation of organic and inorganic matter, including heavy metal substances, in bioreactor landfills. Hence, it is assumed that the more prominently occurring bacterial and archaeal organisms, respectively, are important in such ecosystems [42]. The prominent phylum Bacteroidetes is known for its hydrolytic capabilities, depending upon the oxygen concentration, for survival. Alternately, the phylum Firmicutes has been observed to mediate the decomposition of cellulose in the landfills. Many members of Firmicutes have been reported to play an important part in fermentation in the anaerobic reactions [42,43].



The biodegradation of organic matter in bioreactor landfills containing layers of horizontally placed geotextile filters as a biofilm medium for leachate treatment is believed to be mediated by the above-mentioned consortium of microorganisms. The syntrophic association between acetogenic, fermentative, hydrolytic, and methanogenic microbes leads to the decomposition of organic polymers to carbon dioxide and methane [44]. Other studies also have found that the most abundant members are usually of low-GC content, i.e., the phyla Firmicutes and Bacteroidetes. Firmicutes is believed to dominate in the initial phases of degradation, while as in the thermophilic systems, Thermotogae is found in abundance [45]. The main pathway through which methanogenesis could take place is either acetoclastic or hydrogenotrophic, involving acetate or hydrogen carbonate as the substrate [44]. The prominent methanogenesis pathway for bioreactor landfills is still not fully known. However, methane in abundance is assumed to be produced through acetoclastic methanogenesis [46,47]. Methanogenesis has been indicated to initiate through a two-phase process, where carboxylic acids like acetate and butyrate pile up at the beginning of anaerobic digestion, permitting the growth of hydrogenotrophic methanogens which are acid tolerant. This leads to the proliferation and consumption of carboxylic acids, thereby allowing the growth of methanogens which are acetoclastic [48]. Earlier studies have shown that landfill microorganisms have the ability to remediate heavy metal elements in their surroundings. The response of microorganisms to metal contamination varies from compartmentalization to exclusion and binding protein synthesis, for example through metallothionein and complex product formation [49,50]. Therefore, Bacteroidetes and Firmicutes are hypothesized to carry the potential to remediate a wide range of forms of metal contamination. Similar studies have reported similar kinds of microorganisms in active and closed landfills that help in heavy metal reduction [51].






4. Conclusions


While many studies have been conducted on basic microbial metabolism, there are limited studies on the community structures and functions of microorganisms found in landfill bioreactors. Most studies on the microbial monitoring of landfill bioreactors have analyzed the microbial community structure from a taxonomic point of view. However, although monitoring their behavior is crucial for improving the performance of landfill bioreactors, fewer studies have focused on functional microbial populations. In addition, most of these studies investigated the bacterial populations responsible for nitrogen cycles and methane generation. The behavior of other functional populations is rarely elucidated. Combined leachate recirculation with anaerobic attached-growth biofilm reactors is a promising strategy to accelerate the formation of the methanogenic conditions in the landfills. After 540 days of operation, all four bioreactor landfills were still functioning well, without signs of clogging. The SEM visualization of the geotextile samples clearly showed the development of biofilm on the geotextile fibers. This model bioreactor landfill, particularly with geotextile fibers as biomass growth media, has considerable potential for in situ leachate remediation and enhanced landfill gas generation. The present study of metagenomics of bioreactor landfills was employed for the detailed analysis of the microbial diversity existing in the geotextile fabric within the bioreactors. The results highlight the variance found in the diversity of microbial flora among the geotextiles used. Furthermore, the bioreactors were found to be predominantly occupied by the phyla Bacteriodetes and Firmicutes for bacteria, whereas Euryarchaeota were seen in case of archaea. Accordingly, the wide microbial diversity and richness of geotextile filters could be a possible solution for enhanced remediation of a wide range of organic and inorganic pollutants existing in solid waste bioreactor landfills.
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Figure 1. Schematic representation of pilot-scale simulated anaerobic bioreactors. 
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Figure 2. Clean geotextile fabrics at 50× magnification: (A) R4GT1, (B) R4GT2, (C) R2GT3/R3GT3. Exhumed geotextile fabrics at 50× magnification: (D) R4GT1, (E) R4GT2, (F) R3GT3, (G) R2GT3. 
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Figure 3. (a) Taxonomic composition and relative abundance of most dominant bacterial phyla of the 4 geotextile samples; (b) taxonomic composition and relative abundance of most dominant bacterial genera of the 4 geotextile samples. 
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Figure 4. Bacterial alpha diversity in geotextile samples based on rarefaction analysis: (a) Rarefaction curves depicting Chao1 diversity; (b) Rarefaction analysis based on observed OTUs. 
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Figure 5. The beta diversity analysis of the geotextile samples: (a) Ecological dissimilarity; (b) Weighted UniFrac distance box plot within and between the samples. 
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Figure 6. Taxonomic composition and relative abundance of the most dominant archaeal genera of the 4 geotextile samples. 
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Figure 7. Archaeal alpha diversity in geotextile samples based on rarefaction analysis: (a) Rarefaction curves depicting Chao1; (b) Rarefaction analysis based on observed OTUs in geotextile samples. 
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Figure 8. Archaeal beta diversity analysis: (a) Ecological dissimilarity derived from weighted UniFrac method; (b) Weighted UniFrac distance box plot. 
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Table 1. Physical properties of geotextile filters used in the study.






Table 1. Physical properties of geotextile filters used in the study.





	Name
	Type and Model
	Thickness

(mm)
	Apparent

Opening Size
	Permeability

(L m−2 s−1)
	Production Material
	Production Method





	R4GT1
	TenCate TS50
	1.91
	112
	113
	Polypropylene
	Needle-punched



	R4GT2
	GeoTeknik 200
	1.40
	84
	60
	(PP)
	Needle-punched



	R3GT3 and R2GT3
	IzoTeknik 200
	1.90
	110
	95
	Polyester
	Needle-punched
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Table 2. The geotextile samples for the SEM and microbial analysis.
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	Sample ID
	Reactor
	Position in the Drainage Chamber
	Reactor Feed





	R2GT3
	R2
	Middle
	Solid Waste + Sewage Sludge



	R3GT3
	R3
	Middle
	Solid Waste



	R4GT2
	R4
	Upper
	Solid Waste



	R4GT1
	R4
	Lower
	Solid Waste
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Table 3. Raw read statistics and sequence quality assessment of the V3–V4 region of bacterial 16S ribosomal gene sequences from R2GT3, R3GT3, R4GT2, and R4GT1.
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	Sample
	Raw PE
	Combined
	Qualified
	Nochime
	AvgLen (nt)
	Q20 (%)
	Q30 (%)
	GC Content (%)
	Effective Rate (%)





	R2GT3
	99,376
	90,283
	80,243
	77,978
	415
	98.19
	96.23
	53.78
	78.47



	R3GT3
	84,324
	76,769
	68,397
	65,422
	413
	98.20
	96.27
	54.38
	77.58



	R4GT2
	98,288
	89,942
	80,499
	77,708
	415
	98.23
	96.29
	54.30
	79.06



	R4GT1
	98,918
	91,918
	82,881
	80,885
	409
	98.26
	96.33
	57.30
	81.77
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Table 4. The raw reads statistics and sequence quality assessment of the V4 region of the archaeal 16S rRNA gene sequence from R2GT3, R3GT3, R4GT2, and R4GT1.






Table 4. The raw reads statistics and sequence quality assessment of the V4 region of the archaeal 16S rRNA gene sequence from R2GT3, R3GT3, R4GT2, and R4GT1.





	Sample
	Raw PE
	Combined
	Qualified
	Nochime
	AvgLen (nt)
	Q20 (%)
	Q30 (%)
	GC Content (%)
	Effective Rate (%)





	R2GT3
	131,103
	113,360
	99,611
	96,773
	380
	97.30
	94.50
	53.65
	73.81



	R3GT3
	101,791
	87,520
	77,144
	74,432
	381
	97.33
	94.55
	54.50
	73.12



	R4GT2
	58,195
	47,640
	40,499
	39,024
	380
	96.84
	93.57
	53.92
	67.06



	R4GT1
	45,258
	34,062
	28,378
	28,378
	383
	96.57
	96.57
	55.75
	58.96
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