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Abstract

:

Filters are popularly used in municipal wastewater treatment plants (WWTPs) as the final guards against effluent solids; however, their impacts on antibiotic resistance gene (ARG) removal in the WWTPs are still unclear. In this study, metagenomic analysis was used to find out the distribution characteristics of ARGs in two WWTPs equipped with the same D-Type fiber filters. Samples of influent, activated sludge liquor, secondary clarifier effluent, and D-Type filter effluent were found to host 695, 609, 675, and 643 ARG subtypes, respectively. The detected ARGs mainly included macB (4.1–8.9%), sav1866 (1.7–3.4%), and oleC (1.6–3.8%). Co-occurrence network analysis combined with contribution analysis helped to identify the ARG-related risks in the samples. Microbacterium, Acinetobacter, Gordonia, and Streptomyces significantly correlated with more than ten kinds of ARG subtypes, implying that they are potential hosts for these resistance gene subtypes. The number of ARG subtypes in the D-Type filter was less than those in the secondary clarifier effluent, indicating the potential of D-Type filters to effectively reduce the ARGs released into the environment. However, the abundance of two pathogens, Mycobacterium and PmrA, increased after the treatment by the D-Type filter, which may reveal the adverse effects of intercepting ARGs inside the fibers. The results may help the understanding of the complex role of the D-Type fiber filter on ARG distribution in WWTPs.
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1. Introduction


As emerging contaminants, antibiotic resistance genes (ARGs) have received wide attention in recent years. Pathogenic bacteria that acquire ARGs will pose a greater threat to human health [1,2]. Many ARG subtypes have been detected in environmental samples, especially in wastewater treatment plants (WWTPs) [3,4,5,6]. As a centralized treatment place for wastewater from residential, medical, and aquaculture, WWTPs are considered the main reservoirs of ARGs. ARGs belonging to types of Quinolones, β-lactam, sulfonamide, tetracycline, and macrolide antibiotics were widely detected in the influent, activated sludge and the supernatant, biofilm, effluent, and aerosol of WWTPs [7,8,9,10]. Moreover, ARGs can be transferred between bacteria through self-proliferation and horizontal gene transfer (HGT), and the rich nutrients and a huge number of microorganisms in activated sludge are beneficial for ARG transfer [11,12]. Therefore, understanding the distribution characteristics of ARGs in WWTPs is important for risk control.



The abundance of ARGs in wastewater depends on the abundance of microorganisms [13]. Therefore, any measure that can greatly reduce the bacterial biomass in wastewater can also effectively reduce the abundance of ARGs in wastewater [13,14]. As an advanced treatment unit, the filter can effectively remove biological flocs in the wastewater. In the past, WWTPs usually used sand filters, fiber ball filters, cloth media filters, and other processes for advanced wastewater treatment. With the technology development and the higher discharge standard for wastewater treatment, new and reconstructive WWTPs began to use more cost-effective filters such as the D-Type filter. The D-Type filter is a kind of fiber filter which belongs to the micron-level filtration technology, with the filtrate diameter of the fiber cloth reaching to tens of microns or even a few microns [15]. The D-Type filter has the characteristics of a larger specific surface area and a smaller filtration resistance. The material used in the D-Type filter can increase the chance of contact between impurity particles in the water and greatly improve the filtration efficiency and interception capacity [16]. As the dense filter media in the filter may enrich drug-resistant bacteria and ARGs, it may promote the horizontal transfer of ARGs between bacteria inside. Nowadays, this kind of filter material is widely used in China, but its effects on the distribution of ARGs have not been carefully considered. In fact, only a few studies have reported and discussed the effects of sand filters and cloth filters on the distribution of typical ARGs [17,18]. Therefore, it is necessary to estimate the potential of D-Type filters to disseminate the ARGs in WWTPs.



With the emergence of a series of culture-free molecular biology techniques, metagenomic analysis has become one of the most effective technologies for studying ARGs in sewage treatment systems [19]. Until now, lots of studies have applied metagenomic technology to obtain ARG distribution in WWTPs [20,21,22]. Metagenomic network analysis is widely used to explore the internal connections between different objects. Studies have shown that a similar abundance trend existed between the ARGs and microbial taxa for certain specific microbial taxa carrying specific ARGs [14]. Previous studies have shown that studying the non-random co-occurrence pattern of microbial communities and ARGs through network analysis can help us explore potential carriers of ARGs [23,24].



In this study, metagenomic technology was used to investigate the ARGs and bacterial community in the influent, activated sludge, the secondary settling tank effluent, and the D-Type filter effluent in two advanced WWTPs. The D-Type filter changed the structure of the microorganisms and ARGs in the water, and the relative abundance of Mycobacterium and PmrA increased. The number of ARG subtypes in the wastewater decreased after the D-Type filter treatment, which reduced the environmental impact of the effluent from the sewage treatment plant.




2. Materials and Methods


2.1. Sample Collection and Pretreatment


Two WWTPs in Sichuan Province in China, named as CD and CN, treated municipal wastewater by similar Anaerobic-Anoxic-Oxic (AAO) processes coupled with the D-Type filter, and were selected as the target of investigation. The process flow chart and sampling point locations are shown in Figure S1. In July 2020, a sampling campaign was conducted in each WWTP. During the sampling, 1L of influent (INF), 500 ml of activated sludge liquor (ASL), 5L of secondary sedimentation tank effluent (SC), and 5L of D-Type filter effluent (DF) were collected from each of the two WWTPs. The samples from WWTP CD were abbreviated as INF1, ASL1, SC1, and DF1, and those from WWTP CN were abbreviated as INF2, ASL2, SC2, and DF2, respectively. All the samples were pretreated in the field labs of the WWTPs. The wastewater samples were filtered through 0.22 μm microfiltration membrane filters (Millipore, Billerica, MA, USA) on a Büchner Funnel equipped by a vacuum pump (Jinlong Company, China). The membrane filters with solid trapped inside were collected for additional DNA extraction. The sludge samples were centrifuged at 5000 r/min for 20 min to remove the supernatant. About 0.1 g of the condensed sludge was taken for additional DNA analysis. Before DNA extraction, all the pretreated samples, including the used membranes and sludge pellets, were stored in a refrigerator at a lower temperature, at −20 °C.




2.2. DNA Extraction and Library Construction


The DNA of the microorganisms in the samples was extracted by the EZNA® DNA Kit (Omega Bio-Tek, Norcross, GA, U.S.). Filtered membranes were cut into pieces and mixed. About 1 g of membrane pieces and 0.5 g of sludge pellets were used for DNA extraction according to the manufacturer’s instructions. The DNA quality was examined with the gel electrophoresis (1% agarose), and the concentration and purity were measured by a NanoDrop2000 spectrophotometer.



After fragmentation, the NEXTFLEX Rapid DNA-SEQ Kit was used to construct a PE library. Magnetic bead screening was used to remove the self-connecting segments of the joint, and then, PCR amplification was used to enrich the library templates. Finally, the PCR products were recovered by magnetic beads to obtain the final library, and the average size of the library was about 300 bp.




2.3. Metagenomic Sequencing and Taxonomy Analysis


Metagenomic sequencing was performed after the library construction and the Adaptor-appended fragments were sequenced using the Illumina HiSeq4000 platform. The original metagenomic sequencing sequences used in this study have been uploaded to the Sequence Read Archive (SRA) database of the National Center for Biotechnology Information (NCBI). The related information can be found in Table S1.



The original sequences were split, mass clipped, and decontaminated by SeqPrep software. Low-quality reads (length < 50 bp or with a quality value < 20 or having N bases) were removed by Sickle and retained were high-quality pair-end reads and single-end reads. The optimized sequence was assembled using MEGAHIT. Contigs > 300 bp were selected as the final assembly result.



Open reading frames (ORFs) from each metagenomic sample were predicted using MetaGene [25]. The predicted ORFs with the length of or over 100 bp were retrieved and translated to amino acid sequences using the NCBI translation table. All sequences from the gene sets with a 95% sequence identity (90% coverage) were clustered as the non-redundant gene catalog by the CD-HIT. Reads after quality control were mapped to the representative genes with 95% identity using SOAPaligner [26], and the gene abundance in each sample was evaluated.



BLAST (Version 2.2.28+) was employed for taxonomic annotations by comparing the non-redundant genes with the NR database (e-value ≤ 1 × 10−5). BLASTP was used to compare non-redundant genes with the Comprehensive Antibiotic Resistance Database (CARD, Version 1.1.3) [26] to obtain annotated information of the antibiotic resistance function (e-value ≤ 1 × 10−5). According to the function and keywords of the CARD database, the sequences can be divided into four categories: AR (Antibiotic Resistance) refers to the antibiotic resistance gene, which can directly resist antibiotics; AS (Antibiotic Sensitive) means that the gene is endowed with antibiotic resistance through mutation, knockout, etc.; AT (Antibiotic Target) refers to the antibiotic target binding gene, which can achieve antibiotic resistance through binding with the target of antibiotics; ABS (Antibiotic Biosynthesis) means that the genes are related to antibiotic biosynthesis.




2.4. Data Analysis Method


In this study, the data were analyzed through the Majorbio cloud platform. The RPKM (Reads Per Kilobases per Million reads) was used to represent the relative abundance of the genes. The RPKM normalized the sequencing depth and gene length, which could eliminate the influence of sequencing depth and gene-length differences on the relative abundance calculation results [27].



The bacterial communities and ARG subtypes in the annotated sequences were visualized by Heatmap and Circos. The difference in bacterial numbers among the samples was analyzed by Venn diagram analysis [28,29]. The ARG profile similarities among the samples were computed as Bray–Curtis distances and visualized by NMDS [30]. The significance test between the two samples was conducted by the Diff Between Prop Asymptotic CC method to investigate the influence of the D-Type filter on the distribution of the ARGs (Chi-square test, p ≤ 0.05).




2.5. Network Analysis


The Spearman correlation coefficient (ρ > 0.7, p < 0.05) was calculated between the bacterial community and the ARG subtypes. All positive correlation points were selected to construct a correlation matrix. Gephi (Version 0.9.2), as an open graph software platform, was used to visualize the complex network. This method can identify the major bacteria and ARG subtypes, measure the degree of correlation between the bacteria and ARG subtypes, and reduce artificial correlation bias [31].





3. Results and Discussion


3.1. Diversity and Structure of Bacterial Communities in Wastewater and Sludge


In total, 82 phyla and 1919 genera were detected in all the samples. At the phylum level, the dominant bacteria were Proteobacteria, Actinobacteria, Firmicutes, and Bacteroidete, which are often detected in WWTPs [32,33] (Figure 1a).



Bacterial communities in WWTPs contain abundant pathogens that may cause harm to human health and the environment. The top 20 bacteria at the genus level in relative abundance in the wastewater and activated sludge of the WWTPs are shown in Figure 1b. Among them, Acinetobacter and Mycobacterium are common drug-resistant pathogens in the human body and were listed in urgent new therapy by the World Health Organization (WHO) in 2014 [34,35]. Hospitals around the world have reported many infections due to Acinetobacter outbreaks in the past thirty years. Acinetobacter is resistant to almost all known antibiotics, including aminoglycosides, quinolones, β-lactams, cephalosporins, penicillin, etc. [36,37]. Mycobacterium is widely present in the effluent of WWTPs [35,38] and is one of the typical pathogenic bacteria. The most famous pathogenic bacterium in Mycobacterium is called Mycobacterium tuberculosis, which is the main cause of tuberculosis. Meanwhile, this bacterium is prone to drug resistance.



Without considering unclassified bacteria, the dominant genera were Acinetobacter, Microbacterium, Dehalobacter, Mycobacterium, Arthrobacter, and Escherichia, which have also been found in other studies of WWTPs [32,33]. In the INF, the dominant bacterial genera include Microbacterium (10.0%) and Acinetobacter (10.0%). In the ASL, the dominant bacterial genera include Dehalobacter (5.1%) and Nakamurella (3.2%). In the SC, the dominant bacterial genera include Arthrobacter (4.4%) and Exiguobacterium (4.1%). In the DF, the dominant bacterial genera include Mycobacterium (6.1%) and Patulibacter (6.0%), but their relative abundances were only 0.75% and 0.095% in the SC (Figure S2). The results showed that the D-Type filter can change the composition of the microbial community and lead to an increased proportion of some bacteria in the water. These bacteria, especially pathogens such as Mycobacterium, can be harmful to human health and the environment.




3.2. ARG Distribution along the Treatment Processes


In total, 760 different ARG subtypes were detected in all the samples (Figure 2a), and 695 ARG subtypes were detected in the influent samples (INF) of the two WWTPs. Most of the ARGs in the influent can also be detected in the subsequent process section [39,40,41,42]. In this study, 76% (529 out of 695) of the ARG subtypes in the INF could be detected in other samples. In total, there were 643 ARG subtypes identified in the DF, which was less than those in the SC (675 subtypes). To investigate the influence of the D-Type filter on the distribution of the ARG subtypes, the diversity of ARG subtypes was compared in the secondary sedimentation tank effluent and the D-Type filter sample effluent from the two WWTPs. In plant CD, the number of ARG subtypes in the DF (602) was 2.99% higher than those in the SC (584). Meanwhile, in plant CN, the ARG subtype number in DF was 11.28% higher than those in SC (from 647 in DF to 574 in SC), as shown in Figure S3. Moreover, there were 15 kinds of ARG subtypes removed in both CN and CD, as shown in Table S2. The eliminated ARG subtypes mainly belong to macrolides, β-lactams, aminoglycosides, and sulfonamides. The result indicated that D-Type filters are capable of reducing a certain amount of ARGs in the wastewater treatment process, supporting the control of the risks of their transmission in tailwater.



Figure 2b shows the top 20 ARG subtypes in relative abundance, belonging to macrolides, lipopeptide, fluoroquinolone, aminocoumarin, bacitracin, and other resistance genes. The relative abundance of the dominant ARG subtypes, such as macB (4.1%), sav1866 (1.7%), and oleC (1.6%), in the INF increased in the DF and were 8.9%, 3.4% and 3.3%, respectively. These resistance genes are different types of ABC transporters, which play an important role in bacterial material metabolism, nutrient uptake, and multidrug resistance [43]. Sav1866 is reported as an ABC transporter of Staphylococcus aureus that can transport the lantibiotics to the outside of the bacterial cells, resulting in the inhibition of the growth of other bacteria and achieving self-protection to obtain growth advantages [44].




3.3. ARG Removal Specifically in D-Type Filters


The ARG profile similarities among the samples were visualized by non-metric multidimensional scale (NMDS) analysis (Figure 3). A stress value is used to test the merits and demerits of the NMDS analysis results. When the stress value is less than 0.05, it means that the analysis results are representative. The difference between the CN and the CD influent was significant and was caused by the different sources of the two WWTPs. The distance between the SC and DF samples indicated that filtration could also change the ARG diversity in wastewater.



The secondary sedimentation tank is the most efficient unit for removing ARGs among traditional WWTPs [45,46,47], but there are still many suspended solids in its effluent, which carry different ARG subtypes. The effluent of the secondary sedimentation tank is deeply processed by the filter tank to further remove suspended particles. The D-Type filters equipped in CN and CD use comet-type fiber filter material with a diameter between several microns and tens of microns [16]. The differences between the main ARG subtypes in the SC and DF samples are shown in Figure 4.



The relative abundance of some ARG subtypes showed a significant difference between the SC and DF samples, especially in the CN plant. After filtering by the D-Type filter, the proportion of PmrA (1.8–2.1% and 1.6–2.1%) increased, and the proportion of mtrA (2.8–2.0% and 2.7–1.9%), liaR (2.3–2.0% and 2.8–1.4%), and patA (2.1–1.7% and 2.5–1.7%) decreased in both CD and CN (the details are shown in Table 1). PmrA is found in many pathogens and is often reported to play an important role in mediating the resistance mechanism of colistin [48,49]. This phenomenon indicates that the D-Type filter may have the risk of the enrichment of some ARGs. Taking into account the working mechanism of the filter, the suspended solids in the wastewater are adsorbed on the surface of the filter material and continuously accumulate in the filter layer. The filter is likely to be a potential ARG repository. Moreover, the compact structure of the filter material of the D-Type filter may also make the bacterial cells close to each other and promote the horizontal transfer of the ARGs between bacteria. Backwashing should be carried out regularly during the use of the filter. The use of water and air washing during the backwashing process could wash away the ARGs adsorbed in the filter material; however, ARGs may enter into the air in the form of bioaerosol. This is similar to the fact that the concentration of ARGs in the aerosol above the aeration tank of WWTPs is higher than that in other functional areas [50], which poses a threat to the health of people around and in the environment [51]. Therefore, the diffusion effect of the filter on ARGs is also worthy of attention.




3.4. Relationship and Co-Occurrence Patterns between ARG and Bacterial Taxa


Based on the Comprehensive Antibiotic Research Database (CARD), the ARGs were divided into four functional groups: antibiotic target (AT), antibiotic resistance (AR), antibiotic sensitive (AS), and antibiotic biosynthesis (ABS). Some ARGs have multiple functions; for example, dfrE has both AR and AT functions. As Figure 5a shows, 79.7% (606 out of 760) ARG subtypes belong to the AR group.



Contribution analysis was conducted by correlation analysis of the relative abundance of bacteria at genus level and ARG subtypes in each sample. It can reveal the dominant species that carry specific functions. Figure 5b shows the contribution of the top 20 bacteria at genus level to the four types of functions. Except for the unclassified bacteria, Microbacterium, Acinetobacter, and Escherichia contributed the most to the four functions of the INF on average, with the contributions of 10.5%, 6.1%, and 5.6%. Dehalobacter (5.0%–13.3%) has maintained a high contribution in other samples. In general, the abundance of resistance genes is positively correlated with the abundance of bacteria. Dehalobacter was not the dominant bacteria in the SC and DF but had a high degree of contribution to the ARGs, indicating that Dehalobacter may carry a higher abundance of ARGs than other bacteria. Other bacteria with relatively high contributions are Actinobacteria, Microbacterium, and Escherichia.



Network analysis provides us with new insights into the ARG subtypes and their possible hosts. Contribution analysis combined with network analysis can help us identify the main risk factors in complex environmental samples. The nonrandom connections between ARG subtypes and bacteria could indicate the possible host information of ARG subtypes [8]. According to Spearman’s correlation analysis (ρ > 0.7, P-value < 0.05), a co-occurrence network of bacterial taxa and ARG subtypes is constructed (Figure 6). The co-occurrence network of bacteria and ARG subtypes consists of 60 nodes (27 bacterial genera and 33 ARG subtypes) and 130 edges. Microbacterium, Acinetobacter, Gordonia, and Streptomyces were positively correlated with more ARG subtypes (11, 10, 10, and 10, respectively) than the other bacterial genera, indicating that these bacterial genera were the main possible hosts of ARG subtypes.



To know more about the risk of wastewater treated by the D-Type filter, bacteria with a higher relative abundance of the DF were investigated. Patulibacter was found to have positively nonrandom connections with the resistance genes against bacitracin (bacA) and rifampin (rifampin phosphotransferase). Mycobacterium is a pathogen and has been found to have positively nonrandom connections with resistance genes against rifampin (rifampin phosphotransferase), oleandomycin (oleC), doxorubicin (ddrA), and glycopeptide (D-Ala-D-Ala-ligase). The related bacterial genera and ARG subtypes were identified in the same contigs, indicating that these three kinds of bacteria were the possible hosts of these ARG subtypes. Some ARG hosts have been verified in previous studies; for example, Mycobacterium has been known to carry D-Ala-D-Ala-ligase [52,53,54].





4. Conclusions


The occurrence and distribution of ARGs in two municipal WWTPs with similar AAO process has been studied through metagenomic and network analysis in this paper. In total, 760 bacterial host ARG subtypes were detected from the samples, and 79.7% of them belonged to the AR category, in which macB was the most dominant ARG subtype.



The proportion of Mycobacterium and PmrA in the water was found to have significantly increased after the D-Type filter as the tertiary treatment, among which Mycobacterium was the potential host of the resistance genes against rifampin phosphotransferase, oleC, ddrA, and D-Ala-D-Ala-ligase. Compared to the secondary clarifier, the D-Type filter did reduce the number of ARG subtypes in the wastewater; however, these trapped ARG subtypes were held and enriched in the filter, increasing the risk of ARGs spreading inside the filter. Microbacterium, Acinetobacter, Gordonia, and Streptomyces significantly correlated with more than ten kinds of ARG subtypes, and more attention should be paid to the risk of spreading ARGs by these bacteria in the filter.
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Figure 1. Distribution of bacterial communities in wastewater. (a) Circular representation of the bacterial community in INF, ASL, SC, and DF at phylum level. The outermost circles are names of sample and microbial. The lines inside the circle connect the genus to the sample and these lines stand for the relative abundance of different genera in the samples; (b) the top 20 abundant bacteria at genus level are based on the RPKM method (the color bar indicates log10 transformed values of relative abundance). 
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Figure 2. Distribution of ARG subtypes in different samples. (a) Distribution of ARG subtypes in INF, ASL, SC, and DF; (b) the top 20 abundant ARG subtypes are based on the RPKM method (the color bar indicates log10-transformed values of relative abundance). 






Figure 2. Distribution of ARG subtypes in different samples. (a) Distribution of ARG subtypes in INF, ASL, SC, and DF; (b) the top 20 abundant ARG subtypes are based on the RPKM method (the color bar indicates log10-transformed values of relative abundance).



[image: Water 13 03398 g002]







[image: Water 13 03398 g003 550] 





Figure 3. The similarity analysis of the total ARG relative abundance, using NMDS based on Bray–Curtis metrics. The distance between points represents the degree of difference between samples. 
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Figure 4. The differences in relative abundance of ARG subtypes between SC and DF samples based on Chi-square test. (a) CD plant; (b) CN plant (* means 0.01 < p ≤ 0.05, ** means 0.001 < p ≤ 0.01, *** means p ≤ 0.001). 
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Figure 5. The number of ARG subtypes of different types and their contribution to bacteria. (a) The proportion of ARG subtypes to the antibiotic resistance types; (b) contribution of bacteria at genus level to the four types of antibiotic resistance. 
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Figure 6. The co-occurrence network of bacterial genera with the ARG subtypes of different categories. The nodes were colored according to phylum. The size of each node is proportional to the number of connections. 
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Table 1. ARGs subtypes with the same trend through D-Type filters.
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	ARGs Name
	SC1
	DF1
	SC2
	DF2





	PmrA
	1.8%
	2.1%
	1.6%
	2.1%



	mtrA
	2.8%
	2.0%
	2.7%
	1.9%



	liaR
	2.3%
	2.0%
	2.8%
	1.4%



	patA
	2.1%
	1.7%
	2.5%
	1.7%
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