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High concentrations of antibiotics in antibiotic production wastewater can cause the widespread transmission of antibiotic resistance genes (ARGs). Here, we collected a set of time series samples from a cephalosporin production wastewater treatment plant (X-WWTP), the subsequent municipal WWTP (Y-WWTP) and the receiving stream. Using a functional gene microarray, GeoChip 5.0, which contains multiple homologous probes for 18 ARG and 13 antibiotic metabolism gene (AMG) families, we found that more than 50% of homologous probes for 20 gene families showed a relative abundance higher in X-WWTP, while only 10–20% showed lower relative abundance. The different response patterns of homologous ARG (hARGs) within the same ARG family imply environmental selection pressures are only responsible for the ARG enrichment and spread of some specific instead of all ARG-containing microorganisms, which contradicted the traditionally held belief that environmental selection pressures, especially antibiotic concentration, select for all ARG-containing microorganisms thereby selecting different hARGs in the same ARG family in an undifferentiated way. Network results imply that hARGs from three β_lactamase families enriched under the selection pressure of high cephalosporin antibiotic concentrations in X-WWTP formed positively correlated homologous ARG clusters (pohARGCs). The pohARGCs were also enhanced in the sediment of the receiving stream. The enrichment of hARGs from three β_lactamase families was likely through microorganisms belonging to the Betaproteobacteria genus.
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INTRODUCTION
The biological toxicity and bacterial antibiotic resistance of antibiotic production wastewater is increasingly causing environmental issues (Arslan-Alaton and Caglayan, 2006; Guo N. et al., 2018; Hou et al., 2019; Klavarioti et al., 2009; Zhang et al., 2013). Antibiotic production wastewater contains high concentrations of organic compounds, such as heterocyclic compounds and active pharmaceutical intermediates, with substantial biological toxicity (Arslan-Alaton and Caglayan, 2006; Klavarioti et al., 2009; Wei et al., 2019). Pharmaceutically active intermediates, including antibiotic residues, and antibiotic resistant bacteria (ARB) in antibiotic containing pharmaceutical wastewater can intensify bacterial antibiotic resistance (N. Guo et al., 2018a; Hou et al., 2019; Y. Zhang et al., 2013). As a key indicator reflecting the risk of antibiotic resistance, antibiotic resistance genes (ARGs) have been frequently detected in various environmental media (Martínez, 2008; Allen et al., 2010; Che et al., 2019). The fate and removal of ARGs and factors influencing these processes have been the focus of recent research (Chen et al., 2015; Guo et al., 2017; Pallares-Vega et al., 2019).
In China, the United States, and many other countries, antibiotic production wastewater is treated at specialized antibiotic production wastewater treatment plants (WWTPs) to remove antibiotics and then at subsequent municipal WWTPs to reduce conventional biochemical indicators such as BOD, TN and TP in the wastewater before discharging the effluent to natural water bodies (SEPA, 2008; Klavarioti et al., 2009). Unlike conventional biochemical indicators, regulations have not been established for the amount of allowable ARBs or ARGs in WWTP effluent (Chokshi et al., 2019; Hobæk and Lie, 2019). Although it is known that antibiotic production WWTPs reduce the total number of ARB and ARGs in the effluent wastewater (Jäger et al., 2018; Faleye et al., 2019), how this reduction influences downstream microbial populations at subsequent WWTPs and in the receiving waters is not well researched.
Most studies of ARGs are based on the abundance of ARG subtypes or ARG families. For example, Alcock et al. used ARG families to classify ARGs in the Comprehensive Antibiotic Resistance Database (Alcock et al., 2020) and Yin et al. used ARG subtypes to classify ARGs in the Integrated Structured ARG-database (Yin et al., 2018). According to ARG classifications among the GeneBank Database (https://www.ncbi.nlm.nih.gov/genbank/), the Comprehensive Antibiotic Resistance Database (Alcock et al., 2020) and the Integrated Structured ARG-database (Yin et al., 2018), Gene families are groups of related genes that share a common ancestor. Members of gene families may be paralogs or orthologs. Paralogs are genes with similar sequences in the same species while orthologs are genes with similar sequences in different species (Ohta, 2001; Demuth and Hahn, 2009). Resistance “types” represent the class of antibiotics to which a given ARG confers resistance, and resistance “subtypes” represent individual ARGs that share a common ancestor (Yang et al., 2016). ARG subtype and ARG family are the same concept for ARGs. Sequences from the same ARG family in different hosts are called homologous ARGs (hARGs) and include orthologous ARGs and paralogous ARGs and are not always identical (Michael, 2005). The abundance of different hARGs presented different response patterns depending on their hosts (Brochier et al., 2004), necessitating the need to examine individual hARGs rather than ARG families.
In this study, we examined samples from a cephalosporin antibiotic production WWTP, the subsequent municipal WWTP, and the receiving water bodies. Statistical analysis of the microbial community composition and functional genes including hARGs were performed to find the types, pathways and environmental influence of the ARGs enriched in the antibiotic production WWTP.
MATERIALS AND METHODS
Study Site Description
This study examined two WWTPs located in a pharmaceutical industrial park in Hebei Province, China. The industrial park contains more than 20 facilities that manufacture a variety of antibiotics, including amoxicillin, penicillin, ampicillin, cephalosporin, lincomycin, clindamycin, streptomycin, gentamicin, avermectin, ivermectin, doxycycline, neomycin, and minocycline, among others. The cephalosporin antibiotic production facility has a specialized WWTP (X-WWTP) to treat antibiotic production wastewater. The effluent from X-WWTP is then transported to a dedicated municipal WWTP (Y-WWTP) (approximately 1.5 km distance away) that treats effluent from all the specialized pharmaceutical production WWTPs as well as sewage within the industrial park (Figure 1). Additional information on the WWTPs is shown in Table 1.
[image: Figure 1]FIGURE 1 | Sampling map.
TABLE 1 | Additional information of Two WWTPs.
[image: Table 1]X-WWTP mostly accepts cephalosporin antibiotic production wastewater, including 7-aminocephalosporanic acid, cefuroxime (CXM), ceftriaxone (CTR), and other cephalosporins. X-WWTP effluent comprises a majority of Y-WWTP influent (80%). Effluent from Y-WWTP is subject to the Grade A discharge standard of Pollutants for Municipal Wastewater Treatment Plant (GB18918-2002). After discharge, Y-WWTP effluent is transported to a receiving stream through a culvert. The upstream section of the receiving stream is a dry stream bed, so the main water source for the receiving stream is the effluent from Y-WWTP. Our study focused on the influent and effluent of X- and Y-WWTPs and the receiving stream.
Sample Collection and Pretreatment
Wastewater samples were collected in December 2015, January 2016, February 2016, March 2016, April 2016, July 2016, October 2016 and January 2017. Sampling from X-WWTP and Y-WWTP and the receiving stream were performed on the same day. At X-WWTP, samples were collected from the influent of the hydrolysis acidification tank (Xinf) and the effluent of the secondary sedimentation tank (Xeff). At Y-WWTP, samples were collected from the influent of the regulation tank (Yinf) and the final effluent (Yeff) of Y-WWTP. Three wastewater samples were collected from each sampling site at 8 h intervals into 2 L sterile bottles at each sampling time. The triplicate samples were combined by mixing equal volumes of each replicate into one sample. Samples were transported back to the laboratory within 2 h using an insulated case with a built-in ice pack.
River water samples were collected in December 2015, January 2016, February 2016 and March 2016. Samples were collected at 0.2 km (Ra), 1 km (Rb), 3.5 km (Rc), 4.5 km (Rd) and 6.5 km (Re) distance from the effluent culvert of Y-WWTP in the receiving stream and were labeled a, b, c, d and e, respectively. At each sampling location, 2 L of water samples were collected from three points in the stream, approximately 0.5 m apart and 0.5 m below the surface with a water collector. The three samples were then pooled to make one water sample.
Sediment samples were collected in December 2015, January 2016, March 2016, April 2016, July 2016, October 2016 and January 2017. Sediment samples were collected at 0.2 km (SD1), 1 km (SD2), 3.5 km (SD3) and 4.5 km (SD4) away from the effluent culvert of Y-WWTP in the receiving stream. The grab-type sediment collector (HAD-QNC6-1, Hengde Instrument Co., Ltd., Beijing) was used to collect the sediment samples. At each sampling location, sediment samples were collected from three points in the stream, approximately 0.5 m apart. The sediment was collected using a quartet sampling method. An area (20 × 20 cm) was selected at each sampling location and then divided into quadrents by connecting the diagonal lines. Sediment samples were collected from each quadrent and then mixed to make one sediment sample.
After being transported to the laboratory, the 6 L wastewater and stream water samples were divided and 2 L was stored at 4°C for immediate physical and chemical indicator analysis. The remaining 4 L of each sample was suction filtered immediately using 0.22-μm-pore-size filter membranes (GSWP04700 filters, Millipore, United States). The filter membranes were stored at −80°C for DNA extraction. The sediment samples were stored at 4°C for immediate physical and chemical indicator analysis. At the same time, a portion of the sediment samples were centrifuged (15000 r/min) for 10 min and the supernatant was discarded. The sediment pellets were stored at −80°C for DNA extraction. All physical and chemical analyses were completed within 24 h.
The sampling date is designated by a four digit number indicating the year and month. The number “_1, _2, and _3” after sampling date meant parallel samples. For example, Xinf16.01 refers to the influent sample of X-WWTP, which was sampled in January 2016.
DNA Extraction, Purification, and Quantification
DNA was extracted from the filtered membrane using a HiPure Water DNA Kit (D3145-02, Magen, again, city name, province name, China) following the manufacturer’s instructions and cleaned by ethanol purification. DNA quality was assessed based on absorbance ratios [260–280 nm (>1.8); 260 to 230 nm (>1.7)] detected by a NanoDrop 2000 (ThermoFisher, America). Qualified DNA samples were stored at −80°C. Samples that did not reach the quality cutoff were not used.
PCR Amplifiation, Sequencing, and Data Processing
A two-step PCR amplification method was used for PCR product library preparation as described previously (Zhou et al., 2011). Standard primers were used to amplify the V4 region of prokaryotic 16S rRNA genes [515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′)]. Sample libraries were then sequenced on an Illumina MiSeq (San Diego, CA, United States) as described previously (X. Guo et al., 2020).
16S rRNA gene sequencing data generated from MiSeq were processed by demultiplexing, triming primers, combining paired-end reads, removing sequences containing N’s, and detecting and removing chimeras using a Galaxy-based pipeline http://zhoulab5.rccc.ou.edu:8080 (Zhou et al., 2016). OTUs were generated by QIIME II with a 97% similarity threshold. The Sliva (http://www.arb-silva.de/) 16S reference database was used (Quast et al., 2012). OTUs were identified taxonomically using the QIIME II classifier (Bolyen et al., 2019). Only OTUs with greater than two reads were retained as valid data.
Functional Structure Analysis With GeoChip 5.0
The latest generation of functional gene array, GeoChip 5.0 (180K) (Zhou et al., 2015), was used to detect ARGs in the samples. GeoChip 5.0 contains 167,044 probes targeting 395,894 coding sequences from 1,593 functional gene families. A total of 15,474 probes on the GeoChip 5 are associated with antibiotic resistance, accounting for approximately 10% of the total number of gene probes. Each probe in GeoChip has its own microbial annotation which can be found at www.ou.edu/ieg. The source of the microbial annotation is the Genebank information in the NCBI database. Additional information is shown in Table 2.
TABLE 2 | The detail of ARG families on GeoChip 5
[image: Table 2]In our study, 500 ng of DNA from each sample were hybridized to GeoChip at the Institute for Environmental Genomics, University of Oklahoma, as described previously (X. Guo et al., 2020). The microarray data was preprocessed using the microarray data manager pipeline on the Institute for Environmental Genomics’ website (www.ou.edu/ieg/tools/data-analysis-pipeline) as described previously (He et al., 2010; Tu et al., 2014).
Statistical Analyses
Alpha diversity analysis, beta diversity analysis, core microbiome analysis, and linear discriminant analysis effect Size (LEfSe), which is used to find the gene or functional characteristics that can best explain the differences between groups in two or more groups of samples under different biological conditions or environments and the influence of these characteristics on the differences between groups, and correlation feature pattern search analysis of 16S rRNA genes in all samples were performed on https://www.microbiomeanalyst.ca/. The alpha diversity analysis used the fragrance index. Beta diversity analysis is principal co-ordinates analysis (PCoA) based on the Bray-Curtis index. Core microbiome analysis selected OTUs that appear in more than 50% of samples and have a relative abundance greater than 0.01%. The LEfSe analysis, which compared the 16S rRNA gene abundance profiles between samples in different state, had a p-value cutoff of 0.1 and a log LDA score of 2.0. Pattern Search analysis, which searched for a pattern based on correlation analysis on defined pattern, had a p-value cutoff of 0.05 in pearson relevance.
Before GeoChip data statistical analysis, logarithmic transformation was carried out on the original data, then transferred into relative abundances. Probes detected in at least 6 of 29 samples were retained as valid data. The GeoChip data analysis of all samples was completed in R. We summarized all gene categories of each sample and analyzed the alpha, beta diversity, response ratio and abundance variation ratio analysis at the levels of ARG and AMG probes. The alpha diversity analysis used the fragrance Index. Detrended Correspondence Analysis (DCA) based on the Bray-Curtis index was used for beta diversity analysis. The response ratio of ARGs was calculated using the formula described previously (Y. Luo et al., 2006). The total abundance of all probes in every ARG family was taken for response ratio analysis. A response ratio is considered significant when p < 0.05. Network analysis of hARGs was performed using the Molecular Ecological Network Analysis platform at http://ieg4.rccc.ou.edu/mena.
RESULTS
Microbial Community in Wastewater of WWTPs
16S rRNA gene sequencing was performed on 31 wastewater samples from X-WWTP and Y-WWTP and 18 stream water samples from the receiving stream. A total of 1,699,901 effective reads and 2,260 OTUs were obtained from wastewater and stream water samples. The maximum number of effective reads per sample was 86,766 and the minimum was 14,222. The microbial diversity of X-WWTP wastewater was lower than that in Y-WWTP (Figure 2A). The microbial diversity of X-WWTP effluent was higher than that of the influent, while there was no difference in the microbial diversity between the influent and effluent of Y-WWTP. The microbial community from the influent in X-WWTP was distinguisable from all other wastewater samples (PCoA, Figure 2B). Samples did not separate based on time, indicating that there was no variation in the wastewater microbial community over the time period examined.
[image: Figure 2]FIGURE 2 | Microbial community composition analysis of wastewater samples at OTU level. (A) SHDI of wastewater samples. (B) PCoA of wastewater samples based on Bray-Curtis Index. (C) Core Microbiome analysis of wastewater samples. (D) LEfSe analysis of wastewater samples.
A total of 7 OTUs from all the wastewater samples were identified as members of the core microbiome (Figure 2C). OTUs from the Acinetobacter, Cloacibacterium and Arcobacter genera, which can cause human diarrhea, were common in wastewater from two WWTPs. LEfSe analysis of all wastewater samples selected 18 differentiated genera that best explained the differences among X-WWTP influent, X-WWTP effluent, Y-WWTP influent and Y-WWTP effluent (Figure 2D). OTUs belonging to 10 genera, including Sulfurospirillum, Desulfovibrio_1, kujiense, and Methanomethylovorans, were more abundant in X-WWTP, while OTUs belonging to 8 genera, including Acidovorax, and Comamonas_1, Sphingobium, were more abundant in Y-WWTP. In X-WWTP influent, seven of the 18 genera were in lowest abundance while 10 were in highest abundance. Most of these microorganisms were in low abundance in the effluent of Y-WWTP.
Microbial Community Composition in Stream Water and Sediment
16S rRNA gene sequencing was performed on 32 sediment samples from the receiving stream. A total of 1,545,069 effective reads and 2,095 OTUs were obtained. The maximum number of effective reads per sample was 83,531; the minimum number was 22,039. The bacterial diversity of the river water samples (Figure 3A) and river sediment samples (Figure 3C) indicated that the bacterial diversity of the river water at point a was close to the wastewater, since point a was where the WWTP effluent discharged into the stream. The bacterial diversity of the river water decreased downstream and then began to increase further downstream, while the bacterial diversity of the sediment was relatively similar from points a to c and then decreased sharply at point d. Core microbiome analysis of the stream water (Figure 3B) and sediment samples (Figure 3D) showed that only one OTU, belonging to the Betaproteobacteria class, was observed to occur frequently in each sample. PCoA of OTUs from all sediment samples indicated microbial communities from sediment at different sampling positions were different, except those between Points b and c. Pattern search analysis (Figure 3F) searched 25 differentiated OTUs based on person correlation analysis on among sediment samples from different positions. The results of Pattern Search analysis showed that the relative abundance of the top 14 genera, including Sulfurimonas, kujiense, and syntrophus_1, increased from point a to d, while 11 genera, including SB_1, Sinobacteraceae_1, and Flavobacteriaceae_1, decreased from point a to d.
[image: Figure 3]FIGURE 3 | Microbial community composition of stream water and sediment samples at OTU level. (A) SHDI of stream water samples. (B) Core Microbiome analysis of stream water samples. (C) SHDI of sediment samples. (D) Core Microbiome analysis of sediment samples. (E) PCoA of sediment samples based on Bray-Curtis Index. (F) Pattern Search analysis of sediment samples.
ARGs and AMGs in Two WWTPs
To determine which ARGs were present in the samples, GeoChip 5.0 analysis was performed on 25 wastewater samples from the two WWTPs, 2 sludge samples from Y-WWTP, 4 stream water samples and 27 stream sediment samples. A total of 80,166 functional genes represeting 1,110 gene families, 15 functional groups, and 129 subgroups were detected.
The relative abundances of ARGs (Figure 4A) and antibiotic synthesis genes (Figure 4B) were quantified at the gene family level in each wastewater sample. The total relative abundance of 18 types of ARGs in all samples was about 12%, and the total relative abundance of AMGs was about 0.32%. The total abundance of ARGs and AMGs in X-WWTP wastewater samples was significantly (p < 0.01) higher than that in Y-WWTP wastewater and the stream water samples. The DCA (Figure 4C) of all wastewater and stream water samples at the probe level indicated X-WWTP samples were separated from Y-WWTP and stream samples. None of the samples showed significant seasonal variation. The response ratio analysis of ARGs and AMGs from the two WWTPs (Figure 4D) indicated a greater relative abundance of Mex, MFS_antibiotic, β_lactamase_C, ABC_antibiotic_transporter, β_lactamase_A, tetx_resistance, pcbC, and lmbA genes in X-WWTP than in Y-WWTP, while the relative abundance of ABC_multidrug_fungi, β_lactamase_C, fosb, qnr, fosa, and fosx was richer in Y-WWTP.
[image: Figure 4]FIGURE 4 | ARGs and AMGs of wastewater samples. (A) Relative abundance of ARGs at the gene family level. (B) Relative abundance of AMGs at the gene family level. (C) DCA at the Probe level. (D) Response ratio analysis on the gene family level of ARGs and AMGs in Y-WWTP compared with X-WWTP. (E) Probe quantities detected in each gene family and ratio of probes which increased or decreased in relative abundance detected in Y-WWTP compared with those detected in X-WWTP.
Most ARG families have many different probes which stand for different hARGs, and each hARG has its own host bacteria according to the Genebank imformation. Figure 4E shows the details of each ARGs family at the probe level, including the number of probes detected in each gene family and ratio of probes which increased or decreased in relative abundance detected in Y-WWTP compared with those detected in X-WWTP. More than 50% of probes from 22 ARG families, including Mex, MFS_antibiotic and β_lactamase_C, showed relative decreases, while only 10–20% of the probes showed relative increases. Five ARG families had a higher ratio of probes with relative increases, but each of these ARG families had less than 3 probes.
Network Analysis of hARGs
Network analysis of β_lactamase_A (Figure 5A), β_lactamase_C (Figure 5B) and β_lactamase (Figure 5C) hARG families from the WWTP wastewater samples showed correlations among the hARGs of these families in the β_lactamase_B was not included since it only had one hARG. Each β_lactamase ARG family had one cluster in which the hARGs were positively correlated (indicated by green linkages in Figure 5). In contrast, a proportion of hARGs that were negatively correlated (indicated by red linkages in Figure 5) with the hARGs in the positively correlated homologous ARG cluster (pohARGC). We selected seven representative hARGs from the four β-lactamase families to compare the relative abundance (Figure 5D). GB171318562, GB260648368, and GB 337746682 represented the hARGs in the pohARGCs of β_lactamase_A, β_lactamase_C, and β_lactamase ARG families and had higher abundance in X-WWTP. GB133919281, GB303325478, GB170695665, and GB315647229 represented the hARGs that were either negatively or not correlated with the pohARGCs of β_lactamase_A, β_lactamase_B, β_lactamase_C, and β_lactamase ARG families and had higher abundance in Y-WWTP.
[image: Figure 5]FIGURE 5 | Network analysis of homologous genes of the (A) β_lactamase_A, (B) β_lactamase_C and (C) β_lactamase ARG families in wastewater samples. (D) Relative abundance of representative homologous genes of four β_lactame ARG families in wastewater and river samples.
ARGs and AMGs in Sediment
The relative abundance of ARGs (Figure 6A) and AMGs (Figure 6B) were also calculated at the gene family level in stream water and sediment samples. The total relative abundance of each gradually increased in stream sediment over time, but no dicernible variation was observed with distance from the Y-WWTP effluent discharge. The results of the DCA (Figure 6C) indicated a seasonal variation across the secondary axis for the sediment samples, but it only explained 11.10% of the observed variation. Therefore, seasonal variation was not a major factor in the diversity variation. No changes with increasing distance were observed.
[image: Figure 6]FIGURE 6 | ARGs and AMGs of sediment samples. (A) Relative abundance of ARGs at the gene family level. (B) Relative abundance of AMGs at the gene family level. (C) DCA at the Probe level. (D) Relative abundance of representative homologous genes of four β_lactame ARG families.
We also selected representative hARGs from the four β-lactamase families in sediments to compare the relative abundance, with only one homologous ARG for β_lactamase_B (Figure 6D). GB171318562, GB 260648368, and GB 337746682 were abundant in all sediment samples, while GB 133919281, GB 303325478, GB 170695665, and GB 315647229 had little or no abundance in sediment samples.
DISCUSSION
Previous studies have often examined pharmaceutical manufacturing or municipal WWTPs in isolation (X. Guo et al., 2018b; Tong et al., 2019; Wang et al., 2015). However, the continuous wastewater flow from pharmaceutical manufacturing WWTP to municipal WWTP and then into the local receiving streams has been rarely addressed in previous studies. This study revealed some essential variation in community responses and ARGs in this particular situation. Since the ARGs we detected were intracellular ARGs (Yuan et al., 2019), this study examined the variation in microbial community structure first.
In this study, we observed that the microbial diversity of X-WWTP was significantly (p < 0.01) lower than that of Y-WWTP, and that the X-WWTP influent had the lowest microbial diversity of all sampling sites. In a study of activated sludge from 12 full-scale pharmaceutical WWTPs, a low bacterial diversity was also observed for pharmaceutical production WWTPs compared to that of municipal WWTPs (F. Zhao et al., 2019a). High concentrations of organic compounds with strong biological toxicity, such as heterocyclic compounds and antibiotic active intermediates in antibiotic-containing pharmaceutical production wastewater, are the primary cause of lower microbial diversity in pharmaceutical production WWTPs (Arslan-Alaton and Caglayan, 2006; Klavarioti et al., 2009; Wei et al., 2019). β-diversity analysis (Figure 2B) showed that the X-WWTP influent microbial community was unique, while the X-WWTP effluent microbial community was more similar to that of the Y-WWTP wastewater (influent and effluent. The abundance of 21 OTUs in the X-WWTP effluent showed polarity, indicating that the treatment process in the X-WWTP had a significant remodeling effect on the microbial community. The OTUs that had extremely high abundance in X-WWTP effluent also appeared in the Y-WWTP influent, indicating that the microorganisms selected in X-WWTP were spreading to subsequent treatment process With the sewage flow.
The microbial communities in both the sediment and water of the receiving stream were initially influenced by the Y-WWTP effluent. The microbial communities from the water and sediment in the stream showed different trends in alpha diversity. Differences in the water community could be because of Y-WWTP effluent discharge with the oxidation, reduction and sunlight decomposition of pollutants and the sedimentation of pollutants and microorganisms of streams (Li et al., 2010; Price et al., 2018; Zhang et al., 2016). The Y-WWTP effluent discharged to the receiving stream had both a large number of conventional biochemical contaminants and a complex microbial community, which determined both the physiochemical and microbiological composition of the receiving streams (Price et al., 2018). The microbial diversity in the water decreased around 1 km downstream from the discharge site, indicating the microorganisms that had adapted to the environment in Y-WWTP gradually disappeared as the distance from the Y-WWTP increased because the stream environment was very different from Y-WWTP environment. Microbial diversity began to increase around 4.5 km downstream from the discharge site, reflecting a change to a more natural state in which the microorganisms had adapted to the stream environment.
Microbial communities in the sediment of receiving streams were previously found to be influenced by the effluent of WWTP discharge and stream water composition (Milaković et al., 2019). From the point of discharge to around 3.5 km downstream, the microbial diversity of the sediment remained relatively stable because most of the microorganisms in the stream water were still adapted to the Y-WWTP environment. The microbial diversity of the sediment at point d (around 4.5 km distant from the discharge point) was lowest because the microorganisms had adapted to the new environment and the phychemical properties of the stream water at this point were very different from the Y-WWTP effluent. So, the Y-WWTP effluent discharge no longer influenced the microbial community after 3.5–4.5 km downstream.
While the microbial community results of this study were similar to some previous studies, the results of the ARG and homologous ARG studies disagreed with previous findings. ARG studies have been a hot topic in the environmental field in recent years, but almost all of them focused on the abundance of ARG subtypes (J. Guo et al., 2017; F. Zhao et al., 2019a; Zhao et al., 2018). For example, qPCR provides information on the abundance of representative sequences of particular ARG subtypes (Auerbach et al., 2007; Czekalski et al., 2014), while metagenomics provides information on the abundance of all representative sequences of all ARG subtypes (Ju et al., 2019; Zhao F. et al., 2019). A limitation of these previous studies is that ARGs belonging to the same subtype (hARGs) may exhibit different responses because they are in different microorganisms (Brochier et al., 2004; Michael, 2005; Alcock et al., 2020). Here we investigated the response patterns of individual hARGs using GeoChip 5.0.
The X-WWTP and Y-WWTP wastewater were very different in terms of ARGs. We analyzed the change regularity of ARGs detected by GeoChip 5.0 at three levels: the total relative abundance of ARGs, the relative abundance of each ARG family and the relative abundance of each hARG. The total relative abundance of ARGs in X-WWTP was significantly (p < 0.01) higher than in Y-WWTP, which is consistent with previous findings (X. Guo et al., 2018b; Wang et al., 2015). Although X-WWTP contained mainly cephalosporin, a beta-lactam antibiotic, production wastewater, X-WWTP had 8 of 18 ARG families with higher relative abundance than Y-WWTP, the relative abundance of β_lactamase_B was lower than that in X-WWTP. These unexpected results indicated that the relative abundance of ARG families did not truly reflect the response pattern of ARGs so we further analyzed individual ARGs from each family.
More than 50% of probes from 18 ARG families were more abundant in X-WWTP than in Y-WWTP, which indicated hARGs’ change regularity was different from the ARG families. In order to study the change regularity of the hARGs further, hARGs from three β_lactamase families were selected for network analysis. Each family had some members that formed a positively correlated hARG cluster (pohARGC) and some that were negatively correlated with the hARGs in pohARGC (Figures 5A–C). According to the abundance analysis of representive probes, pohARGCs were composed of the hARGs that were richer in X-WWTP. Since different hARGs belonging to the same ARG family often have different microbial annotations based on GeoChip, the reason for the enrichment of pohARGCs is probably due to the enrichment of strains that carry them in X-WWTP. In other words, it is inferred that the enrichment of specific strains in X-WWTP led to the enrichment of pohARGCs. This is consistent with the specificity of the microbial community in X-WWTP in the 16S rRNA gene sequencing analysis. According to the same reason, the hARGs that were negatively correlated or not correlated with the pohARGCs may be contained by the environmental strains or from strains that were enriched in domestic sewage conditions of Y-WWTP.
The hARGs from the same ARG family have different response patterns based on their homology, indicating that changes in ARG abundance are closely related to changes within the microbial community (Klümper et al., 2019; Luo et al., 2017; Wu et al., 2017). As such, previous studies that focused on ARG families as a whole or ARGs independent of the host microorganism may not provide accurate results because some hARGs from the same ARG family exhibited different response patterns due to changes of the host microorganism or due to horizontal transfer (Oliveira et al., 2017).
It was suggested that the horizontal transfer of ARGs in two WWTPs was frequently occurring, and the horizontal transfer of ARGs in X-WWTP was more frequent than Y-WWTP (Supplementary Figure S2), which indicated that some hARGs from the same ARG family exhibited different response patterns may be due to horizontal transfer. But we can’t compare the difference in contribution between changes of the host microorganism and horizontal transfer.
Correlation networks and Variance Partitioning Analysis have often been used to look for relationships between ARG families and environmental factors. However, these methods often show spurious or indirect correlations or suggest that changes in the bacterial communities due to environmental factors are comparable to ARGs response patterns, which is hard to explain (Carr et al., 2019; Wu et al., 2019). This study indicated that environmental selection pressures are only responsible for the ARG enrichment and spread of some specific instead of all ARG-containing microorganisms, which contradicted the traditionally held belief that environmental selection pressures, especially antibiotic concentration, select for all ARG-containing microorganisms and cause the same change pattern to hARGs from the same ARG family (Durão et al., 2018; Guo X. et al., 2018; Zhao R. et al., 2019). The reason why some ARG-containing microorganisms were not enriched under environmental selection pressures may be because the hARGs in their bodies were hard to expressed.
More importantly, the ARGs in the pohARGCs that were enriched under the antibiotic selection pressure in X-WWTP were abundant in the receiving stream sediments, while background ARGs or those enriched under domestic sewage conditions did not occur in the sediments. The enrichment of ARGs in the sediments causes long-term and long-distance hazards. The enrichment of hARGs of 3 β_lactamase families was likely through Betaproteobacteria, a member of the core microbiomes of both the wastewater and sediment, which is one of the most abundant and ubiquitous ARB genera in water environment (Suvorova and Gelfand, 2019; Petrovich et al., 2020). Other bacteria and horizontal transfer of ARGs could also contribute to this enrichment, but further study is needed to confirm this.
CONCLUSION
This study examined the microbial community structure and ARGs (especially hARGs) in wastewater from a cephalosporin antibiotic production WWTP (X-WWTP) and the subsequent municipal WWTP (Y-WWTP), and water and sediment from the receiving stream using GeoChip 5.0. We found that the hARGs of three β_lactamase ARG families enriched under the selection pressure of high antibiotic concentration in X-WWTP formed pohARGCs. The pohARGCs were also enhanced in the sediment of the receiving stream, suggesting that these enriched ARGs likely pose a more permanent public health risk. The enrichment of pohARGCs of three β_lactamase families was likely through Betaproteobacteria genus. The different response patterns of homologous ARG (hARGs) within the same ARG family imply environmental selection pressures are only responsible for the ARG enrichment and spread of some specific instead of all ARG-containing microorganisms. This study also represents a new gradation of ARG study, the results of which indicate examining individual hARGs can reveal a more nuanced response pattern of ARGs.
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