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Metagenomic insights into the antibiotic resistomes of typical Chinese dairy farm environments
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Antibiotic resistance genes (ARGs) in the environment pose a threat to human and animal health. Dairy cows are important livestock in China; however, a comprehensive understanding of antibiotic resistance in their production environment has not been well clarified. In this study, we used metagenomic methods to analyze the resistomes, microbiomes, and potential ARG bacterial hosts in typical dairy farm environments (including feces, wastewater, and soil). The ARGs resistant to tetracyclines, MLS, β-lactams, aminoglycoside, and multidrug was dominant in the dairy farm ecosystem. The abundance and diversity of total ARGs in dairy feces and wastewater were significantly higher than in soil (P < 0.05). The same environmental samples from different dairy have similar resistomes and microbiomes. A high detection rate of tet(X) in wastewater and feces (100% and 71.4%, respectively), high abundance (range from 5.74 to 68.99 copies/Gb), and the finding of tet(X5) challenged the clinical application of the last antibiotics resort of tigecycline. Network analysis identified Bacteroides as the dominant genus in feces and wastewater, which harbored the greatest abundance of their respective total ARG coverage and shared ARGs. These results improved our understanding of ARG profiles and their bacterial hosts in dairy farm environments and provided a basis for further surveillance.
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Introduction

The emergence of antibiotic resistance genes (ARGs) has raised global concerns. Extensive use of antibiotics during animal production was credited with the rapid spread of antibiotic resistance and posed an increasing threat to public health (Hu et al., 2017; Dyar et al., 2018). It is estimated that the global antibiotic use in food animals will increase by 11.5%, from 93,309 tons in 2017 to 104,079 tons in 2030 (Tiseo et al., 2020). As the largest antimicrobial producer and consumer worldwide, China faces a growing crisis created by ARGs (Qiao et al., 2018).

Vancomycin, colistin, and tigecycline are the last defenses against infection by multidrug-resistant pathogens. However, in recent years, different vancomycin resistance genes, such as van(A), van(C), van(N), and the plasmid-mediated colistin resistance gene mcr-1, have been discovered in humans, animals, and their surrounding environments (Al-Tawfiq et al., 2017; Ahmed and Baptiste, 2018). With the increasing challenges of vancomycin and colistin clinical usage, tigecycline has become the most important therapeutic used to treat serious infections caused by extensively resistant bacteria, e.g., vancomycin-resistant Enterococcus strains, methicillin-resistant Staphylococcus aureus and carbapenem-resistant Enterobacteriaceae (Pournaras et al., 2011; Knafl et al., 2016). Tet(X), an inactivation enzyme, can trigger resistance to tetracyclines by catalyzing the oxygen-dependent degradation of the drugs (Yang et al., 2004). Some of its variants, such as tet(X3), tet(X4), and tet(X5), can mediate a high level of tigecycline resistance through plasmids and cause a threat to the use of this last-resort antibiotic in both humans and animals(He et al., 2019).

The farm environment is a hotspot of ARGs and an important location for ARGs transfer from animals to humans. ARGs in animal feces can directly enter environments including farmland soil, surface water, and groundwater, and then be conveyed to humans through the food chain or by airborne dissemination (Sui et al., 2016; Zhang et al., 2019). Antibiotic-containing residues in animal wastes could create selection pressure on the microbiome and increase the selection of ARGs (Zhu et al., 2019). ARGs have been reported in different environments, such as manure, soil, wastewater, sediments, and air from livestock, poultry, and aquaculture farms (Noyes et al., 2016; Sancheza et al., 2016). ARGs host bacteria, which harbor mobile genetic elements including plasmids, transposons, and integrons, exert a crucial role in ARG spread via horizontal gene transfer (HGT) (Zhu et al., 2019). Bacteria community shifts are often accompanied by changes in ARG profiles (Jia et al., 2015).

On conventional dairy farms, manure and wastewater are often used to fertilize crop fields due to their nutrient richness. Consequently, ARGs included in dairy wastes can diffuse into the soil and enter cultivated plants (Tien et al., 2017). This initiates the diffusion chain from animal to human through the environment. To reduce costs and provide comfort to cows, some farms recycle the solids of manure and wastewater for use as cow bedding after solid–liquid separation, digestion, and composting (Leach et al., 2015). This practice can lead to the circulation of ARGs and their dissemination between animals and the environment. Infections caused by ARG host bacteria, especially by the bacteria containing multidrug resistance genes (e.g., cfr), can increase the therapeutic difficulty and create more economic losses to dairy farms. Mastitis is the major disease in the dairy industry. Some ARGs, including bla CTX-M and mcr-1, are resistant to critical antibiotics and have often been found in mastitis bacterial isolates (Chehabi et al., 2019; Shafiq et al., 2021).

Driven by strong demand for dairy products, the dairy industry is growing worldwide (Grout et al., 2020). Intensive dairy management has been confirmed related to the increase in antibiotic consumption (Ferroni et al., 2020). Poor management of waste disposal was suggested to have influenced ARG prevalence on dairy farms (Dungan et al., 2018). However, ARGs and their bacterial hosts in dairy farm environments have not been well studied. In this study, we used metagenomic methodology to determine the presence of the ARGs in feces, wastewater, and soil samples collected from typical dairy farms in China; bioinformatics analysis was used to evaluate the similarity of ARG profiles and identify the potential ARG bacteria hosts in a variety of dairy farm environments.



Materials and methods


Sampling and pretreatment

In 2017 and 2018, a total of 21 dairy environment samples (seven each for feces, wastewater, and soil) were obtained from dairy farms across three provinces of North China: Beijing (BJ; n = 3), Tianjin (TJ; n = 2), and Hebei (HB; n = 2). On each farm, a total of 10 fresh feces collected from heifers, lactating cows, and dry-off cows were mixed as one sample to represent this farm. Wastewater was collected from sewage pools which converged the daily flushing water from the farm. Surface soil (0–15 cm) was collected from vegetable fields for which dairy manure was used for fertilization. The soil and tap water from the campus of the Chinese Academy of Agricultural Sciences (located downtown) as blank control (BC) samples. No blank feces control was set up because no cows on these farms were insulated from antibiotics during their own or their parent’s generation. All samples were transported to the laboratory on dry ice. In the lab, 50 ml of each wastewater sample was firstly cleaned by filter paper to remove the solid substance, then the filtrate was vacuum-filtered through a 0.22 μm cellulose ester membrane to intercept microorganisms, 2 l of lab tap water was directly through the 0.22 μm filter. The feces, soil, and filter membranes of water were kept at −80°C until further processing. The farms and sample information is summarized in Supplementary Table S1.



DNA extraction and metagenomic sequencing

The genomic DNA of environmental samples was extracted using the Qiagen QIAamp DNA Stool Mini Kit (Qiagen, Germany) following the manufacturer’s instructions. DNA purity and integrity were analyzed by gel electrophoresis. DNA concentration was accurately quantified by Qubit 2.0 Fluorometer (Life Technologies, United States). A metagenomic library with an insert size of 350 bp was constructed by Novogene (Tianjin, China). The DNA extracted from BC water was below the detection limit. By increasing the sample quantity, little additional DNA quantity was obtained, so an optimized micro-library construction protocol was used for this sample (Jiang et al., 2015). Sequencing was performed on an Illumina HiSeq 4000 with the 150 bp paired-end sequencing strategy (Zhao et al., 2018). Raw reads were trimmed using Readfq (V8)1 to remove the reads containing (i) low-quality sequences ≥ a length of 38 bp; (ii) unknown base ≥10 bp; and (iii) overlap sequence with adapter ≥15 bp. On average, the metagenomic data size of 10 Gb and 32,501,357 clean reads were obtained for each sample.



Metagenome assembly, ARG-like ORFs identification, and host annotation

The metagenomics sequences of each sample were de novo assembled with the default k-mer size through the CLC Genomics Workbench (version 10.0.1, CLC Bio, Aarhus, Denmark). A total of 2,154,023 contigs were obtained with an average length of 1,635 bp. The detailed information is summarized in Supplementary Table S2. Open reading frames (ORFs) were predicted within assembled contigs using Prodigal (version 2.6.0) (Hyatt et al., 2010). Then the ARG-like ORFs were searched against the deepARG database (Arango-Argoty et al., 2018) using BLASTP under the cutoff of E value ≤10–5, an ARG-like ORF was annotated if met the standard of sequence similarity ≥70% and hit length ≥ 25 amino acids (Zeng et al., 2019). The coverage of these ORFs was calculated using CLC Genomics Workbench (version 10.0.1), through the method of mapping metagenomic reads to the contigs with a minimum length coverage ≥95 at 95% similarity (Ma et al., 2016). ARG coverage, indicating the abundance (times per Giga base, ×/Gb) of ARG-like ORFs, as defined by the following equation:
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N indicates the number of reads mapped to ARG-like ORFs, L is the sequence length of target ARG-like ORFs, n is the number of ARG-like ORFs, 150 is the length of the Illumina sequencing reads, and S is the sequencing data size (Ma et al., 2016).

Tet(X)-like sequence was further genotyped against a tet(X) pool (Umar et al., 2021; Xu et al., 2021). The predicted ARG-like ORFs were compared against the NCBI NR database through BLASTP with the cutoff of E value ≤10–5, and then parsed by MEGAN (MetaGenome Analyzer, version 6). The annotation of taxonomic genus classification was assigned with the criteria of voting score > 50% (Zeng et al., 2019).



Statistical analysis

Shannon index values were used to assess alpha diversity and visualized using GraphPad Prism 7. Principal component analysis (PCA) was performed based on the coverage of ARG types, to reflect the beta diversity of ARGs. Principal co-ordinates analysis (PCoA) was performed based on the Bray–Curtis distance to assess the beta diversity of microbiomes. Permutational multivariate analysis (Adonis) was performed to detect the difference among samples. Statistical comparisons were performed using the Mann–Whitney test (Zeng et al., 2019). P < 0.05 was defined as significantly different. PCA, PCoA Venn, and Pie chart were performed with R software version 3.6.3. Heatmaps, bar, and box charts were generated using ImageGP (Chen et al., 2022). Hierarchical cluster analysis adopted the weighted pair group method using arithmetic averages (WPGMA). The correlation between ARGs and bacteria was calculated by the Spearman rank method with FDR adjustment of the P-value. The correlation coefficient (ρ) ≥ 0.8 and significance level P < 0.05 level was recognized as significantly correlated and used to finalize the network by using Gephi (v0.9.3) platform.




Results


ARG types

Among the 23 samples, a total of 19 types were annotated from the deepARG database (Figure 1). The abundance of ARG types varied across different environmental samples, from 9.63 × 10–1 copies/Gb (multidrug resistance genes in the BC soil) to 1.55 × 103 copies/Gb (macrolide-lincosamide-streptogramin (MLS) resistance in wastewater). The genes resistant to tetracycline, MLS, and beta-lactam were the major resistance types and followed by aminoglycoside, bacitracin, and multidrug. Both BC soil and water had lower ARG richness than dairy farm environment samples.
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FIGURE 1
 Heatmap of ARG types (coverage, × /Gb, log2 transferred) in 23 environmental samples. The combination of four letters (e.g., TJHL) represents a farm; BC, blank control; W, wastewater; F, feces; S, soil.


The total ARG coverages of three kinds of dairy farm environment samples were significantly different (P < 0.05) (Figure 2A). Average ARG abundance of each wastewater sample (2.87 × 103 ± 0.68 × 103 copies/Gb) and feces (2.02 × 103 ±0.85 × 103 copies/Gb) were much higher than that of soil (0.24 × 103 ± 0.23 × 103 copies/Gb). The most dominant ARGs varied in feces (β-lactam 33.05%, tetracycline 28.51%, MLS 18.55%), wastewater (MLS 29.06%, tetracycline 25.43%, aminoglycoside 20.20%), and soil (bacitracin 23.22%, tetracycline 19.16%, β-lactam 17.05%) (Figure 2B). Multidrug and sulfonamide resistance genes occupied a higher proportion in soil (15.86% and 9.08%) than in feces and wastewater. The difference in ARGs distribution in dairy farm environments might be driven by the nature of selection under the different physicochemical properties of antibiotics and environmental conditions. It might also be impacted by anthropogenic activities such as the frequent use of certain antibiotics.
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FIGURE 2
 ARG profiles in dairy wastewater, feces, and soil. (A) Total ARGs coverage of each environmental sample. (B) ARG types composition of three sample types. (C) ARG subtypes quantity across three sample types. (D) Shannon index of ARG subtypes across three sample types. *P < 0.05; **P < 0.01; and ***P < 0.001.




ARG subtypes

A total of 287 subtypes were detected in 21 dairy farm environment samples. The coverage of different subtypes ranged from 0.59 to 632.57 copies/Gb in feces, 0.68 to 569.47 copies/Gb in wastewater, and 0.81 to 277.86 copies/Gb in soil. The main ARG subtypes of different samples are shown in Figure 3. The quantity of ARG subtypes detected in wastewater and feces was comparable (P < 0.05) and significantly greater than in soil (Figure 2C). Wastewater had the most diverse and abundant ARG subtypes. On average, each sample of wastewater, fecal, and soil carried 80 ± 15, 46 ± 30, and 14 ± 6 kinds of ARG subtypes, respectively. There was no systemic difference between the Shannon index of feces and wastewater (P > 0.05), however, both of them were significantly higher than that of soil (P < 0.05) (Figure 2D).
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FIGURE 3
 Heatmap of main ARG subtypes (coverage, × /Gb, log2 transferred) in 23 environmental samples. The combination of four letters (e.g., TJHL) represents a farm; BC, blank control; W, wastewater; F, feces; S, soil.


The 10 representative ARG subtypes in feces, wastewater, and soil, which, respectively, belong to 5, 4, and 7 ARG types, are listed in Supplementary Table S3. These genes dominated the abundance among all subtypes and accounted for 72.6%, 40.52%, and 83.09% of total ARG coverage of feces, wastewater, and soil, respectively. The top 3 abundant subtypes varied in feces [cfxA2, tet(W), and lnu(C)], wastewater [lnu(G), uppP, and tet(M)] and soil [uppP, tet(C), and blaTEM-1]. We found that the dominant tetracycline resistance genes are completely different among these environments, such as feces with tet(W), tet(Q), tet(44), wastewater with tet(M), tet36, tet(T), and soil with tet(C). UppP was the only shared ARG gene in the top 10 dominant ARGs of these three kinds of environment matrix.

Tet(X) was frequently detected in wastewater (7/7), feces (5/7), and soil (1/7) samples, with the coverage ranging from 20.53 to 47.42 copies/Gb in wastewater, and from 5.74 to 68.99 copies/Gb in feces, the soil had the lowest abundance at 2.72 copies/Gb. Five tet(X) genotypes were detected, including tet(X2), tet(X5), tet(X11), tet(X14), and tet(X18). Cfr was detected in wastewater samples (2/7) with 3.78 ± 1.64 copies/Gb, while not detected in feces and soil. Different van subtypes were founded in feces (1/7), wastewater (4/7), and soil (4/7) samples with a range of 0.90–8.70 copies/Gb.



Comparison analysis of ARG profiles

PCA analysis showed the 21 dairy farm samples clustered by environmental types (Adonis test, R2 = 0.42, P = 0.001) (Figure 4A), indicating the ARG profiles of feces, wastewater, and soil are different. Within each type, the feces and wastewater samples clustered closer, while soil samples scattered in a broad range, suggesting greater variation of ARG compositions across different soil samples. The feces group and wastewater group clustered closely and far from the soil group, implying a potentially higher correlation between wastewater and feces.
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FIGURE 4
 Comparison of ARGs across wastewater, feces, and soil in dairy farms. (A) PCA plots (coverage, × /Gb, log2 transferred) of 21 environmental samples. (B) Shared ARGs across three sample types. (C) The relative abundance of shared ARGs between wastewater and feces.


The numbers of shared and unique ARGs of feces, wastewater, and soil are shown in Figure 4B. A total of 80 ARGs belonging to 15 types were shared between feces and wastewater (Supplementary Table S4). These shared genes contributed to 96.30 ± 3.38% and 85.40 ± 5.20% of the total ARG coverage in feces and wastewater, respectively, further illustrating the similarity of ARG composition of wastewater and feces. Among these shared ARGs, genes resistant to MLS, tetracycline, and aminoglycoside were abundant in wastewater, whereas β-lactam, tetracycline, and MLS were abundant in feces (Figure 4C).

A total of 15 ARGs belonging to 7 types (Supplementary Table S5) were shared by feces, wastewater, and soil and contributed to 12.49 ± 4.39%, 18.40 ± 7.57%, and 51.76 ± 21.97% of the total ARG coverage, respectively (Supplementary Figure S1). Genes resistant to bacitracin were the most abundant shared ARGs and accounted for 35.21%, 46.91%, and 39.27% of the total shared ARG coverage in wastewater, feces, and soil samples, respectively. Besides bacitracin, among these shared genes, genes resistant to aminoglycoside and sulfonamide were abundant in wastewater, while mupirocin and MLS were abundant in feces, and tetracycline and sulfonamide were abundant in soil.



Bacterial hosts of ARGs

The bacterial community composition showed that Firmicutes dominated bacterial phyla in dairy feces and wastewater (50.60 ± 3.51% and 29.07 ± 10.50%, respectively), followed by Bacteroidetes (20.33 ± 2.87% and 22.96 ± 7.30%, respectively) (Supplementary Figure S2A). Proteobacteria was the primary phylum in soil (45.03 ± 14.78%). At the genus level, Bacteroides dominated in feces and wastewater, while Sphingomonas dominated in soil (Supplementary Figure S2B). The PCoA analysis showed the microbiomes clustered by environmental types (Adonis test, R2 = 0.57, P = 0.001) (Supplementary Figure S3). All feces clustered closely implying a high similarity of gut microbiomes of cows among different farms.

A total of 10,204 ARG-like (ORFs) located in 8,344 assembled contigs were annotated at the genus level in all feces, wastewater, and soil samples (Supplementary Table S2). The major bacterial hosts in wastewater, feces, and soil and their harboring ARGs are summarized in Supplementary Table S6. In feces, the top 3 primary bacterial hosts including Bacteroides, Bifidobacterium, and Escherichia, totally harbored 73.5% of ARG coverage. In wastewater, Bacteroides, Enterococcus, and Streptococcus dominated and totally harbored 45.2% of ARG coverage. Luteimonas, Enterococcus, and Escherichia were the principal ARG hosts in soil and totally harbored 52.82% of ARG coverage. Notably, the major bacterial hosts Escherichia and Streptococcus were the common mastitis pathogens of dairy cows.

Gene co-occurrence pattern analysis was performed on 5 major ARG types (tetracycline, MLS, β-lactam, bacitracin, and multidrug) against the bacterial hosts. As shown in Figure 5, Bacteroides play an important role in wastewater and feces. For example, Bacteroides harbored most of the diversity and abundance of β-lactam, bacitracin, tetracycline, and MLS resistant genes from wastewater and feces, especially, β-lactam resistance genes present the strongest correlation with Bacteroides. We also found that β-lactam, bacitracin, MLS, and tetracycline resistance genes have more bacterial hosts in wastewater than in feces. Bifidobacterium was the unique host of mupirocin resistance genes in feces.
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FIGURE 5
 Network analysis of co-occurrence patterns between five major ARG types and major ARG hosts. The nodes were colored according to sample type (blue, wastewater; green, feces; orange, soil). The size of each node was proportional to the number of connections, i.e., the average weighted degree. W, wastewater; F, feces; S, soil. For example, F|tetracycline represents the resistance gene of tetracycline from feces.





Discussion

Livestock and their environments have been evidently proved the large reservoirs for ARGs (Shi and Wang, 2018; Wang et al., 2019). Due to the rapid increase in the number of dairy cows, greater amounts of therapeutic or preventative antibiotics are being used in the dairy industry (Wemette et al., 2020). Consequently, dairy waste products such as feces and wastewater are increasing and inevitably emitted into environments such as soil. In this study, we used the metagenomic method to explore whether there were differences in the ARGs and bacterial hosts in dairy feces, wastewater, and soil, and whether there was a potential ARG dissemination trend on Chinese typical dairy farms where antibiotics were routinely used. Compared with conventional bacteria culture or the PCR method, the metagenomics method has the advantages of cultural independence and high throughput, and could provide a more comprehensive view of the resistomes of environments (Dos Santos et al., 2017).

Overall, the abundance and diversity of ARGs in dairy farm environmental samples were much higher than in control samples of tap water from the lab and soil from campus (Figure 1). This result is similar to a previous finding that conventional dairy farm environments presented significantly higher ARGs richness than organic dairy farms where no antibiotics were applied for at least 4 years(Pitta et al., 2020). It is referred that exposure to antibiotics might promote the emergency and persistence of ARG in dairy farm environments. ARGs of tetracyclines, MLS, β-lactams, and aminoglycosides, were found more abundant than other antibiotics such as quinolones and rifamycin in these dairy farm environments. This is consistent with the frequent antibiotic types used in these dairy farms. A similar association has also been reported between the class of dominant ARGs in dairy feces and the antibiotic class used (Rovira et al., 2019; Pitta et al., 2020). These data indicate the types and amount of antibiotics administrated to dairy cows might play an important role in shaping the antibiotic resistomes of the dairy farm environments.

Despite the dairy wastewater resistome having a greater ARG subtype number and abundance than feces (Figures 2A,C), the Shannon index showed their ARG profiles are comparable (P > 0.05) (Figure 2D). More shared genes between wastewater and feces were found comparing with Rovira’s findings (80 vs. 62) (Rovira et al., 2019), and these genes accounted for a very high proportion of abundance (80.20–99.68%) among all the wastewater and fecal samples. These outcomes imply feces might be the most important ARG source of wastewater. It is assumed that besides animal feces, other environments such as troughs and floors, might contain substantial numbers of ARGs and were flushed into the wastewater ponds. However, contrary to our finding that more ARG subtype numbers in wastewater than in feces (80 vs. 46), Rovira reported remarkably more ARG subtype numbers in dairy feces than in wastewater (118 vs. 47) (Rovira et al., 2019). This difference might be caused by various sampling time and effluent accumulation duration in the wastewater ponds. Because the persistence of ARGs in environments is liable to be impacted by natural conditions, e.g., the removal efficiency of ARGs in swine wastewater was higher in winter than in summer (Sui et al., 2017). Consistent with several reports (Rovira et al., 2019; Pitta et al., 2020), significantly fewer ARGs were detected in soil than in feces and wastewater on dairy farms. Pre-treatment of wastewater and feces, and the time registration before application to the soil might explain the fewer ARGs in the soil, these two methods were proved effective for the decrease of ARGs (Wind et al., 2021).

Tetracycline resistance genes were widely prevalent among dairy feces, wastewater, and soil (Figure 2B). This universality is in agreement with many other investigated cattle, swine, and poultry farm environments (Wang et al., 2018; Duan et al., 2019), and was suggested to correlate with the massive application of tetracycline. It has been reported that the annual consumption of tetracycline is 12,000 tons in China (Zhang et al., 2015). In dairy feces, 5 subtypes including tet(32), tet(40), tet(44), tet(O), tet(Q), and tet(W) were detected on each farm. Similar resistome prevalence trends were reported in gut microbiomes of other dairy and swine with tet(32), tet(44), tet(O), tet(Q), and tet(W), and in humans with tet(32), tet(O), tet(Q), and tet(W) (Forslund et al., 2013; Lim et al., 2020). Besides the same dominant subtypes tet(44), tet(M), tet(W), tet(Q), and tet(O) in swine feedlot wastewater (Wang et al., 2018), another 3 subtypes tet(36), tet(40), and tet(X) were also 100% prevalent in dairy wastewater. Few tetracycline-resistant subtypes including efflux pump genes tet(C) and tet(G) and the enzymatic modification gene tet(X) were detected in soil. Previous studies showed after manure anaerobic fermentation, the common ribosomal protection protein genes such as tet(O), tet(Q), tet(W), and tet(M) decreased significantly, while tet(G) had the least variation and tet(C) and tet(X) increased (Cheng et al., 2016; Qian et al., 2016).

Tigecycline is an alternative to colistin for treating serious multidrug-resistant antimicrobial infections. Though tigecycline has not been approved for animal use, the emergence of tigecycline resistance gene might be incubated by the extensive usage of tetracycline (Pan et al., 2020). In this study, a high positive rate of tet(X) was detected in the microbiomes of dairy environments, in agreement with the recent finding in cattle feces (Fu et al., 2021). The coverage of tet(X) in feces and wastewater was higher than in soil. Tet(X5) variant, which has been proven could mediate tigecycline resistance and spread in swine and poultry(Chen et al., 2021), was found in the present study and will be further validated in the following research. The primary hosts of detected tet(X) variants, including Bacteroides, Escherichia, and Acinetobacter, are also common human-associated microbiomes (Garcia-Garcera et al., 2017; Jung et al., 2017). These results imply the dairy farm environment is another potential area for tigecycline resistance genes and a risky dissemination source that could compromise the last antibiotic defense in humans.

In dairy feces, β-lactam was the most abundant resistance class (Figures 1, 2B). Rovira (Rovira et al., 2019) reported the similar top dominance of β-lactam resistance genes in dairy whereas not in beef feces. An investigation showed the consumption of β-lactam on dairy farms was around 10 times higher than on beef farms (Ferroni et al., 2020). The relatively lower abundance of β-lactam resistance gene in dairy wastewater and soil might be due to the instability of β-lactam in the environment (Rovira et al., 2019). Same with reported fecal resistomes of bovine, swine, and human (Gatica et al., 2019; Lim et al., 2020), the cfxA family, including cfxA2 and cfxA6, were found as the major contributing genes conferring β-lactam resistance in our study. Extended-spectrum β-lactamase (ESBLs) resistance genes, such as blaOXA, blaTEM, blaSHV, and blaCTX-M, can hydrolyze most β-lactams used in humans and animals (Lee et al., 2020). blaOXA and blaTEM were mainly found in dairy wastewater and soil with low abundance (Figure 3). These two kinds of genes were found only in conventional dairy farms but not in organic dairy farms (Rovira et al., 2019; Pitta et al., 2020). No blaSHV and blaCTX-M were detected in this study.

In dairy wastewater, MLS resistance genes took up the greatest proportion of total ARG abundance. Among them, inactivation genes contribute to 51% MLS coverage and are followed by efflux (20%). A similar distribution profile was shown in feces, while few MLS resistance genes were detected in soil. In contrast to a previous study, the MLS efflux pump was most abundant in dairy agroecosystems (Pitta et al., 2016). This indicated even in similar breeding environments, ARGs profiles could present totally different and might be affected by complex factors. A total of 37 MLS subtypes were detected, while lnu(G) and lnu(C) were the predominant subtypes in dairy wastewater and feces, respectively. In another research, the lnu(C) also be found as the most abundant MLS resistance gene in dairy environments (Pitta et al., 2020). Interestingly, erm(F), was the single ribosomal methylase gene in feces, and the sole shared MLS gene among feces, wastewater, and soil. Erm(F) was mainly hosted in Bacteroides, and consistent with another study, in which erm(F) was the dominant gene among all erm genes located in Bacteroides (Johnsen et al., 2017).

Though significantly less ARGs than feces and wastewater, dairy soil still presented more abundant and diverse ARGs than BC soil (Figure 3). Similar results were found in the soil amended by dairy manure or wastewater (Dungan et al., 2018; Chen et al., 2019). UppP (renamed from bacA), a bacitracin-resistant gene, was widely distributed among different dairy environments and dominated the ARG abundance in dairy soil (Figure 3). As an undecaprenyl pyrophosphate phosphatase, uppP is a conserved protein in bacteria, can be found in numerous bacterial genera (Matos et al., 2009; Feng et al., 2018; Jukic et al., 2022). In our study, a total of 62 different genera were annotated as uppP bacterial hosts, confirming it is ubiquitous in multiple bacteria. Multidrug-resistant genes also contributed a higher proportion of ARG abundance in dairy soil (Figure 2B). A total of 74 subtypes of multidrug resistance genes were found among all samples, and these genes account for 7.95%, 3.69%, and 15.62% of total ARG coverage in feces, wastewater, and soil, respectively. Cfr, an rRNA methyltransferase, could mediate the combined resistance to phenicols, lincosamides, oxazolidinones, pleuromutilins, and streptogramin A (Long et al., 2006; Kaminska et al., 2010), was only found in dairy wastewater. The prevalence of cfr was less reported in dairy farms (Liu et al., 2019), but was often detected in swine farms(Wang et al., 2015; Huang et al., 2019). Although mcr-1 was not detected in these dairy farm environments, the coexistence of cfr and mcr-1 occurred in the same plasmid among the E. coli isolates from swine farms, suggesting that multidrug-resistant bacteria in dairy farm environments may acquire the mcr-1 via HGT. Therefore, the risk of colistin resistance spread is mounting (Ma et al., 2021).

Our findings revealed both resistomes and microbiomes are similar among the same environment type, regardless that these samples were collected from different dairy farms at different locations. We suspected the cow gut microbiomes might largely contribute to the similarity of ARGs in feces, and these resistomes were further transmitted to wastewater. For example, Firmicutes and Bacteroidetes were widely reported as the predominant phyla in cattle feces, and both account for approximately 70% of microbiomes (Zaheer et al., 2019), consistent with the present results. The genus of Bacteroides was identified as the dominant ARG host in dairy feces and wastewater. The ARG compositions carried by Bacteroides in dairy feces and wastewater were similar. Another study also reported Bacteroides carried similar ARGs in different dairy ecosystem samples (Pitta et al., 2016). β-lactam resistance genes being most abundant and followed by tetracycline and MLS among all Bacteroides carried ARGs. A previous study showed Bacteroides increase was associated with the increase of β-lactam resistance in the feces of ceftiofur-treated cows (Chambers et al., 2015). This evidence suggested that the bacterial host is a crucial factor in ARG profile shaping and their horizontal transfer in different environments.

We also found that the same ARGs were harbored by bacteria with different preferences in different environments. For example, the multidrug ARGs were mainly harbored by Acinetobacter and Pseudomonas (33% and 30%) in wastewater, by Bifidobacterium and Escherichia (50% and 40%) in feces, and by Lysobacter and Pseudomonas (48% and 36%) in soil. Streptococcus predominantly harbored MLS and tetracycline resistance genes in both feces (81% and 18%) and wastewater (55 and 43%). And, 97% β-lactam, 58% aminoglycoside, 57% bacitracin, 34% tetracycline resistance genes in feces, and 83% β-lactam and 61% bacitracin resistance genes in wastewater were harbored by Bacteroides. Monitoring antibiotic-resistant bacteria would be useful to help veterinarians prescribe effective medications and provide a basis for the control of ARG dissemination.



Conclusion

Based on the metagenomics method, a broad ARG distribution and microbiome diversity were found in typical Chinese dairy feces, wastewater, and soil. The dominant ARG profiles among these dairy environments correspond to the commonly used antibiotic types in dairy cows. Dairy wastewater had the richest ARGs among these environments, of which feces might be an important ARG source. The ARGs in dairy soil were lower but still higher than in BC soil. Applying dairy feces and wastewater in farmland impacted the ARG profiles in soil. A high detection rate of tet(X) and the finding of tet(X5) suggested the potential challenges of spreading tigecycline resistance from dairy sources to humans. The same environmental sample type from different farms in different locations presented similar profiles of resistome and microbiome. Microbiota characteristics of dairy cows themselves and the ARG bacterial hosts might contribute to this phenomenon. Further investigation on the temporal and spatial change of ARGs and bacteria on more dairy farms should be conducted. Bacteroides was the most important ARG host in the present study, which might facilitate the HGT of ARGs in different environments. These results suggest the rational use of antibiotics in dairy cows, pretreatment of dairy wastes before application in farmland, and strengthening the research and surveillance on ARG bacterial hosts, would be helpful for the control of ARG dissemination in typical Chinese dairy farm environments.



Data availability statement

Metagenomic sequencing data that support the findings of this study have been deposited in the NCBI Sequence Read Archive under accession number PRJNA860353.



Author contributions

WX and XL contributed to the initial study conception and supervised the study. JK and YL completed the experimental implementation. XC, FX, and HW provided support in the sample and data collection. JK, YL, WX, and XL analyzed and interpreted all results. JK wrote the final manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by National Key Research and Development Program (2021YFD1800700) and Innovation Project of Chinese Academy of Agricultural Sciences (CAAS-FRI-06).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.990272/full#supplementary-material



Footnotes

1https://github.com/cjfields/readfq


References

 Ahmed, M. O., and Baptiste, K. E. (2018). Vancomycin-resistant enterococci: a review of antimicrobial resistance mechanisms and perspectives of human and animal health. Microb. Drug Resist. 24, 590–606. doi: 10.1089/mdr.2017.0147 

 Al-Tawfiq, J. A., Laxminarayan, R., and Mendelson, M. (2017). How should we respond to the emergence of plasmid-mediated colistin resistance in humans and animals? Int. J. Infect. Dis. 54, 77–84. doi: 10.1016/j.ijid.2016.11.415 

 Arango-Argoty, G., Garner, E., Pruden, A., Heath, L. S., Vikesland, P., and Zhang, L. (2018). DeepARG: a deep learning approach for predicting antibiotic resistance genes from metagenomic data. Microbiome 6:23. doi: 10.1186/s40168-018-0401-z 

 Chambers, L., Yang, Y., Littier, H., Ray, P., Zhang, T., Pruden, A., et al. (2015). Metagenomic analysis of antibiotic resistance genes in dairy cow feces following therapeutic administration of third generation cephalosporin. PLoS One 10:e0133764. doi: 10.1371/journal.pone.0133764 

 Chehabi, C. N., Nonnemann, B., Astrup, L. B., Farre, M., and Pedersen, K. (2019). In vitro antimicrobial resistance of causative agents to clinical mastitis in Danish dairy cows. Foodborne Pathog. Dis. 16, 562–572. doi: 10.1089/fpd.2018.2560 

 Chen, C., Cui, C. Y., Wu, X. T., Fang, L. X., He, Q., He, B., et al. (2021). Spread of tet(X5) and tet(X6) genes in multidrug-resistant Acinetobacter baumannii strains of animal origin. Vet. Microbiol. 253:108954. doi: 10.1016/j.vetmic.2020.108954 

 Chen, T., Liu, Y. X., and Huang, L. (2022). ImageGP: an easy-to-use data visualization web server for scientific researchers. iMeta 1:e5. doi: 10.1002/imt2.5

 Chen, Z., Zhang, W., Yang, L., Stedtfeld, R. D., Peng, A., Gu, C., et al. (2019). Antibiotic resistance genes and bacterial communities in cornfield and pasture soils receiving swine and dairy manures. Environ. Pollut. 248, 947–957. doi: 10.1016/j.envpol.2019.02.093 

 Cheng, W., Li, J., Wu, Y., Xu, L., Su, C., Qian, Y., et al. (2016). Behavior of antibiotics and antibiotic resistance genes in eco-agricultural system: a case study. J. Hazard. Mater. 304, 18–25. doi: 10.1016/j.jhazmat.2015.10.037 

 Dos Santos, D. F., Istvan, P., Quirino, B. F., and Kruger, R. H. (2017). Functional Metagenomics as a tool for identification of new antibiotic resistance genes from natural environments. Microb. Ecol. 73, 479–491. doi: 10.1007/s00248-016-0866-x 

 Duan, M., Gu, J., Wang, X., Li, Y., Zhang, R., Hu, T., et al. (2019). Factors that affect the occurrence and distribution of antibiotic resistance genes in soils from livestock and poultry farms. Ecotoxicol. Environ. Saf. 180, 114–122. doi: 10.1016/j.ecoenv.2019.05.005 

 Dungan, R. S., McKinney, C. W., and Leytem, A. B. (2018). Tracking antibiotic resistance genes in soil irrigated with dairy wastewater. Sci. Total Environ. 635, 1477–1483. doi: 10.1016/j.scitotenv.2018.04.020 

 Dyar, O. J., Yin, J., Ding, L., Wikander, K., Zhang, T., Sun, C., et al. (2018). Antibiotic use in people and pigs: a one health survey of rural residents' knowledge, attitudes and practices in Shandong province China. J. Antimicrob. Chemother. 73, 2893–2899. doi: 10.1093/jac/dky240 

 Feng, J., Li, B., Jiang, X., Yang, Y., Wells, G. F., Zhang, T., et al. (2018). Antibiotic resistome in a large-scale healthy human gut microbiota deciphered by metagenomic and network analyses. Environ. Microbiol. 20, 355–368. doi: 10.1111/1462-2920.14009 

 Ferroni, L., Lovito, C., Scoccia, E., Dalmonte, G., Sargenti, M., Pezzotti, G., et al. (2020). Antibiotic consumption on dairy and beef cattle farms of Central Italy based on paper registers. Antibiotics 9:273. doi: 10.3390/antibiotics9050273

 Forslund, K., Sunagawa, S., Kultima, J. R., Mende, D. R., Arumugam, M., Typas, A., et al. (2013). Country-specific antibiotic use practices impact the human gut resistome. Genome Res. 23, 1163–1169. doi: 10.1101/gr.155465.113 

 Fu, Y., Chen, Y., Liu, D., Yang, D., Liu, Z., Wang, Y., et al. (2021). Abundance of tigecycline resistance genes and association with antibiotic residues in Chinese livestock farms. J. Hazard. Mater. 409:124921. doi: 10.1016/j.jhazmat.2020.124921 

 Garcia-Garcera, M., Touchon, M., Brisse, S., and Rocha, E. P. C. (2017). Metagenomic assessment of the interplay between the environment and the genetic diversification of Acinetobacter. Environ. Microbiol. 19, 5010–5024. doi: 10.1111/1462-2920.13949 

 Gatica, J., Jurkevitch, E., and Cytryn, E. (2019). Comparative Metagenomics and network analyses provide novel insights into the scope and distribution of beta-lactamase homologs in the environment. Front. Microbiol. 10:146. doi: 10.3389/fmicb.2019.00146 

 Grout, L., Baker, M. G., French, N., and Hales, S. (2020). A review of potential public health impacts associated with the global dairy sector. Geohealth 4:e2019GH000213. doi: 10.1029/2019GH000213 

 He, T., Wang, R., Liu, D., Walsh, T. R., Zhang, R., Lv, Y., et al. (2019). Emergence of plasmid-mediated high-level tigecycline resistance genes in animals and humans. Nat. Microbiol. 4, 1450–1456. doi: 10.1038/s41564-019-0445-2 

 Hu, Y., Cheng, H., and Tao, S. (2017). Environmental and human health challenges of industrial livestock and poultry farming in China and their mitigation. Environ. Int. 107, 111–130. doi: 10.1016/j.envint.2017.07.003 

 Huang, J., Sun, J., Wu, Y., Chen, L., Duan, D., Lv, X., et al. (2019). Identification and pathogenicity of an XDR Streptococcus suis isolate that harbours the phenicol-oxazolidinone resistance genes optrA and cfr, and the bacitracin resistance locus bcrABDR. Int. J. Antimicrob. Agents 54, 43–48. doi: 10.1016/j.ijantimicag.2019.04.003 

 Hyatt, D., Chen, G. L., Locascio, P. F., Land, M. L., Larimer, F. W., and Hauser, L. J. (2010). Prodigal: prokaryotic gene recognition and translation initiation site identification. BMC Bioinformatics 11:119. doi: 10.1186/1471-2105-11-119 

 Jia, S., Shi, P., Hu, Q., Li, B., Zhang, T., and Zhang, X. X. (2015). Bacterial community shift drives antibiotic resistance promotion during drinking water chlorination. Environ. Sci. Technol. 49, 12271–12279. doi: 10.1021/acs.est.5b03521 

 Jiang, W., Liang, P., Wang, B., Fang, J., Lang, J., Tian, G., et al. (2015). Optimized DNA extraction and metagenomic sequencing of airborne microbial communities. Nat. Protoc. 10, 768–779. doi: 10.1038/nprot.2015.046 

 Johnsen, B. O., Handal, N., Meisal, R., Bjornholt, J. V., Gaustad, P., and Leegaard, T. M. (2017). Erm gene distribution among Norwegian Bacteroides isolates and evaluation of phenotypic tests to detect inducible clindamycin resistance in Bacteroides species. Anaerobe 47, 226–232. doi: 10.1016/j.anaerobe.2017.06.004 

 Jukic, M., Auger, R., Folcher, V., Proj, M., Barreteau, H., Gobec, S., et al. (2022). Towards discovery of inhibitors of the undecaprenyl-pyrophosphate phosphatase BacA by virtual high-throughput screening. Comput. Struct. Biotechnol. J. 20, 2360–2371. doi: 10.1016/j.csbj.2022.05.010 

 Jung, J. Y., Ahn, Y., Khare, S., Gokulan, K., Pineiro, S. A., and Cerniglia, C. E. (2017). An in vitro study to assess the impact of tetracycline on the human intestinal microbiome. Anaerobe 49, 85–94. doi: 10.1016/j.anaerobe.2017.12.011 

 Kaminska, K. H., Purta, E., Hansen, L. H., Bujnicki, J. M., Vester, B., and Long, K. S. (2010). Insights into the structure, function and evolution of the radical-SAM 23S rRNA methyltransferase Cfr that confers antibiotic resistance in bacteria. Nucleic Acids Res. 38, 1652–1663. doi: 10.1093/nar/gkp1142 

 Knafl, D., Winhofer, Y., Lotsch, F., Weisshaar, S., Steininger, C., Burgmann, H., et al. (2016). Tigecycline as last resort in severe refractory Clostridium difficile infection: a case report. J. Hosp. Infect. 92, 296–298. doi: 10.1016/j.jhin.2015.11.010 

 Leach, K. A., Archer, S. C., Breen, J. E., Green, M. J., Ohnstad, I. C., Tuer, S., et al. (2015). Recycling manure as cow bedding: potential benefits and risks for UK dairy farms. Vet. J. 206, 123–130. doi: 10.1016/j.tvjl.2015.08.013 

 Lee, S., Mir, R. A., Park, S. H., Kim, D., Kim, H. Y., Boughton, R. K., et al. (2020). Prevalence of extended-spectrum beta-lactamases in the local farm environment and livestock: challenges to mitigate antimicrobial resistance. Crit. Rev. Microbiol. 46, 1–14. doi: 10.1080/1040841X.2020.1715339 

 Lim, S. K., Kim, D., Moon, D. C., Cho, Y., and Rho, M. (2020). Antibiotic resistomes discovered in the gut microbiomes of Korean swine and cattle. Gigascience 9, 1–11. doi: 10.1093/gigascience/giaa043 

 Liu, J., Zhao, Z., Avillan, J. J., Call, D. R., Davis, M., Sischo, W. M., et al. (2019). Dairy farm soil presents distinct microbiota and varied prevalence of antibiotic resistance across housing areas. Environ. Pollut. 254:113058. doi: 10.1016/j.envpol.2019.113058 

 Long, K. S., Poehlsgaard, J., Kehrenberg, C., Schwarz, S., and Vester, B. (2006). The Cfr rRNA methyltransferase confers resistance to phenicols, lincosamides, oxazolidinones, pleuromutilins, and streptogramin a antibiotics. Antimicrob. Agents Chemother. 50, 2500–2505. doi: 10.1128/AAC.00131-06 

 Ma, Z. B., Liu, J., Chen, L., Liu, X. Q., Xiong, W. G., Liu, J. H., et al. (2021). Rapid increase in the IS26-mediated cfr gene in E. coli isolates with IncP and IncX4 plasmids and co-existing cfr and mcr-1 genes in a swine farm. Pathogens 10:33. doi: 10.3390/pathogens10010033 

 Ma, L., Xia, Y., Li, B., Yang, Y., Li, L. G., Tiedje, J. M., et al. (2016). Metagenomic assembly reveals hosts of antibiotic resistance genes and the shared Resistome in pig, chicken, and human feces. Environ. Sci. Technol. 50, 420–427. doi: 10.1021/acs.est.5b03522 

 Matos, R., Pinto, V. V., Ruivo, M., and Lopes Mde, F. (2009). Study on the dissemination of the bcrABDR cluster in enterococcus spp. reveals that the BcrAB transporter is sufficient to confer high-level bacitracin resistance. Int. J. Antimicrob. Agents 34, 142–147. doi: 10.1016/j.ijantimicag.2009.02.008 

 Noyes, N. R., Yang, X., Linke, L. M., Magnuson, R. J., Cook, S. R., Zaheer, R., et al. (2016). Characterization of the resistome in manure, soil and wastewater from dairy and beef production systems. Sci. Rep. 6:24645. doi: 10.1038/srep24645 

 Pan, Y., Awan, F. R. A., Ma, Z. B., Zhang, X. F., Zeng, J. X., Zeng, Z. L., et al. (2020). Preliminary view of the global distribution and spread of the tet(X) family of tigecycline resistance genes. J. Antimicrob. Chemother. 75, 2797–2803. doi: 10.1093/jac/dkaa284 

 Pitta, D. W., Dou, Z., Kumar, S., Indugu, N., Toth, J. D., Vecchiarelli, B., et al. (2016). Metagenomic evidence of the prevalence and distribution patterns of antimicrobial resistance genes in dairy agroecosystems. Foodborne Pathog. Dis. 13, 296–302. doi: 10.1089/fpd.2015.2092 

 Pitta, D. W., Indugu, N., Toth, J. D., Bender, J. S., Baker, L. D., Hennessy, M. L., et al. (2020). The distribution of microbiomes and resistomes across farm environments in conventional and organic dairy herds in Pennsylvania. Environ. Microbiome 15:21. doi: 10.1186/s40793-020-00368-5 

 Pournaras, S., Vrioni, G., Neou, E., Dendrinos, J., Dimitroulia, E., Poulou, A., et al. (2011). Activity of tigecycline alone and in combination with colistin and meropenem against Klebsiella pneumoniae carbapenemase (KPC)-producing Enterobacteriaceae strains by time-kill assay. Int. J. Antimicrob. Agents 37, 244–247. doi: 10.1016/j.ijantimicag.2010.10.031 

 Qian, X., Sun, W., Gu, J., Wang, X. J., Sun, J. J., Yin, Y. N., et al. (2016). Variable effects of oxytetracycline on antibiotic resistance gene abundance and the bacterial community during aerobic composting of cow manure. J. Hazard. Mater. 315, 61–69. doi: 10.1016/j.jhazmat.2016.05.002 

 Qiao, M., Ying, G. G., Singer, A. C., and Zhu, Y. G. (2018). Review of antibiotic resistance in China and its environment. Environ. Int. 110, 160–172. doi: 10.1016/j.envint.2017.10.016

 Rovira, P., McAllister, T., Lakin, S. M., Cook, S. R., Doster, E., Noyes, N. R., et al. (2019). Characterization of the microbial resistome in conventional and "raised without antibiotics" beef and dairy production systems. Front. Microbiol. 10:1980. doi: 10.3389/fmicb.2019.01980 

 Sancheza, H. M., Echeverria, C., Thulsiraj, V., Zimmer-Faust, A., Flores, A., Laitz, M., et al. (2016). Antibiotic resistance in airborne bacteria near conventional and organic beef cattle farms in California, USA. Water Air Soil Pollut. 227:280. doi: 10.1007/s11270-016-2979-8

 Shafiq, M., Huang, J., Shah, J. M., Wang, X., Rahman, S. U., Ali, I., et al. (2021). Characterization and virulence factors distribution of Bla(CTX-M) and mcr-1carrying Escherichia coli isolates from bovine mastitis. J. Appl. Microbiol. 131, 634–646. doi: 10.1111/jam.14994 

 Shi, X., and Wang, S. (2018). Antibiotic resistance in environment of animal farms. Sheng Wu Gong Cheng Xue Bao 34, 1234–1245. doi: 10.13345/j.cjb.180177

 Sui, Q., Zhang, J., Chen, M., Tong, J., Wang, R., and Wei, Y. (2016). Distribution of antibiotic resistance genes (ARGs) in anaerobic digestion and land application of swine wastewater. Environ. Pollut. 213, 751–759. doi: 10.1016/j.envpol.2016.03.038 

 Sui, Q. W., Zhang, J. Y., Tong, J., Chen, M. X., and Wei, Y. S. (2017). Seasonal variation and removal efficiency of antibiotic resistance genes during wastewater treatment of swine farms. Environ. Sci. Pollut. Res. 24, 9048–9057. doi: 10.1007/s11356-015-5891-7 

 Tien, Y. C., Li, B., Zhang, T., Scott, A., Murray, R., Sabourin, L., et al. (2017). Impact of dairy manure pre-application treatment on manure composition, soil dynamics of antibiotic resistance genes, and abundance of antibiotic-resistance genes on vegetables at harvest. Sci. Total Environ. 581-582, 32–39. doi: 10.1016/j.scitotenv.2016.12.138 

 Tiseo, K., Huber, L., Gilbert, M., Robinson, T. P., and Van Boeckel, T. P. (2020). Global trends in antimicrobial use in food animals from 2017 to 2030. Antibiotics 9:918. doi: 10.3390/antibiotics9120918 

 Umar, Z., Chen, Q., Tang, B., Xu, Y., Wang, J., Zhang, H., et al. (2021). The poultry pathogen Riemerella anatipestifer appears as a reservoir for Tet(X) tigecycline resistance. Environ. Microbiol. 23, 7465–7482. doi: 10.1111/1462-2920.15632 

 Wang, J., Lin, D. C., Guo, X. M., Wei, H. K., Liu, X. Q., Chen, X. J., et al. (2015). Distribution of the multidrug resistance gene cfr in staphylococcus isolates from pigs, workers, and the environment of a hog market and a slaughterhouse in Guangzhou, China. Foodborne Pathog. Dis. 12, 598–605. doi: 10.1089/fpd.2014.1891 

 Wang, L., Wang, J., Wang, J., Zhu, L., Yang, L., and Yang, R. (2019). Distribution characteristics of antibiotic resistant bacteria and genes in fresh and composted manures of livestock farms. Sci. Total Environ. 695:133781. doi: 10.1016/j.scitotenv.2019.133781 

 Wang, M., Xiong, W., Liu, P., Xie, X., Zeng, J., Sun, Y., et al. (2018). Metagenomic insights into the contribution of phages to antibiotic resistance in water samples related to swine feedlot wastewater treatment. Front. Microbiol. 9:2474. doi: 10.3389/fmicb.2018.02474 

 Wemette, M., Safi, A. G., Beauvais, W., Ceres, K., Shapiro, M., Moroni, P., et al. (2020). New York state dairy farmers' perceptions of antibiotic use and resistance: a qualitative interview study. PLoS One 15:e0232937. doi: 10.1371/journal.pone.0232937 

 Wind, L., Krometis, L. A., Hession, W. C., and Pruden, A. (2021). Cross-comparison of methods for quantifying antibiotic resistance in agricultural soils amended with dairy manure and compost. Sci. Total Environ. 766:144321. doi: 10.1016/j.scitotenv.2020.144321 

 Xu, Y., Liu, L., Zhang, H., and Feng, Y. (2021). Co-production of Tet(X) and MCR-1, two resistance enzymes by a single plasmid. Environ. Microbiol. 23, 7445–7464. doi: 10.1111/1462-2920.15425 

 Yang, W., Moore, I. F., Koteva, K. P., Bareich, D. C., Hughes, D. W., and Wright, G. D. (2004). TetX is a flavin-dependent monooxygenase conferring resistance to tetracycline antibiotics. J. Biol. Chem. 279, 52346–52352. doi: 10.1074/jbc.M409573200 

 Zaheer, R., Lakin, S. M., Polo, R. O., Cook, S. R., Larney, F. J., Morley, P. S., et al. (2019). Comparative diversity of microbiomes and Resistomes in beef feedlots, downstream environments and urban sewage influent. BMC Microbiol. 19:197. doi: 10.1186/s12866-019-1548-x 

 Zeng, J., Pan, Y., Yang, J., Hou, M., Zeng, Z., and Xiong, W. (2019). Metagenomic insights into the distribution of antibiotic resistome between the gut-associated environments and the pristine environments. Environ. Int. 126, 346–354. doi: 10.1016/j.envint.2019.02.052 

 Zhang, Y. J., Hu, H. W., Chen, Q. L., Singh, B. K., Yan, H., Chen, D., et al. (2019). Transfer of antibiotic resistance from manure-amended soils to vegetable microbiomes. Environ. Int. 130:104912. doi: 10.1016/j.envint.2019.104912 

 Zhang, Q. Q., Ying, G. G., Pan, C. G., Liu, Y. S., and Zhao, J. L. (2015). Comprehensive evaluation of antibiotics emission and fate in the river basins of China: source analysis, multimedia modeling, and linkage to bacterial resistance. Environ. Sci. Technol. 49, 6772–6782. doi: 10.1021/acs.est.5b00729 

 Zhao, R., Feng, J., Yin, X., Liu, J., Fu, W., Berendonk, T. U., et al. (2018). Antibiotic resistome in landfill leachate from different cities of China deciphered by metagenomic analysis. Water Res. 134, 126–139. doi: 10.1016/j.watres.2018.01.063 

 Zhu, L., Zhao, Y., Yang, K., Chen, J., Zhou, H., Chen, X., et al. (2019). Host bacterial community of MGEs determines the risk of horizontal gene transfer during composting of different animal manures. Environ. Pollut. 250, 166–174. doi: 10.1016/j.envpol.2019.04.037 



OPS/images/fmicb-13-990272-g005.jpg
e

Rmii@sisn
Soo@ion
P Seus@en
Conons
R Y
et
o -
e sy @scion sigLs s
o -t
Cunraion [P,
. —— PO s o@ts Sror@im
, Camptucer
Hele@oeus
At . Pych@acter T .
[ Witetr: Y"l}.,%f?m =y oo O
P o Haco@hilus \
[R S —— b o B e
[ actant A
e 1 Coo@riies  Kgen N
[ S, Fltetr >z oo
etra@ycline Anocron@osiln
S‘t bl Enter@acter X % e
PG nonas Acnd@iscer SO
. P, v Proihonas Acethe Gntia
Oscitocter % Ricella
P
Lo vak
e - scin@usticum
Pt Ko Ax@ons Flbs Sabpet PG .
Neni@ris
N
. Sdonss
St LR——
i G [ — racin
il @ Swiivio -y PR
i [
Fim@ecn o s Acidighacra Butyrioccus
Fn@ens. Lol Mizug@bacter
Shuulidn Tio@is
MetrgDbium b Candidatus@oqueichus 105 Lentin@robium
@ A@ S|bad@racin Sphacocs
G ilis
pus Drse@onss Do e P N Mety @ R
ol Niro@honas
[ ot
Terir@iocr SO o G ps—
Lo Tol@nas
ETS

Do Moo





OPS/images/fmicb-13-990272-M1.jpg
.
Covnge= 10/
1





OPS/images/fmicb-13-990272-g003.jpg
Sample types
— bla TEM-1
S— CRP

uppP Sample types

ile! Fe
ANT(6)-1b soil”
ErmF © Wastewater
gf'XAZ
X. ARG types
CfxA6 MLglp
tet32 ~ aminoglycoside
ANT(9)-Ia bacitracin
mefA beta-lactam
i InuC multidrug
mupirocin
tetad © sulfonamide
tetracycline
trimethoprim
8
= 6
tetT,
AAC(6')-Te-APH(2")-Ia
dfrE 4
2
I 0

E—

sadf) DYV





OPS/images/fmicb-13-990272-g004.jpg
10 ) Adonis: R'=0.42 Wastewater
/ P=0.001
/
/3l/
5
g / ./ ° o Wastewater
& )‘ 1 . \ © Feces
= 0 / )
3] © . o Soil
4 L 3 ° ‘\ ol
: o/ °
5 °
L]
0 5 50 1B

PCI1(53.3%)

c
1900 ARG types

© aminoglycoside
© bacitracin

@ beta-lactam

@ chloramphenicol
® glycopeptide

© MLS

@ multidrug
mupirocin

© polymyxin
quinolone

© rifampin

[ ] streptothricin

© sulfonamide

@ tetracycline

@ trimethoprim

75

50

External circle: Feces Internal circle: Wastewater





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Metagenomic insights into the antibiotic resistomes of typical Chinese dairy farm environments



		Introduction



		Materials and methods



		Sampling and pretreatment



		DNA extraction and metagenomic sequencing



		Metagenome assembly, ARG-like ORFs identification, and host annotation



		Statistical analysis









		Results



		ARG types



		ARG subtypes



		Comparison analysis of ARG profiles



		Bacterial hosts of ARGs









		Discussion



		Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary material



















OPS/images/fmicb-13-990272-g001.jpg
=
©
N
7
=

M-XAgH
M-sard
M-ANIL
Jd-XAdH
A-AIL

d-ssrd
d-sard
A-3INrd
d-dzdH

I [ chloramphenicol

A-THIL

Sample types
puromycin
glycopeptide
trimethoprim
streptothricin
rifamycin
fosmidomycin
quinolone
multidrug
sulfonamide
peptide
polymyxin
kasugamycin
mupirocin
beta-lactam

bacitracin
aminoglycoside
tetracycline
MLS

Sample types
Feces
Soil

) Wastewater

10





OPS/images/fmicb-13-990272-g002.jpg
ARG coverage (copy/Gb)

Quantity of ARG subtypes

2

2% ARG types
3000 (¢ @ aminoglycoside
bacitracin
beta-luctam
2 MLS
Gl 50% mulidrug
v ‘mupirocin
© sulfonamide
1000  tetracycline
25% @ other

g
2
z
3
H
g
5
Z
£

. e

Wastcwater  Feces

& Wastewater Feces  Soil

D
—_——
s s
—_—— —
#x ﬁ
. 4
. £
90 E
Z
60 5
g 2
<
£
=
g
£
2
]

Wastewater  Feces Soil
Wastewater Feces Soil





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

Metagenomic insights into the
antibiotic resistomes of typical
Chinese dairy farm environments









OPS/images/crossmark.jpg
(®) Check for updates






OPS/images/logo.jpg
’ frontiers Frontiers in Microbiology





