

[image: image1]
Anthropogenic disturbance promotes the diversification of antibiotic resistance genes and virulence factors in the gut of plateau pikas (Ochotona curzoniae)
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The prevalence and transmission of antibiotic resistance genes (ARGs) and virulence factors (VFs) pose a great threat to public health. The importance of pollution in determining the occurrence of ARGs and VFs in wildlife is poorly understood. Using a metagenomic approach, this study investigates the composition and functional pathways of bacteria, ARGs, and VFs in the gut microbiome of Plateau pikas in regions of medical pollution (MPR), heavy tourist traffic (HTR), and no contamination (NCR). We found that the abundance of probiotic genera (Clostridium, Eubacterium, Faecalibacterium, and Roseburia) were significantly lower in the HTR. The metabolic pathways of replication and repair in the endocrine and nervous systems were significantly enriched in the MPR, whereas endocrine and metabolic diseases were significantly enriched in the NCR. The Shannon and Gini–Simpson α-diversity indices of ARGs were highest in the HTR, and there were significant differences in β-diversity among the three regions. The resistance of ARGs to glycopeptide antibiotics increased significantly in the MPR, whereas the ARGs for aminocoumarins increased significantly in the HTR. The diversity of mobile genetic elements (MGEs) was significantly higher in the MPR than in other regions. We observed a strong positive correlation between ARGs and pathogenic bacteria, and the network structure was the most complex in the MPR. There were significant differences in the β-diversity of VFs among the three regions. Medical pollution led to significant enrichment of fibronectin-binding protein and PhoP, whereas tourism-related pollution (in the HTR) led to significant enrichment of LPS and LplA1. Our study indicates that environmental pollution can affect the structure and function of gut microbes and disseminate ARGs and VFs via horizontal transmission, thereby posing a threat to the health of wild animals.
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Introduction

With the rapid development of society and the economy, human activities are taking an increasing toll on the environment (Doyle et al., 2020). Antibiotic resistance genes (ARGs) are a novel anthropogenic pollutant that can directly affect physiology. Additionally, disposal of human drugs can have toxic effects on aquatic organisms; among these, antibiotics can severely alter immune function in humans and wildlife (Sanderson et al., 2004). ARGs can spread rapidly in the environment through drug-resistant strains and have become a global public health concern (Pruden et al., 2006). Exposure to ARGs is associated with human population density, with wildlife in areas of higher human density showing increased antibiotic resistance (Skurnik et al., 2006). A study found that the concentration of clarithromycin in the surface water of Wailingding Island (located in Zhuhai, China) increased with increasing tourist populations (Liu et al., 2020). Similarly, antibiotic-resistant bacteria in the guts of Galapagos wildlife also increased due to tourist arrivals (Wheeler et al., 2012). Hospitals are importance sources of ARGs, and wastewater discharged from hospitals is enriched with highly drug-resistant Pseudomonas, which increases the risk of resistance gene transmission in water bodies (Spindler et al., 2012). Consequently, multidrug resistant bacteria carrying virulence factors (VFs), such as Enterococcus faecium (CC17), Streptococcus pneumoniae (PMEN1), and Escherichia coli, have spread worldwide (Pan et al., 2020). Although pollution from hospitals and tourism (including transportation) play essential roles in the transmission of resistance genes and virulence factors, the associated effects on the gut microbes of wildlife are unclear.

The plateau pika (Ochotona curzoniae) is the most abundant and widely distributed small herbivorous mammal in Qinghai–Tibet. It is group-living and does not hibernate (Zhang et al., 1998; Smith and Foggin, 1999). Plateau pikas play a unique role in regulating competition among plant species, promoting mutualism between passerine birds and lizards, and maintaining the diversity of raptors and carnivorous mammals (Arthur et al., 2008; Qu et al., 2015; Smith et al., 2019; Zhao et al., 2020). As a key species in the local ecosystem, plateau pika coprophagous behavior and game behavior, in that they were selected as research object. Recent studies on gut microbes have shown that gut microbes provide physiological functions to the host, especially herbivores (Kohl et al., 2014, 2018). Most of the research on the plateau pika gut microbiome has focused on altitude, plant secondary compounds, and seasonal dynamics (Li et al., 2018, 2019; Fan et al., 2020, 2022; Ren et al., 2021; Yu et al., 2022). Few reports exist on the effects of resistance genes and virulence factors on intestinal flora composition and function, and whether these effects are exacerbated by pollution from anthropogenic activities.

In this study, we performed a metagenomic analysis of the gut of Plateau pikas occurring at three sites with varying anthropogenic activities. By profiling the bacteria, ARGs, and VFs of the gut microbiome, we aimed to determine the effects of different anthropogenic activities on ARG and VF occurrence. Our study findings emphasize the potential threats of medical and tourist-based pollution on wildlife health.



Materials and methods


Sample collection

The protocol was reviewed by the Ethics Committee of Northwest Institute of Plateau Biology. All animal procedures were conducted according to the Regulations for the Administration of Laboratory Animals established by the Ministry of Science and Technology of China (2017 Revision).

A total of 34 wild adult Plateau pikas were captured along the Qinghai–Tibet Highway in July 2019, including the Kunlun Mountain Pass (heavy-tourist-traffic region, HTR), Gouli Clinic (medical-pollution region, MPR), and Reshui Village (non-contaminated region, NCR; Figure 1). All habitats were typical alpine meadows. NCR is located in a grassland grazed by livestock which is 5–10 km away from Reshui Village. There is not tourist-based pollution, and no medical waste, so the sampling area of NCR can be ensured as an unpolluted area. MPR was the grassland near the clinic of Zhiyu village, Gouli town, where there was a large amount of medical waste such as cotton swab and medicine bottles. HTR located in Kunlun Mountain Pass and there is a highway across the sample sites, and nearly over 3,000 trucks and vehicles pass through the highway every day. At the same time, Kunlun Mountain Pass is a tourist attraction place, and there are a lot of waste food, plastic bottles and other household garbage in the area due to a large number of tourists. Twelve samples were collected in Reshui Village (NCR), 13 samples were collected in Gouli Clinic (MPR), and 9 samples were collected in Kunlun Mountain Pass (HTR).
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FIGURE 1
 Sampling sites along the Qinghai–Tibet Highway. The three black dots represent the sampling site locations at the Kunlun Mountain Pass, Gouli Clinic, and Reshui Village. The photos to the right display the most obvious features of the Plateau Pikas.


After capture, each pika was euthanized and dissected on a sterile dissecting table. Fresh fecal contents were collected in 2 ml sterile tubes, immediately frozen in liquid nitrogen, and then transported to Northwest Plateau Institute of Biology, Chinese Academy of Sciences, Xining, China. Samples were stored at −80°C until DNA extraction. This project was approved by the Animal Care and Ethics Committee of the Northwest Institute of Plateau Biology, Chinese Academy of Sciences (China; nwipb2019110801).



DNA extraction, library construction, and metagenomic sequencing

Total genomic DNA was extracted from fecal content using a QIAamp DNA Stool Mini Kit (No. 51504; Qiagen, Hilden, Germany) according to the manufacturer’s instructions. Then DNA was purified using QIAamp Mini Spin columns according to the standard protocol. Concentration and quality of DNA extract were determined by gel electrophoresis (1% agarose) and a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States).

DNA extract was fragmented to an average size of about 400 bp using Covaris M220 (Gene Company Limited, China) for paired-end library construction. Paired-end sequencing was performed on Illumina Hiseq platform (Illumina Inc., San Diego, CA, United States) at Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China) according to the manufacturer’s instructions.1 Finally, the sequencing produced an average of 540 million metagenome jointed reads (12 Gb) per sample.



Metagenomic data processing

The data were analyzed on the free online platform of Majorbio Cloud Platform.2 The paired-end Illumina reads were trimmed of adaptors, and low-quality reads (length < 50 bp or with a quality value <20 or having N bases) were removed by fastp[1] (version 0.20.0).3 Metagenomics data were assembled using MEGAHIT[3] (version 1.1.2),4 which makes use of succinct de Bruijn graphs. Contigs with the length being or over 300 bp were selected as the final assembling result, and then the contigs were used for further gene prediction and annotation.

Open reading frames (ORFs) from each assembled contig were predicted using MetaGene[4].5 The predicted ORFs with length being or over 100 bp were retrieved and translated into amino acid sequences using the NCBI translation table.6

A non-redundant gene catalog was constructed using CD-HIT[5] (version 4.6.1)7 with 90% sequence identity and 90% coverage. Reads after quality control were mapped to the non-redundant gene catalog with 95% identity using SOAPaligner[6] (version 2.21),8 and gene abundance in each sample were evaluated.

Representative sequences of non-redundant gene catalog were aligned to NCBI NR database with e-value cutoff of 1e−5 using Diamond[7] (version 0.8.35)9 for taxonomic annotations. The KEGG annotation was conducted using Diamond[7] (version 0.8.35)10 against the Kyoto Encyclopedia of Genes and Genomes database11 with an e-value cutoff of 1e−5.

Antibiotic resistance annotation was conducted using Diamond[7] (version 0.8.35)12 against ARDB database13 and CARD database14 with an e-value cutoff of 1e−5.

To identify MGEs, we used nucleotide BLAST (BLASTn; Altschul et al., 1990) with an E-value cut-off of 10-5-to align our sequences against databases of integrons (INTEGRALL; Moura et al., 2009),15 insertion sequences (ISfinder; Siguier et al., 2006),16 and plasmids (NCBI RefSeq; Kristiansson et al., 2011).17 A read was identified as an integron or insertion sequence if the BLAST hit had > 90% sequence identity and an alignment of at least 50 bp (Kristiansson et al., 2011). A read was identified as a plasmid if the BLAST hit had a > 95% sequence identity and an alignment of at least 90 bp.



Statistical analysis

Statistical analyses were performed using R v4.0.0 (The R Foundation, Vienna, Austria) and SPSS v20.0. (IBM SPSS, Chicago, IL, United States). α-Diversity of ARGs and VFs, including the observed species number, Shannon–Wiener, and Gini–Simpson index, was calculated using the “vegan” and “picante” packages in R. The Kruskal–Wallis test was used to assess the differences in the relative abundance of bacterial phyla and genera, level 2 KEGG pathways,ARGs, and VFs between the different regions, and level 2 KEGG pathways present with log2 relative abundance. The significant level in this study was determined according to the common standard (p > 0.05, no significance; *p < 0.05; **p < 0.01; ***p < 0.001). Correlation tests were performed using the “corrplot” package, and data were visualized using the “ggplot2” package in R and GraphPad Prism v7.0 (GraphPad Software, San Diego, CA, United States). Principal coordinate analysis (PCoA) was performed to compare the clustering of ARGs and VFs between sample sites (with an Adonis test for significance). PCoA based on Bray–Curtis and Jaccard distances was conducted to determine the effects of the different anthropogenic disturbances on the overall patterns of ARGs and VFs. The relative abundance of bacterial genera, level 2 KEGG pathways, ARGs, and VFs were visualized on a heatmap using the R package “pheatmap.” The linear discriminant analysis (LDA) effect size (LefSe) method was used to assess differences in microbe, ARG, and VF composition with an LDA threshold score of 2 (Segata et al., 2011). Network co-occurrence analysis of relative abundance of all samples was used to investigate the relationship between the microbial community and ARGs within each region. We performed a Spearman’s correlation between the top 30 bacterial genera and ARGs in each group “psych,” and presented the results as a network using Gephi v0.9.2 (Jacomy et al., 2014). Significance was set at p < 0.05.




Results


Gut microbial composition according to pollution type

We first characterized the gut microbiota composition at the phylum and genus levels (Figures 2A,B). The dominant phyla were Firmicutes, Bacteroidetes, and Proteobacteria. The dominant genera were unclassified (Firmicutes), Prevotella, and Bacteroides. We compared the gut microbiota compositions of the NCR, MPR, and HTR and determined the LDA score for the species (Figures 2C,D). At the phylum level, Candidatus_Wolfebacteria were enriched in the NCR; Candidatus-Yanofsky bacteria, and Tenericutes were enriched in the MPR; and Proteobacteria, Latescibacteria, Chlamydiae, Deferribacteres, Fibrobacteres, and Cyanobacteria were enriched in the HTR. At the genus level, Ruminococcus, Rikenella, Microcella, Enterococcus, Mycoplasma, Dermacoccus, Nosocomiicoccus, Saccharospirillum, and Pseudodonghicola were enriched in the MPR; Campylobacter, Neisseria, Chlamydia, Bacillus, Bilophila, Pseudoflavonifractor, Dysgonomonas, Listeria, Enterobacter, Clostridiales family XIII Incertae Sedis, Sphingorhabdus, Pectobacterium, Bacteroidetes (phylum), and Stenotrophomonas were enriched in the HTR; while Clostridiaceae (family) and Brachymonas were enriched in the NCR. Although 1,802 genera were shared between the three study sites, two, eight, and seven genera were unique to the NCR, MPR, and HTR, respectively (Figure 2E). A total of 1,814 genera were shared between the NCR and MPR, 1,805 between the NCR and HTR, and 1,809 between the MPR and HTR. For all 34 samples, the dominant genera were Firmicutes, Prevotella, Bacteroides, Clostridium, and Ruminococcus (p < 0.05; Figure 2F). At the phylum level (Figure 2G; Supplementary Table S1), the abundance of Cyanobacteria and Proteobacteria was significantly higher in the HTR than that in the MPR, whereas the abundance of Firmicutes and Tenericutes were significantly lower in the HTR than that in the MPR (p < 0.05). At the genus level (Figure 2H; Supplementary Table S2). We found that Blautia, Butyrivibrio, Clostridium, Eubacterium, Faecalibacterium, Roseburia, Ruminococcus, and Lachnospiraceae (family) were significantly more abundant in the NCR than in the HTR (p < 0.05).
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FIGURE 2
 (A) Abundance of the top 10 gut bacteria phyla. (B) Abundance of the top 20 gut bacteria genera. Linear discriminant analysis effect size (LEfSe) showing the significantly different taxa between the study sites at the (C) phylum and (D) genus levels (LDA scores > 3.0, p < 0.05). NCR, non-contaminated region; MPR, medical pollution region; HTR, heavy-tourist traffic region. (E) Genus distribution between the three study sites. (F) Heatmap showing the relative bacterial abundance at the genus level. Comparison of the relative abundance of gut microbiota between the three study sites at the (G) phylum and (H) genus levels across top 20 bacteria. *p < 0.05; **p < 0.01; ***p < 0.001.




Functional comparison of the gut microbiome according to pollution type

To investigate the influence of different pollutants on gut microbiota function, we blasted unigenes to the relative abundance of level 2 KEGG pathways for the NCR, MPR, and HTR (Figure 3). The most dominant pathways were replication and repair, carbohydrate metabolism, and global overview maps (Figure 3A). The genes involved in most metabolic processes, such as Cellular community—eukaryotes, Sensory system, Metabolism of cofactors and vitamins, and Metabolism of other amino acids, were significantly more abundant in the HTR than in the MPR (p < 0.05). Most genes associated with pathways (cancer—overview, Endocrine system, replication and repair and Nervous system) were significantly more prevalent in the MPR than in the NCR (p < 0.05; Figure 3C; Supplementary Table S3). The heatmap based on the relative abundance of the KEGG pathways showed that carbohydrate metabolism, global overview maps, and amino acid metabolism were the most important pathways in the gut microbiome (Figure 3D).
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FIGURE 3
 (A) Main metabolic pathways in the gut of Plateau Pikas. (B) The difference in metabolic pathway abundance by LEfSe (p < 0.05 and LDA > 2). (C) Comparison of the main level-2 KEGG pathways. (D) Distribution of the main metabolic pathways.




Antibiotic resistance gene composition according to pollution type

In total, 368 ARGs were detected in the gut microbiome, and each study site corresponded with a different number of ARGs (Figure 4A). The Simpson and Shannon indices were significantly higher in the HTR than those in the NCR and MPR. Differences in ARG composition were determined using PcoA (Figure 4B). The 34 samples were separated into three clusters, indicating that the composition of ARGs differed significantly between the study sites. An ANOSIM revealed similar results, indicating that ARG composition was affected differently by medical and tourist traffic pollution. We identified 20 differentially expressed ARGs between the three regions, of which the abundance for 5 (efrA, lmrC, Saur_gyrA_FLO, vanTG, and desR) was highest in the NCR, 5 (evgS, arlR, mtrA, macB, and bcrA) was highest in the MPR, 7 (mfd, Efac_EFTu_GE2A, PmrE, Saur_rpoC_DAP, Ecol_rpoB_RIF, and aminocoumarin-resistant alaS) was highest in the HTR, and 3 (sav1866, ImrD and msbA was lowest in the HTR (p < 0.05; Figure 4D; Supplementary Table S4). Notably, ARG density was the lowest in the NCR. According to the LefSe, the ARGs in the NCR were enriched in Saur_gyrA_FLO, hmrM, Ecol_folP_SLF, etc. ARGs in the MPR were enriched in bcrA, macB, cea, etc. ARGs in the HTR were enriched in Saur_rpoC_DAP, aminocoumarin-resistance alaS, and Saur_rpoB_RIF (Figure 4E). Nine unique plasmids were recovered from the 34 samples, with higher plasmid α-diversity (Shannon and observed indices) found in the MPR than in the NCR and HTR (Figure 4F).

[image: Figure 4]

FIGURE 4
 The alpha diversity of ARGs in the three study sites. (A) Shannon–Wiener and Gini–Simpson indices. (B) Bray–Curtis dissimilarity of gut microbial community composition between the three study sites; ellipses with 95% confidence intervals are displayed for the PCoA. (C) Shared ARGs between the NCR, MPR, and HTR. (D) Comparison of the main ARGs. (E) Difference in ARG abundance by LEfSe (p < 0.05 and LDA > 2). (F) Alpha diversity of plasmids in the three study sites according to observed species richness, Shannon–Wiener, and Gini–Simpson indices. *p < 0.05; **p < 0.01; ***p < 0.001.




Potential correlations between ARGs and the gut microbiome

Co-occurrence networks were constructed based on the abundance of ARGs and bacterial genera to determine the potential associations between drug resistance and the gut microbiome (Figure 5). The most complex network structures had 34 nodes and 39 links in the NCR, 48 nodes and 74 links in the MPR, and 40 nodes and 48 links in the HTR (Supplementary Figure 1). The results suggested that the ARGs for multidrug, fluoroquinolones, aminocoumarin, MLS, rifampicin, and tetracycline resistance showed strong relationships with seven, four, one, two, two, and eight bacterial genera, respectively, in the NCR. It is worth noting that in the NCR, there was a strong association between Helicobacter and multidrug resistance, while Helicobacter had little correlation with ARGs in the MPR and HTR. Pathogenic bacteria, such as Campylobacter and Ruminiclostridium, showed strong positive correlations with ARGs in the MPR. Bacteroides, Parabacteroides, Prevotella, and Faecalibacterium showed strong positive correlations with multidrug resistance genes (msbA, sav1866, and efrA) in the HTR. Self-resistance to antibiotics (desR and oleR) was unique to the MPR, and desR showed strong relationships with 20 genera. Multidrug (arlR, mtrA, efrA, efrB, lmrC, and sav1866), fluoroquinolones (PatB and Saur_gyrB_AMU), nitroimidazole (msbA), and rifampicin resistance was mainly observed in the HTR, and the occurrence of msbA was unique to the HTR.
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FIGURE 5
 Network analysis depicting the patterns of co-occurrence among ARG subtypes and bacterial genera. A link represents a strong correlation (Spearman’s correlation coefficient ρ ≥ 0.6 and p < 0.01). The size of each node and the edge thickness is proportional to the number of connections and the value of ρ, respectively. Line color reflects direction (green: negative; red: positive).




Virulence factor gene (VFG) composition according to pollution type

The pairwise Adonis test revealed significant differences in VFG composition between the three study sites. There were notable differences between the NCR and MPR (R2 = 0.121, F = 3.166, p = 0.006), NCR and HTR (R2 = 0.115, F = 2.458, p = 0.033), and MPR and HTR (R2 = 0.197, F = 4.897, p = 0.001; Figure 6A). VFG abundance and density were the highest in the MPR, followed by the HTR, and then the NCR (Figure 6B). The abundance of VFGs in MPR samples was significantly higher than that in the HTR, and included alginate, fibronectin-binding protein, GacS/GacA two-component system, hemolysin, PhoP, and Type IV pili. The abundance of the GacS/GacA two-component system, Type IV pili, and VirR/VirS two-component system was significantly higher in the NCR than in the HTR. VFGs for fibronectin-binding protein, PhoP, and polysaccharide capsule were markedly higher in the MPR than in the NCR. Regardless, the abundance of MOMP in the NCR was significantly higher than that in the MPR (p < 0.05; Figure 6D; Supplementary Table S5).
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FIGURE 6
 (A) PCoA plot based on the Bray–Curtis distance of VF relative abundance between the NCR, MPR, and HTR (Adonis, R2 = 0.273, F = 5.824, p = 0.01). (B) The difference in VF abundance by LEfSe (p < 0.05 and LDA > 2). (C) Distribution of VFs for the three study sites. (D) Relative abundance of VFs indicating significant discrepancies among the three study sites and top 25 samples, *p < 0.05; **p < 0.01; ***p < 0.001.





Discussion

In this study, we observed significant differences in the dominant phyla and genera between the three study sites. The abundance of probiotic genera, such as Butyrivibrio, Eubacterium, Faecalibacterium, Roseburia, Ruminococcus, and Blautia, was lowest in the gut microbiome of Plateau pikas at the HTR (Figure 2). More than 3,000 trucks and vehicles pass through the HTR each day. Transportation and tourism can significantly increase domestic waste and exhaust emissions. Recent studies have demonstrated that waste plastics lead to a lower abundance of probiotics in the gut of Procambarus clarkia (Han et al., 2022). Similarly, exposure to lead (Pb) and cadmium (Cd) significantly reduced the abundance of probiotics in carp gut (Chang et al., 2019; Zhang et al., 2021). These studies emphasize the potential of domestic waste and exhaust emissions caused by transportation and tourism to alter the composition of plateau pika intestinal flora, consistent with the reduction in the abundance of probiotics observed in this study.

The functions of the flora also varied between the study sites (Figure 3). Metabolic pathways, such as genetic information processing and human diseases, were significantly enriched in the MPR. Studies have shown that antibiotics can substantially increase the expression of the genetic information processing genes of gut microbes in humans (Francino, 2016) and piglets (Lourenco et al., 2021). These findings are consistent with those of our study, indicating that antibiotic residues can affect the function of plateau pika intestinal flora through horizontal transmission.

We found that the α-diversity of ARGs were significantly higher in the HTR than in the NCR; the β-diversity in the HTR and MPR was also significantly different from that in the NCR (Figure 4). The most important sources of pollution in the HTR are also important reservoirs of ARGs, such as food waste, plastic bottles, and carton packaging (Yang et al., 2019; Kanger et al., 2020). High-protein foods, such as meat, can increase the diversity of ARGs during the decomposition process, thereby increasing the risk of their transmission and diffusion in the environment (Liang et al., 2020). Marine researchers have found that plastics support a significantly higher diversity and abundance of ARGs than the surrounding environment (Yang et al., 2019), and their ingestion by several aquatic and terrestrial animals leads to a considerable accumulation of ARGs (Jeong and Choi, 2019; Ma et al., 2020; Sarker et al., 2020; Cheng et al., 2021). These results confirm that microplastics can promote the occurrence of resistance genes (Wang et al., 2020a), thereby increasing the probability of transmission to wildlife, such as Plateau pikas. There were significant differences in β-diversity between the MPR, HTR, and NCR, indicating that the type of environmental pollution was related to the occurrence/distribution of resistance genes, which is consistent with the effects of different anthropogenic disturbances on ARGs in the Yarlung Tsangpo River on the Tibetan Plateau (Liu et al., 2021).

We found that a total of 47 ARG subtypes were enriched in the three study sites, and 18 different ARG subtypes were found in the MPR and HTR. Similarly, a study on the impact of municipal drainage and agricultural runoff on river basins also found that the enrichment of ARG subtypes varied with pollution source (Liang et al., 2020). Glycopeptide resistance genes are the most abundant in clinics (~ 44% of all resistance genes), followed by efflux pump resistance genes (33%). Glycopeptides—the most important markers of medical pollution—are the most frequently used antibiotics in hospitals, and the levels of their resistance genes are significantly higher in hospital wastewater than in other sources of pollution (Szekeres et al., 2017; Zhang et al., 2020). Szekeres et al. (2017) surveyed antibiotic-resistant bacteria in 17 Romanian hospitals and observed a high incidence of glycopeptide-resistant E. faecium. These studies support our finding that medical pollution can lead to a high abundance of glycopeptide resistance genes in the gut microbiome of Plateau pikas. The most abundant resistance genes in the HTR were associated with aminocoumarins, which may be related to domestic pollution. Plateau pikas exhibit typical coprophagous behavior, in that they forage for conspecific and heterogeneous feces (Speakman et al., 2021). Recent studies have shown that the primary pollution source in the Yamuna River is municipal waste, and aminocoumarin resistance genes are the most important resistance genes in the microbial community of the water body (Mittal et al., 2019). Shotgun sequencing and metagenomic assembly analyses have shown that human fecal contamination leads to substantial enrichment of aminocoumarin resistance genes in rivers around cities (Chen et al., 2019). This indicates that domestic pollution caused by traffic and tourism could promote the accumulation of aminocoumarin resistance genes in the gut microbiomes of Plateau pikas.

Analysis of the network structure between ARGs and bacterial genera showed that pathogenic bacteria were positively correlated with ARGs in the MPR, consistent with previous investigations showing that the zoonotic pathogen Campylobacter is widespread in the gut of wildlife (Altekruse and Tollefson, 2003; Humphrey et al., 2007). Fluoroquinolones are the most frequently used antimicrobials for the treatment of Campylobacter infections. However, Campylobacter is becoming increasingly resistant to clinically important antibiotics, such as rifampicin (Guo et al., 2010), thus requiring increased dosage (Luangtongkum et al., 2009). Kabir et al. (2015) found that 25% of Campylobacter strains isolated from Indian poultry were resistant to fosfomycin. These results confirm the importance of medical pollution to the enrichment of Campylobacter resistance genes in the gut of Plateau pikas. Interestingly for the HTR, Bacteroides, Parabacteroides, Prevotella, and Faecalibacterium were positively correlated with multidrug resistance genes (msbA, sav1866, and efrA), while these bacteria had little correlation with ARGs in the NCR. This is due to tourism-related pollution, which leads to increased resistance of bacteria and promotes the spread of ARGs (Abe et al., 2020; Ratajczak et al., 2021). Bacteroides strains have been reported to cause multidrug-resistant infections (Katsandri et al., 2006; Kalapila et al., 2013); Parabacteroides strains have been isolated in many laboratories, and researchers have confirmed their multidrug resistance capabilities (Molina et al., 2014; Rong et al., 2021); and approximately 10% of Prevotella spp. exhibit multidrug resistance (Toprak et al., 2018). Foditsch et al. (2014) isolated a multidrug-resistant strain of Faecalibacterium from healthy calves and piglets. There was a strong association between Helicobacter and multidrug resistance (Bifidobacteria intrinsic ileS conferring resistance to mupirocin, Cgin_gyrA_FLO, Ecol_rpoB_RIF and mfd) in NCR, while Helicobacter had little correlation with ARGs in the MPR and HTR. Helicobacter colonized the gastrointestinal tracts of humans and animals(Duarte et al., 2021), and it have been isolated from the feces of dolphins as well as detected in the feces of seals(Harper et al., 2002; Goldman et al., 2009). NCR is a typical grassland grazed by livestock, and there is amount of cattle and sheep feces. As plateau pikas engage in typical coprophagy which shows as eating conspecific and other species’ feces, so it may promote the spread of ARGs. There was positive correlation between Campylobacter and Ecol_rpoB_RIF, Ecol_murA_FOF, and mfd in MPR, while Campylobacter had little correlation with ARGs in the NCR and HTR. The reason for this phenomenon is due to the rise of drug-resistant bacteria caused by medical contamination, which promotes the spread of ARGs (Wang et al., 2020b). The environmental bacterial resistome as an important reservoir for the dissemination of antibiotic resistance. Previous studies have shown that an increase of the resistance gene pool in environmental bacteria due to pollution is likely to increase the probability of the transmission of these genes into pathogenic bacteria (Buelow et al., 2021) Medical and domestic pollution have different impacts on the environment, resulting in differences in pathogenic bacteria and opportunistic pathogens in the gut microbiome of Plateau pikas, and leading to the occurrence of different resistance genes.

The β-diversity of VFs varied significantly between the MPR and HTR, thus suggesting a strong association between pollution source and VF distribution patterns. We identified 23 and 14 VFGs that were significantly enriched in the MPR and HTR, respectively (Figure 6). This showed that medical pollution was more important than domestic pollution in determining the accumulation of VFGs in the gut microbiomes of Plateau pikas. A study comparing the VFs of captive and wild pangolins found that captivity resulted in a greater accumulation of VFGs in the host’s gut microbiome, owing to chronic antibiotic use (Liu et al., 2021). Liang et al. (2020) found that the abundance and density of VFs were the highest in agricultural areas, followed by wastewater from cities, and lowest in mountainous areas, which was mainly related to the use of antibiotics (Liang et al., 2020). VirR/VirS two-component system have been thought to be very important for its pathogenicity by controlling the production of various known virulence factors in Clostridium perfringens (Ohtani et al., 2010). In our result, Clostridiaceae (family) was enriched in the NCR, which explained the results that abundance of VirR/VirS two-component system in NCR were higher than that of HTR. The abundance of VFGs including alginate, fibronectin-binding protein, GacS/GacA two component system, hemolysin, PhoP, and Type IV pili in MPR was significantly higher than that in the HTR. We speculated that medical pollution led to an increase in the abundance of drug-resistant bacteria, so this result achieved. Researcher investigated the microbial gene catalogue in samples of phosphinothricin (PPT)-utilized soils from South China, many common virulence factors with high abundance were found in two samples, including Alginate (Lou et al., 2019); VFs were detected in ARG pollution covered two constructed wetlands and their receiving river, and found that Type IV pili was main VFs (Ohtani et al., 2010); we found Enterococcus was enriched in samples from MPR, this result correlated well with previous study that hemolysin plays an important role in Enterococcal virulence (Franz et al., 2001). These researches support our supposition. In this study, the quantities of antibiotics used in the MPR were higher than that in the HTR and NCR, which was associated with increased levels of VFs in the gut microbiome of Plateau pikas.

In summary, we revealed the structure, function, ARGs, and VFs of the gut microbial community in Plateau pikas under different anthropogenic disturbances on the Qinghai–Tibet Plateau. The results showed that the abundance of probiotics significantly decreased in the HTR. The enrichment of metabolic pathways differed between medical and domestic sources of contamination. The metabolic pathways of replication and repair, endocrine system, and nervous system were significantly enriched in the MPR, while endocrine and metabolic diseases were significantly enriched in the NCR. The α-diversity of ARGs was highest in the HTR, and there were significant differences in β-diversity between the study sites. Resistance to glycopeptide antibiotics increased significantly in the MPR, while the ARGs for aminocoumarins increased significantly in the HTR. Furthermore, the α-diversity of MGEs was the highest in the MPR. We observed strong positive correlations between ARGs and pathogenic bacteria, and the network structure was the most complex in the MPR. The β-diversity of VFs varied significantly between the three sites. The MPR, which was affected by a greater accumulation of antibiotics, contributed considerably to the enrichment of VFs. Our study highlights the dissemination of ARGs and VFs in wildlife through horizontal transmission and provides an important theoretical basis for the conservation management of wild animals in national parks based on relevant sources of pollution.

The disturbance of human activities on the Qinghai-Tibet Plateau is diverse, including returning farmland to forest, artificial grassland, overgrazing, etc. We only selected typical interference of medical and traffic-based pollution, and we need to pay more attention to the impact of more human activities on wild animals. Plateau pika plays a pivotal role in the food web structure of the alpine grassland ecosystem. In the next step, we will target the predators of the plateau pika, such as Tibetan fox and giant buzzard, to explore the transmission and diffusion of ARGs and VFs along the food chain.
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