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Abstract
Background

Wild birds are being increasingly recognized as potential reservoirs and disseminators of antibiotic
resistance genes (ARGs); however, the microbiome and resistome profiles of plateau-dwelling wild birds
remain insufficiently characterized.

Results

In this study, shotgun metagenomic sequencing was used to investigate the gut microbiomes and
resistomes of six wild bird species from the Qinghai—Tibet Plateau, with sympatric Himalayan marmots
(Marmota himalayana) included for host-comparative analysis. The gut microbiota of the bird species
was dominated by Pseudomonadota, Actinomycetota, Bacillota, and Chlamydiota; however, the microbial
composition varied markedly among the bird groups. Functional annotation revealed that metabolism,
genetic information processing, and environmental information processing were the predominant KEGG
categories. CARD annotation revealed 130 antibiotic resistance ontology categories in bird gut
microbiomes, including genes associated with multidrug resistance, B-lactams, quinolones,
tetracyclines, polymyxins, and glycopeptide resistance. Microbial source analysis revealed that ARGs
were associated mainly with Pseudomonadota, Bacillota, and Actinomycetota, with clear decoupling
between microbial abundance and ARG contribution. Compared with birds, Marmota himalayana
presented distinct microbiome and resistome structures, with Bacillota acting as the dominant ARG-
associated phylum.

Conclusions

These findings reveal host- and environment-associated variation in the gut microbiomes and
resistomes of plateau wildlife and highlight wild birds and sympatric mammals as potential reservoirs of
clinically relevant ARGs in alpine ecosystems.

1 Background

Antimicrobial resistance (AMR) has been recognized by the World Health Organization (WHO) as one of
the most critical public health challenges of the 21st century [1]. In 2019, antibiotic-resistant bacterial
infections were associated with 4.95 million deaths worldwide [2], and the number of annual deaths
attributable to antimicrobial resistance is projected to reach 10 million by 2050 [3, 4], surpassing cancer-
related mortality and resulting in cumulative global economic losses exceeding USD 100 trillion [5].
Critically, the persistent emergence of multidrug-resistant (MDR) bacteria has further exacerbated the
disease burden associated with AMR-related infections, which have become among the leading causes
of mortality worldwide, surpassing several well-recognized causes of death, such as HIV/AIDS [6].
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Antibiotic resistance genes (ARGs) are a class of emerging environmental contaminants, facilitating
their continuous spread in aquatic environments, soils, and biota, thereby posing serious threats to
ecological security and public health. In particular, the reported plasmid-mediated colistin resistance
gene mcr-1 signals a potential breach of last-resort antibiotics [7]. China is among the largest producers
and consumers of antibiotics worldwide, with an estimated annual usage of 150,000—-200,000 tons,
approximately 10-fold higher than that in the United States [8]. Approximately half of these antibiotics
are used in human medicine, with the remainder applied in animal husbandry. This extensive use has
been implicated in the emergence and dissemination of antimicrobial resistance, posing a substantial
threat to global public health.

Wildlife serve as significant sources and reservoirs of ARGs, with invertebrates [9], birds [10] and
mammals [11, 12] contributing to their dissemination. Among these, wild birds are particularly notable
because of their long-distance migratory capabilities, diverse feeding habits, substantial overlap with
areas of human activity and recognized role as profound biological vectors connecting the environment,
livestock, and human populations [13]. By facilitating the transboundary and remote dissemination of
antibiotic-resistant bacteria, wild birds may further exacerbate the global spread of antimicrobial
resistance [11]. For example, migratory birds carrying the mcr-1 gene have been reported across multiple
countries and regions, including China [14], Argentina [15], Russia [16] and Thailand [17], following
dissemination from Asia. Recent studies have further demonstrated that wild birds harbor diverse and
abundant ARGs. Quantitative analyses have revealed that the absolute abundance of ARGs in the
intestinal tract of wild birds can reach 10-1010 copies/g [18], significantly exceeding that detected in
environmental matrices such as soil, sediment, and water, while showing no statistically significant
difference compared with the abundance of ARGs in livestock and poultry feces. ARGs have been
identified in more than 30 avian species belonging to multiple orders, including Charadriiformes [19],
Pelecaniformes [20], Anseriformes [21], Columbiformes [22] Passeriformes, and Ciconiiformes [23].
Notably, one study reported that the prevalence of extended-spectrum B-lactamase (ESBL)-producing
Escherichia coli in gulls (Larus canus) from the same geographic region was more than three times
greater than that observed in humans [24]. Compared with abiotic dissemination pathways such as
water flow and atmospheric transport, biologically mediated ARG transmission through wildlife and food
webs may exhibit greater persistence and ecological connectivity, thereby facilitating the widespread
environmental exchange and dissemination of ARGs [25, 26].

The Qinghai—Tibet Plateau has long been regarded as a relatively pristine ecosystem with limited
anthropogenic disturbance; however, increasing evidence suggests that this region also harbors
potential risks associated with antimicrobial resistance dissemination. As the highest-elevation
ecosystem in the world, the Qinghai—Tibet Plateau is characterized by hypoxia, low temperatures, and
intense ultraviolet radiation, which together shape unique biological and microbial community structures
[26, 27]. With the development of high-throughput sequencing technologies, recent studies have revealed
the remarkable complexity of resistomes in plateau wildlife. Metagenomic analyses demonstrated that
despite inhabiting relatively remote environments, wild birds on the Qinghai—Tibet Plateau harbor diverse
and abundant ARGs within their gut microbiomes, reflecting the potential influence of anthropogenic
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activities on these originally isolated ecosystems. For example, a total of 20 ARG classes and 567 ARG
subtypes were identified in five corvid bird species, among which multidrug resistance genes and
resistance determinants associated with macrolide-lincosamide—streptogramin (MLS), tetracycline, -
lactam, and bacitracin antibiotics were highly abundant [28]. In addition, broad-spectrum resistance-
associated genes have been identified in microorganisms associated with Himalayan vultures [29] and
Tibetan yaks [30] on the Qinghai—Tibet Plateau, suggesting that plateau ecosystems may already
function as important environmental reservoirs of ARGs. Because wild birds exhibit broad movement
ranges, long-distance migration, and frequent excretion behaviors, they may facilitate the dissemination
of ARGs among natural environments, water systems, and human-associated habitats and may even
contribute to interregional transmission. Therefore, systematically characterizing the resistome profiles
of the wild birds inhabiting the Qinghai-Tibet Plateau is highly important for understanding the
ecological dissemination mechanisms of antimicrobial resistance (AMR) and for developing effective
surveillance and control strategies.

2 Methods
2.1 Sampling

Sampling efforts were carried out at three sites in Tianjun County, Menyuan County and Xinghai County,
Qinghai Province, from July to August 2024 (Table S1). We trapped wild birds using live trapping, locked
them in sterilized cages (typically for less than 30 min) until defecation, and then immediately released
them at the capture site; additionally, Himalayan marmots (Marmota himalayana, Marmota) were
captured and euthanized for the collection of their intestinal contents. Fresh feces were collected in 2-
mL tubes (Kejin, China) and immediately frozen in liquid nitrogen before being sent for analysis to the
Qinghai Provincial Institute for Endemic Disease Prevention and Control, Xining, China. The fecal
samples were collected at a minimum distance interval of five meters to ensure that all the fresh
droppings were expelled from different individuals, and the captured individuals were marked with
nontoxic avian leg bands prior to release. All the samples were immediately placed in sterile 50-mL
tubes, flash-frozen in liquid nitrogen, and stored at - 80 °C for subsequent DNA analysis. In total, we
collected 27 bird fecal samples, of which 7 were from Hodgson’'s Redstart (Phoenicurus hodgsoni, PH), 4
from Eurasian Tree Sparrow (Passer montanus, PM), 4 from Rosy Pipit (Anthus roseatus, AR), 4 from
Eurasian Skylark (Alauda arvensis, AA), 4 from Tibetan Snowfinch (Montifringilla henrici, MH), and 4 from
Northern Wheatear (Oenanthe oenanthe, 00). In addition, we collected feces from the same region where
three Marmota himalayana were trapped.

2.2 DNA extraction and sequencing

Metagenomic DNA was isolated from approximately 0.25 g samples using a TIANamp Soil DNA Kit
(Tiangen Biotech; Beijing; China) following the manufacturer’s instructions. The DNA concentration and
quality were assessed with an Agilent 5,400 instrument. High-quality DNA was randomly fragmented into
segments of approximately 350 bp using a Covaris ultrasonic disruptor to construct the library. Using the
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Rapid Plus DNA Lib Prep Kit for Illumina (RK20208), sequencing libraries were constructed through end
repair, the addition of A-tails, the ligation of sequencing adapters, purification, and PCR amplification. All
the libraries were then subjected to 2 x 150 bp paired-end sequencing on the BGISEQ DNBSEQ-T7
platform (Novogene, Beijing, China).

2.3 Sequence analyses and metagenome assembly

The raw BGISEQ paired-end sequencing data were preprocessed using Fastp (v0.23.1). The
preprocessing pipeline consisted of adapter trimming, followed by quality filtering. During the filtering
step, read pairs were discarded if either read contained (a) residual adapter sequences; (b) > 10%
ambiguous bases (N); or (c) > 50% low-quality bases (Phred score < 5). Considering the possibility of
host contamination in samples, the clean data were subjected to BLAST analysis against the host
database to filter out reads of host origin. Bowtie2 software (v2.5.4) was used with the following default
parameter settings: --end-to-end, --sensitive, -1 200, and -X 400 [31-33]. MEGAHIT software (v1.2.9) was
used for assembly analysis of the clean data, with the following assembly parameter settings: --presets
meta-large (-end-to-end, --sensitive, -1 200, -X 400) [32, 34], and scaftigs without N were obtained by
breaking the resulting scaffolds from the N junction [35, 36].

2.4 Gene prediction and construction of the nonredundant
gene set

Using the default parameters, MetaGeneMark (v2.1) was used to predict the ORF for the scaftigs (= 500
bp) of each sample [37-40], and sequences with a length of less than 100 nt in the prediction results
were filtered out [41-43]. For the ORF prediction results, CD-HIT software (v4.5.8) was used to eliminate
redundancy [44, 45] and obtain the nonredundant initial gene catalog (representing the nucleotide
sequences of successive, nonredundant genes) [42], with the following parameter settings: -c 0.95,-G 0, -
aS0.9,-g 1,and -d 0 [38, 40]. Clean data from each sample were aligned to the initial gene catalog by
using Bowtie2 to calculate the number of reads of the genes in each sample alignment, with the
following parameter settings: --end-to-end, --sensitive, -1 200, and -x 400 [35, 38]. Genes with < =2 reads
in each sample were filtered out to finally determine the gene catalog (unigenes) for subsequent analysis
[42]. On the basis of the abundance of each gene in the gene catalog in each sample, the abundance
information of each unigene in each sample was statistically analyzed. To ensure accurate
characterization of the prokaryotic microbiome, all sequences taxonomically assigned to eukaryotes and
viruses were excluded from downstream analyses, including taxonomic profiling, functional annotation,
and antibiotic resistance gene screening.

2.5 Gene taxonomic prediction

DIAMOND software (v2.1.9) [46] was used for alignment of unigene sequences with the sequences in
the Micro_NR database, which included sequences from bacteria, fungi, archaea, and viruses extracted
from the NCBI NR database (https://www.ncbi.nIm.nih.gov/). The alignment was performed using the
BLASTP algorithm with a parameter setting of 1e-5 [32]. From the alignment results of each sequence,
the one with an e-value < = min. An e-value *10 was selected. Since each sequence may have multiple
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alignment results, the lowest common ancestor (LCA) algorithm [applied to the systematic taxonomy of
MEGAN software (https://en.wikipedia.org/wiki/Lowest_common_ancestor)] was adopted to determine
the species annotation information of the sequence [47]. In addition to the results of the lowest common
ancestor (LCA) annotation and gene abundance table, the abundance of each sample at each taxonomic
level and the corresponding gene abundance tables were acquired. The abundance of a species in a
sample was equal to the sum of the abundance of those genes annotated as that species. Microbiome
analyses were conducted using a standardized bioinformatics pipeline. Taxonomic abundance profiles
across hierarchical levels were visualized through relative abundance profiles and a Bray—Curtis
distance-based clustering heatmap implemented in Perl SVG (v5.18.2).

2.6 Functional gene annotation

Functional annotation of the unigenes was performed using DIAMOND (v2.1.9) with BLASTP alignment
against the Kyoto Encyclopedia of Genes and Genomes (KEGG) (v2023.1) [48, 49] and Pathogen—Host
Interaction (PHI) database (v4.12) by applying an e-value cutoff of 1e - 5 [38, 50]. From the alignment
results of each sequence, the best BLAST hit results were selected for subsequent analysis [51, 52]. The
relative abundance at different functional levels was calculated according to the alignment results (the
relative abundance at each functional level was equal to the sum of the relative abundance of genes
annotated at that functional level) [31, 38]. For antibiotic resistance profiling, the unigenes were aligned
to the Comprehensive Antibiotic Resistance Database (CARD) (https://card.mcmaster.ca/) [53] using
Resistance Gene Identifier (RGI) software (v6.0.2) [54] provided by the CARD database (RGI built-in
BLASTP, default e-value < 1e-30) [55]. The relative abundance of each ARO was calculated according to
the RGI alignment results and unigene abundance information. To reveal the relationship between the
microbial composition and the resistome, Circos (v0.64) was used to visualize the abundance
distribution circle map. Resistance genes (unigenes annotated as ARO) and species attribution analysis
of the resistance mechanism were carried out (some AROs with long names are abbreviated as the first
three words plus underlines).

2.7 Statistical analysis

Venn diagrams were generated using the R package Venn Diagram (v3.0.3). The alpha diversity, including
the ACE, Chao1 richness, observed_species, Shannon and Simpson indices, was computed using the R
package vegan (v2.15.3). Differences in alpha diversity between groups were assessed using the
nonparametric Kruskal—Wallis test. Beta diversity was evaluated on the basis of Bray—Curtis
dissimilarity matrices, and group differences were tested using permutational multivariate analysis of
variance (PERMANOVA) with 9,999 permutations via the adonis2 function in the vegan package.
Principal coordinate analysis (PCoA) was performed to visualize beta diversity patterns using the R
packages extrafont, ggplot2, and grid (v2.15.3). LEfSe software (v1.0) was used for the linear
discriminant analysis effect size (LEfSe) analysis (LDA score was 4 by default) [56]. Statistical
significance was set at p < 0.05.

3 Results
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3.1 Distinct gut bacterial communities in different wild bird
populations

Compared with archaea, eukaryotes, and viruses, bacterial units were predominant in all bird species and
contributed more phylogenetic diversity (Supplementary File 1). At the phylum level, the sequenced
reads from all the samples assigned to the top 10 different phyla and bird species differed markedly in
their patterns of bacterial composition (Fig. 1a; Supplementary File 2). In the PH, MH and OO sample
groups, the most abundant phylum was Actinomycetota (34.42%, 36.98%, and 40.66%, respectively),
whereas in the AR and AA groups, the most enriched phylum was Pseudomonadota (57.87% and 39.96%,
respectively). The proportion of Bacillota (56.40%) was greater in the PM group. In general,
Pseudomonadota, Actinomycetota, Bacillota, and Chlamydiota were the four dominant phyla in all the
species, accounting for 10.99-32.78% of the total bacterial community. At the genus level, distinct
differences in dominant taxa were observed among the groups (Figure S1; Supplementary File 3). The
PH group was dominated primarily by Mycobacterium and Chlamydia, whereas Lactococcus,
Saccharopolyspora and Escherichia were the predominant genera in the PM group. In the PM group,
Lactococcus was the most abundant genus, followed by Arthrobacter, Rhodococcus, Rhabdochlamydia,
and Chlamydia, whose abundance was relatively high. The AA group was characterized by enrichment of
Enterococcus and Rhabdochlamydia. In the MH group, Brachyspira, Rhodococcus and Enterococcus were
the most abundant genera, whereas the OO group was dominated mainly by Chlamydia, Mycobacterium
and Rhodococcus. In addition, the relatively high proportion of “Others” across all groups suggests a
considerable level of microbial diversity within the samples. The alpha diversity analysis revealed that
the Chao1, observed species, Shannon, and Simpson indices were 34.32 +26.15, 33.3+25.59,0.86 +
0.40, and 0.41 = 0.22, respectively, with significant differences observed in the Shannon (P = 0.0077) and
Simpson (P =0.0067) indices among the groups (Fig. 1b and c). Similarly, the beta diversity analysis
further demonstrated differences in microbial community composition among species. Both the
heatmap (Fig. 2a) and principal coordinate analysis (PCoA) based on Bray—Curtis distances (Fig. 2b)
revealed clear dissimilarities in bacterial communities (PERMANOVA, R? = 0.27, P = 0.016). Interestingly,
samples from species inhabiting the same geographic environment (i.e., the PM, AR and AA groups from
Menyuan County) tended to cluster together, suggesting that environmental factors may play a more
important role than host genetic background in shaping the gut microbiota. A Venn diagram revealed
that a total of 35 taxa were shared across all groups, indicating a conserved core microbiota, whereas
7-75 unique taxa were identified in each group, indicating group-specific microbial features (Figure S2).
LEfSe analysis was subsequently performed to identify differentially abundant taxa among groups. No
significant differences were detected at the phylum level. Several taxa were significantly enriched in
specific groups at the genus level (Fig. 2c). Specifically, Malacoplasma was enriched in the PM group; the
abundance of Mycobacterium, Salmonella and Bacillus was greater in the PH group; Chlamydia and
Aeromonas were dominant in the OO group; and Catellicoccus was significantly enriched in the AA group.
These findings indicate distinct microbial signatures among groups and suggest that intergroup
differences are more pronounced at finer taxonomic resolution.
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On the basis of the PHI database annotation, a total of 202 opportunistic pathogenic species were
identified across all the samples (Supplementary File 4). Among these, several clinically important
pathogens, including Staphylococcus aureus, Salmonella enterica, Pseudomonas aeruginosa, Escherichia
coli and Streptococcus pneumoniae, were the most prevalent taxa. In addition, zoonotic and high-risk
pathogens such as Yersinia pestis, Vibrio cholerae, Brucella spp. and Coxiella burnetii were also identified,
indicating potential public health risks.

3.2 Functional divergence of the gut microbiome of wild
birds

We then annotated the metabolic and functional pathways of the birds’ gut microbiome nonredundant
(NR) gene catalog based on the KEGG database. Approximately 32% of the NR genes (8,145 KEGG
Orthology (KO) functions) were mapped to 396 KEGG level 3 pathways and were subsequently classified
into 45 secondary KEGG level 2 pathways. The unigenes matching the level 1 and level 2 KEGG
functional categories are shown in Fig. 3. Specifically, the dominant functional categories identified
included metabolism (44.64%), genetic information processing (16.71%), and environmental information
processing (13.64%) (Fig. 4a).

We compared a diversity (ACE, Chao1, observed species, Shannon, and Simpson indices) among
individuals at the 1-3 level and at the KO level. Since no significant differences were observed in
theadiversity, we further assessed functional variation using the B-diversity analysis results. PCoA
revealed clear clustering among the groups (Fig. 4b). Interestingly, samples from the PM, AR, and AA
groups (same geographic region) clustered together, whereas those from the MH and OO0 groups formed
a separate cluster. This pattern is consistent with the results of the taxonomic analysis, further
supporting the role of environmental filtering in shaping both the taxonomic and functional profiles of
the gut microbiota. To further identify the key functional features driving the observed differences, LEfSe
analysis was performed on the KEGG level 2 pathways (Fig. 4c). Several pathways were differentially
enriched among the groups. Carbohydrate metabolism was significantly enriched in the PM group,
whereas pathways related to antimicrobial drug resistance were more abundant in the AR group. The 00
group was associated mainly with environmental adaptation and disease-related pathways, including
cardiovascular, neurodegenerative, and cancer-related functions. In contrast, the PH group was enriched
in endocrine and metabolic disease pathways, whereas the AA group was characterized by enhanced
replication and repair functions. These results further support the functional divergence among groups
and highlight distinct metabolic and adaptive strategies of the gut microbiome.

3.3 Abundant ARGs in the gut bacteria of wild birds

Annotation against the CARD (v3.2.5) revealed 130 unique ARO categories in the gut microbiome
(Supplementary File 5). Among the 15 most abundant ARO genes (Fig. 5a), rsmA, Escherichia coli EF-Tu
mutants conferring resistance to pulvomycin, vanW gene in the vanl cluster and vanT gene in the vanG
cluster were present in six bird populations, whereas compared with the other groups, the PM, AA and
MH sample groups had more ARO genes in common (mdtE, Escherichia coli soxR with mutation
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conferring antibiotic resistance, mdtF, Escherichia coli soxS with mutation conferring antibiotic resistance,
mdtP, eptA and mdtN). ARG abundance was highest in the PM group, followed by the AR and AA groups.
Most of these genes were associated with clinically important classes of antibiotics, including B-
lactams, quinolones, tetracyclines, and polymyxins. Notably, genes related to multidrug efflux systems
and colistin resistance (e.g., eptA) were detected, indicating the presence of resistance mechanisms
against last-resort antibiotics.

The alpha diversity indices (Chao1, observed species, Shannon, and Simpson indices) were 28.87 +27.7,
27.0+26.2,1.81+1.20 and 0.70 £ 0.29, respectively, with no significant differences detected among the
species. We next assessed the global similarity of the ARG composition in each population by PCoA.
Although a degree of dispersion was observed, no significant differences were detected among the
groups (PERMANOVA, R2 = 0.1891, F =0.9796, P = 0.3996) (Fig. 5b). These results suggest that the
overall ARG composition was relatively similar among the bird groups. To investigate the compositional
structure underlying this convergent pattern, we further analyzed the sharing profiles of the detected
ARGs. The AA, MH and PM groups dominated the resistome, containing 110, 95 and 93 AROs,
respectively, and collectively represented approximately 85% of the total, among which 26 AROs were
shared across the six groups (Fig. 5¢c). Despite these differences in ARO distribution, LEfSe analysis did
not reveal any significantly different ARGs among the groups, indicating that the overall resistome
composition was largely conserved across bird populations.

Circos plot analysis revealed clear phylogenetic partitioning of antibiotic resistance mechanisms across
bacterial phyla (Fig. 6). Among the detected mechanismes, antibiotic target alteration was the most
widely distributed and showed extensive associations with multiple dominant phyla, particularly
Bacillota. Antibiotic efflux was also broadly represented and strongly associated with Pseudomonadota.
Antibiotic inactivation was distributed across several phyla, including Bacillota, Actinomycetota,
Pseudomonadota and Bacteroidota, whereas minor phyla contributed only marginally to all resistance
categories. Overall, these results indicate that antibiotic resistance mechanisms were unevenly
distributed among bacterial phyla, with Bacillota and Pseudomonadota representing the primary
reservoirs of major resistance determinants, including those of potential clinical relevance.

The microbial origins of the ARGs were further investigated (Fig. 7a-f). Pseudomonadota, Bacillota and
Actinomycetota accounted for the majority of the phyla associated with resistance-conferring contigs,
although their relative contributions varied among groups. Pseudomonadota was the dominant phylum
across all groups, contributing approximately 31% to the PH group, 56% to the PM group, 68% to the AR
and AA groups, 41% to the MH group, and 46% to the OO group. Bacillota contributed relatively more to
the PH (29%), AA (20%), and MH (28%) groups, whereas Actinomycetota contributed substantially to the
PM (16%), AR (13%), and 00 (26%) groups. PH exhibited a relatively balanced distribution among the
three major phyla (31%, 29%, and 25%). Discrepancies between microbial abundance and ARG
contribution were evident. In several cases, relatively low-abundance phyla contributed
disproportionately to the ARGs. For example, in the OO group, Pseudomonadota accounted for only 2% of
the microbial community but contributed 46% of the ARGs. Similar patterns were observed for
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Actinomycetota in the AR and OO groups and Bacillota in the PH and MH groups, whose ARG
contributions were greater than expected on the basis of their relative abundance. These findings
indicate that ARG distribution is not directly proportional to taxonomic abundance, suggesting that
specific phyla may act as key reservoirs of resistance genes despite their low representation in the
microbial community.

3.4 Comparison of gut microbiomes and resistomes
between birds and Marmota himalayana

We compared metagenomic sequencing data from wild bird feces with those from the sympatric wild
rodent Marmota himalayana to evaluate whether host-specific selection shapes the ARG distribution
beyond environmental filtering. The bacterial community composition at the phylum level differed
markedly between hosts (Fig. 8a; Supplementary File 6). The PCoA results indicated that the microbial
structure of birds differed from that of Marmota himalayana in terms of PC1 variation (Fig. 8b). The
phylogenetic composition of the Marmota himalayana gut microbiota was less heterogeneous than that
of the bird microbiota, whereas the bird-associated microbiota was more dispersed, likely reflecting
broader ecological heterogeneity among avian samples. Similarly, the resistome composition differed
between hosts and was separated primarily along PC1 according to the PCoA results (Fig. 8c).
Compared with those in birds, the ARG profiles in Marmota himalayana were more clustered, suggesting
a relatively stable resistome structure within marmot populations. In contrast, the ARG compositions of
the bird samples were substantially more variable, which is consistent with their more diverse microbial
communities and broader environmental exposure. They shared 60 antibiotic resistance proteins

(Fig. 8d), predominantly vancomycin resistance-associated genes, including vanW, vanT, vanY, and
members of the vanG gene cluster, indicating the widespread distribution of glycopeptide resistance
determinants among sympatric wildlife hosts. The diversity of the unique ARGs was greater in birds. The
marmot-specific resistome contained several clinically relevant ARGs, including nitroimidazole
resistance genes (nimA, nimB, nimC, nimE, nimH, nimJ, and nimK), tetracycline resistance genes (tet(Q)
and tet(36)), and the oxazolidinone-phenicol resistance gene poxtA. In addition, multiple vancomycin
resistance-associated genes, including vanH, vanR, vanW, vanXY and vanX variants, were uniquely
detected in Marmota himalayana. These findings suggest that Marmota himalayana may act as a
potential reservoir for clinically important ARGs in alpine ecosystems. To further characterize resistome
distribution patterns across hosts, a double-circle plot was constructed to depict the microbial origins of
ARGs in Marmota himalayana (Fig. 8e). Bacillota was the dominant contributor, accounting for 85% of the
detected ARGs while comprising 62% of the microbial community. In contrast, Bacteroidota represented
17% of the microbiota but contributed only 4% of the ARGs. Pseudomonadota contributed
disproportionately to the ARGs, accounting for 3% of the ARGs despite representing only 1% of the
community. Other phyla, including Actinomycetota and Verrucomicrobiota, contributed negligibly to the
overall ARG pool.

4 Discussion
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In this study, the microbiomes and resistomes of 6 bird species, namely, Phoenicurus hodgsoni (seven
samples), Passer montanus (four samples), Anthus roseatus (four samples), Alauda arvensis (four
samples), Montifringilla henrici (four samples) and Oenanthe oenanthe (four samples), were explored by
metagenomic sequencing. Our taxonomic analysis revealed substantial variation in the gut microbial
composition among the six avian groups, despite the shared presence of several dominant phyla.
Pseudomonadota, Actinomycetota, Bacillota and Chlamydiota were consistently detected across all the
groups, which is consistent with previous studies that have identified these taxa as core components of
the avian gut microbiota [57]. However, the relative abundances of these phyla differed markedly among
species, suggesting that host- and environment-specific factors shape microbial community structure.
As most of the members of Actinomycetota are widespread in soil, water, or air, these bacteria in birds
may have originated from the environment, suggesting that the bird gut microbiota is also influenced by
bacterial transmission [58]. With the help of Bacillota, animal hosts can intake energy and absorb
nutrients from the metabolism of carbohydrates, polysaccharides, sugars, and fatty acids [59]. At the
genus level, the gut microbiota of the six plateau bird groups exhibited both shared characteristics and
pronounced group-specific signatures. Chlamydia, Mycobacterium, and Rhodococcus were frequently
detected across multiple groups, suggesting that these genera may represent environmentally persistent
or host-adapted components of the gut microbiota in high-altitude wild birds. Chlamydia has been widely
reported in wild avian populations and is recognized as an important zoonotic genus associated with
avian chlamydiosis, particularly C. psittaci, which is broadly distributed among migratory and free-living
birds [60, 61]. As obligate intracellular bacteria, Chlamydia species utilize a type Ill secretion system
(T3SS) to manipulate host cellular processes and evade immune clearance, thereby facilitating their
persistence and transmission in wild bird populations. In addition, several Chlamydia species are
important human pathogens associated with respiratory, ocular, and gastrointestinal diseases [62, 63].
Similarly, Mycobacterium and Rhodococcus are widely distributed in natural environments, including soil
and water, and are commonly detected in wild birds [64, 65]. Environmental Mycobacterium species are
characterized by strong persistence and resistance to harsh conditions, which may contribute to their
maintenance in plateau ecosystems. Their occurrence across several bird groups may therefore reflect
continuous environmental exposure under shared ecological conditions. Taxonomic variation in the gut
microbiota among the six plateau bird groups was more pronounced at the genus level than at higher
taxonomic ranks. Although no significant differences were detected at the phylum level, LEfSe analysis
revealed multiple group-enriched genera, highlighting the greater sensitivity of finer taxonomic resolution
for detecting host-associated microbial variation. Consistently, significant differences in alpha diversity,
together with the clear separation observed in PCoA, indicated substantial heterogeneity in microbial
community structure among host groups. Notably, birds from the same geographic region tended to
cluster together, suggesting that shared habitat conditions may play an important role in shaping gut
microbiota assembly, which is consistent with the findings of previous studies in wild birds [66, 67]. We
further gained insight into the microbiological risks in wild birds. A total of 202 detected genera contain
opportunistic or zoonotic pathogens, underscoring the potential ecological and public health
significance of wild birds as reservoirs of environmentally persistent microorganisms. Previous studies
have demonstrated that migratory and free-living birds can facilitate the environmental dissemination
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and long-distance transmission of pathogenic microorganisms, thereby contributing to potential
ecological and public health risks. However, because metagenomic annotation alone cannot distinguish
active infection from transient environmental carriage, further culture-based and functional studies are
needed to clarify the pathogenic potential and transmission risks associated with these
microorganisms.

ARGs can readily enter the avian gut from the environment through feeding and other ecological
activities, thereby making birds important reservoirs of antibiotic-resistant bacteria and resistance
genes. These birds may subsequently mediate the release of ARGs back into the environment through
excretion and related activities, ultimately forming an “environment—bird—environment” ARG interaction
network. In the present study, a total of 130 unique ARO categories were identified across all the birds.
Multidrug resistance-associated genes, as well as resistance determinants related to clinically important
antibiotic classes, including p-lactams, quinolones, tetracyclines, and polymyxins, were widely
distributed. Among them, resistance-associated genes such as rsmA, vanW, and vanT were detected in
all the bird groups, suggesting the presence of a relatively conserved core resistome structure among
plateau bird populations. The gulls have been found to be reservoirs of beta-lactam resistance in Europe,
especially in Spain [68]. The detection of eptA and multiple efflux pump-associated genes suggests the
presence of resistance mechanisms against the last-resort antibiotic colistin within the gut microbiota of
plateau wild birds. Colistin resistance genes have attracted increasing attention because polymyxins are
considered critical antibiotics for treating infections caused by multidrug-resistant bacteria [69]. EptA
encodes a phosphoethanolamine transferase that mediates the modification of lipid A through the
addition of phosphoethanolamine, thereby reducing the binding affinity of polymyxins such as colistin to
the bacterial outer membrane. Recent studies have further shown that endogenous
phosphoethanolamine transferases such as eptA may represent evolutionarily conserved precursors of
transferable mcr genes, highlighting a potential evolutionary link between intrinsic and mobile colistin
resistance mechanisms [70]. In addition to mediating resistance, eptA-associated lipid A modification
may also increase bacterial membrane stability and environmental adaptability under stressful
ecological conditions. Cervoni et al. [71] demonstrated that phosphoethanolamine transferases can
differentially affect bacterial fitness and membrane physiology, suggesting that the maintenance of eptA
may provide ecological advantages beyond antibiotic resistance alone [71, 72]. Among the six bird
groups, Oenanthe oenanthe (00) was the only long-distance migratory species that primarily feeds on
insects, whereas the other five species utilize multiple food resources; however, it exhibited the lowest
ARG richness. Compared with omnivorous birds, which frequently forage in agricultural or human-
associated habitats, Oenanthe oenanthe mainly inhabit relatively pristine environments during breeding
and migration, which may reduce their exposure to anthropogenic antibiotic residues and resistant
microorganisms. In addition, their insectivorous feeding strategy may further limit ARG acquisition
through contaminated food and water sources. Collectively, these findings indicate that compared with
migratory behavior itself, habitat quality and feeding ecology may play more important roles in shaping
ARG carriage in wild birds. Moreover, compared with birds from other regions, bird groups inhabiting
Menyuan County presented relatively higher ARG abundance and greater numbers of ARGs. Previous
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studies have demonstrated that environmental factors, including anthropogenic activity, livestock
farming, wastewater contamination, and habitat overlap, can substantially influence ARG dissemination
in wildlife-associated microbiomes [26, 73]. Compared with more remote plateau regions, Menyuan
County is characterized by intensive animal husbandry and relatively frequent human activities, which
may increase environmental antibiotic residues and resistant bacterial transmission through soil, water,
and food sources. In addition, sympatric bird species that share similar habitats and feeding
environments may facilitate microbial exchange and ARG circulation among hosts [25]. Regrettably,
because environmental samples were not included in the present study, the direct contribution of local
environmental reservoirs to ARG enrichment could not be confirmed. Therefore, further studies
integrating environmental microbiome sampling and anthropogenic exposure assessments are needed
to clarify the ecological drivers underlying regional ARG variation in plateau birds.

Most of the ARGs (78 out of 60) detected in local rodents were also detected in wild birds, and the
relative abundance of these shared ARGs was generally higher in birds. This substantial overlap
suggests the presence of common environmental reservoirs or shared exposure routes between the two
host groups. The coutilization of water sources and grazing habitats on the Qinghai—Tibet Plateau,
together with the burrow-associated nesting behaviors of both birds and rodents, may facilitate indirect
microbial exchange through environmental contact. Despite the shared ARG pool, the consistently higher
abundance of these genes in birds implies that birds might act as net donors or amplifiers of resistance
determinants, whereas rodents serve as passive recipients. This pattern aligns with the hypothesis that
long-distance migratory birds, which are exposed to diverse anthropogenic antibiotic pressures along
their flyways, can carry enriched ARGs and subsequently disseminate them to sedentary local wildlife via
fecal-oral or environmental routes. However, establishing the directionality of ARG transmission (i.e.,
from birds to rodents) would require additional evidence, such as longitudinal sampling, shared mobile
genetic element analysis, or plasmid-typing, and alternative interpretations (e.g., a common
environmental source) cannot be ruled out. In birds, ARGs were associated mainly with
Pseudomonadota, Bacillota, and Actinomycetota, with Pseudomonadota acting as the major contributor in
most groups. In contrast, the Himalayan marmot resistome was overwhelmingly dominated by Bacillota.
A decoupling between microbial abundance and ARG contribution was observed across hosts. In birds,
several low-abundance phyla, including Pseudomonadota, Bacillota, and Actinomycetota, contributed
disproportionately to ARGs in specific groups. Similarly, in the Himalayan marmot, Pseudomonadota
contributed 3% of the ARGs, despite accounting for only 1% of the microbiota, whereas Bacteroidota
showed the opposite pattern, representing 17% of the microbiota but contributing only 4% of the ARGs.
Overall, these results indicate that ARG carriage is not simply determined by microbial abundance.
Instead, specific bacterial phyla act as key ARG reservoirs in a host-dependent manner, with
Pseudomonadota predominating in birds and Bacillota predominating in the Himalayan marmot. These
findings highlight the importance of host identity in the structuring of ARG reservoirs and suggest that
wildlife species may differ substantially in their potential roles in maintaining and disseminating
resistance determinants in alpine ecosystems.
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Despite these findings, several limitations should be acknowledged. First, the sample size for each bird
group and for Marmota himalayana was relatively limited, which may have constrained the statistical
power for detecting subtle host-associated differences. Second, environmental samples, such as soil,
water, and food resources, were not included in this study, preventing direct evaluation of environmental
contributions to microbiome assembly and ARG dissemination. Third, metagenomic sequencing can be
used to identify the presence of ARGs but cannot determine their transcriptional activity, phenotypic
resistance, or horizontal transfer potential. In addition, the short-read sequencing strategy used here
limited the resolution of the ARG genomic context and mobile genetic elements. Therefore, future
studies that integrate environmental sampling, culture-based isolation, quantitative PCR,
metatranscriptomics, and long-read sequencing approaches will be necessary to better characterize the
activity, mobility, and ecological transmission dynamics of ARGs in plateau wildlife ecosystems.

5 Conclusions

This study provides a metagenomic overview of the gut microbiomes and resistomes of six wild bird
species inhabiting the Qinghai—Tibet Plateau and compares them with those of sympatric Himalayan
marmots. The results revealed marked variation in gut microbial composition among bird groups,
whereas birds from the same geographic region presented more similar taxonomic and functional
profiles, suggesting that local environmental conditions contribute substantially to microbiome
assembly. A diverse resistome was identified in wild birds, including resistance determinants associated
with multidrug resistance and clinically important antibiotic classes. Although the overall ARG
composition was relatively conserved among the bird groups, the microbial origins of the ARGs varied
substantially, indicating that ARG carriage was not simply determined by bacterial abundance.
Comparative analysis further demonstrated host-associated differences in the microbiome and
resistome structure between birds and Marmota himalayana, with Pseudomonadota predominating as
ARG reservoirs in birds and Bacillota predominating in marmots. Overall, these findings highlight plateau
wildlife as potential reservoirs and disseminators of clinically relevant ARGs and provide new insights
into the ecological dissemination of antimicrobial resistance in alpine ecosystems.
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Pathogen—Host Interaction (database)
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Figure 1

Gut microbial composition and alpha diversity among bird species. (a) Relative abundance of the
dominant bacterial phyla. (b) Shannon diversity index. (c) Simpson diversity index.
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Figure 2

Comparison of the gut bacterial communities among the six bird species. (a) Cluster heatmap of the
dominant bacterial genera. (b) PCoA based on the Bray—Curtis distance. (c) LEfSe analysis of
differentially enriched bacterial taxa.
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Figure 3

KEGG functional profiles of metagenomic unigenes in bird gut microbiomes. The bar plot shows the
distribution of genes assigned to KEGG level 2 pathways within major level 1 functional categories.
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Figure 4

Functional variation in thegut microbiomeof wild birds. (a) Relative abundance of major KEGG level 1
functional categories. (b) PCoA based on the Bray—Curtis distance of KEGG functional profiles. (c) LEfSe
analysis of significantly enriched KEGG pathways among the bird groups.
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Figure 5

Figure 5

Comparison of the resistome composition among wild bird species. (a) Relative abundance of dominant
antibiotic resistance genes (ARGs). (b) Principal coordinate analysis (PCoA) based on the Bray—Curtis
distance of the resistome profiles. (c) Shared and unique ARGs among bird species.
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Figure 6

Figure 6

Circos plot showing the associations between bacterial taxa and antibiotic resistance mechanisms in
wild bird gut microbiomes.
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Figure 7

Circos plots representing the associations between microbial phyla and antibiotic resistance genes in six
wild bird groups. (a) PH, (b) PM, (c) AR, (d) AA, (e) MH, and (f) OO. The inner ring shows the distribution
of antibiotic resistance genes within different microbial phyla, whereas the outer ring shows the relative
abundance of the microbial phyla in each bird group.
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Figure 8

Differences in the microbiome and resistome between birds and Marmota himalayana. (a) Bacterial
phylum composition. (b) Microbiome PCoA. (c) Resistome PCoA. (d) Shared and unique ARGs. (e)
Microbial origins of the ARGs in Marmota himalayana.
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