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Tick-vectored mobilization of antibiotic
resistance genes: transboundary
dissemination across wildlife-livestock-
vector-environment interfaces

Check for updates

Zhenhua Lu1,3, Ruishan Li1,3, KaichunZhou2, Shiyu Li1, Shiwei Sun1, JiachengLiu1, LeleZhao1, ShijieChen1,
Kun Liu1 , Xiang Yuan2 & Zhongjun Shao1

Antibiotic resistance genes (ARGs) are emerging as critical environmental contaminants across
diverse ecological interfaces. To dissect evidence of microbiome and resistome in the different
interconnected interfaces of ecotone, we conducted a field investigation of the microbiome and
resistomeofmarmots, alongwith coexistingdomestic sheep, ticks and their cave soilswithin the same
ecological habitat. We used shotgunmetagenomics withmetagenome-assembled genomes (MAGs),
species-resolved binning, ARG identification, source-tracker analyses, and horizontal gene transfer
(HGT) network analysis to examine potential cross-interface dissemination. The composition of the
mammalian gut microbiome was primarily comprised of Firmicutes, while ticks and soils exhibited
distinct clusters that were predominantly dominated by Proteobacteria. The observed resistance
mechanisms manifested niche-specific patterns, with target alteration predominating in mammals,
whereas ticks exhibited elevated antibiotic inactivation/efflux strategies, and soils prioritized efflux
mechanisms. Metagenomic assembly from these four groups yielded 5339 metagenome-assembled
genomes (MAGs), ofwhich 1481metmedium- or high-quality standards. Ticks exhibited 72%species
similarity and 52% ARG concordance with marmots, while soils conserved 32% ARGs and >86%
toxin genes with mammals. Our findings demonstrate that the transboundary dissemination of ARGs
across different ecological interfaces, necessitates integrated surveillance of antimicrobial resistance
at ecological boundaries to mitigate public health risks.

Antimicrobial resistance (AMR) has emerged as one of the most pressing
global health challenges of the 21st century1, with projections estimating up
to 1.91million annual deaths by 2050 if current trends continue2. This silent
pandemic, driven by microbial evolution through genetic mutation, gene
duplication, andhorizontal gene transfer (HGT)3–5, hasmadeonce-treatable
infections increasingly lethal, threatening advancements in modern medi-
cine, agriculture, and ecosystem stability6–8. While intrinsic bacterial resis-
tance mechanisms are well documented9, the ecological networks that
facilitate the circulation of antibiotic resistance genes (ARGs) across inter-
connected biological systems remain poorly mapped—a critical oversight

given the complex interactions among human, animal, and environmental
health10.

Transmission of AMR extends far beyond clinical settings and thrives
at the intersection of wildlife, livestock, vectors, and environmental
reservoirs11. Ticks, as obligate blood-feeding ectoparasites, epitomize this
interconnectedness. Occupying diverse ecological niches, they parasitize
wildlife, livestock, and humans, while their microbiota—a dynamic con-
sortium of symbiotic and pathogenic microbes—serves as both a reservoir
and a conduit for ARGs12. Recent metagenomic evidence reveals that ticks
harbor multidrug-resistant bacteria13, yet their role in spreading resistance
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across host species and ecosystems remains understudied. This gap reflects
broader uncertainties in understanding how environmental reservoirs, such
as antibiotic-contaminated soils and wildlife with minimal anthropogenic
exposure, contribute to the global resistance—the collective ARG repertoire
within microbial communities.

These complexities underscore the importance of the One Health
framework, which acknowledges human health as inextricably linked to
animal and environmental well-being. By considering the dynamic rela-
tionships between these domains, the framework provides a comprehensive
approach to understanding the transmission of health risks, including those
related to AMR, across different ecological interfaces14. Soils, for example,
act as historical archives of resistance genes. Millennia of microbial warfare
have forged ARGs, which are now being mobilized by anthropogenic
pollution15. Despite lacking direct exposure to antibiotics, wildlife species
harbor resistomes that are comparable to those of intensively farmed live-
stock, suggesting cryptic pathways for the acquisition of ARGs in the
environment16–18. Even companion animals that share homes with humans
participate in this network, blurring the boundaries between clinical and
ecological transmission routes19,20. Within this intricate web, vectors like
ticksmay serve as unrecognized bridges, transferringARGs between species
through HGT during blood meals—a hypothesis supported by fragmented
evidence but requiring systematic validation.

Advancements in next-generation sequencing (NGS) have revo-
lutionized our capacity to dissect these interactions. Metagenomics, by
circumventing cultivation biases, enables comprehensive profiling of
unculturable microbial communities, revealing novel ARGs, mobile
genetic elements (MGEs), and HGT hotspots across diverse matrices21.
The Qilian Mountain National Nature Reserve represents a substantial
marginal mountain range, situated in the northeast of the Qinghai-
Tibet Plateau. As an important ecotone, it is a biodiversity hotspot and

an emerging anthropic zone. This study investigates the ecological
patterns of ARGs dissemination across the interfaces of wildlife-
livestock-vector-environment in the Ecotone of Qinghai-Tibet Plateau
margin. Using metagenomic approaches, we characterized resistomes
from host-associated fecal samples, environmental soils, and ticks to
evaluate cross-species transmission dynamics. By reconstructing HGT
networks and resistome mechanisms, we identified how multi-host
connectivity and habitat fragmentation jointly govern resistance pro-
pagation at ecological boundaries.

Results
Host-associated divergence in microbiome composition
The identity of Marmota himalayana was established via morphological
and molecular phylogeny, alongside the concurrent taxonomic confirma-
tion of Ixodes canisuga (Supplementary Fig. 4). Subsequent to rigorous host
sequence removal and quality filtering, the de novo assembled contigs
(>300 bp in length)were subjected to taxonomic annotationusingKraken2-
derived taxonomic classifications with Bracken-based abundance calibra-
tion. Subsequent computational comparisons revealed statistically sig-
nificant disparities (p < 0.01) in both Shannon and Chao1 richness indices
across four groups (Figs. 1A and S1A). Notably, the Soil group exhibited the
highest alpha diversity, while the Tick group showed the lowest microbial
richness and evenness, suggesting ahighly specializedmicrobial community
within the vector. The final NMDS configuration (k = 3 dimensions)
achieved a stress value of 0.08 (Fig. 1D), indicating adequate ordination
fidelity according to Clarke’s stress interpretation guidelines (stress < 0.2
means meaningful interpretation). The NMDS plot demonstrated clear
sample-type-based clustering, wherein the proximity between theMarmota
and Sheep groups indicated a shared microbial profile that contrasted with
the more isolated Soil and Tick samples.

Fig. 1 | The diversity of species, ARGs, and MGE in different interfaces.
A–C Alpha diversity of species, ARGs, and MGE in different interfaces (based on
Shannon). D–F Beta diversity of species, ARGs, and MGE in different interfaces

(based on Bray–Curtis distance); **p < 0.01, ***p < 0.001. Significant difference of
Beta diversity was calculated by NMDS using the Bray–Curtis Index of four groups.
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Taxonomic analysis at the phylum level (Supplementary Fig. 1B)
revealed conserved similar profiles between mammalian cohorts (Marmot
and sheep groups), demonstrating a tripartite dominance hierarchy of
Firmicutes (42.4% and 43.2%), Proteobacteria (28.3% and 27.2%), and
Bacteroidetes (20.0% and 12.6%). The analysis revealed striking Proteo-
bacteriadominance inboth tick-associatedmicrobiota (62.3%) and cave soil
microbiomes (64.6%), while the composition of other taxonomic groups at
the phylum level exhibited significant divergence. At the family taxonomic
level (Supplementary Fig. 1C), Enterobacteriaceae maintained pre-
dominance in both mammalian digestive ecosystems (21.7% marmot vs
17.0% sheep). Tick-associated microbiota exhibited Moraxellaceae dom-
inance (15.3%), while edaphic communities were characterized by Sphin-
gobacteriaceae preeminence (10.2%). Furthermore, the Enterobacteriaceae
family constitutes 11.7% of the tick-associated microbial community,
thereby reflecting the similarity between hemophilic arthropods and their
mammal hosts.

The patterns of resistome in different interfaces
Diversity analysis delineated specific patterns in both ARG and MGE
diversity across different groups. Significant inter-group differentials
(p < 0.01) emerged across all pairwise comparisons except Marmota-Tick
and Sheep-Soil dyads for ARG profiles (Fig. 1B), contrasting with the
Marmota-Sheep exception observed in MGE distribution (Fig. 1C). Both
NMDS ordination models demonstrated robust structural validity through
stress coefficients of 0.13 (ARG, Fig. 1E) and 0.10 (MGE, Fig. 1F).

Furthermore, the presence of ARGs associated with resistance to at
least 25 antimicrobial classes was identified in fecal samples from wild
Marmota himalayana, domesticated sheep, and parasitic ticks. It is note-
worthy that the feces of thewildMarmota himalayana specimen exhibited a
higher prevalence of specific ARGs, which are associated with resistance to
fusidic acid. Conversely, adjacent burrow soil samples exhibited ARGs
corresponding to a mere 24 antibiotic classes (Fig. 2). The absence of
bleomycin- and defensin-related resistance genes in soil samples indicates
discrepancies in the ARG profiles between biological specimens and their
surrounding environment. A thorough analysis of the patterns of resistance
mechanisms (Fig. 2) across diverse interfaces reveals that target alteration is
predominant in marmot (51.9%) and sheep samples (37.7%), while ticks
demonstrate higher proportions of antibiotic inactivation (32.0%) and
antibiotic efflux mechanisms (31.4%). The soil composition is pre-
dominantly characterized by the presence of antibiotic efflux (44.2%),
antibiotic inactivation (27.1%), and alterations to the antibiotic tar-
get (24.8%).

The reconstruction of metagenomically assembled genomes
A total of 5339 metagenome-assembled genomes (MAGs) were recon-
structed, 1481 of which met or exceeded the medium-quality level of the
minimum information about a metagenome-assembled genome standard
(completeness ≥ 50% and contamination < 10%). A total of 339 (9.1%) of
these MAGs were identified as high-quality genomes, meeting criteria for
completeness > 90% and contamination < 5%.

Fig. 2 | The patterns of resistome in different interfaces. The proportion area diagram represents the overall proportion of the AMRmechanism in each group. The chord
diagram shows the overall and group correspondence of the AMR category.
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Taxonomic classification analysis across host and environmental
niches revealed distinct microbial phylogenetic architectures at the MAG
level (Fig. 3). We further combined all high- and medium-quality level
MAGs and dereplicated at 99.9 and 95% average nucleotide identities
(ANIs) to produce 834 SGBs (Supplementary Fig. 2). We identified 263
uSGBs (31.5% of SGBs) and 571 known SGBs (68.4% of SGBs) based on the
threshold of 95% ANI and 30% alignment fraction (AF).

Cross-host shared resistome and functional gene pools
A comparative analysis of shared microbial species, ARGs, and toxin genes
across four sample groups was conducted, resulting in the identification of
18 ARGs and 78 toxin genes common to all groups (Fig. 4A–C). Addi-
tionally, three groups shared 4 microbial species, 27 ARGs, and 41 toxin
genes. Interspecific analysis demonstrated distinct sharing patterns: Ticks
exhibited the highest overlapwithmarmots (71.9% species similarity, 51.7%
ARG concordance, and 90.1% toxin gene similarity), followed by more
modest sharing with sheep (12.5% species, 47.1% ARGs, and 87.6% toxin
genes). It is noteworthy that while ticks did not share any species with soil
samples, they exhibited31.0%ARGand71.9% toxingene commonality. Soil
samples exhibited complete species divergence from both marmots and
sheep, yet retained 32.1% ARGs with each mammalian host. This was
coupled with high toxin gene preservation, with 86.1% in marmots and
87.0% in sheep. A comparative analysis between marmots and sheep

revealed limited species overlap (10.4%), contrasting with substantial
genetic exchange (44.8%ARG sharing and 86.3% toxin gene conservation).

A SourceTracker-style mixing analysis based on ARG feature profiles
estimated the relative contributions of tick- and soil-associated sources to
the resistomes of marmota and sheep. Across marmota samples (Fig. 4D),
the inferred tick contribution was consistently high (0.46–0.63 across
individuals), whereas the soil contribution was generally smaller and more
variable (0.01–0.37); the remaining fraction was assigned to the “unknown”
category (0.18–0.45). Across sheep samples (Fig. 4E), the inferred tick
contribution was also substantial (0.29–0.56), with a minor contribution
from soil (0.01–0.11) and a comparatively larger proportion assigned to
“unknown” (0.43–0.65).

Host composition characteristics and horizontal transfer
risk of ARG
Following an evaluation of the risk of ARGs in MAGs, it was determined
that sheep exhibited the highest risk of ARGs, harboring both Rank II and
Rank I ARGs in the sheep group (Fig. 4F). This elevated risk profile was
found to be associatedwith the presence of certain bacterial lineages, namely
thosebelonging to theBacteroidaceae andPaludibacteraceae families,which
are specific to sheep hosts. Marmota and tick populations exhibited mod-
erate risks, predominantly characterized by Rank III/IV classifications. In
contrast, soil samples predominantly manifested low-risk Rank IV profiles.

Fig. 3 | Phylogeny and taxonomy of reconstructedMAGs.Amaximum-likelihood
phylogenomic tree was constructed using 1481 MAGs and 255 GTDB reference
genomes. The color-coded bars represent the four sample types (red: tick; orange:

soil; purple: marmota; green: sheep), while colored boxes are used to highlight
various clades representing distinct bacterial phyla.
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Enterobacteriaceae emerged as a shared ARG reservoir across sheep, mar-
mota, and tick, whereas Pseudomonadaceae and Moraxellaceae bridged
tick-soil transmission. Our comprehensive analysis of MAGs and high-risk
MAGs revealed an active ARG shared network connectingmultiple species
(Fig. 5A and B). The network analysis showed that Marmota and Sheep-
derived MAGs (represented by purple and green clusters) functioned as
central hubs, exhibiting significantly higher degree centrality compared to
other groups. This structural layout suggests that these hosts serve as critical
reservoirs for ARG dissemination. The presence of tight clustering among
divergent species indicates thatHGTevents are not taxonomically restricted
but occur frequently across broad phylogenetic boundaries. Furthermore,

the peripheral but connected position of Tick-derived MAGs (orange)
implies a potential route for resistance gene flow from environmental
sources to animal hosts. The data suggest the presence of a potential
exchange of genes between Marmota and sheep-associated MGEs and tick
populations (Fig. 6). The notable transmission link has been identified
specifically between different interfaces and phyla (Supplementary Fig. 3).

Discussion
AMR represents a growing threat to global public health, as there is an
absence of effective and safe alternative treatments22. The propagation of the
pathogen occurs not only in healthcare facilities, but more persistently at

Fig. 4 | Cross-host shared function genes are pooled in the same ecosystem. A–C Number of species, args, and toxin genes of MAGs shared in different interfaces.
D-E Source Tracker analysis of resistome in (D) marmot and (E) sheep samples. F Rank of risk ARGs in different interfaces.

Fig. 5 | HGT Interaction networks at microbial
genomic resolution. A The co-occurrence network
of HGT among MAGs. B The co-occurrence net-
work of HGT among MAGs with high-risk ARGs.
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zoonotic transmission nodes where human, animal, and environmental
reservoirs interact synergistically10. This study employs metagenomic
approaches to delineate themicrobiome and functional gene interactions—
particularly ARGs—across wildlife (Marmota himalayana), vector species
(Ixodes canisuga), livestock (Ovis aries), and their shared environment
within a regional ecosystem. By reconstructing HGT networks at microbial
genomic resolution, we reveal fine-scale genetic flux dynamics among these
ecological compartments. This, in turn, advances a One Health-aligned
framework to address AMR dissemination at the wildlife–livestock-vector-
environment interfaces.

The substantial compositional divergence observed acrossmammalian
hosts (wild marmots and sheep), ticks, and soil microbiomes underscores
the profound influence of host physiology and ecological niches in shaping
microbial communities. Our analyses revealed distinct alpha-diversity
patterns. Specifically, soil exhibited the highest diversity in different inter-
faces, while mammalian gut microbiomes exhibited higher Shannon
entropy and Chao1 richness compared to the tick group (p < 0.01). The
observed disparity in microbial diversity across interfaces reflects distinct
ecological constraints and niche specialization. Soil’s superior alpha diver-
sity likely stems from its heterogeneous physicochemical gradients and
resource availability, fostering niche partitioning and coexistence of phy-
logenetically divergent taxa23. The diversity ofmammalian gutmicrobiomes
reflects thenutrient-rich, stable intestinal environments that support diverse
microbiota24,25. In contrast, ticks—constrained by their blood-feeding
ecology—harbored reduced diversity, dominated by Proteobacteria
(62.3%), likely reflecting selective pressures from host immune factors and
limited nutritional inputs26,27. The NMDS ordination (stress = 0.08)
demonstrated clear spatial separation of the four groups, with marmot and
sheepmicrobiomes clustering distantly from ticks and soils. It is noteworthy
that tick-associated communities exhibit high dispersion across other
groups, suggesting a potential role as ecological bridges in bothhost-parasite
and environmental interface. This finding is consistent with their ecological
function as ectoparasites.

At the phylum level, the conserved multi-phylum structure in mam-
mals contrasts sharply with the Proteobacteria supremacy in ticks.

Firmicutes specialize in complex carbohydrate metabolism critical for her-
bivorous and hibernation-driven energy demands28,29, while Proteobacteria
in ticks may thrive on host-derived lipids and heme30–33. Soil communities
exhibiteddistinct niche partitioning, the dominance ofProteobacteria aligns
with their well-documented roles in organic matter decomposition and
carbon cycling34, whileActinobacteriawere known for secondarymetabolite
production and sporulation35,36. The predominance of the Sphingobacter-
iaceae family in the soil (10.2%) is indicative of oligotrophic adaptation, a
characteristic that is well-documented within the scientific literature. This
family is renowned for its ability to degrade recalcitrant organic matter in
nutrient-poor environments37.

The distribution of ARGs across host-associated and environmental
compartments is characterized by a stratification that reveals distinct eco-
logical drivers shaping resistome architecture. Our analysis demonstrates
that biological hosts harbor significantly higher ARG diversity compared to
soils (p < 0.01, Kruskal–Wallis). Specifically, marmot feces are uniquely
enriched in fusidic acid resistance genes, a pattern potentially linked to their
hibernation physiology, which may select for Staphylococcus-derived
resistance traits in the gut microbiome38,39. The absence of bleomycin- and
defensin-related ARGs in soils underscores the role of environmental fil-
tering mechanisms, which may be attributable to a diminished selective
pressure from these antimicrobials within non-host ecosystems. A diversity
analysis was conducted, which confirmed that the resistome is strongly
partitioned by ecological niche. Although marmot-tick (p = 0.067) and
sheep-soil (p = 0.112) pairs demonstrated non-significant dissimilarity,
these trends imply nuanced transmission dynamics. Ticks’ close physical
association with mammalian hosts may facilitate the exchange of ARGs,
whereas sheep-soil convergence could reflect pasture grazing-mediated
gene flow40–42. The prevalence of target alterationmechanisms in mammals
(51.9% inmarmots; 37.7% in sheep) is consistent with host-driven selection
for chromosomal mutations in core gut symbionts (Bacteroidetes), which
frequently evolve target-modifying resistance over prolonged periods of
host-microbe coadaptation43. For marmot feces, the prominence of
target alteration/target protection-typemechanismsmay be consistent with
a resistome shaped more by host ecological filtering and intrinsic

Fig. 6 | Typical HGT occurring in MAGs between
different interfaces.
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community structure under relatively limited direct anthropogenic anti-
biotic selection, compared with managed livestock settings. Finally, for
sheep, stronger anthropogenic selection pressures and higher host-density/
contact rates in managed contexts could favor mechanisms commonly
carried on MGEs (such as enzymatic inactivation and associated dis-
semination potential).

In contrast, ticks and soils exhibited a preference for energy-dependent
resistance strategies. Ticks demonstrated a clear predilection for antibiotic
inactivation (32.0%) and efflux pumps (31.4%), likely adaptations to tran-
sient exposure to host-derived antimicrobial peptides during blood
feeding44. Based on these, we hypothesize that tick interface represents a
highly connected ecological “junction” linking wildlife, livestock, and the
environment; such sourcemixingmay increase the probability of acquiring
mobile-element–associated resistance functions, leading to amore balanced
mechanism profile rather than a single dominant category. Soils’ efflux-
dominated profile (44.2%) mirrors microbial survival strategies in chemi-
cally heterogeneous environments, where broad-spectrum efflux systems
provide fitness advantages against natural antimicrobials and pollutants37.
Genomic analysis of reconstructedMAGs reveals thatmicrobial persistence
in the tick is supported by specialized physiological adaptations. We iden-
tified sophisticated heme homeostasis machinery—including Hemerythrin
(Hr) sensors and the HmuVUT ABC transport system—which likely
mitigates host-derived oxidative stress and prevents the toxic Fenton
reaction45. Furthermore, thepresenceof theMlapathway46 and cell envelope
reinforcement genes (MraY and GT4) suggests a robust capacity to main-
tain membrane integrity against host surfactants47,48. These adaptive traits
facilitate the stable colonization of these taxa, potentially allowing them to
serve aspersistent reservoirs for thediverse resistome identified in this study.

While genomic databases have expanded rapidly, they remain heavily
biased towardhuman-related or clinical isolates, leaving themicrobial “dark
matter” in ecological niches like soil and tick-host systems largely unex-
plored. The dereplication of MAGs at 99.9% and 95% average nucleotide
identity (ANI) thresholds produced 834 SGBs, including 263 uSGBs
(31.5%), underscoring the vast unexplored microbial diversity in wildlife-
livestock interfaces. The 263 uSGBs, predominantly derived from soil and
tick samples, represent novel microbial lineages that may be adapted to
extreme or understudied niches. Their presence in environmental samples
(78% of uSGBs) underscores the inadequacy of existing reference databases
for soil and arthropod-associated taxa. Conversely, the high proportion of
known SGBs in mammals (89% of sheep MAGs) reflects better character-
ization of host-associated microbiomes. Our identification of these USGBs
serves as a critical reminder of the limitations of existing repositories and
demonstrates the indispensable value of systematic field-based metage-
nomic surveys in uncovering hidden biodiversity.

The asymmetric sharingpatterns ofmicrobial species,ARGs, and toxin
genes acrossmarmots, sheep, ticks, and soil underscoredistinctmechanisms
of genetic exchange at ecological interfaces. The striking discordance
between taxonomic overlap and functional gene conservation—exemplified
by the fact that ticks share 71.9% species and51.7%ARGswithmarmots, yet
no species and 31.0% ARGs with soils—identifies two key transmission
pathways: The first topic is host-parasite cohabitation, which facilitates the
transfer of species and genes. The second topic is environment-mediated
HGT, which enables the persistence of ARGs across taxonomically dis-
connected niches. Ticks’ dual role as biological vectors and environmental
interfaces is evident in their hybrid gene pool. The high species similarity
with marmots reflects bloodmeal-driven microbial colonization, whereas
the overlap of ARG/toxin genes with soils suggests the acquisition of
extracellular DNA from burrow substrates. The near-complete toxin gene
conservation between ticks and mammals (87–90%) may indicate strong
selective pressure to maintain virulence factors for host immune evasion,
contrasting with the niche-specific enrichment of ARGs. Soil exhibits a
paradoxical profile, characterizedbycomplete species divergence fromhosts
yet a high prevalence of ARGs and toxin gene sharing, reaching 32% and
greater than 86%, respectively. This phenomenon underscores its function
as a non-living reservoir for MGEs. The preservation of host-associated

ARGs (β-lactamases) in soils is likely facilitated by the stabilization of
plasmids via biofilm communities or adsorption to mineral particles49,50,
thereby enabling prolonged environmental persistence. The high degree of
toxin genes’ resilience, as indicated by their 86–87% retention, may be
indicative of their utility in microbial competition, independent of host
interactions51.

Marmot-sheep comparisons further illuminate HGT dynamics: lim-
ited species overlap (10.4%), but substantialARG (44.8%) and toxin (86.3%)
sharing suggest grazing-mediated gene flow via shared pastures40–42. The
hierarchical distribution of antimicrobial resistance gene (ARG) risks across
hosts and environments, coupledwith activeHGTnetworks, reveals critical
linkages between microbial community structure and resistance dis-
semination. Sheep exhibited the highest ARG risk burden, uniquely har-
boring high-risk Rank I/II genes (Bacteroidaceae-associated MAGs), likely
due to their exposure to veterinary antibiotics52 and nutrient-rich gut
environments that favor ARG enrichment in commensal taxa53,54. By
bridging human activity and the environment, livestock in semi-natural
systems could act as stable reservoirs that sustain and spread the resistome
dissemination. In contrast,marmots and ticks showedmoderate risks (Rank
III/IV), reflecting limited anthropogenic antibiotic pressure in wild eco-
systems, while soils retained low-risk profiles dominated by efflux-mediated
ARGs—a signature of environmental persistence rather than recent selec-
tion. We emphasize that the ranking reflects a prioritization of potential
public health relevance rather than a direct measure of clinical outcomes;
epidemiological linkage would require additional surveillance and clinical
data. Co-occurrence network analysis identified Enterobacteriaceae as a
cross-host ARG reservoir, underscoring its genomic plasticity and capacity
to harbor transmissible plasmids across phylogenetically distant hosts
(sheep, marmots, ticks). This aligns with prior studies implicating Enter-
obacteriaceae in global multidrug resistance dissemination55. Notably,
Pseudomonadaceae and Moraxellaceae bridged tick-soil ARG exchange,
suggesting their dual adaptability to host-associated and free-living niches.
These taxa, known for biofilm formation and broad-spectrum efflux sys-
tems, likely stabilize extracellular DNA in soil, facilitating HGT through
transformation or phage-mediated transduction56,57. The marmot-soil
transmission link, visualized in network topology, highlights soil as a
transient reservoir for wildlife-shed ARGs. This pathway may involve
Marmota burrow deposition of fecal microbes, followed by soil-mediated
plasmid stabilization and subsequent uptake by grazing sheep.

The study has two primary limitations: Firstly, it is imperative to
acknowledge the limitations imposed by spatial-temporal and sampling
constraints. These constraints include single-region sampling, restricted
sample sizes, and an absence of longitudinal data. Thus, our data demon-
strate cross-interface similarity and potential dissemination under the long-
term ecological accumulation, but do not resolve directionality or causality
as snapshot transfer events, rapid fluctuations in ARG abundance, or time-
resolved gene mobilization processes. Future longitudinal designs with
higher temporal resolution are needed to directly resolve these momentary
processes andmechanistically validate ARG activity and transfer pathways.
Secondly, as co-occurrence networks and metagenome-based risk stratifi-
cation cannot confirm active HGT or validate ARGs functionality without
experimental evidence. Amulti-layer validation framework using advanced
genomic linkage methods (long-read and Hi–C), expression/activity pro-
filing (meta-omics), and targeted experimental verification (cultivation or
microcosm conjugation assays) is required to establish active HGT and
functional ARGs.

Methods
Experimental design and sample collection
A total of 54 Fecal samples from wildMarmota himalayana were sampled
from May 2023 to August 2024 as part of the animal health surveillance
program conducted by the Centre for Disease Control and Prevention of
Wuwei, Gansu Province, China. To investigate microbiome co-occurrence
patterns and potential transmission routes among wild M.himalayana,
vectors, livestock, and environmental reservoirs, we additionally collected
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fecal samples of sheep, parasitic ticks of M.himalayana and soil samples
from associated habitats. Marmot fecal samples were collected simulta-
neously with their parasitic ticks and burrow soil. Soil was excavated from
the burrowwalls at a depthof 20–30 cm from the entrance,where three sub-
samples of equal mass were collected per burrow and homogenized into a
single composite sample. Sheep fecal samples were collected from indivi-
duals located in close proximity to the marmot sampling sites. The identi-
fication of species was conducted by experienced professionals through
morphological observation and molecular biological methods. Specifically,
Marmota species were identified using the mitochondrial cytochrome b
(cytB) gene58, while ticks were identified through the mitochondrial DNA-
encoded cytochrome coxidase subunit I (COX I) and the nucleus-encoded
16S ribosomalDNA (16S rDNA), employing PCR (SupplementaryTable 1)
and Sanger sequencing techniques59. Tick specimens were surface-sterilized
through sequential immersion in 5%sodiumhypochlorite and70%ethanol,
followed by thorough rinsing with sterile Milli-Q water. Subsequently, the
salivary glands, Malpighian tubules, and ovaries were isolated via fine
microdissection in ice-cold 1x PBS. To effectively eliminate residual host
blood components, the excised tissues underwent at least five consecutive
washes in fresh PBS prior to being processed for nucleic acid extraction.
Upon arrival at the laboratory, the composite soil samples were processed
under aseptic conditions to ensure representativeness and remove non-
microbial components. The soil was then thoroughly homogenized and
passed through a sterile 2 mmmesh sieve to achieve a uniform particle size
and eliminate coarse organic matter. For each sample, approximately
0.25–0.5 g of the sieved soil was aliquoted into sterile 2mL screw-cap bead-
beating tubes specifically designed for soil DNA extraction. To prevent
cross-contamination, all processing tools, including sieves and spatulas,
were surface-sterilized with 70% ethanol and rinsed with sterile Milli-Q
water between individual samples. Triplicate tick specimens derived from
identical sites were then pooled and subjected to high-throughput nucleic
acid isolation protocols. All specimens were transported on dry ice and
subsequently stored at -80°C until processing. Ultimately, we selected 17
fecal samples frommarmots parasitized by ticks in non-repeating locations,
corresponding to 60 female parasitic ticks (Triplicate samples from the same
host source were pooled for library construction), 13 soil samples from
marmot burrows (only one sample was collected from the duplicate cave),
and 15 fecal samples from nearby semi-grazing management sheep for
subsequent metagenomic sequencing (Details are provided in Supple-
mentary Data 1).

DNA extraction and metagenomic sequencing
DNA was extracted using sample-specific commercial kits: The QIAamp
DNAMiniKit for tissue samples, FastDNAStoolMiniKit for fecalmaterial,
and PowerSoil DNA Isolation Kit for soil samples (Qiagen, Germany),
following manufacturers’ protocols. DNA concentration was quantified
using a Qubit 3.0 fluorometer (Thermo Fisher Scientific, USA). The
integrity of library fragments was assessed using an Agilent 2100 Bioana-
lyzer, confirming anoptimalOD260/280 ratioof 1.8–2.0 andanOD260/230
ratio within the range of 2.0–2.2. Sequencing libraries were prepared using
theNEBNextUltraDNALibraryPrepKit (NewEnglandBiolabs,USA) and
sequenced on an IlluminaHiSeq X-ten platform (150-bp paired-end reads)
through a commercial service provider (Guangdong Magigene Bio-
technology Ltd., China). Library sequencing generated a minimum output
of 15Gbper sample to ensure sufficient depth and accuracy for downstream
metagenomic analysis.

Microbial community analysis and function gene annotation
Raw reads were processed through adapter trimming, quality filtering, and
host DNA removal using KneadData v0.7.6 (https://huttenhower.sph.
harvard.edu/kneaddata). Host genome removal was performed via Bowtie2
alignment against reference genomes of Marmota himalayana and tick
species. Quality-controlled reads were assembled using MEGAHIT v1.0.3
(https://github.com/voutcn/megahit) with default parameters. Then the
assembled contigs were taxonomically classified using Kraken260 with

abundance estimation via Bracken61. The PathoFact pipeline62 was
employed for concurrent prediction of ARGs (performed by DeepARG63

and RGI64), MGEs, and virulence factors. Open reading frames were pre-
dicted using Prodigal v2.6.3 (https://github.com/hyattpd/Prodigal), with
ARG/MGE abundances normalized to estimated prokaryotic cell counts
(ARGs-OAP v3.2).

SourceTrackeranalysisandDNA-level validationofsharedARGs
We implemented a SourceTracker analysis using ARG feature profiles
derived from our cross-group ARG dataset65,66. Briefly, tick and soil were
treated as source environments, and each marmota and sheep sample was
treated as a sink. We then estimated the mixture proportions for each sink
sample, reporting contributions from (i) tick, (ii) soil, and (iii) an
“unknown” component capturing sources not represented in the training
set. To address the evidence of potential transboundary dissemination
across different interfaces at theDNA level, we conducted a nucleotide-level
analysis to determine whether shared ARG signals correspond to identical
or highly similar sequences. We constructed a tick-derived AMR gene
nucleotide reference catalog from tick metagenome contigs. Briefly,
assembled contigs were searched against the CARD protein database64

(v3.0) using DIAMOND blastx67 (v0.9.34) and filtered using stringent cri-
teria (identity ≥ 90%, query coverage ≥ 90%, e-value ≤ 1e− 10, sensitive
mode). For high-confidence matches, the corresponding coding sequences
(CDSs) were precisely extracted from the contigs based on the alignment
coordinates (qstart and qend) reported by DIAMOND. Extracted regions
were deduplicated by retaining the best match (highest identity) for each
unique contig region. The resulting nucleotide sequences were compiled to
build a non-redundant, position-specificAMRgenedatabase. Then this tick
AMR nucleotide catalog was employed as the reference for BLASTn com-
parisons against three other metagenomic contig datasets (nucleotide
identity ≥ 99%, e-value ≤ 1e− 5, alignments ≥ 300 bp).

MAGs reconstruction
The MAGs were reconstructed using SemiBin68 under a dual-phase
assembly strategy involving initial single-sample assembly complemented
by co-assembly-based phylogenetic reconstruction. CheckMv1.1.2 (https://
github.com/Ecogenomics/CheckM) with the options ‘lineage_wf -c 50 -x
10’wasused to assess the completeness and contaminationof allMAGswith
stringent quality thresholds (>50% completeness, <10% contamination).
Taxonomic classification utilized GTDB-Tk v2.1.169 against the GTDB
R207_v2 database. In short, the GTDB-Tk classifies each genome based on
ANI to a curated collection of reference genomes, placement in the bacterial
reference genome tree, and relative evolutionary distance (RED). Species-
level genome bins (SGBs) were formed from MAGs at a 95% ANI70

thresholdusing the ‘cluster’ function indRepv2.2.371. The SGBs that include
at least one reference genome or metagenome-assembled genome in the
GenomeTaxonomyDatabasewere classified as knownSGBs.Those lacking
reference genomes were labeled as unknown SGBs (uSGBs). Phylogenomic
analysiswas conducted using the PhyloPhlAn3.0 tool72 based on a set of 400
conserved bacterial protein sequences. ARG/MGE host linkages were
established by detecting these elements within MAGs through the Patho-
Fact pipeline.MetaCHIPpipeline73wasused to assess thehorizontal transfer
risk of these ARGs among different groups. ARG risk ranking was per-
formed usingARG-RANKER, which classifies ARGs into four ranks (I–IV)
based on anthropogenic enrichment, mobility, and presence in ESKAPE
pathogens (decision-tree framework). High-risk ARGs were defined as
Rank I–II74. Function annotated using eggNOG-mapper75 v5 against the
eggNOG database76 with default parameters.

Statistical analysis and data visualization
Statistical comparisons were conducted using nonparametric
Kruskal–Wallis tests among disparate groups. In the event that the overall
test was found to be significant (p < 0.05), pairwise comparisons between
groups were subsequently performed with the Wilcoxon rank sum test to
ascertain the underlying cause of the observed difference. The multiple test
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correction was executed through the implementation of the Bonferroni
correction method. The statistical significance of the findings was estab-
lished at p < 0.05, employing conventional inferential thresholds. Alpha and
beta diversity of taxonomic profiles, ARGs, andMGEswere calculatedusing
the vegan package (https://github.com/vegandevs/vegan) in the R (v4.0.2)
software.Non-metricMultidimensional Scaling (NMDS)was implemented
based on Bray–Curtis dissimilarity matrices to ordinate microbial com-
munity structures. The boxplot and bubble plot were executed using the
ggplot2 package in R v4.0.2. The phylogenetic tree was plotted using
Interactive Tree of Life (iTOL) v5 online77. The co-occurrence networks of
args were visualized using Gephi software 0.9.2 (https://github.com/gephi/
gephi). The others were all performed in the R language.

Data availability
The sequence data in this study have been deposited into the CNGB
Sequence Archive of China National GeneBank Database (CNGBdb) with
accession number CNP0009025.
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