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Threat to global public healthARGs Dissemination
Emerging contaminants: 

ARGs

1. Introduction

(Zhang., et al. 2022，NC)

Human Pathogen Bacteria (HPB)

(Wang., et al. 2022, Microbiome)

Antimicrobial resistance has become a major 

global public health concern

Antibiotic Resistance Genes 

(ARGs) 

ARGs host: antibiotic resistant 

bacteria (ARB) 

(HPB)

Mobile Genetic Elements (MGEs) 

Horizontal Gene Transfer (HGT)

Spread in riverine ecosystem

(Wang., et al. 2024, WR)

pathogens



1. Introduction

(Zhang., et al. 2024, STOTEN)

High frequency resistome

dominate in relative abundance

Low frequency 

resistome contribute to 

diversity and risk

• Why certain ARGs remain 

spatially restricted, whereas 

others become widely prevalent？

Spatial dissemination patterns

(Jiang., et al. 2024, WR)

(Serrana., et al. 2025, Microbiome )

Tracing migration processes 

Developing risk mitigation strategies
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ARGs profiles

microbiota and MGEs 

profiles

Genetic context

2. Materials and Methods
Metagenomic sequencing

Core resistome: ≥80%

Common resistome: 50–80%

Stochastic resistome: <50%

physicochemical parameters: dissolved oxygen

(DO), pH, water temperature (WT),

oxidation‒reduction potential (ORP) and electrical

conductance (EC), suspended particulate matter (SPM),

chemical oxygen demand (COD), total nitrogen (TN),

nitrate nitrogen (NO3
--N), nitrite nitrogen (NO2

--N),

ammonium nitrogen (NH4
+-N), total phosphorus (TP)

and total organic carbon (TOC)

Antibiotics: 25 target antibiotics (five categories): (1) sulfonamides (SAs), including sulfacetamide

(SAAM), sulfadiazine (SDZ), sulfathiazole (STZ), sulfapyridine (SPD), sulfamerazine (SMR), sulfisoxazole

(SX), sulfadimethoxine (SDM), sulfaquinoxaline (SQX), trimethoprim (TMP), and sulfamethoxazole (SMX);

(2) quinolones (QNs), including enoxacin (ENO), norfloxacin (NOR), ofloxacin (OFL), ciprofloxacin (CIP),

and enrofloxacin (ENRO); (3) tetracyclines (TCs), including doxycycline (DOX), chlortetracycline (CTC)

and tetracycline (TC); (4) chloramphenicols (CAs), including chloramphenicol (CHL), thiamphenicol (THI),

and florfenicol (FF); (5) macrolides (MLs), including azithromycin (AZM), clarithromycin (CTM),

roxithromycin (RTM) and erythromycin (ETM)

5464-km-long



2. Materials and Methods
⚫ Identifying key drivers of variations in ARG behaviors

Driving pathways: Variance Partitioning Analysis (VPA), Partial Least Squares-Path Modeling (PLS-PM) 

Key drivers: Random Forest (RF)

⚫ Nonlinear responses of distinct 

ARG groups along the continuous 

environmental and biological 

gradients

• Non-linear dependencies:  

Copula-based approach

• Uniform joint samples: 

Monte Carlo simulation 

• Nonlinear responses: 

Generalized Additive Models (GAMs)



Results and Discussion

03



3.1 ARGs, microbiota and mobilome profiles

ARGs profiles

Microbiota and mobilome profiles

Spatial distribution

⚫ Detected ARG subtypes

Stochastic ARGs: 83%      Core ARGs: 10%

⚫ ARGs relative abundance

Core ARGs: 60%  (bacA of core ARGs accounting for 10%–70%)

⚫ Dominant microbiota phyla

Pseudomonadota, Actinomycetota, Bacteroidota and Bacillota

⚫ Dominant MGEs

Transposase: half of the total MGEs relative abundance

Bimodal distribution of ARGs 

U8-U16 and U23-M11
dominated by 

core ARGs (60%)
MGEs prevalence 

Twice



3.1 ARGs, microbiota and mobilome profiles

105 ARG subtypes

➢ lnu(G) and erm(B): most abundant 

Risk I ARGs

Peak abundance >10-fold higher than 

other subtypes

➢ Core ARGs sul1 and also ranked in 

the top 20aadA3

Risk level

Risk I level 

Stochastic ARGs 

80%

• U24: harbored multiple high risk ARGs

• Risk I ARGs mainly derived from 

stochastic ARGs

• Stochastic ARG abundance exceeded 

core/common ARGs by 8–30-fold



3.2 Genetic location and co-occurrence network

ARG localization patterns

• chromosomal: Core ARGs

• plasmid : Stochastic ARGs

• The multidrug ARGs carried by chromosome were 

constant components across core, common, and 

stochastic resistomes

ARG co-occurrence network

β-lactam ARGs accounted for over half of all network 

nodes, and frequently co-occurred with MLS and 

aminoglycoside resistance genes

ARG–MGE and ARG–host networks

Stochastic ARGs co-occurred with MGEs in over 80% of clusters

Over 90% of ARGs associated with more than 100 species belonged to the stochastic resistome

Core ARGs were only linked to specific MGEs, such as int3, tniAb, repUS9, and tnpA-2



3.3 Driving pathways

MGEs——Direct effects

MGEs were the dominant biological 

driver, especially showing a strong 

positive effect on the core resistome

Core resistome (λ=0.80, p<0.001)

Common resistome (λ=0.64, p<0.001)

Stochastic resistome (λ=0.29, p<0.05)

Microbial——Direct effects
Microbial β-diversity directly shaped 

common and stochastic ARGs, while α-

diversity further influenced stochastic ARGs

Biological factorsEnvironmental factor
Core resistome: direct impact

common/stochastic: indirect regulation of ARGs through 

microbial diversity

Decoupled environment and MGEs drivers shaped 

ARG dissemination patterns



3.3 Driving pathways

Ho r i z o nta l  gene  t r ans f e r

Chro mo so me lo ca t io n  

MGEs were the main drivers of the core resistome.

Through horizontal gene transfer, abundant MGEs may

promote stable associations between core ARGs and

ecologically important microbial hosts

The chromosomal location of many core ARGs may

support their long-term maintenance through vertical

transmission. Together with horizontal transfer and host

niche adaptation, this may explain their high abundance

and widespread distribution

Why the core ARGs is highly abundant 

and widely distributed?



3.3 Driving pathways

Env i ro nmenta l  
f i l te r ing

P lasmid  lo ca t io n

Common and stochastic ARGs were more strongly

influenced by environmental filtering. Environmental

heterogeneity reshapes microbial communities, creating

different host backgrounds and leading to more localized

and variable ARG dissemination

The plasmid-associated common and stochastic ARGs

may spread across a wider range of hosts under changing

environmental conditions. In particular, β-lactam ARGs

may act as network hubs and promote the co-occurrence

of other high-risk ARGs, increasing the potential risk of

multidrug resistance

Why are common and stochastic ARGs 

more localized and risk-prone?



Key Drivers Nonlinear responses

3.4 Nonlinear responses patterns

Environmental factors:

Elevation
• consistently ranked 

among the top three

Biological factors: 

the tnpA of MGE subtypes

• consistently showed the 

highest explained 

variation

➢ Core ARGs peaked at about 2000 m, while the common and 

stochastic ARGs  declined nonlinearly with increasing elevation

➢ Resistome dissemination intensified nonlinearly with increasing 

tnpA abundance

ARGs entered an accelerated growth phase when tnpA exceeded 

0.4 copies per 16S rRNA gene



3.4 Nonlinear responses patterns

Ho r i z o nta l  g ene  t r ans f e r

Elevated tnpA abundance likely enhances horizontal

gene transfer efficiency, enabling

chromosome-located core ARGs to be stably

maintained, amplified, and disseminated within

microbial hosts occupying key ecological niches,

thereby reinforcing the background resistome

reservoir

Elevation represents a combined gradient of environmental

conditions and human activities. Increasing elevation

generally reduces anthropogenic inputs and strengthens

environmental constraints, thereby limiting ARG spread.

The peak of the core resistome around 2,000 m may result

from a balance between anthropogenic influence and

favorable microbial habitats

Env i ro nmenta l  co nd i t io ns

Human  ac t i v i t i e s

➢ In summary, tnpA may promote ARG dissemination by enhancing horizontal gene transfer, whereas 

elevation regulates ARG patterns indirectly through changes in human disturbance and environmental 

filtering



Conclusion

➢ Decoupled environment and MGEs drivers shaped ARG dissemination patterns.

➢ MGEs driving the high abundance and widespread dissemination of core ARGs.

➢ Environment–microbe cascade regulates stochastic ARGs, leading to heightened risks.

➢ Core ARGs peaked at about 2000 m, while others declined nonlinearly with elevation.

➢ Resistome dissemination intensified nonlinearly with increasing tnpA abundance.
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4. Future perspectives
Development of SWAT Model for 

the Yellow River Basin
streamflow, total nitrogen load, and 

sediment runoff

TDG

WB

LM

SMX
HYK

LJ

TDG WB

LM
SMX

HYK LJ
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