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1. Introduction

Emerging contaminants:
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2. Materials and Methods
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physicochemical parameters: dissolved oxygen

(DO),

pH, water

temperature

(WT) b

oxidation—reduction potential (ORP) and electrical
conductance (EC), suspended particulate matter (SPM),
chemical oxygen demand (COD), total nitrogen (TN),
nitrate nitrogen (NO;-N), nitrite nitrogen (NO,™-N),
ammonium nitrogen (NH,"-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)
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@ 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)
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3.1 ARGs, microbiota and mobilome profiles
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3.1 ARGs, microbiota and mobilome profiles

105 ARG subtypes

Stochastic ARGs
80%

Risk I level

100

Number of detected subtype ARGs (%)
5 3 g

(]
(=]

(=]

Risk level

[ Core ARGs

| Common ARGs [ Stochastic ARGs

79%
82% . 85%
93%
o
16% o 9%
5% |
e | e | [
| 11 111 v
Risk level

Relative abundance of core ARGs (copies per 16S rRNA gene)

0.0000 0.0237 0.0474 0.0711 0.0948 0.1185
TviEE W DT | L ]
211
= 1l
Z
= |
R REE) B DAV AR A AN PSS D, RIS
SIS S AN IR SN TS PPN
Sampling sites
Relative abundance of common ARGs (copies per 16S rRNA gene)
0.0000 0.0086 0.0171 0.0257 0.0342 0.0428
M L & O
211
=< 1l
%
=z |
S N R e S RN T 9999
Sampling sites
Relative abundance of stochastic ARGs (copies per 16S rRNA gene)
0.0000 0.0294 0.0588 0.0882 0.1176 0.1470
M ]
211
=2 1l
= |
SR T T R T S PR S99
Sampling sites
« U24: harbored multiple high risk ARG
. narpore ultpie ni rs S
* Risk  ARGs mainly d d from
IS S main erivea 1ro
« Stochastic ARG abund ded
ochasliC apundance exceeade

core/common ARGs by 8-30-fold

Relative abundance of ARGs (copies per 165 rRNA gene)

(©) 0.0086 0.0171 0.0257

0.0342

0.0000
[

mph(A)
CARB-8
aadA22
aadA8
mph(F)
QnrS6
OnrS2
0XA-129
OnrVC4
catA8
linG
aadA3
ere(A)
fei(4)
aadA5
sull
APH(3")-Ib
APH(6)-Id
erm(B) -
Inu(G) -

SRR T S B A R R RO TS

Sampling sites

SOUV MSeY201§

ARG subtypes

> Inu(G) and erm(B): most abundant
Risk | ARGs

Peak abundance >10-fold higher than

other subtypes

» Core ARGs sul1 and also ranked in
the top 20aadA3

SOYY UOWLO))

SOYVY 20D



3.2 Genetic location and co-occurrence network
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3.3 Driving pathways

MGEs——Direct effects

IMGES were the dominant blologlcal'
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3.3 Driving pathways

Horizontal gene transfer '/
Why the core ARGs is highly abundant TN

and widely distributed? MGEs were the main drivers of the core resistome.

1. MGEs drive core ARGs via horizontal gene transfer | 2. Chromosomal integration ensures long-term maintenance Through horizontal gene trans fer, abundant MGES may

Abundant MGEs facilitate the mobilization of core ARGs Many core ARGs are located on chromosomes

BIGER (0 4, miplia SR M P promote stable associations between core ARGs and

s e ' s ecologically important microbial hosts
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3.3 Driving pathways

Environmental
filtering

&

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

L)

The plasmid-associated common and stochastic ARGs

Plasmid location

may spread across a wider range of hosts under changing
environmental conditions. In particular, f-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?

1. Environmental filtering shapes microbial communities

Environmental heterogeneity drives localized and variable ARG dissemination
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? Common and stochastic ARGs are more strongly
influenced by environmental filtering.
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2. Plasmid association increases spread and risk

Plasmid-borne ARGs can move across a broader range of hosts
under changing environments
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Broad . s
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B-lactam ARGs may act as network hubs and
promote co-occurrence of other high-risk ARGs.
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3.4 Nonlinear responses patterns

Nonlinear responses
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3.4 Nonlinear responses patterns

» 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

Environmental conditions

Horizontal gene transfer ..
Human activities

Elevated mpA abundance likely enhances horizontal | ['Elevation represents a combined gradient of environmental
gene transfer efficiency, enabling|| conditions and human activities. Increasing elevation
chromosome-located core ARGs to be stably|| generally reduces anthropogenic inputs and strengthens
maintained, amplified, and disseminated within|| environmental constraints, thereby limiting ARG spread.
microbial hosts occupying key ecological niches,|| The peak of the core resistome around 2,000 m may result
thereby reinforcing the background resistome|| from a balance between anthropogenic influence and

reservoir favorable microbial habitats




Conclusion

ARGs dissemination patterns
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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

Stage 1. Identify the nonlinear selection

of environmental factors on ARG ecological
component proportions

Stage 2. Simulate watershed-scale
environmental variables using SWAT

Stage 3. Couple SWAT outputs with proportion
response models to predict the spatial distribution
and scenario changes of ARG proportions

1. Data collection and ARG proportion calculation

Calculate proportions of
ARG ecological components

Environmental samples

) e ARG sequencing data
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3. Identify nonlinear responses and build proportion models

Environmental variables

Assess nonlinear responses
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2. SWAT simulation

Simulate spatiotemporal
distribution of environmental

variables
Soil & Water Assessment Tool
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TN, TP, Flow, Land use (%) , ...
Daily / Monthly outputs at subwatershed or stream reach scale

e e

1. Couple models: environmental variables — ARG proportion models

Development of SWAT Model for
the Yellow River Basin
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sediment runoff
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Thank You for your attention

Sincerely appreciate for any comments or suggestions

Presenter: Lu Liu Advisor: Prof. Ruimin Liu

lulu_cky@163.com liurm@bnu.edu.cn

School of Environment, Beijing Normal University
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