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Antibiotic resistance is an escalating global health concern, exacerbated by the pervasive presence of
antibiotic resistance genes (ARGs) in natural environments. The Yangtze River, the world's third-longest
river, traversing areas with intense human activities, presents a unique ecosystem for studying the
impact of these genes on human health. Here, we explored ARGs in the Yangtze River, examining 204
samples from six distinct habitats of approximately 6000 km of the river, including free-living and
particle-associated settings, surface and bottom sediments, and surface and bottom bank soils.
Employing shotgun sequencing, we generated an average of 13.69 Gb reads per sample. Our findings
revealed a significantly higher abundance and diversity of ARGs in water-borne bacteria compared to
other habitats. A notable pattern of resistome coalescence was observed within similar habitat types. In
addition, we developed a framework for ranking the risk of ARG and a corresponding method for
calculating the risk index. Applying them, we identified water-borne bacteria as the highest contributors
to health risks, and noted an increase in ARG risks in particle-associated bacteria correlating with
heightened anthropogenic activities. Further analysis using a weighted ARG risk index pinpointed the
ChengdueChongqing and Yangtze River Delta urban agglomerations as regions of elevated health risk.
These insights provide a critical new perspective on ARG health risk assessment, highlighting the urgent
need for strategies to mitigate the impact of ARGs on human health and to preserve the ecological and
economic sustainability of the Yangtze River for future human use.
© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Antimicrobial resistance (AMR) was declared a global public
health threat by the World Health Organization (WHO) [1]. It is
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predicted to cause up to tenmillion deaths and $6.1 trillion in losses
globally each year by 2050 if no action is taken [2,3]. Evidence
shows that some clinical antibiotic resistance genes (ARGs) origi-
nated in environmental organisms [4,5]. As one of the largest
biodiversity reservoirs, rivers are home to various ecological pro-
cesses, yet rivers are highly vulnerable to anthropogenic pollution
from many different sources [6e9]. Environmental bacteria can
acquire antibiotic resistance through horizontal gene transfer
(HGT) andmutation [10]. Meanwhile, the resistance acquisition can
ety for Environmental Sciences, Harbin Institute of Technology, Chinese Research
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:yangyy@wbgcas.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ese.2024.100388&domain=pdf
www.sciencedirect.com/science/journal/26664984
www.journals.elsevier.com/environmental-science-and-ecotechnology/
www.journals.elsevier.com/environmental-science-and-ecotechnology/
https://doi.org/10.1016/j.ese.2024.100388
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.ese.2024.100388


C. Jiang, Z. Zhao, H.-P. Grossart et al. Environmental Science and Ecotechnology 21 (2024) 100388
be accelerated due to anthropogenic stressors [11,12].
The Yangtze River is one of the most important freshwater

sources in China; consequently, its antibiotic-resistance pollution is
of great public health concern. Studies have shown that ARG
occurrence varies greatly between riverine ecosystems, whereby
anthropogenic activities are important drivers of antibiotic resis-
tance pollution [13e15]. The Yangtze River is the third longest river
in the world (6300 km) and has different land use types along its
banks. Therefore, different sections of the river are subjected to
different anthropogenic disturbances. In addition, river ecosystems
represent a continuum of interconnected habitats that extend
longitudinally, laterally, and vertically, with significant changes in
biological characteristics [16]. This may affect the distribution and
coalescence of antibiotic resistance in different riverine habitats.
Wang et al. studied the ARG hosts throughout the Yangtze River
basin using a metagenomic assembly approach [17]. However, the
coalescence and risk quantification of ARGs in different habitats of
the Yangtze River are still not studied.

In previous river studies, the potential mobility, host pathoge-
nicity, and co-occurrence with virulence factors of ARGs were ob-
tained by metagenomic assembly approach to assess the risk of
ARGs [18,19]. However, thesemethods are unable to accomplish the
risk quantification. In addition, studies have shown that not all
ARGs exhibit health risks to humans, and ARG abundance is not
sufficient to represent ARG health risk [20,21]. In recent years, re-
searchers have provided insights into ARG risk assessment from
different perspectives [21e24]. However, these methods have dis-
advantages, such as the limitations of the samples used to develop
the risk assessment methods and the inability of current meta-
genomic assembly technology to cover all the sequences. To over-
come these limitations, we constructed a new risk ranking ARG
framework and proposed a practical method for risk quantification.

In our study, (i) we provide the first comprehensive evaluation
of ARGs in six habitats (free-living setting, particle-associated
setting, surface sediment, bottom sediment, surface bank soil, and
bottom bank soil) along the Yangtze River; (ii) the resistome coa-
lescence and hosts of the Yangtze River; (iii) a new ARG risk ranking
framework to assess the ARG risks along the Yangtze River. This
study provided the first resistome evaluation along the Yangtze
River watershed and expanded current ARG risk analysis.

2. Materials and methods

2.1. Sampling sites and sample collection

To assess the pollution of ARGs in the Yangtze River ecosystem,
we conducted a sampling campaign in October and November
2019. A total of 204 samples were collected from 37 sampling sites
(Fig. S1) across approximately 6000 km of the Yangtze River, with
each site including six different habitats: free-living setting (WF),
particle-associated setting (WP), surface sediment (SES), bottom
sediment (SEB), surface bank soil (BSS), and bottom bank soil (BSB).

In brief, composite water samples (6 L) were collected and
filtered sequentially through 2.0 mm and 0.22 mm Durapore mem-
brane filters (Merck Millipore, Watford, UK) to obtain particle-
associated and free-living bacterial communities, respectively
[25]. Surface sediment and bank soil samples were collected from
0 to 5 cm depth; bottom sediment and bank soil samples were
collected from 10 to 15 cm depth. Each composite sample consisted
of three subsamples; the composite sample was subsequently
divided into two parts, one for genomic analysis and one for
environmental variable detection. The samples for environmental
variable detectionwere stored at 4 �C, and the samples for genomic
analysis were stored at �20 �C. The basic information for all sam-
ples is given in Table S1.
2

2.2. Environmental variables and anthropogenic activities

Environmental variables of the soil or sediment, including total
carbon (TC), organic carbon (TOC), ammonium (NH4

þ-N), nitrate
(NO3

�-N), total nitrogen (TN), total phosphorus (TP), available
phosphorus (AP), available iron (AFe), available copper (ACu),
available zinc (AZn), and available manganese (AMn) were deter-
mined using standard analytical methods [26e28]. Environmental
variables of water, including NH4

þ-N, nitrite (NO2
�-N), NO3

�-N, TN,
TP, TC, TOC, pH, electrical conductivity (EC), salinity, oxidation-
reduction potential (ORP), dissolved oxygen (DO), and tempera-
ture were also measured [29,30].

Anthropogenic factors (i.e., socio-economic factors: population
density, gross domestic product (GDP), urbanization rate, gross
output value of fishery, residential and industrial area, artificial
aquaculture production, number of patients diagnosed and treated,
and number of hospitalized patients) of the administrative regions
in which the sample sites are located were obtained from the
Provincial Bureau of Statistics and the Chinese National Bureau of
Statistics (http://www.stats.gov.cn/). Then, all anthropogenic fac-
tors were normalized by the area of administrative regions (km2) in
which the sampling sites are located.

2.3. Total genomic DNA extraction and sequencing

After extraction using HiPure Soil DNA Kits (Magen, Guangzhou,
China), genomic DNA was estimated using a Nanodrop 2000
spectrophotometer (Thermo Fisher Scientific Inc., Waltham, US).
Paired-end (2 � 150 bp) sequencing reads were generated on the
Illumina Novaseq 6000 platform (Novogene, Beijing, China),
yielding approximately 2792.6 Gb reads, with an average of
13.69 Gb for each sample (Table S2). To ensure the quality of
downstream analysis, metagenomic datasets (raw data) were
quality controlled using Trimmomatic 0.40 to remove splice con-
taminants and low-quality sequences with the specific parameters
(ILLUMINACLIP:merge.fa:2:30:10 SLIDINGWINDOW:4:15 MIN-
LEN:75) [31]. Reads that passed quality control were then mapped
to the human genome (version: hg19) using the BWA mem algo-
rithm (parameters: M -k 32 -t 16, http://bio-bwa.sourceforge.net/
bwa.shtml) to remove possible human genome contamination. As
a result, a total of 2684.21 Gb and an average of 13.16 Gb sequence
data (clean reads) were used for subsequent analysis (Table S2).

2.4. Identification of ARGs and taxonomic annotation

The retrieved clean reads were used to search for ARGs and
MGEs using the online analysis pipeline ARGs-OAP v2.0 [32] with
the SARG and a custom MGE (https://github.com/
KatariinaParnanen/MobileGeneticElementDatabase) [33] data-
base, respectively.

In brief, potential ARG, MGE, and bacterial 16S rRNA sequences
from the metagenomic datasets were pre-screened potential ARGs
sequences from short reads in metagenomic datasets using UBLAST
on a local computer, followed by a second step in which ARGs were
annotated and classified online using BLASTX with the e-value at
1 � 10�5 after uploading identified potential ARGs sequences [34].
The sequence was considered to be an ARGs-like sequence when its
best hit had a similarity of no less than 80% to the reference se-
quences and had a query coverage of no less than 25 amino acids
[35]. To avoid potential biases during cross-sample comparisons,
ARG abundance was normalized by the length of the reference
sequences. ARG and MGE abundance units were converted to copy
number per 16S rRNA gene copy number (copies per 16S rRNA
gene) [36]. The taxonomy of clean reads was determined by
Kraken2 [37] using the customized Kraken database, including
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bacteria, archaea, viruses, and eukaryotes. Only reads classified as
bacteria were retained, and then the abundance of each taxonomy
was corrected by Bracken [38].

2.5. Metagenome-assembled genomes and annotation

Contigs were generated using MEGAHIT with “dmin-contig-len
500” parameters [39]. Contigs were then binned and clustered
using metaBAT2 [40] to obtain metagenome-assembled genomes
(MAGs). The completeness and contamination of all MAGs were
obtained using CheckM v.1.0.3 [41]. MAGs with >50% completeness
and <10% contamination were retained. To improve the assembly
quality of MAGs, we used the bwa mem function of metaSPAdes
[42] for MAGs reassembly after extracting data from clean reads.
The abundance of each MAG was then calculated using the meta-
wrap quant_bins module [43].

The open reading frames (ORFs) in each MAG were predicted
using Prodigal (v2.6.3) [44].We used the BLASTXmatching function
in ARGs-OAP v2.0 for ARG annotation, ORFs with >50% similarity
and >150 bp alignment length to the reference sequences in SARG
were defined as antibiotic-resistant ORFs (i.e., ARGs) [32,45]. The
MAGs carrying ARGs were picked out, and included ORFs were also
matched against the customized MGE database [33] by using the
BLASTX in ARG-OAP v2.0 to identify the co-occurrence of ARGs and
MGEs. Taxonomic annotation of MAGs carrying ARGs was per-
formed using GTDB-Tk (v0.2.2) [46]. To facilitate comparisons be-
tween samples, MAG abundance was normalized using Kallisto
(v0.46.2) [47].

2.6. ARG risk ranking

A newmetagenomic-based approach for the health risk ranking
of ARGs was developed in this study. We defined ARGs occurring in
the genomes of bacteria associated with human diseases as path-
ogenic and used an ARG database with acquired ARGs to discrim-
inate ARG mobility. To achieve these goals, two main databases
were used in this study: the Pathosystems Resource Integration
Center (PATRIC) (https://www.patricbrc.org) [48], and the Res-
Finder database (https://cge.food.dtu.dk/services/ResFinder/) [10].
The framework details are present in Supplementary material 1:
Text S1 and Fig. S2a.

2.7. Statistical analysis of data

Analysis of variance (ANOVA) was performed using SPSS 17.0 to
assess the difference between the means of various analysis results
among different groups. The distance-decay similarity of ARG
abundance across different habitats was assessed by linear
regression between the Bray-Curtis distance of ARG composition
and dendritic distance among two samples from each habitat. We
calculated the pairwise distances between the ARGs (abundance
and composition) and each environmental variable and performed
Mantel tests using the ggcor package in R. Non-metric multidi-
mensional scaling (NMDS) based on the Bray-Curtis distance was
used to assess differences in the ARG composition across subgroups
of the sample, significance in differences across subgroups was
tested using analysis of similarity (ANOSIM). Venn analysis was
performed to identify shared and unique ARGs of each of the six
sampled habitats. To investigate the coalescence of ARGs across
different habitats in the Yangtze River, we quantified the intensity
of ARG interaction using overlapped ARG identification and Sour-
ceTracker (http://sourcetracker.sf.net) [49]. In the overlapped ARG
identification, different habitats at each sampling site were
considered sources and destinations for resistome coalescence. The
SourceTracker analysis was performed with one given habitat as a
3

sink and the other five habitats as sources, and then the source of
the ARGs was determined.

Network analysis was used to investigate the co-occurrence
patterns of ARGs in the different habitats. Spearman correlation
was used to calculate all possible pairwise correlation coefficients
(r) between ARG subtypes, and results with r > 0.8 and P < 0.01
were retained. To reduce the probability of false positives in the
results, the Benjamini-Hochberg method [50] was used in this
study to adjust the P values. Pairwise correlations between ARGs
formed their co-occurrence networks, and Gephi software (v.0.9.2)
was used to visualize co-occurrence networks [51]. The association
of ARG-MGE or ARG-bacteria was assessed by Procrustes analysis
(based on principal coordinates analysis (PCoA) with Bray-Curtis
distance), with P < 0.05 indicating significant correlation and
P < 0.01 indicating a highly significant correlation. PERMANOVA
was used to assess the effect of anthropogenic activities on the
abundance of risky ARGs. Linear correlation analysis was used to
confirm the relationship between anthropogenic activities and the
weighted index of ARG risk.

3. Results

3.1. Broad-spectrum resistome profiles in the Yangtze River

Twenty-two types of ARGs (655 ARG subtypes) constituted the
whole resistome of the six sampled riverine habitats (free-living
setting, particle-associated setting, surface sediment, bottom
sediment, surface bank soil, and bottom bank soil) (Fig. 1a and b).
ARGs in free-living (518 ARG subtypes, 0.26 copies per 16S rRNA
gene) and particle-associated (554 ARG subtypes, 0.25 copies per
16S rRNA gene) settings were the most diverse and abundant (one-
way ANOVA, P < 0.05) (Fig. 1a,c). We observed that ARG similarity
decreased as the dendritic distance increased (Fig. S3). In addition,
ARGs in different habitats were positively correlated with different
sets of environmental factors; ARGs in free-living and particle-
associated settings were related to most environmental factors
(Fig. S4). Consequently, ARG occurrence can be influenced by
habitat type, geographical separation, and environmental
conditions.

Beta-lactam-ARGs showed the highest number of subtypes in
each habitat (Fig. 1b), but at most sampling sites, their proportion
was lower than multidrug-ARGs (Fig. S5a). This is possibly related
to existing variable subtypes of beta-lactam-ARGs along the Yang-
tze River. As shown in Fig. 1d and Fig. S5b, the genes for bacitracin,
macrolide-lincosamide-streptogramin (MLS), sulfonamide, vanco-
mycin, and multidrug resistance formed the major part of the
Yangtze River resistome. Yet, vancomycin-ARGs only occurred in
low abundance in free-living (0.844e5.128 copies per 16S rRNA
gene) and particle-associated (0.995e6.400 copies per 16S rRNA
gene) settings. Chloramphenicol- and sulfonamide-ARGs in free-
living and particle-associated settings were one order of magni-
tude higher in abundance than in the other studied habitats
(Fig. 1d). In addition, our results suggest that different ARG types
may exhibit different habitat affinities (Fig. S6).

The free-living and particle-associated settings hadmore unique
ARGs and were distinctly separated from the other habitats
(Fig. 1eeg). In addition, the sampled habitats revealed different
core resistomes (occurring at all sampling sites in a specific
habitat), and 22 core ARG subtypes were detected across all sam-
ples (Fig. S7). Multidrug-ARGs formed the main part of the core
resistome in the study area. There were higher numbers and
abundances but lower proportions of core resistomes in free-living
and particle-associated settings than in all other habitats (Fig. S8).
Other than the ARG habitat affinities, relatively frequent ARG ex-
change between sample sites of the two water-associated habitats
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Fig. 1. Antibiotic resistance gene (ARG) distribution patterns in the Yangtze River. a, c, ARG number (a) and abundance (c) of different sampling sites. Different letters denote
significant differences between habitats (shown in the legend) at the 0.05 probability level based on ANOVA. b, d, ARG number (b) and abundance (d) of different habitats. e, Shared
and unique ARGs between the sampled habitats. f, Non-metric multidimensional scaling (NMDS) of ARGs between habitats. g, Dissimilarity ranks of ARGs between and within
habitats. WF: free-living setting; WP: particle-associated setting; SES: surface sediment; SEB: bottom sediment; BSS: surface bank soil; BSB: bottom bank soil; MLS: macrolide-
lincosamide-streptogramin.

C. Jiang, Z. Zhao, H.-P. Grossart et al. Environmental Science and Ecotechnology 21 (2024) 100388
may be another reason for this phenomenon. This conjecture was
further confirmed by the more complex ARG-ARG clustering
network of the water habitats (more edges and nodes in them than
the others) (Fig. S9 and Table S3).

3.2. Resistome coalescence in the Yangtze River

As with many biological pollutants, the migration of ARGs also
affects their occurrence and functional expression in the habitat. To
investigate the coalescence of ARGs across different habitats in the
Yangtze River, we used two methods, i.e., overlapped ARG identi-
fication and SourceTracker [52].

Different habitats at each sampling site were regarded as
4

sources and destinations for resistome coalescence. To quantify
ARG coalescence across habitats at each sampling site, we deter-
mined the overlapped ARGs of all sampling sites along the Yangtze
River. Our results clearly show that the intensity of ARG coalescence
fluctuated across the sampling sites (Fig. 2a). The variable propor-
tion of overlapped ARGs in the study area may be associated with
the variations in microbial communities [53], HGT [54], and
pollutant sources [55] between the different sampling sites. We
then calculated the overlapped ARGs between two individual
habitats. The results revealed that proportions of overlapped ARGs
between the same habitat type (i.e., WF-WP, SES-SEB, SES-BSS, SES-
BSB, SEB-BSS, SEB-BSB, and BSS-BSB) were significantly higher than
of overlapped ARGs between any other combination of paired



Fig. 2. Coalescence of the Yangtze River resistomes. a, Proportions of overlapped ARGs to overall ARGs in any paired habitats. b, Proportions of overlapped ARGs to overall ARGs in
all habitats of each sampling site. Different letters denote significant differences between groups (shown in the legend) at the 0.05 probability level based on ANOVA. c, Proportion
of ARGs in one given habitat comes from the other five habitats. The stacked plots in the graph represent the sources of ARGs at each of the 37 sampling sites labeled S1eS37. The
first stacked plot on the top left corner of the graph (Row 1, Column 1) represents Sample S1, and the remaining stacked plots are arranged in a left-to-right, top-to-bottom order.
The plots of S9, S13, S14, S16, S31, S33, S34, S36, and S37 in BSS and BSB are not shown. All abbreviations are the same as in Fig. 1.

C. Jiang, Z. Zhao, H.-P. Grossart et al. Environmental Science and Ecotechnology 21 (2024) 100388
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habitats (P < 0.05) (Fig. 2b). In addition, the proportion of over-
lapped ARGs betweenwater-associated habitats and bank soils was
the lowest in this study, which may be due to the relatively
restricted exchange between water and bank soil.

To further analyze and quantify ARG coalescence between
different habitats, we mined our sequence data using Source-
Tracker, which is based on a Bayesian classifier (Fig. 2c). Results
show that the highest proportion of the mutual ARG contribution
occurred between free-living and particle-associated settings (WF
toWP: 70.6%;WP toWF: 65.2%). Two sedimentary habitats showed
a higher proportion of mutual contributions in the middle and
lower reaches than in the upper reaches of the Yangtze River.
Sediments of the middle and lower reaches of the Yangtze River
also showed a high contribution to the bank soil resistome, which
was higher than in the upper reaches. In this study, only a few
sample sites showed a large proportion of unknown ARG sources,
suggesting that there may be stationary and similar ARG sources
along the entire Yangtze River. Meanwhile, the higher ARG abun-
dance and diversity in free-living and particle-associated settings
than in all other habitats imply that water-associated habitats may
be in tighter contact with external ARG sources and/or fluctuating
environmental conditions.
3.3. ARG mobility and hosts in the Yangtze River

Genes with high similarity to those of clinically relevant
antibiotic-resistant pathogens have been identified in natural
resistomes. Understanding the mobility and host relationships of
environmental ARGs are key steps in dissecting resistomes.

Procrustes analysis revealed that ARGs were significantly
correlated with MGEs in all habitats except bottom bank soil
(Fig. S10). This tight correlation between ARGs and MGEs suggests
that ARGs in the particle-associated setting and surface bank soil
may be controlled by HGT. To precisely prove the co-occurrence
patterns of ARGs and MGEs, we studied gene contexts based on
MAGs in detail. We found a co-occurrence of ARGs and MGEs in 53
MAGs, of which 46 were from Proteobacteria (Table S4). ARGs and
MGEs in these MAGs weremainly multidrug-ARGs and transposase
genes. Hereafter, 13 MAGs were selected for gene context visuali-
zation in Fig. S11.MacB and otherMLS-ARGsmostly appeared in the
same MAG together with integrase genes, and aminoglycoside-
ARGs appeared in multiple co-occurrences with transposase
genes. This indicates HGT may partially control the spread of ARG
among bacteria in the Yangtze River.

As visualized by Procrustes analysis, both ARGs and bacterial
communities of the six sampled habitats clustered by samples and
consistently displayed highly significant goodness-of-fit measures
(Fig. S12). In addition, we identified 127 MAGs as ARG hosts in all
studied samples. These MAGs were from 23 bacterial phyla, mainly
classified as Gammaproteobacteria (23.88%) and Alphaproteobac-
teria (17.16%) (Fig. S13), which often include antibiotic producers or
bacteria with the capacity to transform or metabolize antibiotics
[20]. The ten most prominent ARGs with more complex host re-
lationships were macB, bacA, tetP, ksgA, rosA, rosB, mdtB, mdtC,
mexF, and multidrug ABC transporter (Fig. S14). Furthermore, we
matched the identified ARG hosts with the pathogens prioritized by
the Robert Koch Institute in Germany and the most relevant drug-
resistant organisms according to the WHO list [56] and found no
hits.

Notably, though MAG assembly can yield strain-level informa-
tion, it is usually at the expense of fewer binned reads [57]
potentially excluding ARGs of low abundance. Therefore, “reads”-
based ARGs may provide a true picture of their risk to human
health.
6

3.4. ARG risk assessment in the Yangtze River

The risk ranking results of ARGs in the SARG database (Sup-
plementary material 1: Text S2, Figs. S2b and c, and Fig. S15; Sup-
plementary material 2: Tables S5eS7) were used in the ARG health
risk assessment of the samples from the Yangtze River (Supple-
mentary material 2: Table S8). We found that the abundance of
ARGs in different risk ranks varied between the sampling sites, but
the risky ARGs (R1, R2, R3) showed a consistently higher abundance
inmost areaswith pronounced anthropogenic activities (Fig. 3a). At
sample sites S1eS4, R1 ARGs of free-living settings showed a higher
abundance than at other sample sites, while the composition of R1
ARGs at these four sample sites was significantly different from the
rest (i.e., chloramphenicol-ARGs were dominant) (Fig. S16).
Compared to ARGs in the other two risky ARG ranks, the compo-
sition of R2 ARGs was relatively consistent among all habitats of the
Yangtze River, with the sole difference that larger proportions of R2
sulfonamide-ARGs and aminoglycoside-ARGs were present in the
free-living and particle-associated settings than in other habitats.
In contrast, R3 ARGs showed different spatial distribution patterns
and compositions in free-living and particle-associated settings
(Fig. S16).

Difference analysis of specific risk rank ARGs revealed that R1,
R2, and R3 ARGs were significantly more abundant in free-living
and particle-associated settings than in any of the four other hab-
itats (Fig. 3c). In addition, ARG risk ranking patterns in the sampled
habitats showed an obvious dissimilarity, but risk-free ARGs were
consistently dominant in all habitats (Fig. 3a and b).

Cluster analysis of sampling sites based on three of the pre-
sented risky ARG ranks revealed that different risky ARG ranks
exhibited diverse patterns of geographical clustering (Fig. S17).
Subsequently, to quantify the risk of ARGs for individual sampling
sites along the Yangtze River, we calculated the weighted index of
ARG risk for each sample (Fig. 4). It is obvious that ARGs showed
relatively high health risks in the Chengdu-Chongqing and the
Yangtze River Delta urban agglomeration. Sampling site S33 posed
the highest ARG risk (0.355) of the entire study area. Meanwhile,
our results revealed that the contribution of free-living and
particle-associated bacteria (water-borne bacteria) to the overall
ARG health risk was greater than that of bacteria of all other
habitats.

We analyzed the relationship between risky ARG abundance
and anthropogenic activities (Table S9) and found that anthropo-
genic activities constituted significant factors influencing risky
ARGs in the sediments and bank soils, while they had little impact
on risky ARGs in the waters. Additionally, we found that urbani-
zation rate and gross output value of fishery were the dominant
anthropogenic factors driving risky ARG abundance. Next, we
dissected the relationship between the weighted index of ARG risks
and anthropogenic activities (Fig. S18). We found that only ARG risk
for particle-associated bacteria was positively associated with
anthropogenic disturbances.

4. Discussion

4.1. Broad spectrum of resistome

With increased urbanization, industrialization, and heavy
discharge of anthropogenic waste containing ARGs and antibiotic-
resistant bacteria (ARB), rivers are becoming major reservoirs of
antibiotic resistance [55]. Humans are at risk of being directly
exposed to heavily contaminated river water. Thus, it is urgent to
uncover the fate of ARGs in riverine ecosystems. In this study, a total
of 655 subtypes of ARGs were identified, which was higher than
that of the Yarlung Tsangpo River (89 subtypes) [58], the Ili River



Fig. 3. Distribution patterns of different risk rank ARGs. a, Abundance of ARG risk rank groups in the sampled habitats. b, Resistome profiles of different risk rank groups. c,
Difference analysis of specific ARG risk rank groups between the sampled habitats. Different letters denote significant differences between habitats (shown in the legend) at the 0.05
probability level based on ANOVA. Ami: Aminoglycoside; Bac: Bacitracin; Beta: Beta-lactam; Ble: Bleomycin; Car: Carbomycin; Chl: Chloramphenicol; Fosf: Fosfomycin; Fosm:
Fosmidomycin; Kas: Kasugamycin; Mult: Multidrug; Poly: Polymyxin; Puro: Puromycin; Quin: Quinolone; Rifa: Rifamycin; Spec: Spectionmycin; Sul: Sulfonamide; Tetrace: Tet-
racenomycin; Tetracy: Tetracycline; Tri: Trimethoprim; Unc: Unclassified; Van: Vancomycin. Other abbreviations are the same as in Fig. 1.
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(274 subtypes) [59], and the Beijiang River system in the Pearl River
Basin (135 subtypes) [60]. These ARGs encompass almost all types
of antibiotics. This suggests that the Yangtze River resistome is
broad-spectrum. The diverse ARG subtypes in this study may be
attributed to the samples from multiple habitats and the large
studied area. In addition, ARGs in six sampled habitats strongly
adhere to the distance-decay relationship. This may be caused by
the dispersal limitation of ARB/bacterial community [14,61] in the
Yangtze River or the different sources of antibiotic resistance [55] in
different regions of the Yangtze River.
4.2. Habitats-a bottleneck driving the dynamics of resistomes

ARGs exhibited different distribution patterns in the different
sampled habitats. As reported in a previous study [60], the water
habitats revealed more abundant and diverse ARGs than other
riverine habitats. This suggests that water habitats may provide
more ideal places for the growth and propagation of ARB. Certainly,
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it could also be that the water-borne bacteria were subjected to
more selective pressure. We also found that the proportions of
overlapped ARGs in the same Yangtze River habitat types were
significantly higher than in other habitat pairs, suggesting that
habitats are bottlenecks in driving ARG dynamics (ARG exchange)
in riverine ecosystems. Our research emphasizes the importance of
habitat differences in shaping resistance profiles, which enables a
better understanding and prediction of antibiotic resistance evo-
lution in the Yangtze River and elsewhere. A previous study has
suggested that ARG transfers between soil bacteria are less likely
than between human pathogens [62]. However, the mechanisms of
ARG transfer between natural habitats are little known. Environ-
mental variables, geographical separation, HGT, and ARB dispersal
may be the drivers for the observed ARG coalescence between
habitats of the Yangtze River. In the future, the mechanisms of ARG
transfer between various habitats should be investigated in detail
by combining experiments and genomic analyses.



Fig. 4. Weighted index of ARG risk in the Yangtze River. All abbreviations are the same as in Fig. 1. The weighted index for each sample is shown in the figure below, and the average
weighted index for each sampling site is depicted in the map above. Larger circles represent higher weighted indices for ARG risk.
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4.3. Comparison of the ARG risk assessment methods

In contrast to the ARG risk assessment method developed in this
study, other short sequence-based methods [21,52] would leave a
large number of ARGs in the available databases unassessed for
their health risk due to the limitations of the type and number of
samples used. These will limit the use of these kinds of risk
assessment methods in scientific research. Our assessment method
provides a risk-ranking list of ARG sequences in the SARG database,
which may greatly simplify the risk-ranking process in subsequent
ARG studies. It is easy to provide researchers with a concise
approach to assessing ARG risks in any sample. Short sequence-
based methods may not capture the gene locations of ARGs
compared to assembly-based methods, which may lead to errors in
assessing the mobility and pathogenicity of ARGs. However,
assembly-based risk assessment methods also have some limita-
tions, such as not all reads getting assembled and errors occurring
during assembly.

Although our study improves on current ARG risk assessment
methods, some limitations remain, e.g., the ranking framework
does not introduce phenotypic data, and bacterial hosts only
include known pathogenic bacteria. Moreover, the current ARG risk
assessment mainly relies on the available databases, greatly
limiting our perspective on tackling the problem [21,23,52]. These
limitations may still bias the obtained results and can only be
overcome by the ongoing publication of newly available genomic
data. Moreover, more complex factors affecting antibiotic
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resistance risk need to be considered, including various mutations
leading to the evolution of new resistance determinants, natural
selection amplifying the concentration of resistant strains, and the
genetic context of HGT shuttling ARGs to pathogens [22]. Antibiotic
resistance is spreading rapidly in natural and medical settings. The
WHO's Global Antimicrobial Resistance Surveillance System allows
global collaboration in investigating antibiotic resistance [21]. This
action will facilitate the further development of ARG research and
risk assessment.
4.4. Resistome risk priority regions of the Yangtze River

Our analysis indicates that the potential risks of ARGs in the two
water-associated habitats were higher than in other habitats. As an
important water source for coastal residents, agriculture, and
ecological landscaping [63], the water security of the Yangtze River
is closely related to public health. This emphasizes that ARGs in the
water of the Yangtze River should be prioritized for health risk
assessment. The significant positive correlations between ARG risks
of particle-associated bacteria and anthropogenic activities high-
light that ARG risks of particle-associated bacteria can serve as an
important indicator of antibiotic resistance pollution arising from
anthropogenic disturbance. As an important freshwater resource,
the ARG risk of water-borne bacteria in rivers should be included as
an important indicator for water quality assessments.

The weighted index of ARG risk in the Yangtze River revealed
that the ChengdueChongqing urban and Yangtze River delta urban
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agglomerations are the regions with higher ARG risk. These two
regions should be the focus of future ARG risk prevention and
control in the Yangtze River. Su et al. [64] analyzed the ARG burden
based on the urban population in China's administrative districts,
their results reveal that Sichuan and Jiangsu are the provinces along
the Yangtze River with a high ARG abundance in the effluent of
treatment plants, indicating that the resistome pollution in these
two regions may be more serious than in other regions of the
Yangtze River. This is confirmed by the results of this study.

As clearly stated in the “One Health” framework, humans live in
an environment where their health is closely related to the envi-
ronment and animal health. Environmental monitoring of ARGs is
the first step toward making a real contribution to protecting
ecosystems, animals, and human health. Only an in-depth analysis
of antibiotic resistance in the river ecosystem can provide sub-
stantial data support for public health safety.

5. Conclusion

This study found that ARGs in the Yangtze River Basin are
abundant and diverse, covering almost all antibiotic types.
Comparedwith the sediments and bulk soils, resistome pollution in
the water habitats of the Yangtze River indicated more severe
contamination. Habitats exerted a bottleneck in ARG coalescence.
ARG risk assessment in the Yangtze River discloses that ARG risks of
particle-associated bacteria can indicate resistome pollution linked
to anthropogenic disturbance. The ChengdueChongqing and the
Yangtze River Delta urban agglomerations should be regarded as
key regions for improving antibiotic resistance control. Our results
provide an alternative perspective on ARG health risk assessment
and have profound implications for maintaining the ecological and
economic security of the Yangtze River basin for human water use.
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