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Hospitals play an important role in the spread of antibiotic resistance genes (ARGs) 
and antimicrobial resistance (AMR). The ARGs present in hospital wastewater 
tend to accumulate in activated sludge, with different ARGs exhibiting varying 
migration rates. As a result, sludge water produced during the activated sludge 
treatment process may be a significant source of ARGs entering the environment. 
Despite this, research into the behavior of ARGs during sludge concentration 
and dewatering remains limited. This study hypothesizes that ARGs might exhibit 
new behaviors in sludge water during sludge concentration. Using metagenomic 
analysis, we explored the distribution and migration risks of ARGs and human 
pathogenic bacteria (HPB) in sludge water, comparing them with those in hospital 
wastewater. The findings reveal a strong correlation between ARGs in sludge water 
and hospital wastewater, with subtypes such as arlR, efpA, and tetR showing higher 
abundance in sludge water. Although the horizontal gene transfer potential of ARGs 
is greater in hospital wastewater than in sludge water, the resistance mechanisms 
and migration pathways are similar even when their HPB host associations differ. 
ARGs in both environments are primarily transmitted through coexisting mobile 
genetic elements (MGEs). This suggests that sludge water serves as a critical route 
for the release of hospital-derived ARGs into the environment, posing potential 
threats to public health and ecological safety.
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1 Introduction

AMR is considered one of the major global threats to public health and environmental 
safety, causing hundreds of thousands of deaths annually due to bacterial infections and 
affecting human life expectancy worldwide (Pires et  al., 2017). Antibiotic overuse has 
significantly driven the evolution of ARGs and antibiotic-resistant bacteria (ARB) (Zainab 
et al., 2020). The prevalence of ARGs in hospital wastewater has attracted global attention, 
prompting researchers to assess resistance levels and risks through water sample analysis 
(Perry et al., 2021). ARGs can spread between bacteria via horizontal gene transfer (HGT), 
with MGEs playing a critical role in this process (Chen et al., 2021). Marion Hutinel et al. 
identified two ARG subtypes, sul4 and gar, in Swedish hospital wastewater for the first time, 
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which had never been identified in Sweden before, highlighting the 
significant transmission risk of ARGs (Hutinel et  al., 2022). In 
developing nations, hospital wastewater is a major contributor of HPB 
and ARGs in the environment (Khan et al., 2019), threatening aquatic 
ecosystems and increasing public health and safety risks (Kaliakatsos 
et al., 2024).

The biological treatment of hospital wastewater produces activated 
sludge rich in ARGs and ARB. The complex composition of sludge 
and microbial interactions contribute to the uncertainty of ARG and 
ARB transmission mechanisms (Yin et al., 2024). ARGs demonstrate 
variable spatial distributions in sludge flocs, with differing migration 
rates observed among ARGs in sewage sludge (He et  al., 2019). 
Activated sludge contains water in various physical states, including 
free water, interstitial water, surface water, and bound water associated 
with sludge solids (Vaxelaire and Cézac, 2004). Disruption of sludge 
cells alters the spatial distribution of water within the sludge (Erdincler 
and Vesilind, 2003). Therefore, this study speculates that ARGs in 
sludge water generated during sludge concentration may display novel 
behavioral characteristics. The factors driving the distribution and 
migration of ARGs in sludge water are yet to be identified, highlighting 
the need to clarify the regulatory role of MGEs in ARG migration 
from hospital wastewater to sludge water. This is essential to advance 
the One Health framework and combat AMR effectively.

Wastewater-based monitoring that does not rely on cultivation 
provides an effective approach to detect AMR (Majlander et al., 2021), 
with ARGs and ARB in hospital wastewater serving as indicators of 
environmental risks and predictors of clinical AMR (Cai et al., 2021). 
Previous research has largely emphasized ARGs in the wastewater 
treatment process and sludge flocs, overlooking their dynamic 
behavior during sludge dewatering. Thus, it remains crucial to 
investigate ARG transmission pathways to mitigate the environmental 
risks associated with AMR. This study investigates ARG mobility and 
abundance characteristics, delves into their transmission mechanisms, 
and assesses the prevalence of ARGs, MGEs, and ARB in hospital 
wastewater and sludge water, emphasizing ARG-hosting HPB. The key 
drivers facilitating ARG diffusion from hospital wastewater to sludge 
water were identified, alongside an analysis of ARG characteristics in 
these two environments. This study aims to reveal the migration risks 
of ARGs in hospital wastewater and sludge water, offering theoretical 
and scientific foundations to mitigate the worsening AMR threat.

2 Methods

2.1 Sample collection and processing

Situated in northeastern China, the Tumen River Basin houses the 
Yanbian Hospital, the only third-grade modern general hospital in the 
region with over 1,500 beds, serving as the central hospital (Figure 1). 
Given its use of the activated sludge process for wastewater treatment, 
this hospital presents a critical case for investigating ARGs in hospital 
wastewater and sludge water. In addition, the Tumen River, positioned 
at the intersection of China, North Korea, and Russia, is geographically 
unique and includes transboundary water pollution. Research on 
water pollution in this region is important for advancing international 
water resource management and conservation efforts.

In this study, sterile equipment was used to collect wastewater 
and sludge water samples from Yanbian Hospital. Samples were taken 

from three different locations and then pooled in 1 L sterile 
polyethylene bottles. Each collection was performed in triplicate for 
biological replicates, with sample records documented (Table  1). 
Immediately after collection, the samples were placed on dry ice and 
transported to the laboratory for processing. A 0.2-μm filter 
membrane was used for filtration with a vacuum filtration system to 
capture material on the membrane. The filter membrane was then 
collected for subsequent DNA extraction to ensure accurate 
downstream analysis.

2.2 Metagenomic sequencing

The total DNA of water samples was extracted using the Yuehua 
(Meiji, China) kit, and then the DNA was subjected to ultrasonic 
fragmentation, and the DNA library was constructed according to the 
standard process provided by Illumina. Metagenomic sequencing was 
performed using the Illumina NovaSeq6000 (Illumina, United States) 
sequencing platform (Shanghai Meiji Biomedical Technology Co., 
Ltd.). Data quality control (fastp) (Chen et al., 2018) and assembly 
splicing (MEGAHIT) (Hocquet et al., 2016; Li et al., 2016). Then, 
Open reading frames (ORFs) from each assembled contigs were 
predicted using Prodigal (Martínez et al., 2015). The predicted ORFs 
with a length ≥ 100 bp were retained and translated into amino 
acid sequences.

2.3 Annotation of ARG-like ORFs

Gene annotation for ARGs includes information on the ARG 
subtype, ARG type, and resistance mechanism. The ARG subtype 
refers to the gene name of the ARGs (e.g., tetW and sul1), the ARG 
type indicates the antibiotic resistance type of ARGs (such as 
Tetracycline and Sulfonamide), and the resistance mechanism 
provides information on the specific mechanism of ARGs.

The annotation of ARG-like ORFs was accomplished using 
DeepARG (Arango-Argoty et  al., 2018) (V 1.0.2, DeepARG-LS 
Model) with default parameters. The abundance (coverage, ×/Gb) of 
ARGs in each sample was calculated as follows (Ma et al., 2016; Xiong 
et al., 2018; Zhao et al., 2020) (Equation 1):
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Where  mapped readsN  is the number of the reads mapped to ARG-like 
ORFs; readsL  is the sequence length of the Illumina reads (150 bp); 

ARG likeORFL −  is the sequence length of target ARG-like ORFs (bp); n 
is the number of the ARG-like ORFs belonging to the same ARG type, 
and S is the size of the clean data set (Gb).

2.4 Taxonomy annotation of ARG-carrying 
contigs

The abundance (coverage, ×/Gb) of each ARG-carrying 
Contigs (ARCs) was calculated through (Equation 1). The ORFs of 
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ARCs were searched against the NCBI non-redundant (NR) 
protein database (nr_20200306) using DIAMOND (Buchfink et al., 
2015) (blastp) with an e-value ≤1e-5. If more than 50% of the 
ORFs on an ARC were assigned to the same taxonomy rank 
(domain/ kingdom/ phylum/ class/ order/ family/ genus), then the 
ARC was assigned to the taxon, and the taxon was identified as the 

potential host of ARGs (Ma et al., 2017). Moreover, based on the 
taxonomy results (species level) of ARCs, the ARCs were compared 
with the established HPB database (Yi et al., 2022) to identify HPB 
hosts of ARGs. The abundance (coverage, ×/Gb) of each ARG host 
was calculated with the abundance of ARCs assigned to 
different taxa.

FIGURE 1

The map of Yanbian hospital.
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2.5 Horizontal gene transfer analysis

To explore the potential HGT of ARGs among microbes, PlasFlow 
(V 1.1) (Krawczyk et al., 2018) with default parameters was used to 
predict the genetic location (plasmid or chromosomal) of ARCs. 
Meanwhile, to predict the MGEs co-occurrence with ARGs on 
contigs, the ORFs of ARCs were searched against the MGEs901 
(Arango-Argoty et al., 2018) using BLASTP with an e-value ≤1e−5, 
an identity ≥80% and a query coverage ≥70%. The abundance 
(coverage, ×/Gb) of MGEs was calculated using Equation 1.

2.6 Statistical analysis

Statistical analysis was performed on the metagenomic sequencing 
results using the Majorbio Cloud Platform.2 The Wilcoxon rank-sum 
test was used to evaluate the significant differences in the proportion 
of ARCs carrying multiple ARGs and the total abundance of ARGs 
between different samples. Based on the abundance of ARGs in the 
sample, log10 was used to standardize the abundance, and the 
heatmap was visualized to obtain complete information on the 
antibiotic resistance group in hospital wastewater.

In addition, based on the species annotation of ARCs, the direct 
relationship between ARGs and their hosts in each group can 
be constructed. Using R (version 4.0.5), the co-occurrence relationship 
between ARGs (ARG types) and hosts in different groups was 
intuitively analyzed. LEfSe analysis was performed on functional 
genes and hosts with significant differences (p < 0.05) between groups 
using Python, and LDA scores were visualized through a histogram.

The number of ARG types located in plasmid, chromosomes, and 
unclassified sequences across all samples was counted, and the 
distribution of ARGs in different genetic locations was visualized. 
Linear regression analysis was performed using the Bray–Curtis 
distance matrix from the Mantel results as input to examine the 
correlation between MGEs (abundance of MGE subtypes), ARGs 
(abundance of ARG subtypes), hosts (host abundance at the genus 
level), and HPB (HPB abundance at the species level). In the results, 
“Mantel_r” represents the correlation r value of Mantel test results, the 
p-value is the significance test p-value of regression analysis, and the 
p-value <0.05 represents significance.

1 https://bench.cs.vt.edu/ftp/data/databases/MGEs90.fasta

2 https://cloud.majorbio.com

3 Results

3.1 Abundance distribution, characteristics, 
and differences of ARGs

As shown in Figure 2A, the annotation results indicated that the 
total abundance of ARGs in hospital wastewater samples was higher 
than that in the sludge water samples. At the same time, as shown in 
Figure 2B, the proportion of ARCs carrying multiple ARGs in hospital 
wastewater was also slightly higher than that in sludge water, but there 
was no significant difference between the two groups (p = 0.51).

The ARG subtypes and ARG type of the abundance level top 30 
were visualized using a heatmap, and the results are shown in 
Figures  2C,D. High abundance of aminoglycoside ARGs (kdpE, 
aac(2′)-I, aadA, etc.), multi-drug resistant ARGs (rpoB2, ompR, efpA, 
etc.), tetracycline ARGs (tetR, tetA, tetV, etc.), macrolide ARGs 
(erm(39), msrE, mefA, etc.), β-lactam ARGs (OXA, SHV, TEM, etc.), 
sulfonamide ARGs (sul1 and sul2) were identified in hospital 
wastewater and sludge water samples. However, the ARG subtype 
abundance of the top 30 in sludge water was slightly higher than that 
in hospital wastewater.

As shown in Figure 3, there are 29 differentially expressed genes 
with LDA > 2 in hospital wastewater and sludge water. The larger the 
LDA value, the greater the influence of the difference. The results 
showed that in hospital wastewater and sludge water, kdpE and 
erm(39) had the greatest influence on the difference in the abundance 
distribution of ARG subtypes.

3.2 Host community characteristics

The relationship between the top 5 hosts by abundance (phylum 
level) and the top  10 ARG subtypes by abundance is shown in 
Figures 4A,B. In the hospital wastewater, Proteobacteria dominated in 
the host, followed by Actinobacteria, Chloroflexi, and Planctomycetes. 
As shown in Figure 4A, sulfonamide ARGs, triclosan ARGs, fosfomycin 
ARGs, chloramphenicol ARGs, and fosfomycin ARGs were mainly 
carried by Proteobacteria; tetracycline ARGs were mainly carried by 
Proteobacteria and Actinobacteria; macrolide ARGs were mainly 
carried by Actinobacteria; and multidrug-resistant ARGs co-existed in 
Proteobacteria, Actinobacteria, and Chloroflexi. Aminoglycoside ARGs 
co-existed in Proteobacteria, Actinobacteria, and Planctomycetes. 
Bacitracin ARGs were mainly carried by unclassified bacteria.

The relationship between ARGs and phylum-level hosts in sludge 
water is shown in Figure  4B. Among the classified bacteria, 

TABLE 1 Sample name records.

Group Name Information Sampling time Sampling location

Wastewater WW_1 Hospital wastewater 2023.6.10 The inlet of the hospital wastewater

Wastewater WW_2 Hospital wastewater 2023.6.10 The inlet of the hospital wastewater

Wastewater WW_3 Hospital wastewater 2023.6.10 The inlet of the hospital wastewater

Sludge water SW_1 Sludge water 2023.6.10 The outlet of the sludge concentration device

Sludge water SW_2 Sludge water 2023.6.10 The outlet of the sludge concentration device

Sludge water SW_3 Sludge water 2023.6.10 The outlet of the sludge concentration device
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Actinobacteria and Proteobacteria are both dominant, followed by 
Bacteroidetes and Planctomycetes. Multidrug-resistant ARGs, 
tetracycline ARGs, fluoroquinolone ARGs, and bacitracin ARGs are 
mainly carried by Actinobacteria; and macrolide ARGs are mainly 
carried by Actinobacteria and Bacteroidetes. Triclosan ARGs, 
fosfomycin ARGs, and peptide antibiotic ARGs were mainly carried 
by Proteobacteria. Among them, sulfonamide ARGs were completely 
carried by unclassified bacteria in sludge water samples, which was 
quite different from the analysis results in hospital wastewater samples.

Based on the results of ARG host taxonomy annotation, LEfSe was 
also used for inter-group difference analysis to analyze ARG hosts 
with significant differences in abundance between groups, and to 
identify specific ARG hosts that were significantly enriched in 
different groups (LDA > 2, p < 0.05). The different ARG hosts between 
different sample groups at multiple taxonomic levels are shown in 
Figure 4C. Actinobacteria is a significantly different species in hospital 
wastewater, and Deltaproteobacteria is a significantly different species 
in sludge water.

3.3 HPB analysis

It is shown in Figure 5A that Escherichia coli is the main host of 
HPB in both hospital wastewater and sludge water, and the relative 
abundance is similar, but the relative abundance of Pseudomonas 

aeruginosa in hospital wastewater is much higher than that in 
sludge water. At the same time, the relative abundance of Klebsiella 
pneumoniae in different groups was also quite different. In addition, 
Enterobacter cloacae, Pseudomonas putida, and Erysipelothrix 
rhusiopathiae were only detected in hospital wastewater. 
Enterobacter hormaechei, Serratia marcescens, Acinetobacter 
baumannii, Moraxella osloensis, Acinetobacter johnsonii, and 
Proteus mirabilis were only detected in sludge water. Based on the 
network analysis of ARGs and HPB hosts (Figure 5B), P. aeruginosa, 
E. coli, A. baumannii, and A. johnsonii were found to be potential 
hosts for a variety of ARGs, such as tetG, aac(3)-I, tetR, OXA, 
and tetA.

3.4 HGT potential analysis

In this study, the co-occurrence of ARGs with MGEs (ARG–
MGE) was analyzed. As shown in Figure  6A, the ARG–MGE 
co-occurrence ARCs belonging to bacitracin and fluoroquinolone 
were mainly located on the chromosome, but the ARG–MGE 
co-occurrence ARCs belonging to sulfonamide, fosfomycin, 
diaminopyrimidine, and phenicol were mainly located on the plasmid.

The total abundance of MGEs co-occurring with ARGs in 
hospital wastewater was much higher than that in sludge water 
(Figure 6B). At the same time, the abundance of ARGs co-occurring 

FIGURE 2

(A) Proportion of number of ARCs carrying ≥2 ARGs. (B) Total abundance of ARGs. (C) ARG subtypes abundance. (D) ARG types abundance.
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with MGEs in hospital wastewater was also higher than that in 
sludge water (Figure 6C). In addition, based on the different types 
of ARG–MGE co-occurrences in the sample, this study analyzes the 
types of ARG–MGE co-occurrence patterns in different sample 
groups, and the results are shown in Figure 6D. Antibiotic efflux-
transposase, antibiotic inactivation-transposase, antibiotic efflux-
recombinase, antibiotic target protection-transposase, and 
antibiotic target alteration-transposase are high-abundance ARG–
MGE co-occurrence patterns, which have high consistency in 
all samples.

The Bray–Curtis-based Mantel test was used to analyze the 
correlation between MGE community dissimilarities and those of 
ARGs, hosts, and HPB. The results, shown in Figure 7, reveal a positive 
correlation between ARGs, hosts, HPB, and MGEs. Regression 

analysis showed a significant correlation between the MGE 
community and the ARG community (Mantel r = 0.71), followed by 
the host community (Mantel r = 0.49), and the weakest positive 
correlation with the HPB community (Mantel r = 0.38). Among these, 
ARGs (p = 0.015), hosts (p = 0.040), and MGEs were significant, while 
HPB (p = 0.081) and MGEs were not significant.

4 Discussion

4.1 Enrichment of ARGs in sludge water

The greater the number of ARG types carried by ARCs, the richer 
the potential antibiotic resistance they provide to the host. Therefore, 

FIGURE 3

LDA discriminant bar chart.
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the proportion of ARCs carrying multiple ARGs in all ARCs and the 
total abundance of ARGs were counted. The results showed that the 
total abundance of ARGs and the number of ARCs carrying multiple 
ARGs in sludge water were lower than those in hospital wastewater 
(Figure 2A). The reason for this phenomenon is that the activated 
sludge process can reduce the total abundance of ARGs in sewage 
(Tong et al., 2019); however, it is worth noting that the activated 
sludge process can also cause the enrichment of some ARGs while 
degrading antibiotics (Zhang et  al., 2021), thus affecting the 
abundance distribution of ARGs. Therefore, the abundance of the 
top  30 ARG subtypes in sludge water is slightly higher than in 
hospital wastewater (Figures  2C,D). Although the abundance of 
β-lactam ARGs and sulfonamide ARGs is higher, as shown in 
Figure 2D, the corresponding ARG types, such as SHV, TEM, and 
sul1 are not shown in Figure 2C. This phenomenon may be attributed 

to the relatively low abundance and high diversity of each ARG 
subtype corresponding to the two ARG types, enhancing 
bacterial resistance.

Within the waters of the Tumen River, the major ARGs were 
multidrug-resistance genes, with significant abundance in resistance 
genes for multidrug, bacitracin, beta-lactam, macrolide-
lincosamide-streptogramin, sulfonamide, fosmidomycin, and 
polymyxin. Together, these genes accounted for 96.9% of the total 
ARG abundance, and the ARG diversity showed no obvious 
ecological boundaries (Zhao et al., 2022). This finding aligns with 
the major ARGs detected in hospital wastewater and sludge water 
in this study. The compositional resemblance suggests that hospital 
wastewater and sludge water significantly influence the presence 
and distribution of ARGs in the basin, highlighting their potentially 
strong linkage in the ARG transmission network. The absence of 

FIGURE 4

(A) Corresponding relationship between ARGs and the host in hospital wastewater. (B) Corresponding relationship between ARGs and host in sludge 
water. (C) LEfSe analysis identified the microbial hosts with the greatest difference in different samples.
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unclear ecological boundaries in ARG diversity within river waters 
suggests rapid dissemination of ARGs driven by human activities, 
with the high prevalence of multidrug resistance genes in sludge 
water potentially spreading throughout the Tumen River Basin, 
offering localized evidence of this phenomenon. Consequently, 
targeted interventions in key stages of sludge treatment are crucial 
to curb ARG accumulation, alongside the establishment of strict 
discharge standards for sludge water to minimize its 
environmental effects.

4.2 Microbial communities influence ARG 
transfer and increase pathogenicity

Studies have shown that the microbial community is an important 
factor in the change of AMR (Li et al., 2015). The bacitracin ARGs in 
hospital wastewater are mainly carried by unclassified bacteria 
(Figure 4A), which shows that there may be some unknown bacitracin 
ARBs in hospital wastewater. In addition, fluoroquinolone antibiotics 
(such as enrofloxacin and norfloxacin) tend to be enriched in activated 

FIGURE 5

(A) Species level HPB host abundance distribution. (B) ARG subtypes and HPB host co-occurrence network diagram.

FIGURE 6

(A) The location of the top 17 ARG–MGE co-occurrence ARCs in all groups. (B) Abundance of MGEs that co-occur with ARGs. (C) Proportion of 
abundance of ARGs that co-occur with MGEs. (D) Co-occurrence of different ARG–MGEs abundance of sexually patterned ARCs in samples.
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sludge (Ouyang et  al., 2020), potentially creating environmental 
pressure that promotes the emergence of corresponding ARGs in sludge 
water. At the same time, the environmental conditions of activated 
sludge are quite different from those of hospital wastewater, such as high 
concentration of organic matter load and oxygen content changes, 
which lead to the growth and reproduction of certain specific types of 
microorganisms (Zhang et al., 2021) and become the host of ARGs 
through HGT. Subsequently, these microorganism enters the sludge 
water through the sludge concentration, resulting in a different ARGs–
host correlation compared to that observed in hospital wastewater.

Furthermore, there is a high abundance of unclassified bacteria in 
hospital wastewater and sludge water samples, but the reasons for this 
phenomenon may be  different. In hospital wastewater, the large 
presence of human excreta, combined with high concentrations of 
antibiotic residues and environmental pollutants, could promote the 
growth of bacterial communities with strong adaptability and 
specialized metabolic pathways (Ajala et al., 2022). Activated sludge is 
a complex community consisting of various microorganisms, many of 
which may be unclassified or differ from known microbial classifications 
(Zhang and Zhang, 2023). These microorganisms can be concentrated 
and transferred into the sludge water during the sludge 
concentration process.

In this study, there were some differences noted in the correlation 
between the ARGs and the hosts in hospital wastewater and sludge 
water samples. Actinobacteria is a significantly different species in 
hospital wastewater (Figure  4C). Studies have shown that 
Actinobacteria has a wide range of secondary metabolism, it can 
produce two-thirds of known antibiotics and has natural antibiotic 
tolerance (Barka et al., 2016), making it more competitive in hospital 
wastewater (Xu et al., 2024). At the same time, Deltaproteobacteria is 
a significantly different species in sludge water (Figure 4C). The results 
of Sun et al. (2021) showed that Deltaproteobacteria was the main 
ARB in activated sludge, and the community change of ARB would 
drive the diversity and abundance distribution of ARGs. 
Deltaproteobacteria have the ability to degrade complex organic 
matter and participate in the sulfur cycle (Langwig et al., 2022), which 
makes them show a significant abundance advantage in sludge water. 
These findings suggest that addressing the transmission risks of 
particular bacterial species across different environments and 

strengthening the surveillance of the microbial community, has an 
impact on the ARG migration dynamics.

Previous studies focused on the increased priority of 
ARG-carrying HPB in monitoring and evaluating the risk of antibiotic 
resistome (Zhu et al., 2023). There are some clinical pathogens and 
opportunistic pathogens in hospital wastewater, such as E. coli, which 
can cause diarrhea and extraintestinal diseases, and E. coli is very 
likely to transmit ARGs to other enteropathogens (Wang et al., 2018). 
This also explains why a certain proportion of Enterobacter hormaechei 
appeared in the sludge water. In this study, the proportion of E. coli in 
sludge water (39.6%) was higher than that in hospital wastewater 
(34.4%), which was consistent with the results of Szekeres et al., that 
is, the incidence of antibiotic-resistant strains increased after sewage 
treatment (Farkas et al., 2016; Szekeres et al., 2017).

Globally, ARG-carrying E. coli has been extensively found in 
rivers and coastal surface waters, indicating its robust adaptability and 
ability to spread ARGs (Blaak et al., 2014; Leonard et al., 2015; Servais 
and Passerat, 2009). This study found that E. coli is the dominant HPB 
host in sludge water. The high abundance of E. coli in sludge water 
poses a potential risk of transmission to downstream waters or 
irrigation systems. Moreover, ARG-carrying E. coli is highly cytotoxic 
and may disseminate through bioaerosols, amplifying AMR risks in 
nearby areas (Wang et al., 2024). HGT between microorganisms in 
activated sludge has been identified as a key mechanism leading to an 
increase in the prevalence of antibiotic resistance (Wei et al., 2021). 
HPB in activated sludge enters sludge water through sludge 
concentration after acquiring antibiotic resistance, resulting in more 
types of HPB in sludge water than hospital wastewater (Figure 5A), 
which further reveals the relevance of AMR between hospital 
wastewater–activated sludge–sludge water and demonstrates the 
public health risks of sludge water.

4.3 Role of MGEs in the HGT and spread of 
ARGs

At present, the majority of short-read-based metagenomic studies 
have identified and quantified the diversity and abundance of ARGs, 
but they rarely emphasize the specific coexistence structure between 

FIGURE 7

(A) Linear regression analysis between ARGs and MGEs community difference distance matrix. (B) Linear regression analysis between host and MGEs 
community difference distance matrix. (C) Linear regression analysis between HPB and MGEs community difference distance matrix.
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ARGs and MGEs, or distinguish their genetic location (plasmids and 
chromosomes) (Li et al., 2015). In order to further determine the HGT 
risk of ARGs, this study analyzed the genetic location of ARGs and the 
co-occurrence of ARG–MGE. The expression level of bacitracin and 
fluoroquinolone ARG types on chromosomes is higher than that of 
plasmids (Figure  6A). As the main genetic material of bacteria, 
chromosomes are subject to strict regulation and stability 
maintenance mechanism resulting in higher stability. Therefore, 
ARGs located on chromosomes generally have higher persistence 
than those on plasmids.

At the same time, plasmids and chromosomes have a tendency 
to carry different ARG subtypes (Ma et al., 2016; Xiong et al., 2018; 
Zhao et al., 2020), and fosfomycin ARGs, chloramphenicol ARGs, 
diaminopyrimidine ARGs, macrolide ARGs, and sulfonamide ARGs 
tend to complete gene expression in plasmids. As common MGEs, 
plasmids can replicate and transmit independently of the 
chromosome of host cells, which may make them more susceptible 
to environmental conditions, and complete the migration of ARGs 
through HGT, with strong mobility and a wider host range (Zhao 
et  al., 2020). Notably, certain ARBs can carry multiple plasmids, 
facilitating the exchange of ARGs among plasmids (Nicolás et al., 
2018). Previous studies have shown the high-sequence similarities of 
plasmid-borne ARGs between clinical and environmental plasmids, 
which means that ARGs in plasmids are also able to transmit across 
clinical and environmental boundaries (Wang et al., 2024). Plasmid-
mediated ARG migration is dominant in sewage treatment plants 
(Che et al., 2019). At the same time, sub-inhibitory concentrations of 
heavy metals can be coupled with plasmids to jointly promote the 
HGT process of ARGs (Lu et al., 2020). Therefore, these types of 
ARGs have a high migration risk in hospital wastewater.

In addition, studies have shown that the total abundance of 
MGEs coexisting with ARGs in the sample group, the abundance 
information of MGE types, and the proportion of total abundance 
of ARGs coexisting with MGEs can be used to evaluate the potential 
mobility of ARGs in different groups (Ke et al., 2023). Our results 
show that the total abundance of MGEs co-existing with ARGs in 
hospital wastewater is much higher than that in sludge water. At the 
same time, the abundance of ARGs co-existing with MGEs in 
hospital wastewater is also higher than that in sludge water 
(Figures  6B,C), indicating that hospital wastewater has higher 
mobility potential than sludge water and tends to complete the 
transfer through HGT. A variety of antibiotics remain in hospital 
wastewater, which can be used as a selective pressure to promote the 
spread of ARGs through horizontal gene transmission (Zhang et al., 
2021). Nutrient richness in hospital wastewater, such as organic 
substances and nitrogen compounds, likely fosters bacterial 
proliferation and facilitates gene exchange (Szekeres et al., 2017), 
thereby intensifying ARG–MGE co-occurrence. Conversely, sludge 
water demonstrates lower abundance of ARGs associated with 
antibiotic efflux and inactivation, yet it is enriched in ARG–MGE 
combinations such as antibiotic inactivation-recombinase and 
antibiotic target protection-recombinase (Figure  6D). This 
phenomenon may be the result of wastewater treatment processes, 
which reduce the co-occurrence frequency and diversity of 
co-occurrence patterns of ARGs and MGEs while concentrating 
certain ARG–MGE co-occurrences (Xu et al., 2024). Additionally, 
the microbial community composition formed by wastewater 

treatment (Cydzik-Kwiatkowska and Zielińska, 2016), potentially 
influences the abundance of ARG–MGE co-occurrences. Despite 
sludge water containing fewer MGEs than hospital wastewater 
overall, both share similar resistance mechanisms and transmission 
pathways (Figure 6D). Diverse resistance mechanisms enhance the 
overall antibiotic resistance of the bacterial community, leading to 
higher AMR risks. The risk of sludge water entering into the 
environment through agricultural applications, such as sludge 
fertilization, requires attention, as it signifies the persistent potential 
for ARGs transmission via sludge water.

Microbial hosts and their coexisting MGEs can affect the 
distribution and spread of ARGs (Wang et  al., 2018). Tracking, 
managing, and limiting the spread of ARG-associated MGE in 
pathogenic and symbiotic bacterial species is the key to controlling 
AMR (Forster et al., 2022). In this study, based on the abundance of 
ARG subtypes, genus-level host abundance, and species-level HPB 
abundance, the Mantel test analysis was performed with MGE 
subtypes abundance to reveal the potential transmission risk of 
ARGs. In hospital wastewater and sludge water, the difference of 
ARGs community is the key factor affecting MGEs (Figure  7A). 
ARGs carried by MGEs are key drivers of the human-mediated 
spread of AMR (Karkman et  al., 2019). The abundant ARGs in 
hospital wastewater and sludge water mainly complete the potential 
transmission through coexisting MGEs. These findings provide 
additional evidence for the pivotal role of MGEs in AMR 
transmission. Particularly in high-antibiotic-pressure environments, 
such as hospital wastewater, the activity and abundance of MGEs may 
significantly increase, thereby accelerating the spread of ARGs (Sun 
et al., 2023).

Moreover, a moderate positive correlation was observed between 
variations in host communities and those in MGE communities 
(Figure  7B). It could result from MGEs affecting bacterial host 
adaptability (Lopatkin et al., 2016). MGEs can mobilize and integrate 
in a site-specific or non-specific manner throughout the host genome, 
accounting for this relationship (Durrant et al., 2020). Nonetheless, 
host community diversity may also be  influenced by broader 
ecosystem drivers such as environmental conditions and resource 
availability, leading to a weaker correlation (Zhang et al., 2019). There 
is no obvious linear correlation between HPB and MGEs (Figure 7C). 
The reason for this phenomenon may be  that HPB has a small 
proportion in ARG hosts (Wang et al., 2022), and only a minority of 
HPB associated with identified ARGs, and non-pathogens are the 
main hosts of ARGs (Xu et al., 2024). At the same time, the abundance 
and distribution of HPB are primarily influenced by their specific 
ecological niches and external environmental factors, such as 
pollutant levels or antibiotic stress (Hocquet et al., 2016), rather than 
being fully dependent on MGEs. These results indicate that MGEs 
play an important role in the change of ARGs abundance, and MGEs 
increase the potential risk of ARGs transferring from hospital 
wastewater to sludge water and HPB (Fang et al., 2019). Therefore, 
we should focus on the regulatory mechanism of MGEs on ARG 
migration in hospital wastewater to further control the risk of 
environmental resistance. Overall, this study highlights that sludge 
water, as a potential route for the transmission of ARGs and HPB in 
hospital wastewater into the environment, poses an alarmingly 
serious risk, which should be  paid more attention to by 
the government.
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5 Conclusion

This study highlights the crucial role of sludge water as a pathway 
for transmitting ARGs and HPB from hospital wastewater into the 
environment. While activated sludge treatment reduces the overall 
abundance of ARGs, it also concentrates specific ARG subtypes, 
increasing their presence in sludge water. The variation in ARG 
abundance and host patterns between hospital wastewater and sludge 
water suggests that sludge water is an overlooked reservoir for ARGs 
and HPB. The co-occurrence of ARG–MGE raises the risk of 
horizontal gene transfer, further spreading resistance genes into the 
environment. A large number of ARG subtypes persist through 
MGEs, intensifying the transmission of antibiotic resistance. This 
enrichment in sludge water poses serious environmental and public 
health risks, emphasizing the need for more robust monitoring and 
regulatory measures. This research underscores the potential of sludge 
water to contribute to the spread of AMR and calls for strategies to 
mitigate its impact.
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