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A B S T R A C T

Antibiotic resistance genes (ARGs) persistence and potential harm have become more widely recognized in the 
environment due to its fast-paced research. However, the bibliometric review on the detection, research hotspot, 
and development trend of environmental ARGs has not been widely conducted. It is essential to provide a 
comprehensive overview of the last 30 years of research on environmental ARGs to clarify the changes in the 
research landscape and ascertain future prospects. This study presents a visualized analysis of data from the Web 
of Science to enhance our understanding of ARGs. The findings indicate that solid-phase extraction provides a 
reliable method for extracting ARG. Technological advancements in commercial kits and microfluidics have 
facilitated the efficacy of ARGs extraction with significantly reducing processing times. PCR and its derivatives, 
DNA sequencing, and multi-omics technology are the prevalent methodologies for ARGs detection, enabling the 
expansion of ARG research from individual strains to more intricate microbial communities in the environment. 
Furthermore, due to the development of combination, hybridization and mass spectrometer technologies, 
considerable advancements have been achieved in terms of sensitivity and accuracy as well as lowering the cost 
of ARGs detection. Currently, high-frequency terms such as “Antibiotic Resistance, Antibiotics, and Meta
genomics” are the center of attention for study in this area. Prominent topics include the investigation of 
anthropogenic impacts on environmental resistance, as well as the dynamics of migration, dissemination, and 
adaptation of environmental ARGs, etc. The research on environmental ARGs has made significant advancements 
in the fields of “Microbiology” and “Biotechnology Applied Microbiology”. Over the past decade, there has been a 
notable increase in the fields of “Environmental Sciences Ecology” and “Engineering” with a similar growth trend 
observed in “Water Resources”. These three domains are expected to continue driving extensive study within the 
realm of environmental ARGs.

1. Introduction

Alexander Fleming’s discovery of penicillin has profoundly revolu
tionized the efficacy of antibiotics in combating bacterial diseases, 
effectively eliminating human susceptibility to such infections. How
ever, due to the extensive utilization of antibiotics in husbandry and 
aquaculture, there has been a notable rise in the prevalence of antibiotic- 
resistant strains in animals (Forsberg et al., 2012; Zhu et al., 2013). 

These strains, found in the guts of farm animals, are regarded as the 
primary contributors to the environmental antibiotic resistance genes 
(ARGs) (Crofts et al., 2017). Antibiotic-resistant bacteria (ARB) tend to 
spread in the water and soil ecosystems through surface runoff, pro
moting the probabilities of environmental bacteria acquiring resistance 
(Xu et al., 2022). ARGs found in strains, even in small amounts, facilitate 
the transmission and dissemination of ARGs by vertical gene transfer 
(VGT) and horizontal gene transfer (HGT), giving specific ARB a 
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competitive edge (Forsberg et al., 2012; Zhu et al., 2013). Consequently, 
this significantly increases the probability of ARGs migration and 
propagation in different environmental media. Multiple ARGs (e.g., 
tetracycline, sulfonamides, beta-lactam, etc.) have been found in envi
ronmental sources such as wastewater, sediments, and soils (He et al., 
2022; Luo et al., 2022; Zhang et al., 2021). Currently, the rise of ARGs 
and ARB has resulted in the diminished or even ineffective nature of 
antibiotics in combating bacterial infections, causing widespread 
concern among the broader population (Huang et al., 2018; Vila-Costa 
et al., 2017). Statistical calculations indicate that approximately 495 
million deaths were linked to antimicrobial resistance (AMR) in 2019. It 
is estimated that up to 10 million individuals could die from AMR each 
year by 2050 (Church et al. 2021). The rise of AMR has become a 
paramount challenge, posing a grave threat to human health in the 21st 
century.

Although environmental bacteria have harbored ARGs for billions of 
years, their propagation has accelerated under elevated environmental 
selective pressure. Due to previous technical limitations, the under
standing of ARB in the environment was insufficient, and the transfer of 
ARGs between environmental strains and human pathogens was 
underestimated. In the initial stage, DNA probes and PCR techniques 
offer novel perspectives for the observation and investigation of ARGs 
dissemination in natural habitats (Rosa et al., 1998; Sandt and Herson, 
1991). By collecting diverse environmental samples and employing DNA 
probe or PCR screening, a plethora of varied sources of ARGs pollution 
have been identified in soil, water, and other common ecosystems 
(Riesenfeld et al., 2004; Smalla et al., 2000; Zhu, 2006). Due to break
throughs and advancements in detection technologies, the investigation 
of environmental ARGs has undergone profound scientific scrutiny. 
Currently, we are experiencing an escalating prevalence of ARGs. This 
can be attributed to the use of antibiotics in both humans and animals, 
which spreads ARGs on mobile genetic elements (MGEs) and allows 
these MGEs to be exchanged across different bacteria, including path
ogens (He et al., 2016; Zhu, 2006). To monitor the spread of environ
mental ARGs, various detection techniques and data resources have 
been developed to rapidly interpret information related to antibiotic 
resistance. These advanced technologies, such as high-throughput 
sequencing and multi-omics, enable rapid and accurate detection of 
the type and abundance of ARGs in environmental samples (Huang 
et al., 2012; Yang et al., 2017; Zheng et al., 2018). Additionally, 

scientists are actively engaged in conducting extensive data analysis and 
establishing comprehensive databases to better understand the evolu
tion of ARGs in the environment and elucidate their potential threat to 
public health security (Kumar et al., 2022; Li et al., 2022). The objective 
of these endeavors is to create a reliable and all-encompassing repository 
for governments, healthcare institutions, and the agricultural sector, 
enabling them to make well-informed decisions regarding the mitigation 
of antibiotic resistance.

Recently, environmental ARGs research has exploded due to the 
rapid development of detection techniques. An extensive review of the 
literature on ARGs in the context of global environmental change over 
the past three decades is imperative. Gaining insights into its history is of 
immense significance for understanding the research status, research 
priorities, and future perspectives in this field. Bibliometrics combines 
statistical and mathematical techniques to track the development of a 
research area, enabling a thorough evaluation of the significance of 
research outcomes. In this study, we conducted a bibliometric analysis 
using VOSview to investigate the literature pertaining to ARGs in the 
environment (Fig. 1). Based on the published literature, a statistical 
analysis of publication categories, sources, and annual indicators was 
performed. Additionally, we provide a comprehensive examination of 
ARGs detection techniques in environmental sample data in the interim, 
covering sources as well as qualitative and quantitative approaches. 
Through keyword co-occurrence analysis, we elucidated the present 
trending subjects and predicted potential research focuses and future 
directions.

2. Data and methods

2.1. Data collection and sources

The data used in this study were retrieved from the Clarivate Ana
lytics Web of Science (WOS), which is the online version of the Science 
Citation Index Expanded, including WOS Core Collection, MEDLINE®, 
Inspec®, Chinese Science Citation Database℠, KCI-Korean Journal 
Database, and SciELO Citation Index. We conducted searches in the 
topic field (title, abstract, keywords) using variations of the phrases 
“antibiotic resistance genes” or “antibiotics resistance genes” or “anti
biotic resistance gene” or “antibiotic resistant genes” or “antibiotic 
resistant gene” or “antibiotics resistant genes” and “environment” or 

Fig. 1. Paper selection and flow chart of research framework.
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“environmental” from January 1, 1991 up to December 31, 2022. To 
guarantee the accuracy of search outcomes, we meticulously screen 
documents by their title, abstract and keywords, exclude those that are 
irrelevant to the subject, and access their eligibility. The comprehensive 
publication data includes the abstract, keywords, source, reference, and 
other relevant information.

2.2. Data analyses

Initially, a rudimentary statistical analysis was conducted using the 
WOS database and Microsoft Excel to scrutinize fundamental publica
tion metrics, including the total number of publications, annual publi
cations, and national publications. The graphics were generated using 
the OriginPro 2021 software (the logistic model was employed to fit the 
R-values of the annual publication trends) and Figdraw online plat
forms. Bibliometric and visual analysis using VOSviewer (version 
1.6.18, Leiden University) are employed to create a network map 
through co-occurrence and co-citation analysis, demonstrating (1) col
laborations among different countries and (2) the co-occurrence of 
keywords and topic categories. The nodes in the network graph repre
sent countries, keywords, and topics. The size of the nodes indicates the 
frequency or number of these items, while the lines between them 
indicate a connection or similarity. The node calculation in VOSviewer 
is conducted through the analysis of keywords within the text data and 
their co-occurrence associations. VOSviewer utilizes the “co-occurrence 
matrix method” to calculate the frequency of keyword co-occurrences in 
the text dataset. It processes and weighs this co-occurrence information 
to determine the similarity value between each pair of terms, which is 
then converted into the strength of the links. In addition to visualizing 
nodes and edge connections, VOSviewer offers a diverse range of fea
tures for conducting in-depth analysis of network structure. This in
volves employing clustering algorithms to categorize nodes based on 
their similar features or attributes and differentiate them using distinct 
colors or shapes.

3. Detection of ARGs in the environment

3.1. Sources and collection of environmental ARGs

Before humans began mass producing antibiotics to treat infectious 
diseases, numerous bacteria in the environment had already evolved 
and developed resistance to antibiotics. For instance, ARGs have been 
detected in samples collected from glaciers and permafrost, as well as in 
other habitats that are free from human contamination (Kashuba et al., 
2017; Segawa et al., 2013). Due to the increased influence of human 
activities on environmental resistance, there has been a rapid evolution 
and dissemination of ARGs (Fig. 2). The wastewater (e.g., from medical 
facilities, livestock farms, and industries) discharged from human ac
tivities in aquatic environments contains a diverse range of hazardous 
substances and ARB (Hassoun-Kheir et al., 2020; Pereira et al., 2021; 
Zhu et al., 2021). ARB present in wastewater carry a diverse array of 
ARGs, which can be disseminated to the aquatic environment through 
various pathways. For example, it can be transferred directly to other 
microorganisms or released into water through MGEs or cell lysis 
(Pereira et al., 2021). In addition, the spread and transfer of ARGs vary 
across different types of water bodies, such as rivers, lakes, and oceans 
(Ren and Luo, 2022; Su et al., 2020). Due to the distinct features of 
various water bodies, such as their geographical location, climatic 
conditions, and pollution sources, these differences will directly affect 
the quantity and types of resistance strains they contain, thus further 
shaping the problem of drug resistance in the region. Applying manure 
that contains antibiotic residues to the soil, particularly on agricultural 
land, can result in soil contamination and facilitate the dissemination of 
ARGs (Zhu et al., 2013). Prolonged utilization of broad-spectrum anti
biotics can readily induce bacterial resistance and facilitate the trans
mission of ARGs to other microorganisms in the soil (Xu et al., 2022). 
The risk of cross-border transmission of ARB and associated MGEs is 
increasing globally due to variations in manure treatment and regula
tory standards at regional and national levels (Jacquiod et al., 2017). 

Fig. 2. Sources of ARGs in the environment.
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This further exacerbates the worldwide problem of drug resistance and 
poses a challenge to public health security. Air pollution can also induce 
the development of bacterial resistance and facilitate the spread of ARGs 
in the atmosphere. Particulate matter or volatile organic compounds 
emitted from vehicle exhaust, factories, and waste incineration can act 
as carriers to introduce ARGs into the atmosphere and subsequently 
deposit them on the surface through rainfall (Ouyang et al., 2020). 
Furthermore, studies have shown that ARGs like tet(X) and tet(W) can be 
spread through the air, and have been detected in both indoor and 
outdoor settings, including animal habitats and human communities 
(Jin et al., 2022; Ling et al., 2013). These ARGs are carried by aerosols, 
including haze and dust, and are transmitted through inhalation or 
ingestion, such as penetration into the alveolar regions of humans or 
animals (Wang et al., 2022; Xie et al., 2018; Zhou et al., 2021).

To facilitate subsequent analysis, an optimal sample technique for 
ARGs should involve the collection of both intracellular and extracel
lular nucleic acids, while also guaranteeing the preservation of their 
integrity. The sampling time, locations, and methods for environmental 
ARGs are typically determined in advance. Regarding solid sample 
collection, most studies have documented the use of random or quarterly 
sampling methods using conventional or custom devices at designated 
study sites (e.g., soil, sludge, compost, and sediment) (Cao et al., 2020; 
Huang et al., 2018; Reichert et al., 2021). Water sample collection 
campaigns are typically designed based on the physicochemical prop
erties of water. In particular, the ARGs in the water samples are isolated 
using a microfiltration membrane (e.g., 0.02 μm, 0.22 μm, or 0.45 μm 
pore size), then immediately collected in a sterile container for cryo
preservation, and promptly transported to the laboratory for further 
analysis (Guo et al., 2018). Because gases can easily diffuse and do not 
have a stable state, most techniques for collecting ARGs from air and 
aerosols rely on the use of shock sampling methods or samplers. Bio
aerosol particles aggregate via inertia on the surface of a solid or liquid 
medium. For instance, a wet concentrate sampler can be employed to 
collect aerosols into sterile phosphate buffers, while a high-volume total 
suspended particle sampler can gather air samples from urban, subur
ban, and rural areas (Gao et al., 2018; Ling et al., 2013; Tao et al., 2021). 
Furthermore, the microfiltration membrane is equally adept at 
capturing ARGs from gas samples. Specifically, as bioaerosol particles 
pass through different filter materials, the openings on the 

microfiltration membrane will either prevent or attract these particles 
based on electrical forces, capturing them on the filter. Prior to 
measuring the samples, it is necessary to perform a pre-separation and 
concentration process (Wang et al., 2021).

3.2. ARGs extraction

Nucleic acids primarily exist in both intracellular and extracellular 
states. Consequently, ARGs carried within nucleic acids also manifest as 
intracellular and extracellular entities, with the latter encompassing 
phage-borne ARGs and freely circulating ARGs (Barnes et al., 2014; Mao 
et al., 2014). Intracellular ARGs (iARGs) can be released into the 
extracellular environment either through cell lysis or active secretion by 
living cells, resulting in the presence of extracellular ARGs (eARGs). 
Similarly, eARGs present in the environment can also be converted into 
iARGs (Zou et al., 2022). The extraction of these ARGs involves four 
distinct approaches: Liquid–liquid extraction, solid-phase extraction, 
commercially available kits, and microfluidic technology (Fig. 3). 
Liquid-liquid extraction is a conventional method used to extract and 
separate compounds by disparity in solubility between two immiscible 
solutions (Liu et al., 2022). The procedure involves the utilization of 
diverse apparatus and equipment to facilitate the transfer of compounds 
between different liquid phases. An approach to isolating ARGs is by 
using CsCl gradient centrifugation, which is based on the previously 
described principle. Similarly, alkaline extraction, organic extraction, 
and salting-out methods all require cell disruption to generate lysates, 
followed by the precipitation of macromolecular compounds like cyto
plasm and carbohydrates. Subsequently, ARGs are recovered through 
ethanol precipitation (Lu et al., 2022). The aforementioned extraction 
techniques are generally acknowledged and can be used to isolate ARGs 
from diverse environmental samples. Additionally, it should be noted 
that the CTAB extraction principle aligns with the previously discussed 
approach. However, it is imperative to freeze the sample using liquid 
nitrogen prior to grinding and subsequently suspending it in the CTAB 
buffer solution (Zhang et al., 2022a).

Liquid-liquid extraction has proven to be a robust technical foun
dation for extracting ARGs in the environmental. However, the utiliza
tion of liquid–liquid extraction necessitates a substantial quantity of 
reagents, making the entire process not only intricate and time- 

Fig. 3. The methodology for extracting ARGs.
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consuming but also susceptible to potential environmental contamina
tion. Consequently, solid-phase extraction has emerged as a viable 
alternative for liquid–liquid extraction, effectively addressing its 
inherent drawbacks. The principle of solid-phase extraction involves the 
adsorption of ARGs onto a stationary phase and subsequently extracting 
them from the mixture (Mohammadi et al., 2022). Silica matrices 
extraction is the most prevalent method, where silica acts as an adsor
bent that binds to the ARGs in the lysate, thereby isolating them from 
other substances in the solution. The extraction efficiency of this method 

is reported to be 40 % of that achieved by traditional methods (Liu et al., 
2020). Unlike extraction techniques using silica matrices, a cation ex
change resin of Chelex-100 exhibits high bonding strength and facili
tates the extraction of ARGs from various samples (Schwendener et al., 
2020). This method not only has a minimal expense but also avoids the 
use of detrimental chemicals. Additionally, magnetic-based methodol
ogies are employed for the extraction of ARGs (Fu et al., 2021). This 
approach utilizes functionalized magnetic beads or particles to form 
hydrogen bonds with nucleotides and then release them in a reversible 

Fig. 4. Analytical techniques for ARGs.
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manner, thereby providing enhanced binding sites for ARGs. Conse
quently, this method offers a more streamlined and efficient means of 
extraction.

Advancements in technology have led to the development of various 
commercial kits that enhance the extraction of ARGs from environ
mental samples, resulting in a significant reduction in the time required 
for this process. These commercial kits are well-suited for high- 
throughput processing of numerous samples within a restricted time
frame (Miłobedzka et al., 2022). Similarly, the retrieval of ARGs using 
microfluidic technology has been successfully achieved, which is 
particularly noteworthy (Jin et al., 2020). This approach not only re
quires a minimal sample size but also effectively reduces expensive re
agent consumption and processing time (Sun et al., 2021).

3.3. Qualitative analysis of ARGs

After reviewing the advancements in ARGs analytical techniques 
over the past 30 years, five categories are presented in Fig. 4. Conven
tional methods include PCR (simple and multiplex PCR), DNA 
sequencing, and multi-omics technologies (including metagenomics, 
metatranscriptome, proteomics, and metabolomics). Additionally, there 
are numerous approaches based on hybridization and combination 
technologies. Among these techniques, PCR is the predominant and 
most efficient method. A single PCR can detect known ARGs without the 
requirement of isolating and culturing viruses or bacteria. Multiplex 
PCR enables the simultaneous characterization of multiple gene targets 
and exhibits greater resilience compared to single PCR. PCR-based 
technologies are widely used to determine the occurrence or spread of 
well-recognized ARGs (tetracycline, fluoroquinolone, sulfadiazine, beta- 
lactam, quinolone, and erythromycin) in the environment. These genes 
can originate from specific sources, such as sewage treatment plants and 
pharmaceutical factories, or from more diffuse sources like livestock and 
contaminated soil/water (Ergie et al., 2019; Gunathilaka et al., 2017; 
Liu et al., 2019). This method has been broadly applied to monitor ARGs 
in sewage and manure in many countries, such as China, the United 
States, and Germany (Li et al., 2020; Opazo-Capurro et al., 2019; Par
nanen et al., 2016).

DNA sequencing is essential for gene analysis. Over the past three 
decades, there has been significant development in DNA sequencing 
technology, enabling us to gain insights into the genetic composition of 
animals, plants, and microorganisms (Allwood et al., 2020; Kre
henwinkel et al., 2019; Shen et al., 2021). Specifically, DNA sequencing 
has been employed to assess ARGs. For instance, Sanger sequencing (the 
first generation) has demonstrated its capability of detecting variations 
at the strain level and quantifying ARGs abundance (Li et al., 2013). 
However, despite its long read length and high accuracy, Sanger 
sequencing has shortcomings such as high cost and low flux, which have 
led to the application of high-throughput sequencing technology (the 
second generation). This technology is based on the development of PCR 
and gene chips for DNA sequencing, which can provide a fast, accurate, 
and cost-effective method of investigation (Zheng et al., 2018). Previous 
studies have demonstrated that high-throughput sequencing technology 
is useful for quickly and precisely analyzing ARGs in various environ
mental settings, particularly in wastewater systems encompassing hos
pitals, livestock farms, and residential buildings (Huang et al., 2012; Lu 
et al., 2010). The progress of technology has led to the development of 
DNA sequencing, which has evolved from the first and second genera
tions to the emergence of third generation sequencing technology (sin
gle molecular sequencing). Third generation sequencing overcomes the 
restrictions of short read length while maintaining the speed and 
throughput advantages of the second generation. Recent studies have 
also shown that single molecular sequencing will be used for ARGs 
detection (An et al., 2022; Bratulic et al., 2015; Gomez-Simmonds et al., 
2021).

PCR and DNA sequencing are proficient at identifying homologs of 
known ARGs, but they are incapable of detecting unknown or distantly 

related ARGs. Utilizing multi-omics technologies in such scenarios 
effectively bridges knowledge gaps and significantly enhances our 
comprehension of ARGs. Metagenomics employs both sequence-based 
and function-based approaches (Guo et al., 2017; Yang et al., 2017). 
Sequence-based metagenomics involves direct sequencing of all DNA 
isolated from environmental samples (Chi et al., 2020). Function-based 
metagenomics usually entails creating metagenomics libraries, and the 
gene libraries associated with ARGs have experienced significant 
expansion (Kumar et al., 2022; Li et al., 2022). Combined with machine 
learning classification, the application of metagenomics ARGs profiles to 
explicitly assign source contributions has been feasible. Through the 
identification of indicative ARGs and reconstruction of the host genome 
of ARGs, function-based metagenomics will enhance the reliability and 
accuracy of source tracking (Li et al., 2020). However, metagenomics is 
unable to differentiate between genomic DNA derived from living cells 
and the actual expression of predicted genes. As a high-throughput 
technique, the metatranscriptome has been developed for comprehen
sive analysis of gene expression, enabling the exploration of the entire 
transcriptome in an organism and its application in ARGs detection (Loh 
John et al., 2018; Sharma et al., 2010). Metatranscriptome allows for the 
simultaneous study of gene expression for a large number of genes in 
certain settings to explore ARGs. For instance, it is used to study the 
effects of short-term antibiotic exposure on microbial gene expression, 
physiology, and structure (Korry et al., 2020). Additionally, proteomics 
and metabolomics are crucial for the detection and study of ARGs. These 
technologies can assist in identifying protein biomarkers and metabo
lites linked to antibiotic resistance, thereby investigating the mecha
nisms of transfer and transmission of ARGs. Through the use of 
proteomics analysis, researchers can reveal the potential ecological risks 
of silver and silver nanoparticles in the environment to the spread of 
ARGs (Lu et al., 2020). Similarly, metabolomics analysis can provide 
much useful information for understanding the effects of extracellular 
polymeric substance production on the disinfection of biofilms in 
drinking water pipelines, especially for controlling ARGs (Wang et al., 
2024). In summary, multi-omics technologies provide a crucial scientific 
basis for exploring the transmission, dissemination, and elimination of 
ARGs.

While multi-omics technologies have the advantage of not being 
confined to known gene sequences, the identification of specific ARGs 
may still be challenging due to their limited expression. Therefore, 
hybridization-based and combinatorial detection techniques have been 
developed in recent years, for instance, the widespread use of DNA 
hybridization and nucleic acid hybridization techniques (southern blot 
and northern blot) (Liang et al., 2019; Wan et al., 2023). Amirmozafari 
et al. used southern blot technology to elucidate the antibiotic resistance 
mechanisms of the toxA and exoS genes (Amirmozafari et al., 2016). 
Moreover, combination-based techniques can be flexibly and unre
strictedly combined, which overcomes the technical limitations of single 
detection methods and results in reduced detection costs and improved 
sensitivity, accuracy, and throughput. Various techniques have been 
published for detecting ARGs, such as in situ PCR & FISH probes, culture 
techniques & metagenomics, and metatranscriptome & high-throughput 
sequencing (Conwell et al., 2021; Jia et al., 2021; Zhang et al., 2022b).

3.4. Quantitative detection of ARGs

Conventional PCR methods, although sensitive and time-saving, are 
limited to qualitative detection and lack quantitative expression. Based 
on the application of extended PCR, quantitative PCR (qPCR), real-time 
qPCR (RT-qPCR), and high-throughput qPCR (HT-qPCR) are the most 
frequently used quantitative detection techniques for ARGs (Fig. 4). 
qPCR is a powerful molecular detection tool with higher sensitivity and 
specificity than conventional PCR. Studies have proved that qPCR can 
quantitatively analyze the target genes of major ARGs (e.g., tetA, tetB, 
tetM, ermB, sul1, ampC, and qnrS) in municipal sewage and quantify the 
abundance of ARGs in sediment samples (Al Salah et al., 2020; Nolvak 
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et al., 2016). RT-qPCR monitors the entire amplification process by 
introducing fluorescence-binding dyes or fluorescent-labeled probes 
into the PCR reaction system. It then quantitatively analyzes the un
known template by measuring the real-time accumulation of fluores
cence signals (Hardwick et al., 2008; Navarro et al., 2015). For instance, 
RT-qPCR based on SYBR Green fluorochrome and TaqMan probes has 
been widely used for quantifying the absolute levels of ARGs in soil, 
sewage, and air (Borjesson et al., 2009; Burch et al., 2013; McKinney 
et al., 2018; Zhou et al., 2018). However, only a restricted number of 
ARGs can be analyzed by qPCR or RT-qPCR (Loftie-Eaton et al., 2014). 
This technique is significantly limited when analyzing a substantial 
quantity of samples. HT-qPCR provides a rapid and convenient method 
to concurrently detect hundreds of ARGs (Franklin et al., 2021; Liu et al., 
2019).

Recently, several novel PCR techniques have emerged, including 
droplet digital PCR (ddPCR), microfluidic qPCR (MF-qPCR), and 
emulsion-paired separation-tandem PCR (epicPCR). The ddPCR method 
uses segmentation and Poisson statistics to generate thousands of indi
vidual droplets in a water–oil emulsion, enabling absolute quantification 
of nucleic acids without the need for external calibrators (Cave et al., 
2016). ddPCR enables absolute quantification and tolerance to in
hibitors, and it is considered the preferred method to overcome the 
limitations of RT-qPCR (Yao et al., 2022). It has been successfully used 
to quantitatively detect the distribution and spread of ARGs in soil, 
fertilizer, municipal waste, rivers, and aerosol environments (Cave et al., 
2016; Tao et al., 2022; Wang et al., 2018). Furthermore, a high-density 
small-volume qPCR platform based on MF-qPCR has been developed 
(Ishii et al., 2014). Several investigations have demonstrated that MF- 
qPCR is both selective and flexible in its ability to identify ARGs 
(Bueno et al., 2019; Sandberg et al., 2018). Similarly, epicPCR is 
considered to break through the technical bottleneck in current research 
on ARGs (Jenniet al. 2018). epicPCR facilitates the connection of func
tional and phylogenetic genes within individual droplets, allowing for 
the simultaneous sequencing of millions of droplets, offering the ad
vantages of high specificity and throughput (Sakowski et al., 2021).

4. Research status on environmental ARGs

Based on the WOS Core Collection, the primary sources of literature 
were derived from five databases, with the Science Citation Index 
Expanded ranking at the top (Fig. S1a). The predominant type was 
research articles (n = 3,406; 84.77 %), with reviews being the second 
most prevalent (n = 565; 14.06 %) (Fig. S1b). From 1991 to 2022, a total 
of 4,018 publications have been dedicated to studying environmental 
ARGs, and the annual publication volume increased exponentially (R2 =

0.97) (Fig. 5a). Between 1991 and 2008, the cumulative number of 
publications in this field was little over 100, with an average of less than 
10 per year. This indicates that scholars had a relatively low level of 
interest in the field throughout that period. Following 2009, there was a 
steady rise in growth, with a notable surge in 2017, when the number of 
publications exceeded 200 and the cumulative number of articles 
increased rapidly. Between 2018 and 2022, a total of 2,975 studies were 
published, accounting for approximately 74.0 % of the total research 
output, indicating that the discipline is experiencing rapid development. 
Furthermore, statistical results show that publications were contributed 
from 108 countries. We have selected the 20 most productive contri
butions, as shown in Table S1. China (n = 1732; 43.6 %) has the largest 
number of published papers, followed by the United States (n = 726; 
18.3 %) and the United Kingdom (n = 206; 5.2 %). These three countries 
attach great importance to research in this field. It is worth noting that 
China, the United States, and the United Kingdom possess the greatest 
overall connection strength, with values of 652, 541 and 361, respec
tively (Fig. 5b and Table S2). By aggregating the number of publications 
in these three countries, it becomes evident that these countries have 
substantial global impact in the realm of environmental ARGs research 
and engage in frequent scholarly collaborations with other nations. 

Simultaneously, developed countries play a significant role in building a 
body of research knowledge in this field, as 8 out of the top 10 producing 
countries are developed countries.

5. Research focus of ARGs in the environment

An examination of keyword co-occurrence enables rapid identifica
tion of research hotspots within a certain topic. To further investigate 
the significant research pertaining to environmental ARGs, we utilized 
VOSview to conduct comprehensive statistical analysis of relevant 
keywords. Besides “ARGs and Environment”, “Antibiotic Resistance, 
Antibiotic, and Metagenome” are the three most frequently used terms 
(Fig. 6 & Table S3). Additional notable keywords consist of “Horizontal 
Gene Transfer, Removal Efficiency, Wastewater, Sewage Sludge, and 
qPCR”. These top-ranked keywords represent the research focuses of 
ARGs in the environment. The largest cluster (red): Studies within this 
cluster primarily involve the impact of human activities on environ
mental resistance, as well as the migration, dissemination, and adapta
tion of ARGs in the environment (Chowdhury et al., 2022; Forsberg 
et al., 2012; Wang et al., 2023). Cluster (purple): It focuses on antibi
otics, ARB, ARGs in the environment and their impact on human and 

Fig. 5. Analysis of output publications on ARGs in the environment. (a) Annual 
trends in the number of publications; (b) Cooperation networks analysis 
of country.
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ecological health; the origin and dissemination of ARGs; the fate and 
dispersion mechanisms of ARGs across various soil types (Jin et al., 
2022; Ling et al., 2013). Cluster (cyan): The research focuses on the 
impact of antibiotics on the structure and function of microbiota; the 
diversity, abundance, and persistence of ARGs in different types of 
compost; and the relationship between the abundance of ARGs and 
bacterial community diversity (Crofts et al., 2017; Xu et al., 2022; Zhang 
et al., 2021; Zhu et al., 2013). Additionally, other significant areas of 
interest include diverse events pertaining to ARGs transfer (VGT or 
HGT) and genetic diversity (Hu et al., 2022). This includes studying the 
occurrence and elimination of ARGs (e.g., MGEs) in wastewater treat
ment processes and agricultural land applications (Che et al., 2019; Wei 
et al., 2021; Zainab et al., 2020); molecular techniques such as specific 
PCR, multi-omics technologies, DNA sequencing, and other methods are 
used to detect environmental ARGs (Burch et al., 2013; Zhang et al., 
2022b; Zhou et al., 2018).

The evolution of hot topics in environmental ARGs research remains 
unclear, even if these high-frequency keywords are labeled as the cur
rent focus. We concentrate on three crucial stages (Fig. 5a) in the 
development of environmental ARGs research and utilize VOSview for 
co-occurrence analysis. This sheds light on the evolution of keywords, 
hence disclosing shifts in hotspots for environmental ARGs research. 

During the exploration period, the high-frequency keywords “Antibiotic 
Resistance, Horizontal Gene Transfer, and Gene Transfer” emerged 
prominently (Fig. S2a). This implies that the transfer events and genetic 
diversity of ARGs have raised significant worries, along with the po
tential transmission risks from genetically modified crops or organisms 
to microorganisms (Beaber et al., 2004; Pruden et al., 2006; Zhu, 2006). 
During this period, DNA sequencing and PCR techniques emerged as 
pivotal tools for investigating environmental ARGs. DNA sequencing 
enables researchers to accurately analyze and interpret ARGs in diverse 
microorganisms, thereby unveiling their transmission pathways 
(Riesenfeld et al., 2004). PCR technology enables rapid identification of 
specific ARGs in microorganisms, facilitating a more comprehensive 
assessment of potential environmental risks (Chee-Sanford et al., 2001). 
During the developmental phase, the term “Antibiotic Resistance” was 
consistently the most often used keyword, along with “Antibiotics, 
Wastewater, and qPCR” (Fig. S2b). Multiple studies have demonstrated 
that the administration of antibiotics can facilitate the development of 
antibiotic resistance and the proliferation of ARGs, particularly within 
wastewater treatment systems (Hassoun-Kheir et al., 2020). Given the 
profound implications of antibiotic resistance on human and ecological 
health, a comprehensive understanding of the evolution of antibiotic 
resistance requires investigation of natural environments and clinical 

Fig. 6. Visual analysis of the co-occurrence network of keywords related to ARGs in the environment.
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ecosystems. Consequently, the rapid advancement of analytical tech
niques for ARGs, such as PCR and its derivatives, DNA sequencing, along 
with the widespread adoption of multi-omics technologies, has 
enhanced our knowledge of environmental ARGs (Bratulic et al., 2015; 
Liu et al., 2019; Lu et al., 2020). During the rapid development period, 
the keywords “Antibiotic Resistance, Antibiotics, and qPCR” have once 
again been the most frequently used. Furthermore, recently emerged 
terms such as “Antibiotic Resistant Bacteria” and “Microbiome” have 
become more prevalent (Fig. S2c). The emergence of new techniques for 
detecting ARGs has significantly increased and expanded public interest 
and research scope on ARGs in the environment. Research hotspots 
include the fate of ARGs in wastewater treatment plants worldwide; the 

diversity, abundance, and propagation mechanisms of ARGs in envi
ronmental media; the migration factors of ARGs between host bacteria 
and environmental media; the occurrence, distribution, and origin 
tracking of ARGs, etc. (Michael et al., 2013; Pruden et al., 2006; Qiao 
et al., 2018).

In summary, future research ought to be more in-depth and 
comprehensive in light of the aforementioned topics. Primarily, an 
efficient and accurate standardization scheme for the analysis of ARGs in 
various environmental media must be established, the protocol should 
include steps for sampling, purification, identification, and quantifica
tion. Therefore, it is imperative to update and evaluate methods for the 
detection of ARGs to establish an efficient monitoring system capable of 

Fig. 7. Research area succession of ARGs in the environment.
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assessing the distribution of ARGs. Simultaneously, it is also necessary to 
study the species differences and source characteristics of ARGs between 
different regions, pay attention to the transformation and migration 
rules of ARGs among various environmental media, and analyze the 
mechanism using modern molecular technology to provide a scientific 
basis for establishing an efficient monitoring system. Furthermore, in 
order to effectively control the dissemination of ARGs, safeguard human 
health, and preserve ecological equilibrium, it is crucial to expedite the 
development of novel and highly efficient technologies capable of 
eradicating ARGs from the environment while preemptively mitigating 
their potential for proliferation. Ultimately, addressing the issue of 
environmental ARGs necessitates international collaboration and 
enhanced information exchange. This can be achieved through the 
establishment of a platform for sharing experiences and fostering tech
nological innovation, as well as the development of a unified global 
standard and policy framework.

6. Development trends of studied on environmental ARGs

Analyzing the evolution of environmental ARGs can help researchers 
systematically understand the trajectory and trends of studies. In this 
study, we present a comprehensive account of the evolutionary trajec
tory of research on environmental ARGs over the past three decades and 
systematically synthesize the research areas published every five years 
based on the “Analyze Results” provided by the WOS platform (Fig. 7).

From 1991 to 1995, research on environmental ARGs was mainly 
focused on “Microbiology”, accounting for 71.4 % of all research areas. 
During this period, the academic community has shown minimal in
terest in this topic because of the delay in detection technologies. Un
treated sewage has been identified as the primary reservoir of ARB 
through DNA sequencing. However, there has been a lack of inquiry into 
whether bacteria harboring ARGs pose a potential environmental risk 
(Baldini and Cabezali, 1991; Jett et al., 1994). Between 1995 and 2000, 
in addition to “Microbiology”, several new domains such as “Pharma
cology Pharmacy, Infectious Diseases, and Genetics Heredity” emerged. 
Evidence suggests that the demand for and utilization of antibiotics 
contribute to elevated antibiotic concentrations in natural ecosystems, 
thereby amplifying the resistance of pathogenic bacteria in the envi
ronment (Falkinham, 1996; Gouka et al., 1999; Iamtham and Day, 
2000). The exploitation of PCR technology has provided further evi
dence to substantiate the dissemination of ARB in various environments, 
either within a single environment or across different ecosystems. 
Starting in 2000, the field of “Microbiology” continued to be the main 
focus, while “Agriculture” has emerged as a new area of environmental 
ARGs study. During this period, numerous studies have demonstrated 
that the use of antibiotics in animal husbandry facilitates the emergence 
and proliferation of antibiotic resistance in agricultural settings. Espe
cially, feces have become a concerned reservoir for ARB and antibiotics. 
Consequently, their application in agricultural soils can significantly 
enhance the dissemination and migration of ARGs and ARB (Andersen 
et al., 2001; Roe and Pillai, 2003). From 2005 onwards, the percentage 
of research publications focused on “Microbiology” fell below 50 % for 
the first time, while that of “Environmental Sciences Ecology” increased 
significantly. Similarly, the emphasis on the “Microbiology” area expe
rienced a continuous decline between 2010 and 2015; however, it still 
maintained its prominent position. This trend can be attributed to the 
emergence and advancement of other scientific areas. For instance, 
“Environmental Science Ecology” as well as “Engineering” have pro
gressively garnered attention and emerged as research focal points. The 
emphasis on “Science Technology Other Topics” has also witnessed a 
surge, indicating a keen interest in diverse areas of study. During this 
period, advanced molecular biology techniques such as PCR, DNA 
sequencing, and multi-omics have provided efficient and reliable tech
nical support for the research of ARGs. However, the field of “Microbi
ology” dropped to second place starting in 2015 and was replaced by 
“Environmental Science Ecology” as the new primary field. In addition 

to “Water Resources”, areas such as “Engineering” and “Biotechnology 
Applied Microbiology” have also garnered widespread attention and 
shown rapid development. This change may reflect an increasing 
concern regarding the presence of ARGs in water resources and their 
integration into relevant research. After 2020, disciplines such as 
“Environmental Science Ecology, Engineering, and Water Resources” 
will thrive and emerge as cutting-edge areas. Each area will delve into 
novel subjects and conduct in-depth research.

Overall, in the past 30 years, research on environmental ARGs has 
evolved from a singular to a multifaceted aspect. With consistent prog
ress in science and technology and ongoing innovation in research 
methods, our comprehension of ARGs in the environment is gradually 
expanding. The field of “Microbiology” has not vanished from our 
perspective, and it remains a fundamental and important part of the 
study of environmental ARGs. However, in recent decades, the repre
sentation of “Microbiology” within the broader research area has 
gradually diminished, primarily attributed to advancements in other 
interconnected areas. With growing public concern for environmental 
issues and advancements in engineering technology, the fields of 
“Environmental Sciences Ecology, Engineering, and Water Resources” 
have started to thrive. These fields are specifically focused on addressing 
intricate environmental issues caused by ARGs through incorporating 
expertise from natural science, social science, and engineering. In the 
future, these fields will continue to drive a more comprehensive and in- 
depth understanding of the spread of ARGs in nature and their impact on 
human health and ecosystems.

7. Conclusions

In this study, VOSviewer is used to visualized analysis the literature 
on environmental ARGs in the core collection of WOS. Based on this 
foundation, we present a comprehensive overview of the advancements 
in analysis technology for ARGs over the past three decades. Liquid- 
liquid extraction is an important method for extracting ARGs, but 
solid-phase extraction can reduce solvent consumption and the risk of 
environmental pollution. Simultaneously, the advancement of com
mercial kits and microfluidic technology has facilitated efficient 
extraction of ARGs while reducing processing time. The utilization of 
PCR (including extension techniques), DNA sequencing, multi-omics, 
combination and hybridization techniques has significantly facilitated 
the qualitative and quantitative detection of ARGs. The current research 
primarily focuses on investigating the impact of human activities on 
environmental resistance; migration, spread, and evolution of ARGs in 
the environment. Furthermore, research on environmental ARGs has 
evolved from a singular focus to encompass multiple areas such as 
“Microbiology, Biotechnology Applied Microbiology, and Science 
Technology Other Topics”, etc. The main fields of study have shifted 
towards “Environmental Sciences Ecology” and “Engineering” in recent 
years, with increased attention being given to “Water Resources”.

Although significant progress has been made in the study of envi
ronmental ARGs, further exploration is still required to address un
known issues. Through a bibliometric review, we propose potential 
research directions for the future:

(1) The source, abundance, species, and migration of resistance 
genes in soil, water, and atmosphere necessitate further investi
gation to provide scientific guidance for future ARGs 
management.

(2) Develop and promote a standardized protocol for the analysis of 
ARGs, encompassing sampling, purification, identification, and 
quantification across various environmental medias. Therefore, it 
is imperative to update and evaluate the analytical methodolo
gies employed for ARGs detection in order to establish an effi
cient surveillance system.

(3) In order to effectively control and limit the spread of ARGs, 
safeguard human health, and maintain ecological balance, there 

B. Ouyang et al.                                                                                                                                                                                                                                 Environment International 191 (2024) 108989 

10 



is an urgent need for novel and efficient technologies that can 
remove ARGs present in the environment.

8. Limitations

The insights gained in this study notwithstanding, there are still 
certain limitations pertaining to the methods employed for literature 
retrieval and analysis. First, the data collected were limited to the 
relevant keywords of “ARGs and environment” (including synonyms) 
used in the title, abstract, and keywords. Therefore, paper that do not 
contain these specific keywords are excluded from the dataset. Secondly, 
this paper solely utilizes the database of WOS while disregarding other 
databases. For instance, numerous Chinese researchers actively engage 
in the investigation of environmental ARGs and tend to publish their 
findings in domestic journals written in Chinese. The absence of these 
research results in the WOS database has impact on the bibliometric 
outcomes.
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Andersen, J.T., Schäfer, T., Jorgensen, P.L., Moller, S., 2001. Using inactivated microbial 
biomass as fertilizer: The fate of antibiotic resistance genes in the environment. Res. 
Microbiol. 152 (9), 823–833.

Baldini, M.D., Cabezali, C.B., 1991. Occurrence of antibiotic-resistant Escherichia Coli 
isolated from environmental-samples. Mar. Pollut. Bull. 22 (10), 500–503.

Barnes, M.A., Turner, C.R., Jerde, C.L., Renshaw, M.A., Chadderton, W.L., Lodge, D.M., 
2014. Environmental conditions influence eDNA persistence in aquatic systems. 
Environ. Sci. Technol. 48 (3), 1819–1827.

Beaber, J.W., Hochhut, B., Waldor, M.K., 2004. SOS response promotes horizontal 
dissemination of antibiotic resistance genes. Nature. 427 (6969), 72–74.

Borjesson, S., Dienues, O., Jarnheimer, P.A., Olsen, B., Matussek, A., Lindgren, P.E., 
2009. Quantification of genes encoding resistance to aminoglycosides, beta-lactams 
and tetracyclines in wastewater environments by real-time PCR. Int. J. Environ. 
Health Res. 19 (3), 219–230.

Bratulic, S., Gerber, F., Wagner, A., 2015. Mistranslation drives the evolution of 
robustness in TEM-1 beta-lactamase. Proc. Natl. Acad. Sci. U. S. A. 112 (41), 
12758–12763.

Bueno, I., Travis, D., Gonzalez-Rocha, G., Alvarez, J., Lima, C., Benitez, C.G., Phelps, N.B. 
D., Wass, B., Johnson, T.J., Zhang, Q., Ishii, S., Singer, R.S., 2019. Antibiotic 
resistance genes in freshwater trout farms in a watershed in Chile. J. Environ. Qual. 
48 (5), 1462–1471.

Burch, T.R., Sadowsky, M.J., LaPara, T.M., 2013. Air-drying beds reduce the quantities of 
antibiotic resistance genes and class 1 integrons in residual municipal wastewater 
solids. Environ. Sci. Technol. 47 (17), 9965–9971.

Cao, J., Hu, Y.F., Liu, F., Wang, Y.A., Bi, Y.H., Lv, N., Li, J., Zhu, B.L., Gao, G.G.F., 2020. 
Metagenomic analysis reveals the microbiome and resistome in migratory birds. 
Microbiome 8 (1), 18.

Cave, L., Brothier, E., Abrouk, D., Bouda, P.S., Hien, E., Nazaret, S., 2016. Efficiency and 
sensitivity of the digital droplet PCR for the quantification of antibiotic resistance 
genes in soils and organic residues. Appl. Microbiol. Biotechnol. 100 (24), 
10597–10608.

Che, Y., Xia, Y., Liu, L., Li, A.D., Yang, Y., Zhang, T., 2019. Mobile antibiotic resistome in 
wastewater treatment plants revealed by nanopore metagenomic sequencing. 
Microbiome 7, 13.

Chee-Sanford, J.C., Aminov, R.I., Krapac, I.J., Garrigues-Jeanjean, N., Mackie, R.I., 2001. 
Occurrence and diversity of tetracycline resistance genes in lagoons and 
groundwater underlying two swine production facilities. Appl. Environ. Microbiol. 
67 (4), 1494–1502.

Chi, T., Zhang, A.G., Zhang, X.F., Li, A.D., Zhang, H.H., Zhao, Z.Q., 2020. Characteristics 
of the antibiotic resistance genes in the soil of medical waste disposal sites. Sci. Total 
Environ. 730, 10.

Chowdhury, N.N., Hicks, E., Wiesner, M.R., 2022. Investigating and modeling the 
regulation of extracellular antibiotic resistance gene bioavailability by naturally 
occurring nanoparticles. Environ. Sci. Technol. 56 (21), 15044–15053.

Church, N.A., McKillip, J.L., 2021. Antibiotic resistance crisis: Challenges and 
imperatives. Biologia 76, 1535–1550.

Conwell, M., Dooley, J.S.G., Naughton, P.J., 2021. A novel biofilm model system to 
visualise conjugal transfer of vancomycin resistance by environmental enterococci. 
Microorganisms. 9 (4), 16.

Crofts, T.S., Gasparrini, A.J., Dantas, G., 2017. Next-generation approaches to 
understand and combat the antibiotic resistome. Nat. Rev. Microbiol. 15 (7), 
422–434.

Ergie, A.A., Leng, Y.F., Wang, J., 2019. Antibiotics and resistance genes in Awash River 
Basin. Ethiopia. Ecohealth 16 (3), 441–453.

Falkinham, J.O., 1996. Epidemiology of infection by nontuberculous mycobacteria. Clin. 
Microbiol. Rev. 9 (2), 177–215.

Forsberg, K.J., Reyes, A., Bin, W., Selleck, E.M., Sommer, M.O.A., Dantas, G., 2012. The 
shared antibiotic resistome of soil bacteria and human pathogens. Science. 337 
(6098), 1107–1111.

Franklin, A.M., Brinkman, N.E., Jahne, M.A., Keely, S.P., 2021. Twenty-first century 
molecular methods for analyzing antimicrobial resistance in surface waters to 
support one health assessments. J. Microbiol. Methods 184, 11.

Fu, Y., Wang, F., Sheng, H., Hu, F., Wang, Z., Xu, M., Bian, Y., Jiang, X., Tiedje, J.M., 
2021. Removal of extracellular antibiotic resistance genes using magnetic biochar/ 
quaternary phosphonium salt in aquatic environments: A mechanistic study. 
J. Hazard. Mater. 411, 125048.

Gao, X.L., Shao, M.F., Wang, Q., Wang, L.T., Fang, W.Y., Ouyang, F., Li, J., 2018. 
Airborne microbial communities in the atmospheric environment of urban hospitals 
in China. J. Hazard. Mater. 349, 10–17.

Gomez-Simmonds, A., Annavajhala, M.K., McConville, T.H., Dietz, D.E., Shoucri, S.M., 
Laracy, J.C., Rozenberg, F.D., Nelson, B., Greendyke, W.G., Furuya, E.Y., 
Whittier, S., Uhlemann, A.C., 2021. Carbapenemase-producing Enterobacterales 
causing secondary infections during the COVID-19 crisis at a New York City hospital. 
J. Antimicrob. Chemother. 76 (2), 380–384.

Gouka, R.J., Gerk, C., Hooykaas, P.J.J., Bundock, P., Musters, W., Verrips, C.T., de 
Groot, M.J.A., 1999. Transformation of Aspergillus awamori by Agrobacterium 
tumefaciens-mediated homologous recombination. Nat. Biotechnol. 17 (6), 598–601.

Gunathilaka, G.U., Tahlan, V., Ibn Mafiz, A., Polur, M., Zhang, Y.F., 2017. Phages in 
urban wastewater have the potential to disseminate antibiotic resistance. Int. J. 
Antimicrob. Agents. 50 (5), 678–683.

Guo, J.H., Li, J., Chen, H., Bond, P.L., Yuan, Z.G., 2017. Metagenomic analysis reveals 
wastewater treatment plants as hotspots of antibiotic resistance genes and mobile 
genetic elements. Water. Res. 123, 468–478.

Guo, X.-P., Yang, Y., Lu, D.-P., Niu, Z.-S., Feng, J.-N., Chen, Y.-R., Tou, F.-Y., Garner, E., 
Xu, J., Liu, M., Hochella, M.F., 2018. Biofilms as a sink for antibiotic resistance genes 
(ARGs) in the Yangtze Estuary. Water. Res. 129, 277–286.

Hardwick, S.A., Stokes, H.W., Findlay, S., Taylor, M., Gillings, M.R., 2008. Quantification 
of class 1 integron abundance in natural environments using real-time quantitative 
PCR. FEMS Microbiol. Lett. 278 (2), 207–212.

Hassoun-Kheir, N., Stabholz, Y., Kreft, J.-U., de la Cruz, R., Romalde, J.L., Nesme, J., 
Sørensen, S.J., Smets, B.F., Graham, D., Paul, M., 2020. Comparison of antibiotic- 

B. Ouyang et al.                                                                                                                                                                                                                                 Environment International 191 (2024) 108989 

11 

https://doi.org/10.1016/j.envint.2024.108989
https://doi.org/10.1016/j.envint.2024.108989
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0005
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0005
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0005
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0005
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0010
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0010
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0015
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0015
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0020
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0020
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0020
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0025
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0025
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0025
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0030
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0030
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0035
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0035
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0035
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0040
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0040
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0045
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0045
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0045
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0045
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0050
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0050
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0050
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0055
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0055
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0055
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0055
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0060
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0060
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0060
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0065
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0065
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0065
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0070
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0070
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0070
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0070
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0075
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0075
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0075
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0080
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0080
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0080
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0080
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0085
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0085
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0085
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0090
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0090
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0090
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0095
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0095
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0100
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0100
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0100
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0105
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0105
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0105
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0110
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0110
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0115
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0115
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0120
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0120
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0120
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0125
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0125
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0125
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0130
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0130
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0130
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0130
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0135
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0135
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0135
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0140
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0140
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0140
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0140
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0140
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0145
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0145
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0145
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0150
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0150
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0150
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0155
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0155
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0155
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0160
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0160
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0160
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0165
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0165
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0165
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0170
http://refhub.elsevier.com/S0160-4120(24)00575-0/h0170


resistant bacteria and antibiotic resistance genes abundance in hospital and 
community wastewater: A systematic review. Sci. Total Environ. 743, 140804.

He, L.X., He, L.Y., Gao, F.Z., Wu, D.L., Ye, P., Cheng, Y.X., Chen, Z.Y., Hu, L.X., Liu, Y.S., 
Chen, J., Ying, G.G., 2022. Antibiotics, antibiotic resistance genes and microbial 
community in grouper mariculture. Sci. Total Environl. 808, 12.

He, L.Y., Ying, G.G., Liu, Y.S., Su, H.C., Chen, J., Liu, S.S., Zhao, J.L., 2016. Discharge of 
swine wastes risks water quality and food safety: Antibiotics and antibiotic resistance 
genes, from swine sources to the receiving environments. Environ. Int. 92–93, 
210–219.

Hu, X., Waigi, M.G., Yang, B., Gao, Y., 2022. Impact of plastic particles on the horizontal 
transfer of antibiotic resistance genes to bacterium: Dependent on particle sizes and 
antibiotic resistance gene vector replication capacities. Environ. Sci. Technol. 56 
(21), 14948–14959.

Huang, X.Z., Frye, J.G., Chahine, M.A., Glenn, L.M., Ake, J.A., Su, W.W., Nikolich, M.P., 
Lesho, E.P., 2012. Characteristics of plasmids in multi-drug-resistant 
Enterobacteriaceae isolated during prospective surveillance of a newly opened 
hospital in Iraq. PLoS. One. 7 (7), 8.

Huang, K., Xia, H., Wu, Y., Chen, J., Cui, G., Li, F., Chen, Y., Wu, N., 2018. Effects of 
earthworms on the fate of tetracycline and fluoroquinolone resistance genes of 
sewage sludge during vermicomposting. Bioresource Technol. 259, 32–39.

Iamtham, S., Day, A., 2000. Removal of antibiotic resistance genes from transgenic 
tobacco plastids. Nat. Biotechnol. 18 (11), 1172–1176.

Ishii, S., Kitamura, G., Segawa, T., Kobayashi, A., Miura, T., Sano, D., Okabe, S., 2014. 
Microfluidic quantitative PCR for simultaneous quantification of multiple viruses in 
environmental water samples. Appl. Environ. Microbiol. 80 (24), 7505–7511.

Jacquiod, S., Brejnrod, A., Morberg, S.M., Abu Al-Soud, W., Sorensen, S.J., Riber, L., 
2017. Deciphering conjugative plasmid permissiveness in wastewater microbiomes. 
Mol. Ecol. 26 (13), 3556–3571.

Jenni, H., Manu, T., Katariina, P., Johannes, C., Antti, K., Marko, V., 2018. Host range of 
antibiotic resistance genes in wastewater treatment plant influent and effluent. FEMS 
Microbiol. Ecol. 94 (9), fiy038.

Jett, B.D., Huycke, M.M., Gilmore, M.S., 1994. Virulence of enterococci. Clin. Microbiol. 
Rev. 7 (4), 462.

Jia, S.Y., Li, T., Zhang, X.X., 2021. Integrated metagenomic and metatranscriptomic 
analyses of ultraviolet disinfection effects on antibiotic resistance genes and bacterial 
communities during wastewater treatment. Ecotoxicology. 30 (8), 1610–1619.

Jin, Z., Ding, G., Yang, G., Li, G., Zhang, W., Yang, L., Li, W., 2020. Rapid detection of 
antibiotic resistance genes in lactic acid bacteria using PMMA-based microreactor 
arrays. Appl. Microbiol. Biotechnol. 104 (14), 6375–6383.

Jin, L., Xie, J.W., He, T.T., Wu, D., Li, X.D., 2022. Airborne transmission as an integral 
environmental dimension of antimicrobial resistance through the “One Health” lens. 
Crit. Rev. Environ. Sci. Technol. 52 (23), 4172–4193.

Kashuba, E., Dmitriev, A.A., Kamal, S.M., Melefors, O., Griva, G., Römling, U., 
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