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Abstract: The fate of antibiotic resistance genes (ARGs) has been revealed in various environmental
media in recent years. Namely, the emergence of genes that resist colistin and carbapenems has
attracted wide attention. However, the pollution condition of ARGs and sources in the Yellow River
is still little understood, despite the river being the second longest in China. The present study
determined the levels of ARG pollution in the Henan section of the Yellow River and evaluated the
role of the aquaculture industry in the spread of ARGs. As revealed by the results, a total of 9 types
of ARGs were detected in the sediments of the Yellow River, and the total ARG content in the Yellow
River ranges from 7.27 to 245.45 RPKM. Sull and sul2 are the dominant ARGs, and the huge usage
of sulfonamides, horizontal gene transfer, and wide bacteria host contribute to the prevalence of
these two genes. The results of Spearman correlation analysis indicate that the breeding industry
has little influence on ARGs in the Yellow River. Network analysis reveals that the opportunistic
pathogen Pseudomonas is the potential host of sull, tetG, and ANT(3"’)-1la, which can pose a risk to
human health.

Keywords: antibiotic resistance genes; host identification; microbial sources tracking; Yellow River

1. Introduction

Since the 21st century, antibiotic resistance genes (ARGs) have been continuously
reported [1]. ARGs in the environment could transfer to pathogens and help them against
antibiotics, making it more difficult to control bacterial resistance. Currently, ARGs have
been regarded as an emerging pollutant [2—4]. The distribution characteristic and the level
of ARGs pollution in the natural environment, such as rivers, lakes, reservoirs, marine,
and even drinking water, have been widely studied [5-8]. The results showed that ARG
pollution existed to different degrees in the environment. Especially the emergence of genes
that resist colistin antibiotics, which is regarded as the last resort antibiotic, has attracted
widespread attention [9-11].

Antibiotics could induce ARGs by a selection or co-selection mechanism [12]. Heavy
metals could drive the propagation of ARGs through a co-selection mechanism [13,14].
Moreover, ionic liquid, polycyclic aromatic hydrocarbons (PAHs), pesticides, chlorination,
and even microplastics have been proven to contribute to the dissemination of ARGs in
the environment [15-17]. In particular, fecal pollution sources are considered to be one
of the important sources of ARG in the environment [18,19]. The fecal indicator bacteria
(FIB) and microbial sources tracking (MST) method are used to indicate fecal pollution
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levels. However, FIB generally had poor relationships with health outcomes and could not
provide information regarding the source(s) of contamination, and this limitation of FIB led
to the emergence of MST [20]. The microbial sources tracking (MST) method can be used
for determining the pollution sources by analyzing the relationship between certain fecal
microorganisms and genes with a specific host [21]. Recently, the MST method has been
used to identify the fecal pollution sources of ARGs in the water system [22,23]. However,
as an emerging pollutant, the fecal source tracking of ARGs by MST is still in its infancy,
and the role of MST should be further determined in the dissemination of ARGs.

The Yellow River is the second largest river in China and is also the most important
river in North China, playing an important role in the daily lives of more than 155 million
people [24]. The pollution levels of various pollutants, including antibiotics, heavy metals,
PAHs, and endocrine disrupting chemicals, have been revealed in the Yellow River [25-28].
Recently, Yu et al. investigated the level of ARGs pollution in the Lanzhou section of the
Yellow River by adopting high-throughput quantitative PCR techniques [29]. However, the
ARGs pollution condition in the Yellow River is still little understood due to the long length
of the river. Additionally, the main biological drivers of ARGs in the river are also unclear.

Henan province, which has been the number one province in total grain output since
2000, is the main agricultural province in China [30]. Furthermore, the breeding industry,
as one of the main sources of ARGs, is developed in Henan province. However, China has
introduced a plan named the National Action Plan to Combat Antimicrobial Resistance
(2016-2020) to regulate ARGs pollution. The Chinese Ministry of Agriculture and Rural
Affairs also introduced a series of policies, such as “National Action Plan to Combat
Antimicrobial Resistance from Animal Resources (2017-2020)" and “MonitoringPlan for
Antimicrobial Resistance from Animal Resources in 2019”, which requires reducing the
antibiotics used in animal husbandry. Thus, the contribution of the breeding industry to
the propagation of ARGs should be evaluated.

In summary, the ARG pollution pattern should be determined in the Henan section of
the Yellow River. Furthermore, the role of the aquaculture industry in ARG dissemination
needs to be clarified. This study quantified the antibiotic resistome, bacteria community
and MST genes in the Yellow River by using metagenomic analysis, 165 rRNA amplicon
sequencing, and real-time quantitative PCR (RT-qPCR), respectively. The objectives of this
study were to (1) reveal the distribution pattern of the antibiotic resistome, (2) identify the
main biotic drivers in the river, and (3) evaluate the role of fecal pollution sources in the
propagation of ARGs in Yellow River sediments of the Henan section.

2. Materials and Methods
2.1. Sample Collection and DNA Extraction

The sampling was conducted from 28-29 January 2021. Eleven sediment samples
were collected from the mainstream of the Yellow River in the Henan section (Figure 1).
Sediment samples were collected with a sediment sampler (KH0201, Xinbao, Jintan, China)
and stored in a Ziploc bag. The samples were sorted in an ice bath, transported to the
laboratory immediately, and stored at —20 °C.

DNA extraction was conducted by using a DNA Extraction Kit (MP Biomedicals,
Santa Ana, CA, USA) following the instructions manual. DNA quality was verified with
1.5% agarose gel electrophoresis. DNA yield and purity were verified by using a Nan-
odrop 2000 ultramicro spectrophotometer (Thermo Fisher, Waltham, MA, USA). The DNA
content was verified by using a Qubit 4.0 Quantus Fluorometer (Thermo Fisher, Waltham,
MA, USA).

2.2. Quantification of MST Indicators

In this study, a total of 7 MST indicators were determined, including mtDNA of
horse, chicken, cow, human, dog, pig, and sheep. Moreover, 165r DNA was determined
to calculate the relative abundance of MST indicators. All premiers of target genes are
shown in Table S1. Quantification was conducted with a real-time qPCR instrument (ABI
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QuantStudio®3, Thermo Fisher Scientific, Waltham, MA, USA). The plasmids containing
the MST indicator fragments were constructed with the pUC57 vector (Sangon Biotech,
Shanghai, China) and used for the standard curves.

The 20 pL reactions contained 8.2 pL. ddH,O, 0.4 pL forward and reverse primer,
10 uL SYBR Premix Ex TaqTM (Tli RNaseH Plus, TaKaRa, Japan), and 1.0 pL sediment
DNA. The following reaction program was run as follows: initial denaturation (2 min
at 95 °C), followed by 40 cycles consisting of 10 s at 95 °C, annealing (30 s at annealing
temperature described in Table S2), extension (45 s at 72 °C), and a final extension (6 min at
72 °C). Each reaction was run in triplicate for each sample, and sterile water was used as
the blank control.

35°0'0"N
35°0'0"N

ilometers.

Figure 1. Sample site of the Yellow River in the Henan section.

2.3. 16S Amplicon Sequencing

The sediment microbial community was determined by adopting the Miseq PE300
platform. The bacteria-specific V3-V4 region of the 16S rRNA was amplified using the 338F
(5’-ACTCCTACGGGAGGCAGCAG-3') and 806R (5'-GGACTACHVGGGTWTCTAAT-3')
primers. All PCR reactions were carried out in a 20 uL system, which includes 5 x
TransStart FastPfu buffer (4 uL), forward and reverse primer (0.8 pL for each), 2.5 mM
dNTPs (2 uL), 0.4 uL DNA polymerase (TransStart FastPfu, Beijing, China), sediment DNA
(10 ng), and ddH20. Each amplification reaction was performed in triplicate in an ABI
GeneAmp® (Thermo Fisher, Waltham, MA, USA) 9700 instrument under the following
program: initial denaturation (3 min at 95 °C), followed by 27 cycles consisting 10 s at 95 °C,
annealing (30 s at 55 °C), extension (30 s at 72 °C), and a final extension (10 min at 72 °C).
PCR products were examined by 2% agarose gel electrophoresis and then purified by an
Axygen DNA Gel Extraction Kit. NEXTflexTM DNA-Seq Kit (Bioo Scientific, Austin, TX,
USA) was used for constructing the library, then sequencing was performed at Majorbio
Bio-Pharm Technology Co., Ltd. (Shanghai, China) (Majorbio). Sickle (available online:
https:/ /github.com /najoshi/sickle (accessed on 3 June 2011) was adopted to filter low-
quality bases (length < 50 bp, quality value < 20 or presence of N bases). The operational
taxonomy units (OTUs) were defined when the similarity of a representative read > 97%.
RDP classifier (available online: http://rdp.cme.msu.edu/ (accessed on 16 May 2012),
version 2.2) was adopted to assign OTUs.
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2.4. Metagenomic Analysis

The Covaris M220 ultrasonicator (Gene Company Limited, Hong Kong, China) was
used for fragmenting DNA to approximately 400 bp. A paired-end (PE) library was
constructed by adopting NEXTflexTM Rapid DNA-Seq (Bioo Scientific, Austin, TX, USA).
Sequencing was conducted by adopting Illumina NovaSeq (Illumina, San Diego, CA, USA)
at Majorbio. Fastp (available online: https://github.com/OpenGene/fastp (accessed on
12 February 2018), version 0.20.0) was used to filter low-quality reads (length < 50 bp,
quality value < 20 or presence of N bases). Then sequences were then assembled to
>300 bp contigs.

Resistome was characterized against the Comprehensive Antibiotic Resistance Database
(CARD, version 3.0.9 website: http:/ /arpcard.mcmaster.ca, accessed on 21 September 2017))
by adopting Diamond (version 0.8.35) with an e-value of < 1 x 10~° through the Majorbio
cloud platform [31]). If the optimal hit of a sequence in the reference database exceeded
90% identity with > 25 amino acids of alignment length, the sequence would be identified
as an ARG-like ORF.

2.5. Statistical Analysis

All experimental data were statistically analyzed using Microsoft Excel 2019. Spear-
man correlation analysis was conducted by using SPSS V22.0 (IBM, Endicott, NY, USA) and
was statistically significant when p < 0.05. The bacteria community of Y11 was not involved
in any molecular biology experiment due to the low DNA content of this sample site.

3. Results
3.1. ARG Profile in the Sediments of the Yellow River

A total of nine types of ARGs were detected in Yellow River sediments (Figure 2),
among which sulfonamide resistance genes (sul-ARGs) were the dominant gene with an
abundance of 15.39 PPM and a percentage of 33.73%, respectively. Sulfonamides (SAs)
are one of the most widely used antibiotics, and a previous study reports that more than
20,000 tons of SAs are introduced into the biosphere each year [10]. Moreover, SAs are
difficult to degrade, leading to the accumulation of this antibiotic in the environment [32,33].
The Aminoglycoside- and Multidrug-genes are the second and third highest gene types,
with an average proportion of 18.35% and 15.90%, respectively. Aminoglycoside antibiotics
have been used for nearly a century, and antibiotics have been widely used in China [34].
The antibiotic could easily dissolve in water and provide selective pressure for the corre-
sponding ARGs. Moreover, the host of some Aminoglycoside genes has been proven wide,
which is responsible for the high content of ARGs in the Yellow River [8,35].

The total ARG content in the Yellow River ranges from 7.27 to 245.45 RPKM, with a
variation coefficient (CV) of 147.22%, indicating that there exists a large difference in the
ARG content of the Yellow River. The highest value of ARGs is found in Y1 (245.45 RPKM),
and the value is 2.09 times that of Y3, of which the ARGs content is the second highest. Y1
is the first sample site of Henan province and the closest point to Shanxi province. Previous
studies investigating antibiotic levels in the Fen River, a typical tributary of the Yellow
River in Shanxi, have shown higher levels of various antibiotics in this river than in most
other rivers [36], and the main factors that affected the antibiotic content were aquaculture,
pharmaceutical wastewater, livestock discharges, domestic sewage, and sewage treatment
plants [36,37]. Moreover, Wang et al. found a high level of ARGs pollution in the Weihe
River, the largest tributary of the Yellow River [38]. Therefore, the inflow of pollutants
upstream may lead to a high content of ARGs in Y1.
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Figure 2. Abundance of detected ARG types in the sediment of the Yellow River.

3.2. Distribution Pattern of ARG Subtypes in the Yellow River

Figure S1 indicates the distribution catachrestic of the ARG subtypes in the Yellow
River. The average abundance of sull (10.94 RPKM) was overall maximal in the river.
Furthermore, the gene content is in the top two highest in almost all samples (excerpts Y4
and Y6), which indicates the prevalence of the gene in the Yellow River. A similar condition
is found on sul2, of which the average value is the second highest. Su/l and sul2 have
been reported to be ubiquitous in various media, as they can transfer horizontally with the
help of mobile genetic elements (MGEs) [39,40]. Moreover, the wide bacteria hosts may
contribute to the domination of these two genes [41,42].

The abundance of 3 Aminoglycoside genes (ANT(2")-Ia, ANT(3"')-Ila, and APH(3')-Ia)
is the third, fourth and fifth highest among all the detected genes. These genes could locate
on the plasmid or integron, which facilitates their transfer in the environment [43,44]. EreA2
is the most prevalent gene among MLS-ARGs, with a detection rate of 80% and an average
abundance of 2.26 RPKM. EreA2 is a clinically relevant esterase and is therefore regarded
as critical ARGs [45]. The conserved ereA2 sequences have been found in the integrons of
various gammaproteobacteria, such as Enterobacter aerogenes and Providencia stuartii [46]. In
conclusion, horizontal transfer contributes to the prevalence of the gene. In a low detection
rate (23.3%) and content (average abundance is 0.41 RPKM), 3 carbapenems-resistant
genes (blapxa-17, blapxa-21 and blaggs 5) are found. Carbapenems mediate broad-spectrum
activity against pathogens and are regarded as one of the most important antibiotics in
clinical care [47,48]. However, studies finding carbapenem-resistant genes and bacteria
in the environment were reported in recent years [49]. Pathogens that carry carbapenem
resistance genes are resistant to carbapenem, and the infections caused by these pathogens
are difficult to treat. In conclusion, the emergence of carbapenem resistance genes in the
Yellow River suggests that the use of carbapenem antibiotics should be further restricted.

There are 41 ARGs detected in Y1, and the number is obviously higher than that of
Y10, of which the number of detected genes is the second-highest in all sample sites. The
abundance of 35 genes is the highest in Y1. The above results indicate the ARGs pollution
level in Y1 is the heaviest in the Yellow River of the Henan section, and the upstream input
may be one of the important reasons.
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3.3. Microbial Source Tracking Genes Content and Their Relationship with ARGs

Three MST indicators (mtDNA of dog, sheep, horse) cannot be found in all samples,
and the other indicators are shown in Figure 3. The chicken content indicator is the highest
among all selected indicators, with a mean value is 1.01 x 10~%/16S copies. The Ministry
of Agriculture of the People’s Republic of China reported that the number of poultries
in Henan province in 2020 was 700 million. The large number of poultries leads to the
high abundance of chicken indicators in the Yellow River. Human Mt DNA is the second-
highest, with an average value is 9.16 x 107°/16S copies. The high abundance of humans
reflects that there exists an obvious anthropogenic impact in the Yellow River. Henan is a
province with a large population. In 2021, the permanent population of the province was
98.83 million. Therefore, the Yellow River Basin is inevitably affected by human activities.
The average content and detection rate of the pig is 7.97 x 1076/16S copies and 90%,
respectively. The number of pigs in Henan province was 38.87 million in 2020, which is
the first in China. Therefore, the source marker gene of cattle is also common in the Yellow
River Basin.
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Figure 3. The relative abundance of MST indicators in the Yellow River. The chicken mt DNA content
was divided by 10 to facilitate the visualization of MST indicators.

Spearman correlation analysis was performed to assess the relationship between
MST indicators and ARG, and the results are shown in Table S1. There is no significant
correlation between MSTs and ARGs. The result is quite different from the previous study,
which indicated that fecal from humans and pigs might be one of the main sources of
some ARGs and antibiotics [22]. The propagation of ARGs could be influenced by various
parameters, including antibiotics, mobile genetic elements, and even various pollutants.
Although the Henan province breeding industry is developed, the prohibition of antibiotics
in the breeding industry in China has minimized the use of antibiotics in the breeding
industry. Thus, the contribution of the breeding industry is reduced in the propagation
of ARGs. A similar condition occurs in human beings. China has restricted the use of
antibiotics in hospitals for a long time, which could minimize the contribution of human
beings to the propagation of ARGs.
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3.4. Characteristics of the Bacteria Communities

There are a total of 59 bacteria identified at the phylum level, and the top 10 phyla
account for a large proportion (82.05-97.58%, Figure 4). Proteobacteria, Actinobacteriota,
Chloroflexi, and Acidobacteriota are the dominant phyla in the Yellow River, which account
for 26.72%, 15.99%, 15.79, and 13.26% of the total bacteria content on average, respectively.
The aforementioned phyla are common bacteria that are ubiquitous in rivers, lakes, and
marine bodies [50,51]. Proteobacteria are the most abundant and are mainly distributed in
various environmental media that are contaminated by pollutants [52-54]. Proteobacteria
encompass an enormous number of bacteria with a substantially high morphological,
physiological, and metabolic diversity [55]. Consequently, bacteria from the phylum can
survive under various environmental conditions.

Desulfobacterota
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Firmicutes
Gemmatimonadota
Cyanobacteria
[ Bacteroidota
Acidobacteriota
Chloroflexi
[ Actinobacteriota
I Proteobacteria

0.2

0.0 -
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Sample Site

Figure 4. Top 10 bacteria at the phylum level in the Yellow River.

The relative abundance of the top 100 bacteria is shown in Figure S2. In particular,
numerous bacteria associated with denitrification, such as Thiobacillus, Flavobacterium,
and Arenimonas, are the dominant bacteria in the Yellow River. These reduce nitrate
and remove total nitrogen from the environment [56]. Therefore, the high content of
TN and TP in sediment contributes to their prevalence. Some Actinobacteriota bacteria,
including RB41, Nocardioides, and Gaiella, are prevalent in the Yellow River. These bacteria
are generalist bacteria of Actinobacteriota, and have been found in a diverse number of
habitats and conditions [57,58]. Another Actinobacteriota bacteria, named Corynebacterium
(with the average value being 0.99%), which was initially defined as a pathogen in 1896 to
accommodate mainly pathogenic species, could be found in almost all samples [59]. Among
the known human pathogenic members of Corynebacterium, C. diphtheria is a notorious
strictly human-adapted species and the causative agent of the acute, communicable disease
diphtheria [59]. Similarly, Pseudomonas is one of the top 20 bacteria in the Yellow River, with
an average value of 4.47%. Pseudomonas aeurogenosa, one of the members of Pseudomonas, is
an opportunistic pathogen and is the most common bacterium associated with nosocomial
infections and ventilator-associated pneumonia. The bacteria could cause high mortality in
cystic fibrosis (CF) patients and immunocompromised individuals. Therefore, attention
should be paid to the presence of Corynebacterium and Pseudomonas [60].

3.5. Relationship between ARGs and Bacterial Communities

In this study, Spearman’s correlation analysis was performed to explore the relation-
ship among ARGs. The result is shown in Figure 5a. All the 16 ARGs involved in the
correlation analysis are strongly correlated (r > 0.6, p < 0.05) with at least one ARG. Fur-
thermore, there are 12 of the 16 ARGs strongly correlated with at least four other genes.
The results demonstrate that there is a close relationship among the ARGs. Various ARGs
could locate on the same mobile genetic elements, which could facilitate their diffusion.
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Moreover, the co-selection of various environmental factors could pose selective pressure
to ARGs, which also contributes to their relationship.
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Figure 5. Relationship between ARGs and bacterial communities. (a) Spearman analysis results
among ARGs. (b) Co-occurrence patterns among ARGs and bacteria (genus level).

In this study, network analysis was conducted to explore the co-occurrence pattern
between ARGs and bacteria. Each connection represents a strong (r > 0.6) and significant
(p < 0.05) relationship. The node size is proportional to the connection number; the larger
the connection number, the larger the node size. The topology is divided into 4 mod-
ules, and ARG or bacteria in the same module had a closer correlation with each other
compared to that of the other modules. The module size from large to small is Module 1
(14 nodes) = Module 2 (14 nodes) > Module 4 (6 nodes) = Module 3 (5 nodes). Numerous
bacteria in Module 1 and Module 2 are prevalent bacteria in the Yellow River. For example,
the abundance of Thiobacillus (Module 1) is the second highest in the Yellow River, and
the abundance of Arenimonas (Module 2) is the eighth highest. Moreover, the prevalent
ARGs, such as sull and sul2, are included in these two modules. Previous studies indicated
that network analysis could be the way to explore the potential host of ARGs, and bacteria
correlated to ARGs were the possible hosts of ARG [61,62]. The results of the network
analysis of this study suggest that the dominated hosts contribute to the prevalence of
ARGs. An opportunistic pathogen Pseudomonas can be found in Module 2, and sull, tetG
and ANT(3")-IIa are also included in the module. A previous study indicates that the
ARGs in the same module could consider that these genes may locate in the same mobile
genetic elements (MGEs) or be carried by the same bacteria. The result of this study implies
that Pseudomonas in the Yellow River may be resistant to Sulfonamides, Tetracyclines, and
Aminoglycosides, which may pose a risk to human health.

4. Conclusions

1.  Sull and sul2 are the dominant ARGs in the Yellow River, which could be attributed
to the huge usage of sulfonamides, horizontal gene transfer, and wide bacteria host of
these two genes. Furthermore, the emergence of carbapenem-resistant genes indicates
that the use of carbapenem antibiotics should be further restricted.



Int. |. Environ. Res. Public Health 2022, 19, 10420 90f 12

2. Animal and human feces are found in the Yellow River, while the prohibition of
antibiotics in the breeding industry could minimize the contribution of the breeding
industry to ARGs.

3. Numerous dominant bacteria are associated with denitrification, and the prevalence
of some opportunistic pathogens (e.g., Corynebacterium and Pseudomonas) may pose
an adverse health risk to humans.

4. There exists a close relationship among ARGs. Furthermore, Pseudomonas is the
potential host of sull, tetG, and ANT(3")-Ila, which may pose a risk to human health.

5. Perspective

This study determined the pollution level of antibiotic resistomes in the Henan section
of the Yellow River and analyzed the contribution of fecal pollution to ARGs. Moreover,
the network analysis was conducted in this study to explore the co-occurrence pattern be-
tween ARGs and bacteria. Antibiotic-resistant bacteria should be identified, and antibiotic
susceptibility testing should be carried out in further studies to provide new insight into
broad antibiotic resistance in the Yellow River.
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/ /www.mdpi.com/article/10.3390/ijerph191610420/s1. Figure S1: The content of each detected
ARG in sediments in the upper reaches of Huaihe river. Figure S2: The relative abundance of the
top 100 bacteria in the Yellow River. Table S1: Primer information in the Yellow River. Table S2: The
result of Spearman correlation analysis between MST indicators and ARGs.

Author Contributions: Methodology: K.Z. and FY.; Experiment: Z.L., Q.L.,, WL., Q.C, Y.X,, EH,,
EY. and K.Z,; Validation: K.L. and FY.; writing—original draft preparation, K.Z. and W.L.; writing—
review and editing, EY. and K.L.; supervision, FY.; project administration, K.Z. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (42007209,
41807399, 42077355), Fundamental Cutting-Edge Projects of Research Institute (2022-jcqyrw-dyz),
Central Public-interest Scientific Institution Basal Research Fund (Y2021PT01).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to thank the technical staffs of Major Bio-Pharm Tech-
nology Co., Ltd. for their valuable assistance in metagenomic analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Gray, D.A.; Wenzel, M. Multitarget approaches against multiresistant superbugs. ACS Infect. Dis. 2020, 6, 1346-1365. [CrossRef]
[PubMed]

2. Anthony, E.T.; Ojemaye, M.O.; Okoh, O.O.; Okoh, A.I. A critical review on the occurrence of resistomes in the environment and
their removal from wastewater using apposite treatment technologies: Limitations, successes and future improvement. Environ.
Pollut. 2020, 263, 113791. [CrossRef] [PubMed]

3. Le T.-H. Ng, C; Tran, N.H.; Chen, H.; Gin, K.Y.-H. Removal of antibiotic residues, antibiotic resistant bacteria and antibiotic
resistance genes in municipal wastewater by membrane bioreactor systems. Water Res. 2018, 145, 498-508. [CrossRef] [PubMed]

4. Anand, U,; Reddy, B.; Singh, VK; Singh, A K.; Kesari, K.K.; Tripathi, P.; Kumaret, P,; Tripathi, V.; Simal-Gandara, J. Potential
environmental and human health risks caused by antibiotic-resistant bacteria (ARB), antibiotic resistance genes (ARGs) and
emerging contaminants (ECs) from municipal solid waste (MSW) landfill. Antibiotics 2021, 10, 374. [CrossRef]

5. Wang, S.; Xue, N.; Li, W.; Zhang, D.; Pan, X.; Luo, Y. Selectively enrichment of antibiotics and ARGs by microplastics in river,
estuary and marine waters. Sci. Total Environ. 2020, 708, 134594. [CrossRef]

6. Zhang, K.; Li, K,; Xin, R.; Han, Y,; Guo, Z.; Zou, W.; Wei, W.; Cui, X.; Zhang, Z.; Zhang, Y.; et al. Antibiotic resistomes in water

supply reservoirs sediments of central China: Main biotic drivers and distribution pattern. Environ. Sci. Pollut. Res. 2022, 29,
37712-37721. [CrossRef]


https://www.mdpi.com/article/10.3390/ijerph191610420/s1
https://www.mdpi.com/article/10.3390/ijerph191610420/s1
http://doi.org/10.1021/acsinfecdis.0c00001
http://www.ncbi.nlm.nih.gov/pubmed/32156116
http://doi.org/10.1016/j.envpol.2019.113791
http://www.ncbi.nlm.nih.gov/pubmed/32224385
http://doi.org/10.1016/j.watres.2018.08.060
http://www.ncbi.nlm.nih.gov/pubmed/30193193
http://doi.org/10.3390/antibiotics10040374
http://doi.org/10.1016/j.scitotenv.2019.134594
http://doi.org/10.1007/s11356-021-18095-w

Int. |. Environ. Res. Public Health 2022, 19, 10420 10 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Liang, X.; Guan, E; Chen, B.; Luo, P.; Guo, C.; Wu, G.; Ye, Y.; Zhou, Q.; Feng, H. Spatial and seasonal variations of antibiotic
resistance genes and antibiotics in the surface waters of Poyang Lake in China. Ecotoxicol. Environ. Saf. 2020, 196, 110543.
[CrossRef]

Zhang, K,; Xin, R.; Zhao, Z.; Ma, Y.; Zhang, Y.; Niu, Z. Antibiotic resistance genes in drinking water of China: Occurrence,
distribution and influencing factors. Ecotoxicol. Environ. Saf. 2020, 188, 109837. [CrossRef]

Gogry, EA,; Siddiqui, M.T.; Haq, Q.M.R. Emergence of mcr-1 conferred colistin resistance among bacterial isolates from urban
sewage water in India. Environ. Sci. Pollut. Res. 2020, 26, 33715-33717. [CrossRef]

Gogry, FA.; Siddiqui, M.T; Sultan, I.; Husain, EM.; Al-Kheraif, A.A.; Ali, A.; Haq, Q.M.R. Colistin Interaction and Surface
Changes Associated with mcr-1 Conferred Plasmid Mediated Resistance in E. coli and veronii Strains. Pharmaceutics 2022, 14, 295.
[CrossRef]

Gogry, EA ; Siddiqui, M.T.; Sultan, I.; Haq, Q.M.R. Current update on intrinsic and acquired colistin resistance mechanisms in
bacteria. Front. Med. 2021, 8, 677720. [CrossRef]

Wang, J.; Chu, L.; Wojnarovits, L.; Takacs, E. Occurrence and fate of antibiotics, antibiotic resistant genes (ARGs) and antibiotic
resistant bacteria (ARB) in municipal wastewater treatment plant: An overview. Sci. Total Environ. 2020, 744, 140997. [CrossRef]
[PubMed]

Komijani, M.; Shamabadi, N.S.; Shahin, K.; Eghbalpour, F; Tahsili, M.R.; Bahram, M. Heavy metal pollution promotes antibiotic
resistance potential in the aquatic environment. Environ. Pollut. 2021, 274, 116569. [CrossRef] [PubMed]

Sun, F; Xu, Z; Fan, L. Response of heavy metal and antibiotic resistance genes and related microorganisms to different heavy
metals in activated sludge. J. Environ. Manag. 2021, 300, 113754. [CrossRef] [PubMed]

Wang, X.; Chen, Z.; Mu, Q.; Wu, X,; Zhang, ].; Mao, D.; Luo, Y.; Alvarez, P. Ionic liquid enriches the antibiotic resistome, especially
efflux pump genes, before significantly affecting microbial community structure. Environ. Sci. Technol. 2020, 54, 4305-4315.
[CrossRef]

Zhou, C; Pan, Y.; Ge, S.; Coulon, E; Yang, Z. Rapid methods for antimicrobial resistance diagnosis in contaminated soils for
effective remediation strategy. TrAC Trends Anal. Chem. 2021, 137, 116203. [CrossRef]

Qin, K.; Wei, L.; Li, ].; Lai, B.; Zhu, E; Yu, H.; Zhaob, Q.; Wang, K. A review of ARGs in WWTPs: Sources, stressors and elimination.
Chin. Chem. Lett. 2020, 31, 2603-2613. [CrossRef]

Karkman, A.; Parnédnen, K.; Larsson, D. Fecal pollution can explain antibiotic resistance gene abundances in anthropogenically
impacted environments. Nat. Commun. 2019, 10, 80. [CrossRef]

Hou, L.; Wang, H.; Chen, Q.; Su, ].-Q.; Gad, M.; Li, J.; Mulla, S.I; Yu, C.P; Hu, A. Fecal pollution mediates the dominance of
stochastic assembly of antibiotic resistome in an urban lagoon (Yundang lagoon), China. J. Hazard. Mater. 2021, 417, 126083.
[CrossRef]

Unno, T.; Staley, C.; Brown, C.M.; Han, D.; Sadowsky, M.].; Hur, H.-G. Fecal pollution: New trends and challenges in microbial
source tracking using next-generation sequencing. Environ. Microbiol. 2018, 20, 3132-3140. [CrossRef]

Schill, W.B.; Mathes, M.V. Real-time PCR detection and quantification of nine potential sources of fecal contamination by analysis
of mitochondprial cytochrome b targets. Environ. Sci. Technol. 2008, 42, 5229-5234. [CrossRef] [PubMed]

Wang, G.; Zhou, S.; Han, X.; Zhang, L.; Ding, S.; Li, Y.; Zhang, D.; Zarin, K. Occurrence, distribution, and source track of
antibiotics and antibiotic resistance genes in the main rivers of Chongging city, southwest China. ]. Hazard. Mater. 2020,
389, 122110. [CrossRef] [PubMed]

Stange, C.; Tiehm, A. Occurrence of antibiotic resistance genes and microbial source tracking markers in the water of a karst
spring in Germany. Sci. Total Environ. 2020, 742, 140529. [CrossRef] [PubMed]

Ren, J.; Hao, J.; Tao, L. Concentrations, spatial distribution, and pollution assessment of heavy metals in surficial sediments from
upstream of Yellow River, China. Environ. Sci. Pollut. Res. 2021, 28, 2904-2913. [CrossRef] [PubMed]

Feng, J.; Liu, Q.; Ru, X,; Xi, N.; Sun, J. Occurrence and distribution of priority pharmaceuticals in the Yellow River and the Huai
River in Henan, China. Environ. Sci. Pollut. Res. 2020, 27, 16816-16826. [CrossRef] [PubMed]

Zhang, K.; Li, K,; Xin, R.; Xu, Z.; Zhang, Z.; He, S.; Zhao, Z.; Tong, M.; Cui, Y. Distribution pattern and ecological risk assessment
of heavy metals in Henan section of the Yellow River. Water Supply 2022, 22, 6195-6204. [CrossRef]

Xi, N.; Guo, W,; Feng, ].; Liu, S.; Sun, J. Distribution, source, and ecological risk assessment of PAHs among size and density
fractions in contaminated sediments from the Yellow River of Henan section. Environ. Forensics 2019, 20, 171-181. [CrossRef]
Song, W.T.; Wang, Z.]. Occurrence and biological effects of endocrine disrupting chemicals in the Yellow River (Zhengzhou
section). Bull. Environ. Contam. Toxicol. 2016, 97, 763-769. [CrossRef]

Yu, Q.; Yang, J.; Su, W.; Li, T,; Feng, T.; Li, H. Heavy metals and microbiome are negligible drivers than mobile genetic elements in
determining particle-attached and free-living resistomes in the Yellow River. . Hazard. Mater. 2022, 424, 127564. [CrossRef]
Wang, Z.-W.; Lei, T.-Z.; Yan, X.-Y,; Li, Y.-L.; He, X.-F,; Zhu, ].-L. Assessment and utilization of agricultural residue resources in
Henan province, China. Bioresources 2012, 7, 3847-3861.

Ren, Y;; Yu, G,; Shi, C; Liu, L.; Guo, Q.; Han, C.; Zhang, D.; Zhang, L.; Liu, B.; Gao, H.; et al. Majorbio Cloud: A one-stop,
comprehensive bioinformatic platform for multiomics analyses. iMeta 2022, 1, e12. [CrossRef]

Baran, W.; Adamek, E.; Ziemiariska, J.; Sobczak, A. Effects of the presence of sulfonamides in the environment and their influence
on human health. . Hazard. Mater. 2011, 196, 1-15. [CrossRef] [PubMed]


http://doi.org/10.1016/j.ecoenv.2020.110543
http://doi.org/10.1016/j.ecoenv.2019.109837
http://doi.org/10.1007/s11356-019-06561-5
http://doi.org/10.3390/pharmaceutics14020295
http://doi.org/10.3389/fmed.2021.677720
http://doi.org/10.1016/j.scitotenv.2020.140997
http://www.ncbi.nlm.nih.gov/pubmed/32755790
http://doi.org/10.1016/j.envpol.2021.116569
http://www.ncbi.nlm.nih.gov/pubmed/33540257
http://doi.org/10.1016/j.jenvman.2021.113754
http://www.ncbi.nlm.nih.gov/pubmed/34543965
http://doi.org/10.1021/acs.est.9b04116
http://doi.org/10.1016/j.trac.2021.116203
http://doi.org/10.1016/j.cclet.2020.04.057
http://doi.org/10.1038/s41467-018-07992-3
http://doi.org/10.1016/j.jhazmat.2021.126083
http://doi.org/10.1111/1462-2920.14281
http://doi.org/10.1021/es800051z
http://www.ncbi.nlm.nih.gov/pubmed/18754373
http://doi.org/10.1016/j.jhazmat.2020.122110
http://www.ncbi.nlm.nih.gov/pubmed/31978820
http://doi.org/10.1016/j.scitotenv.2020.140529
http://www.ncbi.nlm.nih.gov/pubmed/32629259
http://doi.org/10.1007/s11356-020-10349-3
http://www.ncbi.nlm.nih.gov/pubmed/32894444
http://doi.org/10.1007/s11356-020-08131-6
http://www.ncbi.nlm.nih.gov/pubmed/32141007
http://doi.org/10.2166/ws.2022.218
http://doi.org/10.1080/15275922.2019.1597778
http://doi.org/10.1007/s00128-016-1930-4
http://doi.org/10.1016/j.jhazmat.2021.127564
http://doi.org/10.1002/imt2.12
http://doi.org/10.1016/j.jhazmat.2011.08.082
http://www.ncbi.nlm.nih.gov/pubmed/21955662

Int. |. Environ. Res. Public Health 2022, 19, 10420 11 of 12

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Sarmah, A.K.; Meyer, M.T.; Boxall, A.B. A global perspective on the use, sales, exposure pathways, occurrence, fate and effects of
veterinary antibiotics (VAs) in the environment. Chemosphere 2006, 65, 725-759. [CrossRef] [PubMed]

Ling, W,; Fan, Y,; Fang, Y.; Sun, C.; Liu, G. Antibiotics pollution of livestock and poultry breeding in Beijing-Tianjin-Hebei region.
J. Environ. Eng. Technol. 2018, 8, 390-397.

Mutuku, C.; Gazdag, Z.; Melegh, S. Occurrence of antibiotics and bacterial resistance genes in wastewater: Resistance mechanisms
and antimicrobial resistance control approaches. World J. Microbiol. Biotechnol. 2022, 38, 152. [CrossRef]

Wang, L.; Li, H.; Dang, J.; Guo, H.; Zhu, Y.; Han, W. Occurrence, distribution, and partitioning of antibiotics in surface water and
sediment in a typical tributary of Yellow River, China. Environ. Sci. Pollut. Res. 2021, 28, 28207-28221. [CrossRef] [PubMed]
Wang, L.; Wang, Y.; Li, H.; Zhu, Y,; Liu, R. Occurrence, source apportionment and source-specific risk assessment of antibiotics in
a typical tributary of the Yellow River basin. J. Environ. Manage. 2022, 305, 114382. [CrossRef] [PubMed]

Wang, Y.; Wang, L.; Liu, R.; Li, L.; Cao, L.; Jiao, L.; Xia, X. Source-specific risk apportionment and critical risk source identification
of antibiotic resistance in Fenhe River basin, China. Chemosphere 2022, 287, 131997. [CrossRef] [PubMed]

Wang, X.; Gu, J.; Gao, H.; Qian, X.; Li, H. Abundances of clinically relevant antibiotic resistance genes and bacterial community
diversity in the Weihe River, China. Int. |. Environ. Res. Public Health 2018, 15, 708. [CrossRef]

Auguet, O.; Pijuan, M.; Borrego, C.M.; Rodriguez-Mozaz, S.; Triad6-Margarit, X.; Della Giustina, S.V.; Gutierrez, O. Sewers as
potential reservoirs of antibiotic resistance. Sci. Total Environ. 2017, 605, 1047-1054. [CrossRef]

Zhang, N.; Liu, X,; Liu, R.; Zhang, T.; Li, M.; Zhang, Z.; Qu, Z.; Yuan, Z.; Yu, H. Influence of reclaimed water discharge on the
dissemination and relationships of sulfonamide, sulfonamide resistance genes along the Chaobai River, Beijing. Front. Environ.
Sci. Eng. 2019, 13, 8. [CrossRef]

Wei, Z,; Feng, K.; Li, S.; Zhang, Y.; Chen, H.; Yin, H.; Xu, M.; Deng, Y. Exploring abundance, diversity and variation of a
widespread antibiotic resistance gene in wastewater treatment plants. Environ. Int. 2018, 117, 186-195. [CrossRef] [PubMed]
Lin, H.; Sun, W,; Jin, D.; Yu, Q.; Yang, Y.;; Zhang, Z.; Sun, P.; Ma, J. Effect of composting on the conjugative transmission of
sulfonamide resistance and sulfonamide-resistant bacterial population. J. Clean. Prod. 2021, 285, 125483. [CrossRef]

Ploy, M.-C.; Denis, F.; Courvalin, P.; Lambert, T. Molecular characterization of integrons in Acinetobacter baumannii: Description
of a hybrid class 2 integron. Antimicrob. Agents Chemother. 2000, 44, 2684-2688. [CrossRef] [PubMed]

Soufi, L.; Saenz, Y.; Vinué, L.; Abbassi, M.S.; Ruiz, E.; Zarazaga, M.; Hassen, A.B.; Hammami, S.; Torres, C. Escherichia coli
of poultry food origin as reservoir of sulphonamide resistance genes and integrons. Int. J. Food Microbiol. 2011, 144, 497-502.
[CrossRef] [PubMed]

Suhadolnik, M.L.S.; Costa, P.S.; Paiva, M.C.; de Matos Salim, A.C.; Barbosa, F.A.R.; Lobo, EP,; Nascimento, A.M.A. Spatiotemporal
dynamics of the resistome and virulome of riverine microbiomes disturbed by a mining mud tsunami. Sci. Total Environ. 2022,
806, 150936. [CrossRef]

Kim, Y.-H.; Cerniglia, C.E. Influence of erythromycin A on the microbial populations in aquaculture sediment microcosms. Aquat.
Toxicol. 2005, 73, 230-241. [CrossRef]

Sheu, C.-C.; Chang, Y.-T.; Lin, S.-Y.; Chen, Y.-H.; Hsueh, P.-R. Infections caused by carbapenem-resistant Enterobacteriaceae: An
update on therapeutic options. Front. Microbiol. 2019, 10, 80. [CrossRef]

Moellering, R.C., Jr.; Eliopoulos, G.M.; Sentochnik, D.E. The carbapenems: New broad spectrum (3-lactam antibiotics. |. Antimicrob.
Chemother. 1989, 24 (Suppl. A), 1-7. [CrossRef]

Zhang, K; Xin, R.; Zhao, Z.; Li, W,; Wang, Y.; Wang, Q.; Niu, Z.; Zhang, Y. Mobile genetic elements are the Major driver of High
antibiotic resistance genes abundance in the Upper reaches of huaihe River Basin. J. Hazard. Mater. 2020, 401, 123271. [CrossRef]
Kiama, C.W,; Njire, M.M.; Kambura, A K.; Mugweru, ].N.; Matiru, V.N.; Wafula, E.N.; Kagali, R.N.; Kuja, O.K. Prokaryotic
diversity and composition within equatorial lakes Olbolosat and Oloiden in Kenya (Africa). Curr. Res. Microb. Sci. 2021, 2, 100066.
[CrossRef] [PubMed]

Kuang, B.; Xiao, R.; Wang, C.; Zhang, L.; Wei, Z.; Bai, ].; Zhang, K.; Campos, M.; Jorquera, M. A. Bacterial community assembly in
surface sediments of a eutrophic shallow lake in northern China. Ecohydrol. Hydrobiol. 2022. [CrossRef]

Smith, E.; Thavamani, P.; Ramadass, K.; Naidu, R.; Srivastava, P.; Megharaj, M. Remediation trials for hydrocarbon-contaminated
soils in arid environments: Evaluation of bioslurry and biopiling techniques. Int. Biodeter Biodegr. 2015, 101, 56—65. [CrossRef]
Lin, Y.; Ye, Y;; Hu, Y.; Shi, H. The variation in microbial community structure under different heavy metal contamination levels in
paddy soils. Ecotoxicol. Environ. Saf. 2019, 180, 557-564. [CrossRef] [PubMed]

Hemmat-Jou, M.; Safari-Sinegani, A.; Mirzaie-Asl, A.; Tahmourespour, A.A. Analysis of microbial communities in heavy
metals-contaminated soils using the metagenomic approach. Ecotoxicology 2018, 27, 1281-1291. [CrossRef] [PubMed]
Palansooriya, K.N.; Sang, M.K; Igalavithana, A.D.; Zhang, M.; Hou, D.; Oleszczuk, P; Sung, J.; Ok, Y.S. Biochar alters chemical
and microbial properties of microplastic-contaminated soil. Environ. Res. 2022, 209, 112807. [CrossRef] [PubMed]

Tian, W.; Zhang, H.; Guo, Y.; Wang, Z.; Huang, T. Temporal and Spatial Patterns of Sediment Microbial Communities and Driving
Environment Variables in a Shallow Temperate Mountain River. Microorganisms 2022, 10, 816. [CrossRef]

Lee, J.; Mills, M; Lee, S.; Mollenkopf, D.; Wittum, T.; Sullivan, M.P. Comparison of Environmental Microbiomes in an Antibiotic
Resistance-Polluted Urban River Highlights Periphyton and Fish Gut Communities as Reservoirs of Concern. Sci. Total Environ.
2022, 158042.


http://doi.org/10.1016/j.chemosphere.2006.03.026
http://www.ncbi.nlm.nih.gov/pubmed/16677683
http://doi.org/10.1007/s11274-022-03334-0
http://doi.org/10.1007/s11356-021-12634-1
http://www.ncbi.nlm.nih.gov/pubmed/33533002
http://doi.org/10.1016/j.jenvman.2021.114382
http://www.ncbi.nlm.nih.gov/pubmed/34973559
http://doi.org/10.1016/j.chemosphere.2021.131997
http://www.ncbi.nlm.nih.gov/pubmed/34455124
http://doi.org/10.3390/ijerph15040708
http://doi.org/10.1016/j.scitotenv.2017.06.153
http://doi.org/10.1007/s11783-019-1099-2
http://doi.org/10.1016/j.envint.2018.05.009
http://www.ncbi.nlm.nih.gov/pubmed/29753149
http://doi.org/10.1016/j.jclepro.2020.125483
http://doi.org/10.1128/AAC.44.10.2684-2688.2000
http://www.ncbi.nlm.nih.gov/pubmed/10991844
http://doi.org/10.1016/j.ijfoodmicro.2010.11.008
http://www.ncbi.nlm.nih.gov/pubmed/21131082
http://doi.org/10.1016/j.scitotenv.2021.150936
http://doi.org/10.1016/j.aquatox.2005.03.013
http://doi.org/10.3389/fmicb.2019.00080
http://doi.org/10.1093/jac/24.suppl_A.1
http://doi.org/10.1016/j.jhazmat.2020.123271
http://doi.org/10.1016/j.crmicr.2021.100066
http://www.ncbi.nlm.nih.gov/pubmed/34841356
http://doi.org/10.1016/j.ecohyd.2022.01.005
http://doi.org/10.1016/j.ibiod.2015.03.029
http://doi.org/10.1016/j.ecoenv.2019.05.057
http://www.ncbi.nlm.nih.gov/pubmed/31128554
http://doi.org/10.1007/s10646-018-1981-x
http://www.ncbi.nlm.nih.gov/pubmed/30242595
http://doi.org/10.1016/j.envres.2022.112807
http://www.ncbi.nlm.nih.gov/pubmed/35093312
http://doi.org/10.3390/microorganisms10040816

Int. |. Environ. Res. Public Health 2022, 19, 10420 12 of 12

59.

60.

61.

62.

Zhang, B.; Wu, X,; Tai, X.; Sun, L.; Wu, M,; Zhang, W.; Chen, X.; Zhang, G.; Chen, T,; Liu, G.; et al. Variation in actinobacterial
community composition and potential function in different soil ecosystems belonging to the arid Heihe River Basin of Northwest
China. Front. Microbiol. 2019, 10, 2209. [CrossRef]

Barka, E.A.; Vatsa, P; Sanchez, L.; Gaveau-Vaillant, N.; Jacquard, C.; Klenk, H.-P.; Clément, C.; Ouhdouch, Y.; Wezel, G.P.
Taxonomy, physiology, and natural products of Actinobacteria. Microbiol. Mol. Biol. Rev. 2016, 80, 25. [CrossRef]

Pang, Z.; Raudonis, R.; Glick, B.R.; Lin, T.-J.; Cheng, Z. Antibiotic resistance in Pseudomonas aeruginosa: Mechanisms and
alternative therapeutic strategies. Biotechnol. Adv. 2019, 37, 177-192. [CrossRef]

Zhao, Z.; Zhang, K.; Wu, N.; Li, W.; Xu, W.,; Zhang, Y.; Niu, Z. Estuarine sediments are key hotspots of intracellular and
extracellular antibiotic resistance genes: A high-throughput analysis in Haihe Estuary in China. Environ. Int. 2020, 135, 105385.
[CrossRef] [PubMed]


http://doi.org/10.3389/fmicb.2019.02209
http://doi.org/10.1128/MMBR.00019-15
http://doi.org/10.1016/j.biotechadv.2018.11.013
http://doi.org/10.1016/j.envint.2019.105385
http://www.ncbi.nlm.nih.gov/pubmed/31855802

	Introduction 
	Materials and Methods 
	Sample Collection and DNA Extraction 
	Quantification of MST Indicators 
	16S Amplicon Sequencing 
	Metagenomic Analysis 
	Statistical Analysis 

	Results 
	ARG Profile in the Sediments of the Yellow River 
	Distribution Pattern of ARG Subtypes in the Yellow River 
	Microbial Source Tracking Genes Content and Their Relationship with ARGs 
	Characteristics of the Bacteria Communities 
	Relationship between ARGs and Bacterial Communities 

	Conclusions 
	Perspective 
	References

