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Abstract
Aim: Clinical antimicrobial resistance (AMR) is a signi�cant threat to public health, which is often unclear
due to representative data from human populations that are challenging to obtain. Study the
associations between consumption of antibiotics and antimicrobial resistance bacteria or genes (ARB or
ARGs) that will bene�t from elucidating the AMR.

Methods: The details of antibiotics usage were calculated based on the actual consumption in the target
hospital, ARB was detected by culture method, and ARGs were evaluated by metagenomics.

Results: Our study revealed that culture-based single-indicator-strain approaches only capture the AMR in
16.17% infectious samples. 1573 bacterial species and 885 types of ARGs were found in the hospital
sewage. The consumption of antibiotics in�uences the resistance pro�les that were signi�cant in E.coli,
but the strength varies among bacteria. In all ARGs group, ARGs of aminoglycosides was the most
common, followed by sulfonamide, tetracycline, phenicol, macrolides, and quinolones, comprising to
82.6% of all ARGs. Five hundred nineteen pairs of ARGs and bacterial species showed a signi�cant
correlation (r > 0.8). The co-occurrence patterns of bacteria- ARGs mirrors the AMR of the clinic. Antibiotic
usage will affect the abundance of ARG in sewage, with a hysteresis effect.

Conclusion: The ARGs- bacteria co-occurrence patterns from wastewater could be a valuable bio-indicator
to re�ect the emergence of ARB in the future. Developing a predictive risk model of AMR on this basis will
facilitate the rational use of antibiotics.

1. Introduction
Antimicrobial resistance (AMR) is a global health crisis. Antibiotics are extensively used for empirical
treatment and prophylactically, inducing the propagation of antibiotic-resistant bacteria (ARB) and genes
(ARGs). In the clinic, AMR affects not only the therapeutic e�cacy of patients with primary infection but
also the increasing number of hospital-acquired infections predispose patients to secondary disease, i.e.,
nosocomial infections during hospitalization. Signi�cantly increasing AMR led to infections that were
once easily treatable but now hardly control. Reliable information that accurately describes and
characterizes the occurrence and transmission of AMR is a bene�t to treatment decisions. However,
obtaining representative data on AMR for healthy human populations is di�cult as AMR is a complex
problem with multiple and interconnected drivers [1].

In hospitals, AMRs are mainly evaluated by culture-based methods. Unfortunately, the vast majority of
microbes cannot grow outside their host environment [2]. The di�culty of collecting specimens,
especially infection occurring in deep organs of the body, plus the long time for bacterial isolation,
clinicians can hardly get a timely report about AMR to guide their treatment choice. That prescription
could not base on antibiotic sensitivity results in aggravate AMR. More important, the culture-based
single-indicator-strain approaches cannot capture the AMR and ARGs in real microbial communities, that
severely hinders exploration of the mechanisms behind drug resistance. qPCR method can identify the
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unculturable bacteria and ARGs but is not readily available for the discovery of unknown ARBs or non-
expressed ARGs[3]. Current surveillance of AMR is often focusing on speci�c pathogens isolated from
clinical infectious samples, this procedure leads to signi�cant time delays, often incomparable data, and
a narrow pathogen spectrum not capturing all relevant AMR genes[1, 4, 5]. General information regarding
AMR in the hospital environment has more clinical signi�cance than the data from a single patient or an
antibiotic sensitivity test, an appropriate method re�ecting hospital AMR status is of considerable
importance to promote antibiotic therapeutic e�cacy.

Hospitals are unique places with extensive usage of antibiotic drugs on patients. A high average dose
prescription of antibiotics for inpatient users may result in higher concentrations of ARB. Then, antibiotic
prescription trends in local hospitals may play a critical role in ARB distribution in the environment.
Besides ARB, medical waste, including the routine application of antimicrobial chemicals for sanitation,
and antibiotics excreted in hospital wastewater, making it a reservoir of ARB and ARGs. Different types of
antibiotics presenting in wastewater that may play a role in the selection of resistance would occur and
contribute to resistance retention and dissemination[6], which may promote ARG occurrence [7]. High
densities of ARB could facilitate the propagation and spread of ARGs by horizontal gene transfer via
plasmids, transposons, and integrons [8, 9]. Most importantly, ARB and ARGs in hospital sewage directly
come from clinical practice, and it does not contain the contamination from antibiotic sources from
industry and agriculture. Therefore, hospital sewage may be the most appropriate specimen to study the
associations among antibiotics use, AMR, and ARGs.

Nowadays, metagenomics is becoming a potential tool in the discovery of environmental ARGs, resulting
in a paradigm shift from phenotype- to genotype-based diagnostics of AMR. Currently, there is little data
revealed the association among antibiotics, ARB, and ARGs in the hospital settings. In this study, overall
antibiotic use in hospital, clinical AMR information was from clinical isolate, as well as the ARGs pro�les
in hospital sewage were collected. The correlations among them was analyzed. Our results may provide
valuable information on the effect of antibiotic use on clinical AMR.

2. Methods
The study was approved by the Shantou University Medical College Institutional Review Board. A small
urban general hospital with 250 beds was selected as the target hospital. Sewage samples were collected
from an urban hospital wastewater outlet (Shantou, China). 1 L sewage sample was collected weekly in
sterile bottles and transported on ice to the diagnostic microbiology laboratory within 4 h of collection
from June 2018 to November 2018. In total, 30 samples were collected, and each sample was then
centrifuged at 10000 rpm for 5 minutes, and sediments were stored at -80 °C before the experiment.

2.1. Antibiotics use
To investigate the effect of antibiotic administration on the abundance and variety of human bacterial
pathogen (HBPs), we collected the details of antibiotic usage in the whole year of the target hospital. All
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types of antibiotics were classi�ed into eight categories.

2.2 HBPs identi�cation and antimicrobial susceptibility
testing
Bacteria isolated from hospitalized patients’ infectious samples were identi�ed using an automated ATB
microbial identi�cation system (bioMérieux, Marcy-l`Etoile, France) according to the standard protocol of
Shantou University Medical College (see Appendix A for more details). ATB G-CLSI (12) kit was used for
Gram-negative bacilli testing, while the ATB STAPH CLSI (12) kit was used for Gram-positive cocci
(Staphylococcus) drug susceptibility testing. A 24 h pure culture colony was prepared for drug sensitivity
results. The Minimum Inhibitory Concentration (MIC)for common antibiotics were determined for all
isolates, and antimicrobial susceptibility testing was then conducted for 26 antimicrobials (see
Supplement Table 1–2 for more details). The drug susceptibility test of bacterial isolated seen in
supplementary materials.

2.3. MGS sequencing
2.3.1.DNA extraction and quali�cation:

Mixed sediments (monthly) were thawed at room temperature (22 °C), and microbial DNA was extracted
using the E.Z.N.A.® soil DNA Kit (Omega Bio-Tek, Norcross, GA, U.S.) according to manufacturer’s
protocols. The DNA concentration was measured using Qubit® dsDNA Assay KitinQubit® 2.0
Fluorometer (Life Technologies, CA, USA). OD value is between 1.8-2.0. DNA contents above 1 µg were
used to construct the library. Sequencing libraries were generated using NEB Next®Ultra™ DNA Library
Prep Kit for Illumina (NEB, USA). PCR products were puri�ed (AMPure XP system) and libraries were
analyzed for size distribution by Agilent2100 Bioanalyzer and quanti�ed using PCR. The clustering of the
index-coded samples was performed on a cBot Cluster Generation System. After cluster generation, the
library preparations were sequenced on an Illumina platform, and paired-end reads were generated.

2.3.2 Network and statistics analysis
To explore the underlying associations within/among bacteria and ARGs, we constructed a correlation
matrix by calculating all pairwise Spearman correlation coe�cients (r) among bacterial species and ARG
subtypes that occurred in at least 50% of all samples. A correlation between ARG-ARG, or species-species,
or ARG-species was considered as statistically signi�cant and robust if the adjusted P-value (by multiple
testing corrections via false discovery rate (FDR) estimation) was < = 0.01, and the Spearman 's r was > 
0.8. All the robust correlations identi�ed from pairwise comparison of abundance form a correlation
network[10].

2.4. Statistical analyses
ANOVA, Kruskal Wallis, LEfSe, and DEseq2 were employed to identify the bacteria with different
abundance among samples and groups [11]. Co-occurrence analysis was performed by Spearman’s rank
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correlations between predominant taxa, and the network plot was used to display the associations
among taxa. Unless speci�ed above, parameters used in the analysis were set as default. The reads were
de-novo assembled using Megahit assembler, and the quality of assembly was examined by Quast [12].
Prodigal was used to predict the potential functional genes in assembled contigs [13]. The reads were
taxonomically classi�ed using Kraken2 [14]. Kraken2 matches each K-mer within a query sequence to the
lowest common ancestor (LCA) of all genomes in the database containing the given K-mer.

The models calculated the changes of ARGs associated with one kind of antibiotic consumption per
monthly dose, appropriate estimates of the antibiotic selection pressure throughout treatment. Besides,
we utilized a correlation-based network to analyze the non-random ARG-ARG, and ARG-HBP co-
occurrence patterns in the sewage sludge, which helped to propose a novel approach for risk assessment
of ARGs acquisition by HBPs in human-impacted environments.

3. Results

3.1. Antibiotic consumption in target hospital
The annual consumption of antibiotics and their temporal distribution was calculated in the target
hospital, based on the total amount of antibiotics issued by hospital pharmacies. The dosage of used
antibiotics was plotted in terms of months. Among all antibiotics, the most used antibiotic was
Cephalosporin, its consumption �uctuates in the range of 2000–4000 g/month throughout the year. The
second antibiotics were β-lactase inhibitors, which remained at 1000–2000 g/month from January to
April, the usage continued to decrease to as low as 200 g/month from May to August, and then gradually
elevated to about 1000 g/month after August. The third antibiotics were Quinolones; the consumption
varies throughout the year. Penicillin usage was more than Nitroimidazole from January to March, but the
dosage of Nitroimidazole continued to rise from April, more than the amount of penicillin. The
consumption of Aminoglycosides, Carbapenem, and Macrolides kept below 80 g/month, and their
monthly dosage �uctuates slightly. The annual curve of antibiotic use showed in Fig. 1

3.2 Bacteria identi�cations from clinical samples and its
antibiotic resistance pro�les
From January to December 2018, a total of 643 samples were collected from blood, urine, sputum, the
stool of infectious patients. Bacteria were isolated from 104 (16.17%) samples by culture, while 539
(83.83%) samples were culture negative. The most common isolates were Escherichia coli (E. coli),
following Klebsiella pneumonia, Staphylococcus aureus, Pseudomonas aeruginosa, and Proteus
mirabilis, which comprised up to 70% of all isolates.

Antibiotic resistance pro�les were obtained for all bacteria isolates. ARBs were classi�ed into eight
groups according to the type of antibiotic, including penicillin, β-lactamase inhibitor, Cephalosporins,
Carbapenem, Quinolones, Macrolides, Aminoglycosides, and Nitroimidazole (Table 1). Cephalosporin, β-
lactamase inhibitor, and Quinolones were the top three types of antibiotics used in the hospital, while
Macrolides were the minimal use antibiotic. Our results suggested that the effect of antibiotic use on ARB
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was signi�cant. Similar trends were also found in K. pneumoniae and P. mirabilis. S. aureus was found to
have high resistance to β-lactamase (91.6%), middle resistance to Tetracycline (33.3%), Lincosamides
(41.7%), low resistance to Quinolones (25%), Aminoglycosides (25%), Macrolides (25%), and
Chloramphenicol (25%). In particular, the rate of resistance to β-lactamase was the highest in P.
aeruginosa. Resistance to at least three antimicrobials was found at a high frequency in clinical isolates
as follows: E. coli (72.2%), P. mirabilis (66.7%), P. aeruginosa (66.7%), S. aureus (41.7%), and K.
pneumoniae (26.7%) (Table 1). Our results indicated that minimal bacteria could be detected by culture
method, and the multi-drug resistance was very high among the isolated bacteria, suggesting that clinical
AMR was severe in this hospital.
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Table 1
Bacteria isolated from the clinic and their resistance pro�les

Bacteria Antibiotic Type Drug resistance
rate(%)

Bacteria Antibiotic Type Drug
resistance
rate(%)

E. coli Carbapenems 0 K.
pneumoniae

Carbapenems 0

Penicillin 91.7 Penicillin 86.7

β-lactamase
inhibitor

13.9 β-lactamase
inhibitor

20.0

Cephalosporins 83.8 Cephalosporins 33.3

Aminoglycosides 47.2 Aminoglycosides 26.7

Quinolones 88.9 Quinolones 33.3

Tetracyclines 77.8 Tetracyclines 40.0

Multi-drug
resistance

72.2 Multi-drug
resistance

26.7

P.
aeruginosa

Carbapenems 50 P. mirabilis Carbapenems 0

Penicillins 66.7 Penicillins 66.7

β-lactamase
inhibitor

100 β-lactamase
inhibitor

0.0

Cephalosporins 50.0 Cephalosporins 66.7

Aminoglycosides 66.7 Aminoglycosides 50.0

Quinolones 50.0 Quinolones 50.0

Tetracyclines 16.7 Tetracyclines 100.0

Multi-drug
resistance

66.7 Multi-drug
resistance

66.7

S. aureus Penicillins 91.6      

Aminoglycoside 25.0      

Macrolides 25.0      

Lincosamide 41.7      

Tetracyclines 33.3      

Quinolones 25.0      

  Multi-drug
resistance

41.7      
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3.3. Diversity, richness, and composition of microbial
communities in hospital sewage
Altogether, 21 bacterial phyla were identi�ed from sewage samples. The dominant phyla were
proteobacteria (82.19%), followed by Bacteroides (7.94%), actinobacteria (5.90%), and �rmicutes 2.95%).
Speci�cally, 46 classes, 89 orders, 191 families, 629 genera, and 1573 species were found. The top �ve
bacterial species were E.coli (7.60%), Hydrogenophaga_pseudo�ava (5.42%), Reyranella_massiliensis
(3.68%), Klebsiella_pneumoniae (3.43%), and Acidovorax sp. KKS102 (3.02%). Among them, E.coli and
Klebsiella_pneumoniae were the most bacteria isolated from patients. The sequences described in this
study were deposited in NCBI Sequence Read Archive with accession numbers (PRJNA612238).

3.4. Occurrence and abundance of ARG types in hospital
sewage
In total, 885 types of ARGs were detected in hospital sewage. All ARGs were mapped to their
corresponding antibiotics that were frequently used in the clinic. If an ARG was found to confer resistance
to more than two types of antibiotics, it was categorized as “multi-drug” resistance. Hence, we sub-
grouped ARGs into the Aminocoumarin, Aminoglycosides, Diaminopyrimidine, Dual-resistance genes,
Macrolides, Nitroimidazole, Penicillin, Peptide, Phenicol, Quinolones, Rifamycin, Tetracycline,
Sulfonamide, and multiple resistance genes. ARGs conferring resistance to Aminoglycosides accounted
for 24.57%, which was the most abundant in all ARGs group, followed by Sulfonamide (15.7%),
Tetracycline (10.51%), Phenicol (7.92%), Macrolides (5.03%), Quinolones (3.96%). Those groups
contributed 82.56% of all ARGs. For an single ARG, the most abundant ARG were sul1 (10.33%), followed
by APH(6)-Id (5.86%), APH(3'')-Ib (5.56%), Nocardia (5.54%), sul2 (5.14%), tet (G) (5.05%), ErmF (4.39%),
pp-�o (3.44%), AAC(6')-Ib7(3.27%), �oR (2.83%), tet (C) (2.14%), tetX (2.0%). The abundance between 1–
2% were ugd, emrA, OXA-45, EreA, msrE, mtrA, mphD, ANT(2'')-Ia, qacH, and AAC(6')-Ib8. The rest
accounted for < 1%. The types of resistance genes detected in the sewage could match the resistance
pro�le in our hospital. The ARG pro�les were compared using Bray-Curtis based non-metric
multidimensional scaling (NMDS) plots in R with the vegan package [15]. Heatmaps were used to display
the abundances of individual ARGs (FIG.2).

3.5. The effect of antibiotic consumption on the distribution
of ARB and ARGs
. Our study revealed that antibiotics usage in�uenced the distribution of ARB. The most obvious example
was observed in E. coli. Antibiotic prescription in target hospital reported that a higher average monthly
dose prescription of Cephalosporin, β-lactamase inhibitor, Quinolones and Penicillin for their inpatient
users, and higher ratios of E. coli resistant to Cephalosporin and β-lactamase inhibitor was found in
clinical samples. The curve of the antibiotics usage was very close to the curve of the isolation rate of



Page 9/22

ARB. P. aeruginosa had high resistance to Cephalosporin, and P. mirabilis had high strength to
Quinolones.

The effects of antibiotic use on ARGs were analyzed by studying their time distributions. Our results
revealed that antibiotic usage would affect the abundance of ARG in sewage, with a hysteresis effect. For
aminoglycosides, its consumption increased between February and April, decreased from April to May,
and increased again. Accordingly, ARGs of aminoglycosides grew from June to August, with a time delay
of about four months, both of which had very similar curves over time. The phenomenon was also
observed in ARGs to β-lactamase inhibitor, macrolides, and penicillin. The changes in ARGs abundance
were delayed by 2 to 6 months compared with changes in antibiotic dosage. Our results revealed that
antibiotics consumption could cause an alteration in the compositions and abundances of dominant
ARB and ARG types(FIG.3)

3.6. Co-occurrence pattern of ARB and ARGs
A network approach was used to explore the non-random correlations between ARG-ARG, ARG-bacterial
species, and species -species in hospital sewage. Altogether, the network contribution mode was 6903
pairs, in which the random mode of correlations was 6384 pairs, while the non-random mode was 519
pairs. The signi�cant and robust correlations were observed in 10 species-species, 147 ARG-species, and
362 ARG-ARG co-occurrences pattern (r > 0.8, P < 0.05). Scale-free networks contain hubs with
connectivity distribution between nodes based on power-law distribution. Most nodes have a few
connections, but some of them, known as hubs, have many connections. Co-occurrence patterns were
evident within or across ARG types, among them, PatA, CRP, and AAC(6')-30/AAC (6')-Ib' had the most co-
occurring connections, while the AAC(6')-30/AAC(6')-Ib', baeR, emrB, aadA3, aadA25, cpxA, tet.G, and the
multidrug resistance genes including MexB, smeE, acrB were located in the hub. The signi�cant co-
occurrence pattern also observed in ARGs and bacteria, including Rhodobacteraceae with the AAC.6...Ib8,
OXA.45, and tet.G; Nocardia with bacA, mdtB, and ugd; Comamonadaceae with bacA, catB3, tet.G., and
ugd; Campylobacteraceae with bacA, catB3, mdtB, tet.G, and ugd; Moraxellaceae with AAC.6...Ib8, and
tet.G; Microbacteriaceae with aadA16, ANT.2....Ia, EreA, mtrA, tet.C., and tetX; Enterobacteriaceae with
bacA, catB3, tet.G, and ugd; Bacteroidaceae with catB3, OXA.45, and ugd.

ARG subtypes were grouped into a broad category according to the types of antibiotics, and bacteria were
selected from the clinical isolates and sewage. E.coli and K. pneumoniae either listed in the most isolates
from hospitals or the most abundant bacteria found in wastewater. The network representing the
correlation between ARG and bacteria contained 30 nodes, including 12 ARGs subtypes, 18 microbial
taxa, and 36 edges. All connection stands for a signi�cant relationship (Spearman’s r > 0.8). Signi�cant
correlations were observed in bacteria and ARGs, which partly overlap the clinical drug resistance
phenotype (Fig. 4–5)

4. Discussion
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The increasing AMR caused by the overuse of antibiotics has emerged as a signi�cant threat to global
health. A precise and timely report of ARB is critical for reducing empirical antibiotic prescription, which is
vital for reducing clinical AMR. Unfortunately, the unculturable or unknown isolation conditions make
about 90% of bacteria that could not be cultured in vitro [16, 17]. In our study, bacteria could be isolated in
only 16.17% of infectious samples, AMR information obtained from isolated bacteria could not meet the
requirement that can guide antibiotic use. Compared with the species isolated by culture, metagenomics
had signi�cantly higher effectiveness in detecting bacterial species, especially those in the environment.
Up to 1573 bacterial species were found in the hospital sewage. Proteobacteria and Bacteroidetes were
the main phyla identi�ed, comprising a variety of gram-negative bacteria such as Escherichia, Salmonella,
Vibrio, and other pathogenic genera. Among the high abundance bacterial species found in sewage, E.
coli, K. pneumonia, P. aeruginosa, Acidovorax_sp._KKS102, P. mirabilis, and S. aureus were also the main
bacteria isolated in hospital, which are eventually discharged into sewage. Thus, bacterial species in
wastewater can re�ect the total number of clinical bacteria.

The relationships between antibiotic use and AMR involve the hospital population, pathogen genotypes,
intensity of infection control, and transmission dynamics [18–20]. When analyzing the effect of antibiotic
consumption on AMR, antibiotic surveillance based on sales data describes an incomplete story. Building
a nationwide surveillance program to quantify antibiotic prescriptions from all sources, i.e., pharmacies,
clinics, hospitals, is quite challenging to achieve [21]. In our study, the dosage of antibiotics was
calculated based on the actual consumption of hospitalized patients. Cephalosporin, β-lactase inhibitors,
and Fluoroquinolones were the most frequently used antibiotics. Their high average monthly dose
prescription results in higher levels of ARBs, including E. coli, P. aeruginosa, and P. mirabilis resistant to
the corresponding antibiotic. The amount of antibiotics affects the distribution of ARBs with or without
delay effect. A greater abundance of Proteobacteria identi�ed in the hospital environment may be the
result of antimicrobial use in the hospital [7, 22]. Consistent with the previous study, our results also
indicated the close correlations of the quantities of ARBs with those of corresponding antibiotics [23].
The reason for the correlation failed to �nd in low abundance bacteria, may due to the number of cases is
too small to meet the statistical sample requirements. The di�culty in obtaining the samples from the
vast population, the complexity of pathogens, behavioral and antibiotic response patterns, made
antibiotic use guiding by bacterial sensitivity tests in a hospital almost impossible in the present period.
In monitoring the occurrence of AMR, a signi�cant advantage of hospital sewage is that such samples
can be easily obtained and analyzed without ethical concerns compared to samples directly collected
from humans [1].

The induction and development of ARGs could be related to the concentration effects of antibiotics on
the bacterial groups harboring these genes [24]. For tracking the potential hosts of ARGs, the co-
occurrence patterns between ARG subtypes and microbial taxa were explored by correlation analysis [25,
26]. In our study, more than 40 mobile ARGs were all from Proteobacteria, and many novel pairwise of
ARG-bacteria or ARG-ARG examples observed from the network. E-coli, the most abundant bacterium
isolated from our clinical samples, was highly resistant to Quinolones, Penicillin, Beta-lactamase inhibitor,
Cephalosporin, Tetracycline, and Aminoglycosides. In the network, E-coli was co-occurrence with multiple
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ARGs, including AAC(6')-30/ AAC(6')Ib', acrD, acrF, baeR, CRP, cmlA5, emrA, marA, patA, pmrF, �oR, and
pp.�o, indicating that multi-resistance of E-coli may be induced by these ARGs. The intrinsic ARGs are
merely antibiotic determinants conferring resistance phenotype. Thus, understanding the intrinsic
resistome will, therefore, contribute to the prediction of the emergence and evolution of antibiotic
resistance in the future [27, 28].

The human activities using antibiotics lead to signi�cant ampli�cation of the original ARGs in social
clinical settings [29]. Underexposure to antibiotics, higher incidences of co-occurrence ARG subtypes of
the same type may generally re�ect selective pressure exerted by the same antibiotics in sewage, as our
results showed, antibiotic consumption of a few months before in�uenced the abundance of ARGs in
sewage later, with the peak of ARGs lagging that of antibiotics use for 2–6 months. Previous studies
showed that Cephalosporin consumption of 7–10 months before had a signi�cant in�uence on
resistance, while consumption of Penicillin / Beta-lactamase inhibitor produced resistance without delay
[30]. The possible explanation for this phenomenon may be that different antibiotics have different
selective capabilities [31], and the abundance of ARGs is driven by complex interplays of different
environmental, antibiotic types, and anthropogenic variables, rather than being related to any single
factor. That clinical antibiotic usage affects the abundance and distribution of ARGs in sewage was
marked in Aminoglycosides, β-lactamase inhibitor, Macrolides, Penicillin, and the enriched occurrence of
these ARGs was closely associated with the antibiotic’s usage in the target hospital.

The correlation between antibiotics and ARGs was not observed in tetracycline and the sulfonamide. A
previous study revealed that ARGs of tetracycline and sulfonamide were the top three widely transferred
ARGs [29]. Despite de�cient consumption at present, a high abundance of ARGs to tetracycline were
account for 10.49% of total ARGs. Consistent with the results of ARGs, high resistance to tetracycline was
found in 80% E.coli, in 100% P. mirabilis, and in 75% K. pneumonia of clinical isolates. A possible
explanation may be a potential source of ARGs in the environment was caused by the continuous
prophylactic use of antibiotics as a for animals [32]. Another reason is that antibiotics use and their
corresponding ARGs do not always appear simultaneously [33].

The inter-types co-occurrence of ARGs, such as beta-lactam and aminoglycoside resistance by methicillin
resistant S. aureus [34] and prevalent co-resistance to Aminoglycosides, Tetracycline, and Quinolones by
beta-lactamase (ESBL) producers [35], are more likely driven by a co-resistance mechanism, i.e., presence
of different resistance determinants on the same genetic element [36]. Our correlation network revealed
bacteria bearing multiple resistance genes, as well as cross-resistance between antibiotics. The most
abundance ARG, sul1, usually found in the conserved region of class1 integrons, is capable of
transferring between bacteria in different environments. Other high abundance ARGs, like the AAC.6...Ib8,
AAC(6')-30/ AAC(6')Ib', patA, mexF, aadA3, and QnrS2, located in the hub of a network, may own high
potential risks for horizontal gene transfer between different bacteria in the sewage. ARGs, including
aadA1, aac(3)-II and aph(6)-I ( aminoglycoside ), tetA and tetG (tetracycline ), sul1 and sul2 (sulfonamide
), catA and catB (chloramphenicol ), were carried by the same genome [37]. When the genes that cause
resistance phenotypes are located together on the same genetic element (MGEs), such as a plasmid,
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transposon, or integron, co-resistance occurs [38, 39]. This information may provide some clues regarding
multi-drug resistance ARBs happened. The correlations between ARGs and bacterial taxa in the network
could provide some insights into the potential mechanism of human pathogens prone to the acquisition
of ARGs [40]. Based on the ARGs located in the hub of a network, and we could track the possible routes
of ARGs transmission and dissemination among ARB. The interactions between the number of resistant
bacteria and antibiotics may have contributed to a signi�cant increase of some ARGs, which confer
resistance to the most frequently used antibiotics in the hospitals [41, 42]. Therefore, the co-occurrence
patterns between bacteria and the ARGs could help to propose a novel approach for risk assessment of
ARGs acquisition by HBPs in human-impacted environments [10], and the future level of resistance, esp.
short- to medium-term, could be forecasted based on antibiotic usage and incidence of bacteria [30],
though it remains unclear for the diversity, distribution, and fate of ARGs in urban water systems [43].

Hospital discharges are essential reservoirs of ARB and ARGs [44, 45], which promote the potential
spread of AMR to the environment [46, 47]. More attention should be paid to assess ARGs in hospital
sewage, which could provide a great solution to clinical AMR monitoring.

Conclusion
The ARGs- bacteria co-occurrence patterns from wastewater could be a valuable bio-indicator to re�ect
the emergence of ARB in the future. Developing a predictive risk model of AMR on this basis will facilitate
the rational use of antibiotics.

Abbreviations
AMR
antimicrobial resistance, ARB:antimicrobial-resistant bacteria, ARGs:antimicrobial-resistant genes,
HBPs:Human bacterial pathogens
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Figure 1

Clinical antibiotic usage in 2018
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Figure 2

Heat map of resistance genes (abundance of the �rst 100 resistance genes)
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Figure 3

Relationship between the abundance of ARGs and the corresponding antibiotic
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Figure 4

Network co-occurrence pattern of drug-resistant bacteria (ARB) and resistance genes (ARGs) Note: Yellow
node represents ARG, blue node represents bacterial species, red lines represent positive correlations, and
green lines represent negative correlations. The larger the node, the more connection lines.
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Figure 5

Network co-occurrence model of clinically common bacteria and resistance genes in sewage E. coli was
correlated with AAC(6')-30/ AAC(6')Ib', acrD, acrF, baeR, CRP, cmlA5, emrA, marA, patA, pmrF, �oR, and
pp.�o. P. aeruginosa was correlated with aadA25, dfrA16, dfrA5, macB, MexF, mexW, smeE,
AAC.6...30/AAC.6...Ib., baeR, cpxA, CRP, dfrA1, emrA, qacH, tet36, ugd, and VEB. A._baumannii correlated
with AAC.6...30/AAC.6...Ib., aadA25, acrB, acrF, cpxA, CRP, dfrA16, emrA, emrB, �oR, marA, mphA, MuxB,
and patA.
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