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Abstract: Antimicrobial resistance is a major global concern and economic threat, necessitating a
reliable monitoring approach to understand its frequency and spread via the environment. Hospital
wastewater serves as a critical reservoir for antimicrobial-resistant organisms; however, its role in
resistance gene distribution and dissemination remains poorly understood. This study integrates
metagenomic and metatranscriptomic analyses, elucidating the dynamics of antimicrobial resistance
in hospital wastewater. Integrated metagenomic and metatranscriptomic sequencing were used to
identify actively expressed antimicrobial-resistant genes and antimicrobial-resistant bacteria, offer-
ing comprehensive insights into antimicrobial resistance dynamics in hospital wastewater. Liquid
chromatography–tandem mass spectrometry analysis revealed the presence of ampicillin, sulbac-
tam, levofloxacin, sulfamethoxazole, and trimethoprim in the sample, which could apply selective
pressure on antimicrobial resistance gene expression. While multidrug resistance genes were the
most prevalent sequences in both metagenome-assembled genomes and plasmids, plasmid-derived
sequences showed a high mRNA/DNA ratio, emphasizing the presence of functionally expressed
antimicrobial resistance genes on plasmids rather than on chromosomes. The metagenomic and
metatranscriptomic analyses revealed Serratia nevei MAG14 with high mRNA levels of antimicro-
bial resistance genes; moreover, multidrug-resistant Serratia sp., genetically related to MAG14, was
isolated from the wastewater, supporting the phenotypic characterization of crucial antimicrobial-
resistant bacteria and validating the genome analysis results. The findings underscore key genes and
bacteria as targets for antimicrobial resistance surveillance in hospital wastewater to protect public
and environmental health.

Keywords: antimicrobial resistance; metatranscriptomic analysis; hospital wastewater

1. Introduction

The emergence and spread of antimicrobial resistance (AMR) are major threats to
human health and the global economy [1]. Utilizing a “One Health Approach” that encom-
passes humans, animals, and the environment is crucial for effectively understanding and
addressing the development and dissemination of AMR, recognizing its interconnected
nature and the necessity for comprehensive surveillance strategies [2]. Among AMR diffu-
sion pathways, the aquatic environment serves as a critical hotspot for the maintenance of
antimicrobial-resistant bacteria (ARB) and antimicrobial-resistant genes (ARGs) [3]. The
widespread use of antibiotics in healthcare facilities is recognized as a substantial source
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of pollution. The accumulation of high concentrations of antibiotic compounds in sewage
creates selective pressure on ARG expression and generates pathogenic ARGs, which are
subsequently transferred to human communities [3]. Although a wide range of ARGs have
been identified worldwide in hospital wastewater [4–6], the link between ARB and ARGs
and their potential roles is not fully understood, necessitating effective monitoring and
control of AMR in the environment.

High-throughput sequencing-based metagenomic analysis offers advantages over
conventional culture-based methods and provides more comprehensive profiles of ARGs
in environmental samples [7]. Plasmids play a crucial role in the horizontal transfer of
ARGs among microorganisms. Recent metagenomic analyses have directly illustrated the
relationship between ARGs and plasmids, providing valuable insights into the potential
transfer of ARGs in environmental compartments [8]. Additionally, the metagenomic
approach can demonstrate co-occurrence patterns between ARGs and their putative host or-
ganisms within microbial communities by constructing a metagenome-assembled genome
(MAG) [8]. However, relying solely on metagenomics while overlooking stimulated ARGs
may not elucidate bacterial activity under environmental stresses, such as antibiotic pres-
sure. Metatranscriptomics, in combination with metagenomics, enables the simultaneous
characterization of both community and gene expression, offering an extensive perspective
on dynamic environments [9]. This approach reveals actively expressed ARGs in aquatic set-
tings, elucidating water resistome profiles and the effectiveness of metatranscriptomic data
for AMR monitoring [10,11]. Nevertheless, there is a lack of metatranscriptomic research
focusing on hospital wastewater with high amounts of antibiotics and AMR [4]. Thus, the
distribution of transcribed ARB and plasmid-derived ARGs involved in understanding
their transmission remains largely unknown.

In the present study, we utilized an integrated analysis of metagenomic and metatran-
scriptomic sequencing to offer comprehensive insights into active ARGs among microbial
communities in hospital wastewater. The selective pressures that could influence the mi-
crobial communities were initially assessed using liquid chromatography–tandem mass
spectrometry (LC–MS/MS) to detect antimicrobial agents in the sample. To evaluate the
distribution of AMR, ARGs in MAGs and plasmid-derived sequences were comprehen-
sively investigated using metagenomic analysis. Subsequently, metatranscriptomics was
used to produce ARG transcripts relative to the absolute amount of ARGs. Furthermore,
we identified possible threats of ARB in the environment based on combined metagenomic
and metatranscriptomic data and attempted to isolate them using a culture-based method
for phenotypic characterization. Moreover, we explored the dynamics of AMR and the char-
acteristics of existing key ARGs in hospital wastewater, contributing to efficient wastewater
management for the protection of public health and the environment.

2. Results
2.1. Detection of Antimicrobial Agents Using LC–MS/MS

The lower limit of quantification (LOQ) for each component was determined as the
concentration at which the coefficient of variation was within ±20%, as established through
validity assessments (n = 5). The concentration of antimicrobial compounds in hospital
wastewater measured using LC–MS/MS was as follows: 1.60 µg/L for ampicillin, 0.58 µg/L
for sulbactam, 0.37 µg/L for levofloxacin, 0.078 µg/L for sulfamethoxazole, and 0.15 µg/L
for trimethoprim; other antimicrobials were not detected (Figure 1).

2.2. Abundance of 16S rRNA Genes in Hospital Wastewater

In total, 118,286 reads were generated using 16S rRNA gene metabarcoding sequencing
after quality filtering (Table S1). The taxonomic composition of the microbiota in the
hospital sewage was determined by comparing it with the corresponding genera in the
SILVA database [12]. In total, 153 genera were observed in the samples (Table S2). The genus
Bacteroides was dominant, and the genera Streptococcus and Serratia, which are responsible
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for the largest number of deaths from AMR pathogens worldwide, were also present at a
relative abundance of >1% (Figure 2).
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2.3. Construction of MAGs and Genetic Features

The data acquired through shotgun metagenomic and metatranscriptomic sequenc-
ing are listed in Table S5. Assembly of the metagenomic data yielded 1,255,461 contigs.
Mapping the reads used for assembly to the obtained contigs indicated that >90% of the
reads were mapped, suggesting that most of the genome was successfully assembled. The
assembled contigs were binned, and chimeric sequences were eliminated to construct
172 high-quality MAGs (Figure S1, Table S3). Taxonomic identification classified 75, 66, and
22 MAGs at the species, genus, and family levels, respectively, while 9 MAGs were not
assigned to any taxon. A comparison of transcripts per kilobase million (TPM)-normalized
metagenomic and metatranscriptomic data showed that the mRNA levels for 2 MAGs and
19 MAGs were 10-fold higher and 10-fold lower than those of the DNA, respectively.

Based on the Comprehensive Antibiotic Resistance Database (CARD) [13], 61 ARGs
associated with resistance to 22 drug classes were identified from MAG sequences (Figure 3,
Table S4). Spearman correlation analysis showed the abundance of DNA and mRNA was
positively correlated in both drug classes (r = 0.836) and ARGs (r = 0.808). Metagenomic
data showed that ARGs associated with multidrug resistance were the most abundant,
whereas elfamycin resistance genes were predominantly detected using metatranscrip-
tomic analysis (Figure 3A). Aminoglycoside resistance genes exhibited the highest mRNA
mapping counts relative to the normalized DNA (Figure 3B). For each ARG, soxS and
EF-Tu were primarily observed in metagenomic and metatranscriptomic analyses, respec-
tively (Figure 3C). Normalized metatranscriptome/metagenome abundance ratios were
the highest for omp (Figure 3D).
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Figure 3. Profile of antimicrobial-resistant genes (ARGs) and transcriptional levels from metagenome-
assembled genome sequences. Transcripts per kilobase million (TPM)-normalized values were
calculated to compare ARG abundance. Normalized DNA and mRNA counts of drug class (A) and
ARGs (C), along with their respective fold changes between expression level and gene abundance
(B,D), are shown.

2.4. Occurrence and Expression Levels of ARGs from Predicted Plasmid-Derived Sequences

The classification of plasmid-derived sequences using the plasmidVerify tool and
plasmid sequence database (PLSDB) resulted in the extraction of 3375 contigs of ≥1000 bp
from assembled metagenomic data. Additionally, ARG prediction using CARD revealed
ARGs in 1052 contigs (Table S5). The resistome analysis revealed that 53 ARGs were
associated with resistance to 22 antimicrobials (Figure 4). A positive correlation was shown
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between DNA and mRNA abundance in drug classes (r = 0.886) and ARGs (r = 0.864).
On the other hand, no correlation in mRNA/DNA ratio was observed between MAG-
derived and plasmid-derived sequences (drug class; r = −0.426, ARGs; r = −0.116). In
both metagenomic and metatranscriptomic analyses, ARGs related to multidrug resistance
were most frequently observed in plasmid-derived sequences, whereas genes related to
salicylic acid resistance were highly expressed in relative proportions (Figure 4A,B). The
predominant ARGs identified in the metagenomic and metatranscriptomic data were
soxS and acrR, respectively (Figure 4C). Fold changes between expression levels and gene
abundance were the highest for ndh (Figure 4D). No relationship was found between the
plasmid incompatibility groups identified using PlasmidFinder v2.0 and the possession of
ARGs (Figure S2).
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Figure 4. Profile of antimicrobial-resistant genes (ARGs) and transcriptional levels from predicted
plasmid-derived sequences. Transcripts per kilobase million (TPM)-normalized values were calcu-
lated to compare ARG abundance. Normalized DNA and mRNA counts of drug class (A) and ARGs
(C), along with their respective fold changes between expression level and gene abundance (B,D),
are shown.
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2.5. Correlations Between MAGs and ARGs

The abundance and expression levels of the 61 ARGs observed in the 172 MAGs are
illustrated in Figure 5. The metagenomic analysis indicated increased levels of ARGs in
the MAGs, with higher absolute read counts (Figure 5A, Table S3). soxS, which showed
the highest abundance in the metagenomic data, was widely distributed in each MAG. By
mapping mRNA to the normalized DNA abundance, the compensated gene expression
levels were determined for each ARG (Figure 5B). Among all ARGs, there were several
MAGs where EF-Tu showed >10-fold change. The bacterium MAG14, identified as S. nevei,
exhibited the highest number of ARGs, which exhibited a >10-fold increase in expression.
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Figure 5. Correlation heatmap between metagenome-assembled genomes (MAGs) and antimicrobial-
resistant genes (ARGs). Heatmaps, based on transcripts per kilobase million (TPM)-normalized
values, illustrate ARG abundance (A) and fold changes between the expression level and gene
abundance (B) for each MAG.

2.6. Genetic and Phenotypic Characterization of Bacterial Isolates from Hospital Wastewater

The Serratia sp. strain TMDUHS_CL was isolated from the hospital wastewater sample
and identified using 16S rRNA gene sequencing (Figure 6). The phylogenetic analysis
revealed a close genetic relationship between TMDUHS_CL and the S. nevei cluster, which
also included MAG14. The whole-genome sequencing analysis of TMDUHS_CL revealed
various ARGs, including aac(6′)-Ic, SRT-2, PBP3, qacG, EF-Tu, rsmA, adeF, kpnF, kpnH,
CRP, armT, fosA8, glpT, sul2, and tet(41), as identified according to CARD. The antimicro-
bial susceptibility profiles of the isolates are listed in Table S6. These isolates acquired
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resistance to ampicillin, cefazolin, and colistin and exhibited intermediate resistance to
ampicillin/sulbactam, based on the Clinical and Laboratory Standards Institute guidelines.
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3. Discussion

The presence and activation of AMR are major public health hazards because of
the critical harm AMR causes to human health and the associated difficult-to-treat infec-
tions [14–16]. In the present study, we investigated the distribution and function of ARGs
in MAG- and plasmid-derived sequences from hospital wastewater using metagenomic
and metatranscriptomic analyses. Metatranscriptomic data are highly informative and
can distinguish highly active bacteria and strongly expressed genes from those that are
inactively present in the environment, helping to identify noteworthy ARBs and ARGs [11].
In the present study, we identified active ARGs on a plasmid and successfully isolated
an ARB that could be functional in the sample based on the expression profiles of ARGs,
highlighting the effectiveness of metatranscriptome analysis and providing insights into
AMR dynamics in aquatic environments.

Hospitals are considered to be a major source of numerous pollutants, and hospital
wastewater contains a high concentration of residual antibiotics and ARGs [4]. The an-
tibiotic residues in an aquatic environment can select ARB, even at low concentrations,
leading to a unique distribution of ARGs in the microbial community [17,18]. In the present
study, several antibiotics with different antimicrobial mechanisms were identified in hos-
pital wastewater, of which ampicillin, one of the β-lactams, was predominantly detected.
Previous studies have demonstrated stress-regulated expression of specific ARGs, such as
those involved in antimicrobial target protection systems within the microbiome [19,20].
It has also been proposed that antibiotic compounds reflect the trends of ARG abun-
dances [21]. We observed high frequencies of acrR and soxS, which control the β-lactam
and fluoroquinolone efflux systems, and the presence of folP, which is associated with
sulfamethoxazole resistance [22,23]. Antimicrobial compounds in hospital effluents play
major roles in the overexpression of ARGs [10]. Our metagenomic and metatranscriptomic
data revealed different gene distribution patterns, which may reflect the influence of antimi-
crobial exposure on microbial communities. Compared with the DNA counts, the number
of mRNAs of omp encoding OMP (Figure 3D) was markedly increased, which may be due to
the high concentration of ampicillin in hospital wastewater. While OMPs exhibit resistance
to β-lactam owing to genetic mutations, certain OMPs also reportedly regulate other OMPs
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by increasing their expression levels, leading to β-lactam resistance [24]. This observa-
tion suggests an association between the expression levels of ARGs and antimicrobials.
However, a variety of non-antibiotic substances with antimicrobial activity from hospitals
affect the proportion and transmission of ARGs in wastewater [25,26], emphasizing the
need for a multifaceted understanding of environmental water, functional attributes, and
microbial communities.

Although ARGs were both present and actively transcribed in the hospital wastewater,
the ratio of mRNA to DNA varied among these genes, with notable differences observed in
the normalized counts between sequences derived from MAGs and those from plasmids.
In the metagenome binning process used to construct MAGs, plasmid sequences present
in the assembled genome were reportedly lost from the genomes of plasmid-containing
bacteria [27]. In the present study, tetracycline-resistance genes, several of which have
been found in transmissible elements [28], were observed in plasmid-derived sequences.
Multidrug resistance genes linked to antimicrobial efflux and reduced permeability to
antimicrobials were most frequently detected in sequences originating from both MAGs
and plasmids, whereas the mRNA/DNA ratio was higher in plasmid-derived sequences
(1.73) than in MAG-derived sequences (0.32). The ARGs of plasmid-derived sequences
were actively transcribed in comparison with the MAG-derived sequences, such as mexS
(5.49 vs. 0.84), acrR (3.20 vs. 0.50), and mexR (1.55 vs. 0.25), which are involved in multidrug
resistance through efflux pump regulation. These findings indicate that genes associated
with multidrug resistance are widely distributed in hospital wastewater, particularly those
with plasmid-derived sequences that function in the environment. However, these data
present certain limitations in bioinformatic analysis.

We used several verification tools to identify plasmid-associated contigs; nonethe-
less, genes typically found on chromosomes, such as gyrA and parC [29], were detected,
albeit at a low rate, in sequences originating from plasmids. This finding suggests that
the accurate detection of plasmid-derived sequences remains challenging. Transformation
and transduction have recently been shown to play roles in environmental horizontal
gene transfer, whereas plasmid conjugation has the greatest influence on ARG dissemi-
nation [30]. Accordingly, analytical approaches are required to accurately assess genetic
factors other than plasmids that influence the spread of ARGs. Notably, ARGs identified
using CARD included not only ARGs that confer AMR through acquisition but also genes
that cause AMR through mutations, regardless of whether the mutation is present or not.
For example, a high prevalence of an ARG-encoding EF-Tu, an essential component of
bacteria known to be resistant to pulvomycin owing to genetic mutations [31], has been
reported. Nevertheless, its effect on phenotypic AMR in aquatic environments remains
unclear. Thus, understanding changes in the abundance and expression levels of ARGs
requires individual interpretation to identify the features of interest in the environment.
Further improvements in bioinformatic tools and the accurate evaluation of ARGs are
required to provide reliable metagenomic and metatranscriptomic information.

The MAG approach, based on genome assembly and binning, enables the characteri-
zation of numerous microbial genomes related to AMR [8]. In a previous study analyzing
hospital effluents using metagenomics, numerous bacterium-derived contigs were found
to carry ARGs within microbial communities, suggesting a potential link between ARB
and ARGs [8]. Metatranscriptomic research explores the full range of mRNA molecules of
an organism to assess the resistome more accurately, unlike metagenomic research, which
focuses solely on DNA [32]. We conducted both metagenome and metatranscriptome
analyses to comprehensively understand gene expression levels in each MAG. We then
focused on MAG14 (S. nevei), which exhibited high mRNA levels of ARGs relative to DNA
levels. The genus Serratia shows high genetic plasticity, enabling it to thrive in various
environments, such as soil, water, and hospitals [33]. Recently, multi-drug-resistant Serratia
sp. has emerged as a global pathogen, causing infections and outbreaks in vulnerable
individuals [33]. Serratia nevei was classified as a species related to S. marcescens and has
been reported to exhibit high-level resistance to colistin [34]. Using a culture-based method,
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Serratia sp. isolate obtained from hospital wastewater was found to be resistant to several
antibiotics, including ampicillin/sulbactam detected by LC–MS/MS and colistin. Phy-
logenetic analysis of the whole genomes of the isolate and MAG14 confirmed that the
two strains were genetically similar, indicating both belong to the same genus, Serratia.
These strains differed in the possession patterns of certain ARGs, which was attributed to
the precision of genome completeness in the metagenomic analysis and extrachromosomal
elements [35]. Therefore, the detection of active ARB through metatranscriptomic data
analysis can enhance our understanding of remarkable phenotypic AMR. Additionally, it
supports the conclusion that the bacteria identified at the genetic level are actively present
in the environment, validating the genomic analysis results.

The main limitation of this study is that it was conducted at a single institution based
on a single wastewater sample. The types of drug-resistant bacteria that are prevalent and
the types of drugs prescribed in hospitals vary from region to region, which may be dis-
charged directly into the wastewater. Although this study measured antibiotic compounds
as environmental pressure in hospital wastewater, a variety of non-antibiotic chemicals
and agents may cause microbial selection in a complex water matrix [36]. Therefore, data
should be collected from a wide range of areas using this integrated metagenomic and
metatranscriptomic approach, which was validated by comparison with culture-based
methods, in order to confirm its broader applicability.

In conclusion, the combined analysis of metagenomic and metatranscriptomic data
offers a comprehensive understanding of environmental AMR. As it is not practical to
monitor all ARGs within the environment as part of the “One Health Approach,” estab-
lishing a reasonable and appropriate AMR surveillance system is necessary, especially
for identifying critical ARGs that require monitoring in aquatic environments where the
current status of AMR is unclear [37,38]. The present study indicated that diverse bacteria,
including human pathogens, are hosts to ARGs in hospital wastewater, and their ARG
profiles differed at the DNA and mRNA levels. Our transcribed gene investigation also
revealed core ARB and ARGs that can be used as targets for AMR surveillance, contributing
to a reliable assessment of the emergence and spread of AMR in the environment. Further
initiatives to evaluate the clinical effect of AMR and its influence on the ecosystem linked
to hospital wastewater are required for sustainably balanced public health.

4. Materials and Methods
4.1. Hospital Wastewater Collection and Sample Preparation

A single 5 L sample of hospital wastewater was taken at the effluent point of all the
untreated wastewater from Institute of Science Tokyo Hospital, which is a teaching hospital
with over 800 beds, on 12 December 2022, and was processed to extract nucleic acids within
1 h. The sample was concentrated, and an aliquot was used for DNA and RNA extraction.
The DNA for 16S rRNA gene metabarcoding and shotgun metagenomic analysis was
extracted using a DNeasy PowerSoil Pro Kit (Qiagen, Hilden, Germany), following the
manufacturer’s instructions. The RNeasy PowerWater Kit (Qiagen) was used to recover
total RNA from the sample according to the supplier’s protocol. For LC–MS/MS analysis,
the wastewater sample was stored under dark conditions at 4 ◦C and processed within
3 days.

4.2. LC–MS/MS Analysis

The target components included amoxicillin, ampicillin, ceftriaxone, cefcapene pivoxil,
imipenem, meropenem, doripenem, sulbactam, erythromycin, azithromycin, lincomycin,
doxycycline, levofloxacin, sulfamethoxazole, and trimethoprim. These were selected either
because they are critically important antibiotics for human medicine or because they have
been previously detected in wastewater in Japan [39]. The reagent cefcapene pivoxil was
purchased from the Tokyo Chemical Industry (Tokyo, Japan); the other reagents were
purchased from FUJIFILM Wako Pure Chemical (Osaka, Japan). A solution of imipenem,
meropenem, and doripenem was prepared in high-performance LC-grade methanol (Kanto
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Chemical, Tokyo, Japan) containing 0.1% guaranteed formic acid (FUJIFILM Wako Pure
Chemical). The other antibiotics were dissolved in methanol. Carbamazepine-d10 (FUJI-
FILM Wako Pure Chemical) was used as the internal standard.

The ACQUITY UPLC I-Class and XevoTQ system (Waters, Milford, MA, USA) were
used for the LC–MS/MS analysis of imipenem, meropenem, and doripenem, with the
analytical conditions detailed in Tables S7 and S8. Five hundred milliliters of wastewater
sample were processed using solid-phase extraction with InertSep C18 and InertSep SlimGC
cartridges (GL Sciences, Tokyo, Japan), followed by elution solely from InertSep SlimGC
with 5 mL of 0.1% formic acid in 50% methanol, and subsequently concentrated to 1 mL
under nitrogen flow. The LC–MS/MS analysis of the other antibiotics was conducted using
the ACQUITY UPLC H-Class and XevoTQD system (Waters), with the specific analytical
parameters listed in Tables S9 and S10. Wastewater (500 mL), adjusted to pH < 3 with
formic acid, was prepared for solid-phase extraction using a Sep-Pak Plus PS-2 and Oasis
HLB Plus LP Extraction Cartridge (Waters), followed by elution by backflushing with 4 mL
of high-performance LC-grade acetonitrile (FUJIFILM Wako Pure Chemical). The volume
was further concentrated to 0.1 mL under nitrogen flow and then adjusted to 0.5 mL with
ultrapure water.

4.3. 16S rRNA Gene Metabarcoding Analysis

The V3–V4 region of the 16S rRNA gene was sequenced using the MiSeq platform
with MiSeq Reagent Kit V3 (Illumina, San Diego, CA, USA), as previously described
by Caporaso et al. [40]. The first PCR was conducted in a reaction mixture contain-
ing KAPA HiFi HotStart (Kapa Biosystems, Wilmington, MA, USA) and primer set (5′-
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3′ and
5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-
3′) under the following amplification conditions: initial denaturation at 95 ◦C for 3 min,
32 cycles of denaturation at 95 ◦C for 30 s, annealing at 55 ◦C for 30 s, and extension at 72 ◦C
for 30 s, with a final extension at 72 ◦C for 5 min. The 2nd PCR was performed using KAPA
HiFi HotStart and primer set (5′- AATGATACGGCGACCACCGAGATCTACAC-(index
sequence)-TCGTCGGCAGCGTC-3′ and 5′-CAAGCAGAAGACGGCATACGAGAT-(index
sequence)-GTCTCGTGGGCTCGG-3′) under the following amplification conditions: initial
denaturation at 95 ◦C for 3 min, 8 cycles of denaturation at 95 ◦C for 30 s, annealing at
55 ◦C for 30 s, and extension at 72 ◦C for 30 s, with a final extension at 72 ◦C for 5 min.
The DADA2 pipeline [41] was used for noise filtering and clustering of the raw reads. The
taxonomic assignment of the amplicon sequence variants was compared using the SILVA
reference database [12].

4.4. Shotgun Metagenomic Analysis

Shotgun metagenomic data were generated using the DNBSEQ-G400RS platform and
MGIEasy FS DNA Library Prep Set (MGI Tech, Shenzhen, China), according to the sup-
plier’s instructions. DNA Nanoballs were prepared after ligation of adapters to fragmented
genomic DNA and 8 cycles of PCR amplification. Fastp v0.20.1 [42] was used to remove
adaptor contaminants and low-quality reads. The output reads were paired and assembled
using Megahit v1.2.9 [43]. To recover individual genomes, the binning modules Metabat1
v0.32.5 [44], Metabat2 v2.12.1 [45], and Maxbin2 v2.2.7 [46] were used to reconstruct MAGs
from the assemblies. The results of each method were integrated using DasTool v1.1.1 [47]
for the quality assessment of MAGs. The bacterial species in each MAG were identified
using GTDB Toolkit Classify v2.1.0 [48]. Prokka v1.14.6 [49] and eggNOG-mapper online
version [50] were used for the annotation of each MAG. ARGs were predicted using the
CARD [13]. To predict plasmid-derived sequences from assembled contigs using Megahit
v1.2.9 [43], we used the plasmidVerify tool [51] to verify the identified putative plasmids
and compared the sequences with those in the PLSDB [52]. Plasmid incompatibility groups
were identified using PlasmidFinder v2.0 [53].
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4.5. Shotgun Metatranscriptomic Analysis

Shotgun metatranscriptomic sequencing was conducted using DNBSEQ-T7RS (MGI
Tech), the MGIEasy RNA Directional Library Prep Set (MGI Tech), and the NEBNext
rRNA Depletion Kit (bacteria) (New England Biolabs, Beverly, MA, USA), according to
the supplier’s instructions. DNA Nanoballs were prepared after ligation of adapters to
reverse-transcribed RNA and 16 cycles of PCR amplification. Quality filtering and rRNA
removal were performed on the output reads using Fastp v0.20.1 [42] and RiboDetector
v0.2.4 [54], respectively. The expression level of each MAG and plasmid-derived sequence
was analyzed using FeatureCount v2.0.1 [55] and normalized using TPM [56]. The MAGs
and plasmid-derived contigs based on the metagenomic data were normalized per unit
length using the TPM scale, and their expression levels were compared relative to the
amount of DNA present in the sample. Spearman’s rank correlation analysis using Graph-
Pad Prism ver. 8.3.0 (GraphPad Software, San Diego, CA, USA) was applied to determine
the relationships between ARG abundance and the expression, as well as MAG- and
plasmid-based data.

4.6. Isolation and Whole-Genome Sequencing of Serratia sp.

As Serratia nevei, found in the metagenome analysis, has been reported to be resistant
to colistin [34], the hospital wastewater sample stored at 4 ◦C was plated on bromothymol
blue agar supplemented with 4 µg/mL colistin and incubated under aerobic conditions
at 37 ◦C. Bacterial colonies with distinct morphologies were identified using 16S rRNA
gene sequencing [57]. For the strain identified as Serratia sp., genomic DNA was ex-
tracted using the MagAttract HMW DNA Kit (Qiagen) according to the manufacturer’s
instructions. DNA libraries for short reads were prepared using the DNA Prep (M) Tagmen-
tation Kit (Illumina, San Diego, CA, USA), and sequencing was performed on a NovaSeq
6000 platform (Illumina). Raw short reads were quality-filtered using Fastp v0.20.1 [42].
Unicycler v0.4.8 [58] was used to assemble the trimmed reads. The genome sequences
of 21 Serratia spp., as reported in previous studies [34], were obtained from the GenBank
genome database. Antimicrobial-resistant genes were detected using CARD [13]. Genomes
annotated using Prokka v1.13 [49] were subjected to pan-genome analysis using Roary
v3.13.0 [59]. A maximum likelihood phylogenetic tree was constructed using IQ-TREE
v2.2.0.3 [60], and the tree was visualized using iTOL v6 [61].

4.7. Antimicrobial Susceptibility Testing

A broth microdilution test was conducted to determine the minimum inhibitory
concentrations (MICs) of the antimicrobials on commercially available dry plates (Eiken
Chemical, Tokyo, Japan) to clarify the resistance profile of AMR isolates. Twenty antibi-
otics, ampicillin, piperacillin, ampicillin/sulbactam, piperacillin/tazobactam, cefazolin,
ceftriaxone, ceftazidime, cefepime, aztreonam, imipenem, meropenem, doripenem, colistin,
gentamicin, amikacin, tobramycin, minocycline, ciprofloxacin, levofloxacin, sulfamethoxa-
zole/trimethoprim, and fosfomycin, commonly used for Enterobacterales infection, were
tested and the MIC results were interpreted based on the Clinical and Laboratory Standards
Institute document, M100-Ed32 [62].

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/antibiotics13121122/s1, Figure S1: The list of metagenome-assembled
genomes at the species level in hospital wastewater.; Figure S2: Correlation heatmap illustrating the
relationship between the incompatibility group and presence of antimicrobial-resistant genes (ARGs)
in plasmids identified using PlasmidFinder.; Table S1: Summary for 16S rRNA gene metabarcoding,
shotgun metagenomic, and shotgun metatranscriptomic sequencing.; Table S2. 16S rRNA gene ampli-
con sequencing result at the genus level.; Table S3. Summary for metagenome-assembled genomes
(MAGs).; Table S4. Occurrence and expression levels of antimicrobial resistance genes (ARGs) from
metagenome-assembled genomes (MAGs).; Table S5. Occurrence and expression levels of antimicro-
bial resistance genes (ARGs) from plasmid-derived sequences.; Table S6. Antimicrobial susceptibility
profile of Serratia isolate.; Table S7. The analytical conditions of liquid chromatography-tandem mass
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spectrometry (LC-MS/MS) for imipenem, meropenem, and doripenem.; Table S8. Tandem mass spec-
trometry (MS/MS) parameters for imipenem, meropenem, and doripenem.; Table S9. The analytical
conditions of liquid chromatography-tandem mass spectrometry (LC-MS/MS) for antimicrobials
other than imipenem, meropenem, and doripenem.; Table S10. Tandem mass spectrometry (MS/MS)
parameters for antimicrobials other than imipenem, meropenem, and doripenem.

Author Contributions: Supervision, R.S.; conceptualization, Y.O.; methodology, Y.O.; formal analysis,
Y.O.; investigation, Y.O., F.C., I.P., S.M., K.W. and T.K.; resources, Y.O.; data curation, Y.G. and Y.N.;
writing—original draft preparation, Y.O.; writing—review and editing, F.C., I.P., S.M., T.K., Y.G.,
Y.N. and R.S.; funding acquisition, Y.O. and R.S. The authors have no financial relationships with
commercial entities that have an interest in the subject of this manuscript. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Japan Society for the Promotion of Science (JSPS) KAK-
ENHI, grant number 23H03551 to Y.O. and R.S. and 24K02682 to Y.O. and R.S.; the Japan Agency for
Medical Research and Development (AMED), grant numbers JP20wm0125007 to R.S., JP20wm0225004
to R.S., and JP22wm0225022 to R.S., the Morinomiyako Medical Research Foundation (to Y.O.), and
the Kajima Foundation (to R.S.).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Raw 16S rRNA amplicon sequencing, metagenomic, and metatranscrip-
tomic data included in this study have been deposited in the GenBank database under the accession
numbers SRR28388879, SRR28388881, and SRR28388880, respectively. The accession numbers of the assem-
bled genomes of MAG14 and the Serratia isolate are SAMN40370724 and SAMN40276084, respectively.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study, in the collection, analysis, or interpretation of data, in the writing of the manuscript, or
in the decision to publish the results.

References
1. Salam, M.A.; Al-Amin, M.Y.; Salam, M.T.; Pawar, J.S.; Akhter, N.; Rabaan, A.A.; Alqumber, M.A.A. Antimicrobial resistance: A

growing serious threat for global public health. Healthcare 2023, 11, 1946. [CrossRef] [PubMed]
2. McEwen, S.A.; Collignon, P.J. Antimicrobial resistance: A One Health perspective. Microbiol. Spectr. 2018, 6. [CrossRef] [PubMed]
3. Hanna, N.; Tamhankar, A.J.; Stålsby Lundborg, C. Antibiotic concentrations and antibiotic resistance in aquatic environments of

the WHO Western Pacific and South-East Asia regions: A systematic review and probabilistic environmental hazard assessment.
Lancet Planet Health 2023, 7, e45–e54. [CrossRef] [PubMed]

4. Zhang, S.; Huang, J.; Zhao, Z.; Cao, Y.; Li, B. Hospital wastewater as a reservoir for antibiotic resistance genes: A meta-analysis.
Front. Public Health 2020, 8, 574968. [CrossRef] [PubMed]

5. Milligan, E.G.; Calarco, J.; Davis, B.C.; Keenum, I.M.; Liguori, K.; Pruden, A.; Harwood, V.J. A systematic review of culture-based
methods for monitoring antibiotic-resistant Acinetobacter, Aeromonas, and Pseudomonas as environmentally relevant pathogens in
wastewater and surface water. Curr. Environ. Health Rep. 2023, 10, 154–171. [CrossRef]

6. Ota, Y.; Prah, I.; Mahazu, S.; Gu, Y.; Nukui, Y.; Koike, R.; Saito, R. Novel insights into genetic characteristics of blaGES-encoding
plasmids from hospital sewage. Front. Microbiol. 2023, 14, 1209195. [CrossRef]

7. de Abreu, V.A.C.; Perdigão, J.; Almeida, S. Metagenomic approaches to analyze antimicrobial resistance: An overview. Front.
Genet. 2020, 11, 575592. [CrossRef]

8. Manoharan, R.K.; Srinivasan, S.; Shanmugam, G.; Ahn, Y.H. Shotgun metagenomic analysis reveals the prevalence of antibiotic
resistance genes and mobile genetic elements in full scale hospital wastewater treatment plants. J. Environ. Manag. 2021,
296, 113270. [CrossRef]

9. Zhuang, M.; Achmon, Y.; Cao, Y.; Liang, X.; Chen, L.; Wang, H.; Siame, B.A.; Leung, K.Y. Distribution of antibiotic resistance
genes in the environment. Environ. Pollut. 2021, 285, 117402. [CrossRef]

10. Rowe, W.P.M.; Baker-Austin, C.; Verner-Jeffreys, D.W.; Ryan, J.J.; Micallef, C.; Maskell, D.J.; Pearce, G.P. Overexpression of
antibiotic resistance genes in hospital effluents over time. J. Antimicrob. Chemother. 2017, 72, 1617–1623. [CrossRef]

11. Marcelino, V.R.; Wille, M.; Hurt, A.C.; González-Acuña, D.; Klaassen, M.; Schlub, T.E.; Eden, J.S.; Shi, M.; Iredell, J.R.;
Sorrell, T.C.; et al. Meta-transcriptomics reveals a diverse antibiotic resistance gene pool in avian microbiomes. BMC Biol.
2019, 17, 31. [CrossRef] [PubMed]

12. Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; Glöckner, F.O. The SILVA ribosomal RNA gene
database project: Improved data processing and web-based tools. Nucleic Acids Res. 2013, 41, D590–D596. [CrossRef] [PubMed]

https://doi.org/10.3390/healthcare11131946
https://www.ncbi.nlm.nih.gov/pubmed/37444780
https://doi.org/10.1128/microbiolspec.ARBA-0009-2017
https://www.ncbi.nlm.nih.gov/pubmed/29600770
https://doi.org/10.1016/S2542-5196(22)00254-6
https://www.ncbi.nlm.nih.gov/pubmed/36608948
https://doi.org/10.3389/fpubh.2020.574968
https://www.ncbi.nlm.nih.gov/pubmed/33194975
https://doi.org/10.1007/s40572-023-00393-9
https://doi.org/10.3389/fmicb.2023.1209195
https://doi.org/10.3389/fgene.2020.575592
https://doi.org/10.1016/j.jenvman.2021.113270
https://doi.org/10.1016/j.envpol.2021.117402
https://doi.org/10.1093/jac/dkx017
https://doi.org/10.1186/s12915-019-0649-1
https://www.ncbi.nlm.nih.gov/pubmed/30961590
https://doi.org/10.1093/nar/gks1219
https://www.ncbi.nlm.nih.gov/pubmed/23193283


Antibiotics 2024, 13, 1122 14 of 15

13. Alcock, B.P.; Huynh, W.; Chalil, R.; Smith, K.W.; Raphenya, A.R.; Wlodarski, M.A.; Edalatmand, A.; Petkau, A.; Syed, S.A.;
Tsang, K.K.; et al. CARD 2023: Expanded curation, support for machine learning, and resistome prediction at the Comprehensive
antibiotic Resistance Database. Nucleic Acids Res. 2023, 51, D690–D699. [CrossRef]

14. Suzuki, S.; Horinouchi, T.; Furusawa, C. Prediction of antibiotic resistance by gene expression profiles. Nat. Commun. 2014,
5, 5792. [CrossRef]

15. Wang, Y.; Liang, Q.; Lu, B.; Shen, H.; Liu, S.; Shi, Y.; Leptihn, S.; Li, H.; Wei, J.; Liu, C.; et al. Whole-genome analysis of probiotic
product isolates reveals the presence of genes related to antimicrobial resistance, virulence factors, and toxic metabolites, posing
potential health risks. BMC Genom. 2021, 22, 210. [CrossRef]

16. Ding, D.; Wang, B.; Zhang, X.; Zhang, J.; Zhang, H.; Liu, X.; Gao, Z.; Yu, Z. The spread of antibiotic resistance to humans and
potential protection strategies. Ecotoxicol. Environ. Saf. 2023, 254, 114734. [CrossRef]

17. Baquero, F.; Martínez, J.L.; Cantón, R. Antibiotics and antibiotic resistance in water environments. Curr. Opin. Biotechnol. 2008, 19,
260–265. [CrossRef]

18. Tahrani, L.; Soufi, L.; Mehri, I.; Najjari, A.; Hassan, A.; Van Loco, J.; Reyns, T.; Cherif, A.; Ben Mansour, H. Isolation and
characterization of antibiotic-resistant bacteria from pharmaceutical industrial wastewaters. Microb. Pathog. 2015, 89, 54–61.
[CrossRef] [PubMed]

19. Korry, B.J.; Cabral, D.J.; Belenky, P. Metatranscriptomics reveals antibiotic-induced resistance gene expression in the murine gut
microbiota. Front. Microbiol. 2020, 11, 322. [CrossRef]

20. Wang, P.; Wu, D.; Su, Y.; Li, X.; Xie, B. Dissemination of antibiotic resistance under antibiotics pressure during anaerobic
co-digestion of food waste and sludge: Insights of driving factors, genetic expression, and regulation mechanism. Bioresour.
Technol. 2022, 344, 126257. [CrossRef]

21. Prieto Riquelme, M.V.; Garner, E.; Gupta, S.; Metch, J.; Zhu, N.; Blair, M.F.; Arango-Argoty, G.; Maile-Moskowitz, A.; Li, A.D.;
Flach, C.F.; et al. Demonstrating a comprehensive wastewater-based surveillance approach that differentiates globally sourced
resistomes. Environ. Sci. Technol. 2022, 56, 14982–14993. [CrossRef] [PubMed]

22. Eliopoulos, G.M.; Huovinen, P. Resistance to trimethoprim-sulfamethoxazole. Clin. Infect. Dis. 2001, 1, 32–1608. [CrossRef]
23. Pérez, A.; Poza, M.; Aranda, J.; Latasa, C.; Medrano, F.J.; Tomás, M.; Romero, A.; Lasa, I.; Bou, G. Effect of transcriptional

activators SoxS, RobA, and RamA on expression of multidrug efflux pump AcrAB-TolC in Enterobacter cloacae. Antimicrob.
Agents Chemother. 2012, 56, 6256–6266. [CrossRef]

24. Zhou, G.; Wang, Q.; Wang, Y.; Wen, X.; Peng, H.; Peng, R.; Shi, Q.; Xie, X.; Li, L. Outer membrane porins contribute to antimicrobial
resistance in gram-negative bacteria. Microorganisms 2023, 11, 1690. [CrossRef] [PubMed]

25. Wang, Y.; Lu, J.; Engelstädter, J.; Zhang, S.; Ding, P.; Mao, L.; Yuan, Z.; Bond, P.L.; Guo, J. Non-antibiotic pharmaceuticals
enhance the transmission of exogenous antibiotic resistance genes through bacterial transformation. ISME J. 2020, 14, 2179–2196.
[CrossRef]

26. Samreen, A.I.; Ahmad, I.; Malak, H.A.; Abulreesh, H.H. Environmental antimicrobial resistance and its drivers: A potential threat
to public health. J. Glob. Antimicrob. Resist. 2021, 27, 101–111. [CrossRef]

27. Arikawa, K.; Ide, K.; Kogawa, M.; Saeki, T.; Yoda, T.; Endoh, T.; Matsuhashi, A.; Takeyama, H.; Hosokawa, M. Recovery of
strain-resolved genomes from human microbiome through an integration framework of single-cell genomics and metagenomics.
Microbiome 2021, 9, 202. [CrossRef] [PubMed]

28. Speer, B.S.; Shoemaker, N.B.; Salyers, A.A. Bacterial resistance to tetracycline: Mechanisms, transfer, and clinical significance.
Clin. Microbiol. Rev. 1992, 5, 387–399. [CrossRef]

29. Ruiz, J. Mechanisms of resistance to quinolones: Target alterations, decreased accumulation and DNA gyrase protection.
J. Antimicrob. Chemother. 2003, 51, 1109–1117. [CrossRef]

30. von Wintersdorff, C.J.H.; Penders, J.; Van Niekerk, J.M.; Mills, N.D.; Majumder, S.; Van Alphen, L.B.; Savelkoul, P.H.M.;
Wolffs, P.F.G. Dissemination of antimicrobial resistance in microbial ecosystems through horizontal gene transfer. Front. Microbiol.
2016, 7, 173. [CrossRef]

31. Zeef, L.A.; Bosch, L.; Anborgh, P.H.; Cetin, R.; Parmeggiani, A.; Hilgenfeld, R. Pulvomycin-resistant mutants of E. coli elongation
factor Tu. EMBO J. 1994, 13, 5113–5120. [CrossRef]

32. Tavares-Carreon, F.; De Anda-Mora, K.; Rojas-Barrera, I.C.; Andrade, A. Serratia marcescens antibiotic resistance mechanisms of
an opportunistic pathogen: A literature review. PeerJ 2023, 11, e14399. [CrossRef] [PubMed]

33. Waskito, L.A.; Rezkitha, Y.A.A.; Vilaichone, R.K.; Wibawa, I.D.N.; Mustika, S.; Sugihartono, T.; Miftahussurur, M. Antimicrobial
resistance profile by metagenomic and metatranscriptomic approach in clinical practice: Opportunity and challenge. Antibiotics
2022, 11, 654. [CrossRef] [PubMed]

34. Hassan, J.; Esseili, M.A.; Mann, D.; Osman, M.; Li, S.; Deng, X.; Kassem, I.I. Draft genome sequences of antibiotic-resistant Serratia
sp. strains isolated from raw sewage and sediment sludge in Georgia, USA. Microbiol. Resour. Announc. 2022, 11, e0096522.
[CrossRef]

35. Maguire, F.; Jia, B.; Gray, K.L.; Lau, W.Y.V.; Beiko, R.G.; Brinkman, F.S.L. Metagenome-assembled genome binning methods with
short reads disproportionately fail for plasmids and genomic Islands. Microb. Genom. 2020, 6, e000436. [CrossRef] [PubMed]

36. Noto Guillen, M.; Li, C.; Rosener, B.; Mitchell, A. Antibacterial activity of nonantibiotics is orthogonal to standard antibiotics.
Science 2024, 384, 93–100. [CrossRef]

https://doi.org/10.1093/nar/gkac920
https://doi.org/10.1038/ncomms6792
https://doi.org/10.1186/s12864-021-07539-9
https://doi.org/10.1016/j.ecoenv.2023.114734
https://doi.org/10.1016/j.copbio.2008.05.006
https://doi.org/10.1016/j.micpath.2015.09.001
https://www.ncbi.nlm.nih.gov/pubmed/26343496
https://doi.org/10.3389/fmicb.2020.00322
https://doi.org/10.1016/j.biortech.2021.126257
https://doi.org/10.1021/acs.est.1c08673
https://www.ncbi.nlm.nih.gov/pubmed/35759608
https://doi.org/10.1086/320532
https://doi.org/10.1128/AAC.01085-12
https://doi.org/10.3390/microorganisms11071690
https://www.ncbi.nlm.nih.gov/pubmed/37512863
https://doi.org/10.1038/s41396-020-0679-2
https://doi.org/10.1016/j.jgar.2021.08.001
https://doi.org/10.1186/s40168-021-01152-4
https://www.ncbi.nlm.nih.gov/pubmed/34641955
https://doi.org/10.1128/CMR.5.4.387
https://doi.org/10.1093/jac/dkg222
https://doi.org/10.3389/fmicb.2016.00173
https://doi.org/10.1002/j.1460-2075.1994.tb06840.x
https://doi.org/10.7717/peerj.14399
https://www.ncbi.nlm.nih.gov/pubmed/36627920
https://doi.org/10.3390/antibiotics11050654
https://www.ncbi.nlm.nih.gov/pubmed/35625299
https://doi.org/10.1128/mra.00965-22
https://doi.org/10.1099/mgen.0.000436
https://www.ncbi.nlm.nih.gov/pubmed/33001022
https://doi.org/10.1126/science.adk7368


Antibiotics 2024, 13, 1122 15 of 15

37. Hart, A.; Warren, J.; Wilkinson, H.; Schmidt, W. Environmental surveillance of antimicrobial resistance (AMR), perspectives from
a national environmental regulator in 2023. Eurosurveillance 2023, 28, 2200367. [CrossRef]

38. Larsson, D.G.J.; Flach, C.F.; Laxminarayan, R. Sewage surveillance of antibiotic resistance holds both opportunities and challenges.
Nat. Rev. Microbiol. 2023, 21, 213–214. [CrossRef]

39. Baba, H.; Nishiyama, M.; Watanabe, T.; Kanamori, H. Review of antimicrobial resistance in wastewater in Japan: Current
challenges and future perspectives. Antibiotics 2022, 11, 849. [CrossRef]

40. Caporaso, J.G.; Lauber, C.L.; Walters, W.A.; Berg-Lyons, D.; Huntley, J.; Fierer, N.; Owens, S.M.; Betley, J.; Fraser, L.; Bauer, M.; et al.
Ultra-high-throughput microbial community analysis on the Illumina HiSeq and MiSeq platforms. ISME J. 2012, 6, 1621–1624.
[CrossRef]

41. Callahan, B.J.; McMurdie, P.J.; Rosen, M.J.; Han, A.W.; Johnson, A.J.A.; Holmes, S.P. DADA2: High-resolution sample inference
from Illumina amplicon data. Nat. Methods 2016, 13, 581–583. [CrossRef] [PubMed]

42. Chen, S.; Zhou, Y.; Chen, Y.; Gu, J. fastp: An ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 2018, 34, i884–i890. [CrossRef]
43. Li, D.; Liu, C.M.; Luo, R.; Sadakane, K.; Lam, T.W. MEGAHIT: An ultra-fast single-node solution for large and complex

metagenomics assembly via succinct de Bruijn graph. Bioinformatics 2015, 31, 1674–1676. [CrossRef]
44. Kang, D.D.; Froula, J.; Egan, R.; Wang, Z. MetaBAT, an efficient tool for accurately reconstructing single genomes from complex

microbial communities. PeerJ 2015, 3, e1165. [CrossRef] [PubMed]
45. Kang, D.D.; Li, F.; Kirton, E.; Thomas, A.; Egan, R.; An, H.; Wang, Z. MetaBAT 2: An adaptive binning algorithm for robust and

efficient genome reconstruction from metagenome assemblies. PeerJ 2019, 7, e7359. [CrossRef]
46. Wu, Y.W.; Simmons, B.A.; Singer, S.W. MaxBin 2.0: An automated binning algorithm to recover genomes from multiple

metagenomic datasets. Bioinformatics 2016, 32, 605–607. [CrossRef] [PubMed]
47. Sieber, C.M.K.; Probst, A.J.; Sharrar, A.; Thomas, B.C.; Hess, M.; Tringe, S.G.; Banfield, J.F. Recovery of genomes from metagenomes

via a dereplication, aggregation and scoring strategy. Nat. Microbiol. 2018, 3, 836–843. [CrossRef]
48. Chaumeil, P.A.; Mussig, A.J.; Hugenholtz, P.; Parks, D.H. GTDB-Tk: A toolkit to classify genomes with the Genome Taxonomy

Database. Bioinformatics 2019, 36, 1925–1927. [CrossRef] [PubMed]
49. Seemann, T. Prokka: Rapid prokaryotic genome annotation. Bioinformatics 2014, 30, 2068–2069. [CrossRef]
50. Cantalapiedra, C.P.; Hernández-Plaza, A.; Letunic, I.; Bork, P.; Huerta-Cepas, J. eggNOG-mapper v2: Functional annotation,

orthology assignments, and domain prediction at the metagenomic scale. Mol. Biol. Evol. 2021, 38, 5825–5829. [CrossRef]
51. Antipov, D.; Raiko, M.; Lapidus, A.; Pevzner, P.A. Plasmid detection and assembly in genomic and metagenomic data sets.

Genome Res. 2019, 29, 961–968. [CrossRef] [PubMed]
52. Galata, V.; Fehlmann, T.; Backes, C.; Keller, A. PLSDB: A resource of complete bacterial plasmids. Nucleic Acids Res. 2019, 47,

D195–D202. [CrossRef] [PubMed]
53. Carattoli, A.; Zankari, E.; García-Fernández, A.; Voldby Larsen, M.; Lund, O.; Villa, L.; Møller Aarestrup, F.; Hasman, H. In silico

detection and typing of plasmids using PlasmidFinder and plasmid multilocus sequence typing. Antimicrob. Agents Chemother.
2014, 58, 3895–3903. [CrossRef] [PubMed]

54. Deng, Z.L.; Münch, P.C.; Mreches, R.; McHardy, A.C. Rapid and accurate identification of ribosomal RNA sequences via deep
learning. Nucleic Acids Res. 2022, 50, e60. [CrossRef]

55. Liao, Y.; Smyth, G.K.; Shi, W. featureCounts: An efficient general purpose program for assigning sequence reads to genomic
features. Bioinformatics 2014, 30, 923–930. [CrossRef] [PubMed]

56. Wagner, G.P.; Kin, K.; Lynch, V.J. Measurement of mRNA abundance using RNA-seq data: RPKM measure is inconsistent among
samples. Theory Biosci. 2012, 131, 281–285. [CrossRef]

57. Cole, J.R.; Wang, Q.; Fish, J.A.; Chai, B.; McGarrell, D.M.; Sun, Y.; Brown, C.T.; Porras-Alfaro, A.; Kuske, C.R.; Tiedje, J.M.
Ribosomal Database Project: Data and tools for high throughput rRNA analysis. Nucleic Acids Res. 2014, 42, D633–D642.
[CrossRef]

58. Wick, R.R.; Judd, L.M.; Gorrie, C.L.; Holt, K.E. Unicycler: Resolving bacterial genome assemblies from short and long sequencing
reads. PLoS Comput. Biol. 2017, 13, e1005595. [CrossRef]

59. Page, A.J.; Cummins, C.A.; Hunt, M.; Wong, V.K.; Reuter, S.; Holden, M.T.G.; Fookes, M.; Falush, D.; Keane, J.A.; Parkhill, J.
Roary: Rapid large-scale prokaryote pan genome analysis. Bioinformatics 2015, 31, 3691–3693. [CrossRef]

60. Nguyen, L.T.; Schmidt, H.A.; von Haeseler, A.; Minh, B.Q. IQ-TREE: A fast and effective stochastic algorithm for estimating
maximum-likelihood phylogenies. Mol. Biol. Evol. 2015, 32, 268–274. [CrossRef]

61. Letunic, I.; Bork, P. Interactive Tree Of Life (iTOL): An online tool for phylogenetic tree display and annotation. Bioinformatics
2007, 23, 127–128. [CrossRef] [PubMed]

62. CLSI M100-ED32:2022; Performance Standards for Antimicrobial Susceptibility Testing. 32nd ed. Clinical and Laboratory
Standards Institute: Berwyn, PA, USA, 2022.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.2807/1560-7917.ES.2023.28.11.2200367
https://doi.org/10.1038/s41579-022-00835-5
https://doi.org/10.3390/antibiotics11070849
https://doi.org/10.1038/ismej.2012.8
https://doi.org/10.1038/nmeth.3869
https://www.ncbi.nlm.nih.gov/pubmed/27214047
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/btv033
https://doi.org/10.7717/peerj.1165
https://www.ncbi.nlm.nih.gov/pubmed/26336640
https://doi.org/10.7717/peerj.7359
https://doi.org/10.1093/bioinformatics/btv638
https://www.ncbi.nlm.nih.gov/pubmed/26515820
https://doi.org/10.1038/s41564-018-0171-1
https://doi.org/10.1093/bioinformatics/btz848
https://www.ncbi.nlm.nih.gov/pubmed/31730192
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1093/molbev/msab293
https://doi.org/10.1101/gr.241299.118
https://www.ncbi.nlm.nih.gov/pubmed/31048319
https://doi.org/10.1093/nar/gky1050
https://www.ncbi.nlm.nih.gov/pubmed/30380090
https://doi.org/10.1128/AAC.02412-14
https://www.ncbi.nlm.nih.gov/pubmed/24777092
https://doi.org/10.1093/nar/gkac112
https://doi.org/10.1093/bioinformatics/btt656
https://www.ncbi.nlm.nih.gov/pubmed/24227677
https://doi.org/10.1007/s12064-012-0162-3
https://doi.org/10.1093/nar/gkt1244
https://doi.org/10.1371/journal.pcbi.1005595
https://doi.org/10.1093/bioinformatics/btv421
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1093/bioinformatics/btl529
https://www.ncbi.nlm.nih.gov/pubmed/17050570

	Introduction 
	Results 
	Detection of Antimicrobial Agents Using LC–MS/MS 
	Abundance of 16S rRNA Genes in Hospital Wastewater 
	Construction of MAGs and Genetic Features 
	Occurrence and Expression Levels of ARGs from Predicted Plasmid-Derived Sequences 
	Correlations Between MAGs and ARGs 
	Genetic and Phenotypic Characterization of Bacterial Isolates from Hospital Wastewater 

	Discussion 
	Materials and Methods 
	Hospital Wastewater Collection and Sample Preparation 
	LC–MS/MS Analysis 
	16S rRNA Gene Metabarcoding Analysis 
	Shotgun Metagenomic Analysis 
	Shotgun Metatranscriptomic Analysis 
	Isolation and Whole-Genome Sequencing of Serratia sp. 
	Antimicrobial Susceptibility Testing 

	References

