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Background: Hospital wastewater is a major source of antimicrobial resistance (AMR) 
outflow into the environment. This study uses metagenomics to study how hospital clinical 
activity impacts antimicrobial resistance genes (ARGs) abundances in hospital wastewater.

Methods: Sewage was collected over a 24-h period from multiple wastewater collection 
points (CPs) representing different specialties within a tertiary hospital site and simultaneously 
from community sewage works. High throughput shotgun sequencing was performed 
using Illumina HiSeq4000. ARG abundances were correlated to hospital antimicrobial 
usage (AMU), data on clinical activity and resistance prevalence in clinical isolates.

Results: Microbiota and ARG composition varied between CPs and overall ARG 
abundance was higher in hospital wastewater than in community influent. ARG and 
microbiota compositions were correlated (Procrustes analysis, p = 0.014). Total antimicrobial 
usage was not associated with higher ARG abundance in wastewater. However, there 
was a small positive association between resistance genes and antimicrobial usage 
matched to ARG phenotype (IRR 1.11, CI 1.06–1.16, p < 0.001). Furthermore, analyzing 
carbapenem and vancomycin resistance separately indicated that counts of ARGs to 
these antimicrobials were positively associated with their increased usage [carbapenem 
rate ratio (RR) 1.91, 95% CI 1.01–3.72, p = 0.07, and vancomycin RR 10.25, CI 2.32–
49.10, p < 0.01]. Overall, ARG abundance within hospital wastewater did not reflect 
resistance patterns in clinical isolates from concurrent hospital inpatients. However, for 
clinical isolates of the family Enterococcaceae and Staphylococcaceae, there was a 
positive relationship with wastewater ARG abundance [odds ratio (OR) 1.62, CI 1.33–2.00, 
p < 0.001, and OR 1.65, CI 1.21–2.30, p = 0.006 respectively].
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INTRODUCTION

In response to the antimicrobial resistance (AMR) crisis, a 
challenge for the research and medical communities is 
understanding the flow of AMR between different environmental 
niches (Woolhouse et  al., 2015) and deciding where to focus 
surveillance and interventions to inform effective policies and 
action (Laxminarayan et  al., 2016). There is an increasing 
interest in the contribution of hospital wastewater to AMR in 
the environment. Sewage treatment does not completely 
eradicate antimicrobial resistance genes (ARGs) and thus ARGs 
can enter the food chain through water and the use of sewage 
sludge in agriculture (Woolhouse and Ward, 2013; Woolhouse 
et  al., 2015). As a complex matrix representing human 
bodily waste the potential of community sewage as a 
surveillance tool to monitor the global epidemiology of 
AMR has recently been explored (Hendriksen et  al., 2019; 
Aarestrup and Woolhouse, 2020).

Hospitals are epidemiologically important nodal points for 
concentrated antimicrobial consumption and are sources of 
resistant pathogens (Versporten et  al., 2018). Secondary care 
surveillance, guided by national and international policies, is 
based on passive reporting of phenotypic and molecular 
laboratory results for specific pathogens or from screening 
samples on specific high risk patients (Tornimbene et al., 2018; 
Department of Health and Social Care, 2019). These methods 
do not represent the full impact of antimicrobial use and 
inpatient activity on AMR carriage within a hospital and thus 
risk of transmission. Nor do they capture all pertinent ARGs. 
As hospital wastewater contains inpatient bodily waste, 
we  hypothesized that it could be  used as a representation of 
hospital inpatient carriage of AMR and as such may be  a 
useful surveillance tool.

Many previous studies have identified key pathogens and 
resistant genes in hospital wastewater and attempts have been 
made to correlate resistance of specific organisms from hospital 
clinical isolates with hospital wastewater isolates with conflicting 
results (Talebi et  al., 2008; Tuméo et  al., 2008; Yang et  al., 
2009; Santoro et  al., 2012; Drieux et  al., 2016; Maheshwari 
et  al., 2016). In this study, we  apply the technique of 
metagenomics to hospital waste water (Hendriksen et  al., 
2019), with cross-sectional sampling of waste water from 
different hospital departments. The use of metagenomics in 

hospital waste water is increasingly applied to understand 
the resistance profile of hospitals (Subirats et  al., 2016; Rowe 
et  al., 2017; Ekwanzala et  al., 2020; Petrovich et  al., 2020; 
Kutilova et  al., 2021). Combining metagenomics and multiple 
sampling sites allowed us to test hypotheses about what factors 
may drive patterns in resistance abundance in hospital waste 
water. We  investigated whether clinical activity, such as 
antimicrobial usage and patient length of stay, impacts resistance 
abundance in hospital waste water. We also tested our hypothesis 
that resistance in hospital patients is correlated with the 
abundance of resistance genes within that department’s 
waste water.

MATERIALS AND METHODS

Sewage Collection and Antibiotic Residue 
Analysis
Sampling was performed in June 2017 on eight wastewater 
collection points (CP) in the Western General Hospital, 
Edinburgh. Each sampling point represented a different clinical 
departments, identified to capture the effluent from the majority 
of the hospital (Supplementary Figure S1). No treatment was 
applied to hospital effluent prior to discharge into the main 
sewerage network. Using composite sampling machines, 100 ml 
of wastewater was sampled every 15 min over a 24-h period 
thus aiming to collect a representative sample of waste from 
the hospital inpatient population. Simultaneously, a 24-h time 
proportional sample was collected at the inflow site to Seafield 
community sewage works (hereafter “Seafield”), which serves 
a population equivalent of 760,000 from Edinburgh and the 
Lothians. Samples were transported from the site on dry ice 
and stored at −80°C. Antibiotic residue analysis was 
performed on 1 L of composite hospital wastewaters and 1 L 
of domestic sewage using LC-MS/MS as previously described 
(Berendsen et  al., 2015; Hendriksen et  al., 2019).

DNA Extraction and Analysis
DNA was extracted from sewage by pelleting using the 
QIAamp Fast DNA Stool mini kit with an optimized protocol 
as previously described (Knudsen et al., 2016) and sequenced 
on the HiSeq4000 platform (Illumina) using 2 × 150 bp 
paired-end sequencing. The concentrations of gDNA in 

Conclusion: We found that the relationship between hospital wastewater ARGs and 
antimicrobial usage or clinical isolate resistance varies by specific antimicrobial and 
bacterial family studied. One explanation, we consider is that relationships observed from 
multiple departments within a single hospital site will be detectable only for ARGs against 
parenteral antimicrobials uniquely used in the hospital setting. Our work highlights that 
using metagenomics to identify the full range of ARGs in hospital wastewater is a useful 
surveillance tool to monitor hospital ARG carriage and outflow and guide environmental 
policy on AMR.

Keywords: antimicrobial resistance, metagenomics, hospital waste water, surveillance, environmental risk, 
resistance dissemination, antibiotic usage
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nanograms per microliter per sample measured by Qubit 
can be  found in Supplementary Table S2. All samples used 
in this analysis met the minimum quality requirements 
genomic DNA biomass used by the sequencing firm BGI 
Genomics. The taxonomic origin of paired reads were 
assigned using Kraken2 (Wood and Salzberg, 2014) to the 
standard database, a database of representative bacterial 
genomes and a database of known vector sequences, UniVec_
Core (downloaded 9th April 2019). Taxonomic assignments 
were summarized at the genus level using kraken-biom 
(Dabdoub, 2019). One sample, CP2, was heavily contaminated 
with Pseudomonas, likely from the Pseudomonas fluorescens 
species group. In CP2 52.9% of reads aligned to Pseudomonas 
genus OTUs, compared to 7.2% on average for other hospital 
sites. We therefore removed results from this site from further 
analysis. We  used KMA version 1.2.12 (Clausen et  al., 2018) 
to assign the paired and singleton reads to a database 
consisting of ResFinder reference genes (Zankari et al., 2012; 
downloaded 5th of September, 2019). KMA uses k-mer 
seeding followed by the Needleman-Wunsch sequence 
alignment algorithm to align the rest of the read from these 
k-mer seeds. ResFinder is a reference database of AMR genes. 
The following flags were used: “-mem_mode -ef -1 t1 -cge 
-nf -shm 1 -t 1.” Reads mapping to the human reference 
genome (GCA_000001405.15) were removed prior to 
submission to public sequence databases according to 
the protocol used in the Human Microbiome Project 
(Sherry, 2011; Human Microbiome Project, 2021).

Data Collection
Data was collected on clinical isolates from the week surrounding 
the hospital wastewater sampling to represent pathogens in 
hospital inpatients. All types of clinical isolate were included 
(including fecal, urine, skin, indwelling plastic, and fluid and 
tissue) but duplicate samples from the same patient within a 
48-h period were excluded. Antimicrobial usage was collated 
from weekly pharmacy issues to each ward over the 3 months 
prior to sampling and presented as defined daily dose per 100 
occupied bed days (DDD/100OBDs). Pharmacy issues for 
prescriptions for outpatient use and for theaters were excluded.

Data Analysis
All statistical analysis and plots were produced using R version 
3.6.0. The abundance of ARGs and bacterial genera were 
calculated as Reads Per Kilobase of transcript per Million 
mapped bacterial reads (RPKM; Munk et al., 2018). This measure 
is frequently used for metagenomic data, and normalizes the 
read hit count with respect to the gene length in base pairs 
and the total number of bacterial reads. Principal coordinate 
analysis (PCoA; e.g., Borcard et  al., 2018) was conducted on 
Bray-Curtis dissimilarity matrices were determined using 
Hellinger transformation of the RPKM. Resistance genes 
from the ResFinder database were grouped into clusters with 
90% sequence homology. The top  50 ARGs were visualized 
using a heatmap and gene-wise and collection point 
dendrograms as previously described (Hendriksen et al., 2019). 

Procrustes analysis was used to test the association between 
the resistome and bacteriome dissimilarities.

Correlation Between Inpatient Activity and 
ARG Abundance
The source of variance in the abundance of ARGs between 
the collection points was investigated using a multilevel Poisson 
model with the dependent variable as counts of ARG reads 
at each collection point aggregated at the 90% homology cluster 
level. We  used an offset term with the log of the average 
gene-length per cluster in the ResFinder database, multiplied 
by the total bacterial reads per collection point. Random effects 
of collection point, 70% sequence homology cluster, and 
observation were included in the model, the latter to model 
the over dispersion inherent to count data (Harrison, 2014).

In the main model, we accounted for co- and cross-resistance 
by fitting both a measure of direct selection for resistance 
(effect of department-level usage of antimicrobials on ARGs 
that confer resistance to those antimicrobials) and indirect 
selection [effect of total department-level antimicrobial usage 
(AMU) on ARG abundance]. In a second set of three models, 
we  tested the association between resistance genes and 
antimicrobial usage of three specific antimicrobials of interest 
chosen to represent parenteral antimicrobials only used in a 
hospital setting (carbapenems, vancomycin) and an antimicrobial 
widely used in both community and hospital (amoxicillin). 
We use a Bonferroni correction on p values of these additional 
tests to account for increased risk of type I  error. We  used 
all antimicrobial resistance phenotypes suggested for any gene 
in a 90% homology cluster from either the ResFinder or 
STARAMR (National Microbiology Laboratory, 2021) databases. 
The average length of stay per department was also used to 
assess the role of clinical activity on sewage resistance abundance 
in the main model. The fixed effects structure of the main 
model was further adjusted using AIC minimizing methods, 
assessing whether any interaction effect should be  included.

To assess the relationship between AMR in clinical isolates 
and ARG abundance in hospital wastewater a binomial 
generalized linear mixed effects model was used including 
random effects for site, the class of the antimicrobial used to 
test the isolates, and for the species of the isolate to control 
for inter-species heterogeneity. Two fixed effects were estimated 
for the log RPKM of all resistance genes in the sewage that 
had the same resistance phenotype as the isolates: one for 
isolates that were urinary or fecal, and a second for all other 
isolate types, due to the different dynamics of inpatient bodily 
waste being represented in the wastewater system. Using separate 
binomial regression models, we  accounted for heterogeneity 
between the taxonomic family of the isolates in the relationship 
between AMR in clinical isolates and sewage ARGs. As some 
families were rarely tested, the sample size was too small for 
this heterogeneity to be  assessed in a single model. Therefore, 
the three most frequently isolated families were assessed 
(Enterobacteriaceae, Enterococcaceae, and Staphylococcaceae), 
with the log RPKM of phenotypically matched resistance genes 
as the only model effect. A Bonferroni correction was used 
to adjust the p values of the effects of these models to account 
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for multiple testing. A similar model was used to evaluate the 
relationship between AMU and AMR in clinical isolates.

Ethics
This study was conducted following approval from NHS Lothian 
Research and Development Committee under the sponsorship 
of University of Edinburgh. There was no direct patient contact 
and therefore the study did not require ethical board approval.

RESULTS

The hospital departments served by the wastewater collection 
points differed by pattern of antimicrobial use (Table  1; 
Supplementary Table S2) and resistance in the 181 clinical 
isolates identified in the week surrounding wastewater sampling 
(Supplementary Figure S3).

Metagenomics of Wastewater
An average read pair count of 38.4 million (range 35.7–39.2 
million) was obtained with an average of 62% (range 52–73%) 
of reads allocated to bacteria from the seven hospital wastewater 
samples and one community sewage sample.1 An average of 
0.25% of reads mapped to ARGs in the seven hospital wastewater 
samples vs. 0.1% from Seafield (Supplementary Table S1).

One thousand, one hundred and fifty-four unique bacterial 
genera were detected across all samples (range 1,151–1,154 
genera per sample; Supplementary Table S2). The top  19 
genera accounted for >70% of bacterial abundance in all samples 
(Figure 1D). The most predominant genera were Pseudomonas 
and Acinetobacter, mainly environmental species such as 
Pseudomonas fluorescens, Acinetobacter johnsonii, likely 
representing bacteria usually present in the hospital pipes. 
When compared with Seafield, there was a difference in diversity 
in the hospital samples with a higher predominance of gut 

1 https://www.ebi.ac.uk/ena/data/view/PRJEB34410

associated bacteria including Faecalibacterium, Bacteroides, 
Bifidobacterium, and Escherichia (Figures  1B,D).

Antimicrobial resistance gene abundance and composition 
varied across different hospital collection points and Seafield 
(Figures  1A,C, 2; Supplementary Figures S4, S6). Apart from 
the wastewater collected at CP4, which represents the acute 
receiving unit with patients directly admitted from the community, 
ARG abundance from hospital wastewater was higher than ARG 
abundance in Seafield (Figure  2; Supplementary Figure S4). 
ARG composition was strongly correlated with bacterial genus 
level composition (Procrustes, p = 0.014; Supplementary Figure S6).

We detected 502 different resistance genes belonging to 10 
different antimicrobial classes (Supplementary Table S3) but 
over 65% of the sample resistomes were composed of the 15 
most abundant genes (Supplementary Figure S6), mainly 
belonging to the aminoglycoside and macrolide antimicrobial 
classes (Figure  1C). Key ARGs of interest to infection control 
including blaOXA, blaIMP, and genes of the vanA cluster 
were identified.

Inpatient Activity and ARG Abundance
No significant relationships were observed between total 
antimicrobial usage or length of stay and the abundance of 
ARGs in sewage (Figure  3; Supplementary Table S5). This 
result indicates there was no evidence for indirect selection 
or for the impact of transmission among hospital patients on 
ARG abundance in sewage when all resistance phenotypes were 
modeled. There was a significant positive effect of increased 
phenotypically-matched antimicrobial usage on resistance gene 
abundance, indicating support for a small role of direct selection 
(IRR 1.11, CI 1.06–1.16, p < 0.001). AIC comparison of fixed 
effect structures for the model indicated that no interaction 
effects improved model fit.

We next analyzed data on the association between carbapenem, 
vancomycin, and amoxicillin usage and ARGs conferring resistance 
to these specific antimicrobials in three separate models (Figure 3A; 
Supplementary Table S5). We  found positive associations that 
were significant between vancomycin ARGs and vancomycin 

TABLE 1 | Demographics of hospital collection points.

Collection 
point

Specialties No. of wards No. of pts Average length of 
stay in days (SD)

Average age in 
years (SD)

DDD per 100 
OBDs

No. of clinical 
isolates

CP1 Cardiology, Urology 3 46 4.9 (0.8) 62.6 (2.2) 123.7 19
CP3 Oncology, Hematology 7 67 3.7 (2.7) 62.1 (1.0) 200.5 27
CP4 Acute receiving unit 5 35 0.9 (0.7) 70.5 (2.3) 325.8 45
CP5 Neuroscience 3 59 3.3 (1.1) 53.5 (2.1) 73.5 8
CP6 Intensive care, Surgery, 

Medicine
3 70 7.6 (2.5) 66.6 (1.7) 223.8 17

CP7 Infectious Diseases, 
Surgery, Medicine

6 105 6.1 (3.2) 63.5 (0.8) 148.1 20

CP8 Respiratory, Medicine for 
the Elderly, Urology, 
Surgical High 
Dependency

6 133 12.8 (9.0) 69.0 (1.0) 116.4 25

SD only represents SD of the average age and length of stay per week. Antimicrobial usage from previous 3 months does not include antibiotics issued for outpatient prescriptions or 
in theaters. Clinical isolates are from inpatients in the week surrounding wastewater collection. pts, patients; DDD, defined daily dose; OBDs, occupied bed days; and SD, standard 
deviation.
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usage (IRR 10.25, CI 2.32–49.10, p < 0.001) and showed a trend 
toward significance between carbapenem ARG abundance and 
carbapenem antimicrobial usage (IRR 1.91, CI 1.01–3.72, p = 0.07). 
No evidence for an association between amoxicillin usage and 
amoxicillin ARGs was identified. We  omitted the observation-
level random effect from vancomycin model due to singular 
model fits, so overdispersion was not accounted for.

Antimicrobial resistance gene abundance at a class level 
within hospital wastewater did not reflect resistance patterns 
in clinical isolates when all the data was analyzed in one 
model (Figure  3B; Supplementary Table S6). There was no 
difference between the relationship of isolates from urine and 
fecal samples with ARG abundance and isolates from other 
sample types, e.g., skin, which we expect to enter the wastewater 
system at different rates via sinks and showers. We  next 
separately modeled the three most frequently isolated taxonomic 
families (Figure  3; Supplementary Table S6). Enterococcaceae 
and Staphylococcaceae had a significant positive association 
with the abundance of ARGs conferring resistance to the same 
antimicrobial class (OR: 1.62, C.I. 1.32–2.00, p < 0.001, and 
OR: 1.65, C.I. 1.21–2.30, p < 0.01, respectively), but there was 
no such relationship for resistance levels in Enterobacteriaceae. 
At an antimicrobial class level, clinical isolate resistance did 
not reflect the antimicrobial usage of that class in the preceding 
3 months (Supplementary Table S5).

Analysis of antibiotic residues reflected the high AMU within 
the hospital compared to the community with an average 
12-fold increased residue concentration in hospital effluent 
(ranging between 4 and 13 μl−1) for the five classes measured 
(Supplementary Figure S7). Our residue data only represents 
the residue levels from the whole hospital and not individual 
collection points and thus could not be  specifically correlated 
with ARG abundance.

DISCUSSION

This study identified that hospital AMU impacts ARG abundances 
in hospital effluent, with implications upstream for infection 
control in the hospital and downstream for AMR in the 
environment. Overall, the distribution of bacterial genera and 
ARGs in our hospital wastewater samples and domestic sewage 
sample is similar to previously described sewage composition 
in European regions (Buelow et al., 2018; Hendriksen et al., 2019).

There was a significant positive relationship between inpatient 
department-level AMU and the abundance of antimicrobial 
resistance phenotype matched ARGs when all data was considered 
together. No relationship was found for total department AMU 
and ARG abundance. This supports a role of direct selection 
from antimicrobial usage in overall patterns of ARGs in hospital 

A B

C D

FIGURE 1 | Hospital wastewater and community sewage resistome and microbiome abundance composition. (A) Principal coordinate analyses (PCoA) of 
resistome based on Bray-Curtis dissimilarity. The percentage of variation explained is noted on the axis labels. (B) Principal coordinate analyses for the microbiome. 
(C) Relative abundance of antimicrobial resistance genes (ARGs) by antimicrobial class. (D) Relative abundance of the 19 most abundant bacterial genera in the 
wastewater and sewage microbiome. CP, collection point within hospital; Seafield, community sewage works; and TB, tuberculosis.
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waste water, but not for indirect selection. Previous studies 
have found a relationship at a country level between antimicrobial 
residues and ARG abundance in sewage from the community 
(Hendriksen et  al., 2019). Indeed, our data shows that the 
hospital antimicrobial residues for ciprofloxacin were around 
9,900 μg/L, well above the estimated minimum selection 
concentration range for Escherichia coli and ciprofloxacin 
resistance of 5–10 μg/L (Kraupner et  al., 2018).

The association between phenotype-matched ARGs and AMU 
was weak. Sewage captures resistance acquired in both the 
community and in the hospital, but drivers of hospital- and 
community-acquired resistance differ. For example, amoxicillin 
is used in both the community and hospitals, and resistance 
is widespread in the United  Kingdom (60% hospital isolates 
resistant to amoxicillin or ampicillin in 2019; European Centre 
for Disease Prevention and Control, 2020), suggesting patients 
be more likely to arrive in hospital with carriage of amoxicillin 
resistance genes. The acquisition of vancomycin or carbapenem 
resistance, on the other hand, is associated with prior use of 
these antibiotics in hospital (Vasilakopoulou et  al., 2020; Zhao 
et  al., 2021), and these antibiotics are solely used parenterally 
in a hospital setting. Factors affecting within-hospital selection 
for and transmission of resistance, such as hospital antimicrobial 

usage, may play a stronger role in patterns of ARGs of vancomycin 
and carbapenems in hospital waste water than the ubiquitously 
used antibiotic amoxicillin. In support of this theory, we found 
a positive relationship between AMU and waste water ARGs 
for vancomycin and carbapenems, but not amoxicillin. Where 
a particular ward or department consumes high levels of 
carbapenem or vancomycin then this work demonstrates that 
there could be high levels of undetected fecal or urinary carriage 
of carbapenem and vancomycin resistance genes. This could 
warrant more stringent isolation of these patients, in fitting 
with concerns about “unsampled transmission chains” in 
carbapenem-resistant Enterobacteriaceae (Cerqueira et al., 2017). 
In addition, if the 70% renal excretion of unchanged meropenem 
(Mouton and van den Anker, 1995) selects for resistant organisms 
in waste water, then procedures for treatment of the bodily 
waste of patients on meropenem may need to be  reconsidered. 
However, it is important to note that we  cannot conclude 
from this study whether selection for resistance may take place 
within patients in the hospital or in hospital waste water and 
whether transfer could be  plasmid mediated. Further studies 
that sample longitudinally from patients and hospital waste 
water would be  required to determine routes and mechanisms 
of selection for resistance in hospitals and wastewater systems.

FIGURE 2 | Heat map of 50 most abundant ARGs. Relative abundance of ARGs (RPKM) were log transformed and both ARGs and CPs were clustered using 
complete-linkage clustering. For ARGs clustering was based on Pearson correlation coefficients, for collection points clustering was based on the BC-dissimilarity 
matrix (Figure 1) which uses all genes.
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Length of stay did not impact ARG abundance in this 
dataset, despite prolonged duration of inpatient stay being a 
risk factor for carriage and infection with resistant 
microorganisms in previous studies (Safdar and Maki, 2002; 
Gupta et  al., 2011; Founou et  al., 2018). This appears not to 
support the theory of transmission of antimicrobial resistant 
organisms among patients and their local environment, including 
from the hospital water system (Kotay et  al., 2017), during 
their inpatient stay. However, as these data were aggregated 
at the department-level there were few observations of length 
of stay, and further research with a greater sample size is 
needed to investigate this relationship.

Metagenomics can capture ARGs carried by a wide variety 
of bacterial genera, which is of benefit as the majority of 
ARGs are carried by non-pathogenic commensal bacteria 
(Sommer et al., 2009). Although, short-read sequencing cannot 
conclusively resolve associations between bacteria and ARGs, 
in our results ARGs are highly correlated with the bacteria 
identified at that collection point (Supplementary Figure S7). 
This can explain why abundance of ARGs for aminoglycosides, 
tetracyclines, and macrolides are higher than expected given 

lower proportions of phenotypic resistance in clinical isolates; 
the composition of bacterial genera within wastewater may 
have intrinsic or high levels of resistance to these antimicrobial 
classes. The potential for transfer of ARGs within the sewage 
network onto and between human pathogens has been 
demonstrated indicating the benefit of obtaining a universal 
view of ARGs (Ludden et  al., 2017).

No quantitative relationship was observed between clinical 
isolates and ARG abundance in hospital wastewater when all 
data was considered together. In addition, there was no 
relationship between AMU in the previous 3 months and 
resistance in clinical isolates. This may be  because clinical 
isolates are not representative enough of carriage of resistance 
in the inpatient population as there is a low rate of culture 
positivity. However, when examined separately, there was a 
positive relationship between resistance in Enterococcaceae or 
Staphylococcaceae, but not Enterobactericeae, and hospital 
wastewater ARG abundance. The literature on these relationships 
is divided (Talebi et  al., 2008; Tuméo et  al., 2008; Yang et  al., 
2009; Zarfel et  al., 2013; Ory et  al., 2016; Hutinel et  al., 2019) 
and future work on antimicrobial usage, specific organisms, 

A BA1 B1

A2

B2

FIGURE 3 | Generalized linear mixed effects models for the relationship between antimicrobial resistance gene abundance, hospital department antibiotic 
consumption rates, and hospital department rates of resistance in clinical isolates. (A) Effect of antimicrobial usage (AMU) measured in defined daily dose per 100 
occupied bed days (DDD/100 OBDs) on ARG abundance. (A1) The main model, with a single coefficient for all resistance phenotypes. (A2) Separate models with 
coefficients for each antimicrobial. (B) Association between antimicrobial resistance gene abundance in the sewage and clinical resistance rates. (B1) Main model, 
with a single coefficient for all clinical isolate taxonomic family, stratified by sample type – urine or fecal samples (All: Urine), and for resistance genes and any other 
sample source (All: Other). (B2) Separate models with coefficients for each isolate taxonomic family.
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isolate types, and ARG abundance in sewage potentially over 
a longer time period is required to interrogate these relationships 
further (Rogues et  al., 2007; Mladenovic-Antic et  al., 2016).

There was a higher abundance of ARGs in all hospital wastewater 
samples, bar one (CP4), which represents acute admissions unit, 
compared to Seafield. The lower abundance in Seafield could 
be  due to dilution, and a decline in the relative abundance of 
AMR-gene carrying human commensal bacteria in the environment 
of sewerage system (Pehrsson et  al., 2016), or possibly lower 
exposure to antimicrobial residues in community waste water. 
Associations between antimicrobial residues in community waste 
water and ARGs have been found (Hendriksen et  al., 2019; Ju 
et al., 2019), and hospital waste water has been previously shown 
to have higher antimicrobial residue levels (Booth et  al., 2020). 
Some studies comparing sewage influent in paired communities 
with and without a hospital have found minimal effect of a 
hospital on community influent (Buelow et  al., 2018; Gouliouris 
et  al., 2019). In other work, comparing resistance in hospital 
and community waste water has indicated some associations 
(Rogues et  al., 2007; Pehrsson et  al., 2016; Ludden et  al., 2017), 
although, not all studies making this comparison have found 
evidence for a relationship (Paulshus et  al., 2019).

Concern has been raised about the impact of hospital wastewater 
on urban influent and effluent and specific water treatments for 
hospital wastewater have been called for. This work highlights 
that physicians could consider prescribing environmentally 
degradable antimicrobials such as beta-lactams over antimicrobials, 
which have persistent residues across environmental niches e.g., 
tetracycline to minimize the impact of antimicrobials on the 
environmental resistome (Wellington et  al., 2013). The ultimate 
effect of environmental ARGs on human disease is an ongoing 
important research question (Bürgmann et  al., 2018).

The use of metagenomics is a key strength of this study, 
allowing quantification of resistance genes to a wide range of 
antibiotics and retrospective investigation if new resistance 
genes emerge. The 24-h composite samplers provide a 
representative sample of the hospital (Chau et al., 2020), although 
hospital staff, outpatients, and visitors will have also contributed 
to the effluent. In addition, some patients will have moved 
around the hospital during the sampling period. Although, 
this study is limited to one hospital site at one time point 
the variation in antimicrobial use and inpatient characteristics 
in each department has allowed us to treat them as discrete 
treatment centers and draw conclusions about factors affecting 
ARG abundance.

There is little doubt that hospital resistant pathogens can 
be  abundant in wastewater systems (Maheshwari et  al., 2016; 
Ludden et  al., 2017; Gouliouris et  al., 2019). However, using 
metagenomic sequencing, we  show that resistance in hospital 
wastewater may quantitatively reflect clinical isolate resistance 
for some bacterial species (Enterococcaceae and 
Staphylococcaceae), although not all. As a surveillance tool this 
novel technique can represent the burden of AMR carriage 
in hospital inpatients and hospital pipes for specific resistance 
genes relating to important parenteral antimicrobials such as 
carbapenems and vancomycin. It may also aid in identification 
of emerging patterns of ARG abundance and novel ARGs, 

and how they may relate to changing patterns of transmission, 
infection control policies, and antimicrobial usage. Further 
longitudinal work evaluating the wastewater from multiple 
hospital sites is needed to establish AMU/ARG relationships, 
optimal collection points and sampling methods to be  able to 
develop this as a surveillance technique.

In conclusion, we  show in a multi-departmental study that 
the relationships between ARG abundance in hospital wastewater 
and hospital AMU or clinical resistance levels may vary by 
antimicrobial type and bacterial species. Our study emphasizes 
in a novel way the ARG burden from the high antimicrobial 
consuming and high resistance carriage environment of the 
hospital and that promoting active antimicrobial stewardship, 
particularly of key parenteral antimicrobials such as carbapenems 
and vancomycin, would impact the burden of environmental 
AMR. Hospital wastewater is an important source of AMR 
into the environment; this should be considered in environmental 
policy to reduce the flow of AMR between different 
environmental reservoirs.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be  found in online 
repositories. The names of the repository/repositories and 
accession number(s) can be  found at: https://www.ebi.ac.uk/
ena, PRJEB34410.

ETHICS STATEMENT

This study was conducted following approval from NHS Lothian 
Research and Development Committee under the sponsorship 
of University of Edinburgh. There was no direct patient contact 
and therefore the study did not require ethical board approval.

AUTHOR CONTRIBUTIONS

MP conceived the project and developed it with input from 
BB, HL, FA, and MW. MP facilitated sampling and DNA 
extraction with AW. PK, CP, and BM provided clinical and 
pharmaceutical databases and input. AH performed antibiotic 
residue analysis. HL, BB, LM, BW, PM, and MP performed 
bio-informatics analyses with input from FA and MW. MP 
and HL drafted the manuscript with input from BB and review 
and comments from all authors. All authors contributed to 
the article and approved the submitted version.

FUNDING

This work was funded by Academy of Medical Sciences 
(SGL016_1086 to MP), an Institutional Strategic Support Fund 
from University of Edinburgh (J22738 to MP), and the Novo 
Nordisk Foundation (NNF16OC0021856: Global Surveillance 
of Antimicrobial Resistance to HL, BB, LM, MW, PM, and FA).

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://www.ebi.ac.uk/ena
https://www.ebi.ac.uk/ena


Perry et al. Secrets of the Hospital Underbelly

Frontiers in Microbiology | www.frontiersin.org 9 September 2021 | Volume 12 | Article 703560

ACKNOWLEDGMENTS

The authors would like to thank NHS Lothian Estates and 
Scottish Water for their help with the sampling and Mick 
Watson for his laboratory support.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.703560/
full#supplementary-material

 

REFERENCES

Aarestrup, F. M., and Woolhouse, M. E. J. (2020). Using sewage for surveillance 
of antimicrobial resistance. Science 367, 630–632. doi: 10.1126/science.aba3432

Berendsen, B. J. A., Wegh, R. S., Memelink, J., Zuidema, T., and Stolker, L. A. M. 
(2015). The analysis of animal faeces as a tool to monitor antibiotic usage. 
Talanta 132, 258–268. doi: 10.1016/j.talanta.2014.09.022

Booth, A., Aga, D. S., and Wester, A. L. (2020). Retrospective analysis of the 
global antibiotic residues that exceed the predicted no effect concentration 
for antimicrobial resistance in various environmental matrices. Environ. Int. 
141:105796. doi: 10.1016/j.envint.2020.105796

Borcard, D., Gillet, F., and Legendre, P. (2018). “Unconstrained ordination,” in 
Numerical Ecology With R Use R! eds. R. Gentleman, K. Hornik and G. 
Parmigiani (Cham: Springer International Publishing), 151–201.

Buelow, E., Bayjanov, J. R., Majoor, E., Willems, R. J. L., Bonten, M. J. M., 
Schmitt, H., et al. (2018). Limited influence of hospital wastewater on the 
microbiome and resistome of wastewater in a community sewerage system. 
FEMS Microbiol. Ecol. 94:fiy087. doi: 10.1093/femsec/fiy087

Bürgmann, H., Frigon, D., Gaze, W. H., Manaia, C. M., Pruden, A., Singer, A. C., 
et al. (2018). Water and sanitation: an essential battlefront in the war on 
antimicrobial resistance. FEMS Microbiol. Ecol. 94. doi: 10.1093/femsec/fiy101

Cerqueira, G. C., Earl, A. M., Ernst, C. M., Grad, Y. H., Dekker, J. P., Feldgarden, M., 
et al. (2017). Multi-institute analysis of carbapenem resistance reveals remarkable 
diversity, unexplained mechanisms, and limited clonal outbreaks. Proc. Natl. 
Acad. Sci. U. S. A. 114, 1135–1140. doi: 10.1073/pnas.1616248114

Chau, K. K., Barker, L., Sims, N., Budgell, E. B., Harriss, E., and Crook, D. W. 
(2020). Wastewater surveillance of antimicrobial resistance in human populations: 
a aystematic review. doi: 10.20944/preprints202010.0267.v1 [Epub ahead of print]

Clausen, P. T. L. C., Aarestrup, F. M., and Lund, O. (2018). Rapid and precise 
alignment of raw reads against redundant databases with KMA. BMC 
Bioinformatics 19:307. doi: 10.1186/s12859-018-2336-6

Dabdoub, S. (2019). Create BIOM-Format Tables (http://biom-format.org) from 
Kraken Output (http://ccb.jhu.edu/software/kraken/ and https://github.com/
DerrickWood/kraken). Available at: https://github.com/smdabdoub/kraken-biom 
(Accessed May 01, 2019). 

Department of Health and Social Care (2019). Tackling Antimicobiral Resistance 
2019–2024: The UK’s Five-Year National Action Plan. Available at: https://
www.gov.uk/government/publications/uk-5-year-action-plan-for-antimicrobial-
resistance-2019-to-2024 (Accessed May 01, 2019).

Drieux, L., Haenn, S., Moulin, L., and Jarlier, V. (2016). Quantitative evaluation 
of extended spectrum β-lactamase-producing Escherichia coli strains in the 
wastewater of a French teaching hospital and relation to patient strain. 
Antimicrob. Resist. Infect. Control 5, 1–5. doi: 10.1186/s13756-016-0108-5

Ekwanzala, M. D., Dewar, J. B., and Momba, M. N. B. (2020). Environmental 
resistome risks of wastewaters and aquatic environments deciphered by 
shotgun metagenomic assembly. Ecotoxicol. Environ. Saf. 197:110612. doi: 
10.1016/j.ecoenv.2020.110612

European Centre for Disease Prevention and Control (2020). Antimicrobial 
resistance in the EU/EEA (EARS-Net): Annual Epidemiological Report 2019. 
Stockholm.

Founou, R. C., Founou, L. L., and Essack, S. Y. (2018). Extended spectrum 
beta-lactamase mediated resistance in carriage and clinical gram-negative 
ESKAPE bacteria: a comparative study between a district and tertiary hospital 
in South  Africa. Antimicrob. Resist. Infect. Control 7, 1–11. doi: 10.1186/
s13756-018-0423-0

Gouliouris, T., Raven, K. E., Moradigaravand, D., Ludden, C., Coll, F., Blane, B., 
et al. (2019). Detection of vancomycin-resistant Enterococcus faecium hospital-
adapted lineages in municipal wastewater treatment plants indicates widespread 
distribution and release into the environment. Genome Res. 29, 626–634. 
doi: 10.1101/gr.232629.117

Gupta, N., Limbago, B. M., Patel, J. B., and Kallen, A. J. (2011). Carbapenem-
resistant enterobacteriaceae: epidemiology and prevention. Clin. Infect. Dis. 
53, 60–67. doi: 10.1093/cid/cir202

Harrison, X. A. (2014). Using observation-level randomeffects to model 
overdispersion in count data in ecology and evolution. PeerJ 2:e616. doi: 
10.7717/peerj.616

Hendriksen, R. S., Munk, P., Njage, P., van Bunnik, B., McNally, L., Lukjancenko, O., 
et al. (2019). Global monitoring of antimicrobial resistance based on 
metagenomics analyses of urban sewage. Nat. Commun. 10:1124. doi: 10.1038/
s41467-019-08853-3

Human Microbiome Project (2021). NIH Human Microbiome Project-Tools 
and Technology. Available at: https://www.hmpdacc.org/hmp/resources/ 
(Accessed July 30, 2019).

Hutinel, M., Huijbers, P. M. C., Fick, J., Åhrén, C., Larsson, D. G. J., and 
Flach, C. F. (2019). Population-level surveillance of antibiotic resistance in 
Escherichia coli through sewage analysis. Euro Surveill. 24, 1–11. doi: 
10.2807/1560-7917.ES.2019.24.37.1800497

Ju, F., Beck, K., Yin, X., Maccagnan, A., McArdell, C. S., Singer, H. P., et al. 
(2019). Wastewater treatment plant resistomes are shaped by bacterial 
composition, genetic exchange, and upregulated expression in the effluent 
microbiomes. ISME J. 13, 346–360. doi: 10.1038/s41396-018-0277-8

Knudsen, B. E., Bergmark, L., Munk, P., Lukjancenko, O., Priemé, A., 
Aarestrup, F. M., et al. (2016). Impact of sample type and DNA isolation 
procedure on genomic inference of microbiome composition. mSystems 1, 
e00095–e00116. doi: 10.1128/msystems.00095-16

Kotay, S., Chai, W., Guilford, W., Barry, K., and Mathers, A. J. (2017). Spread 
from the sink to the patient: in situ study using green fluorescent (GFP)-
expressing Escherichia coli to model bacterial dispersion from hand-washing 
sink-trap reservoirs. Appl. Environ. Microbiol. 83, e03327–e03416. doi: 10.1128/
AEM.03327-16

Kraupner, N., Ebmeyer, S., Bengtsson-Palme, J., Fick, J., Kristiansson, E., 
Flach, C.-F., et al. (2018). Selective concentration for ciprofloxacin resistance 
in Escherichia coli grown in complex aquatic bacterial biofilms. Environ. 
Int. 116, 255–268. doi: 10.1016/j.envint.2018.04.029

Kutilova, I., Medvecky, M., Leekitcharoenphon, P., Munk, P., Masarikova, M., 
Davidova-Gerzova, L., et al. (2021). Extended-spectrum beta-lactamase-
producing Escherichia coli and antimicrobial resistance in municipal and 
hospital wastewaters in Czech  Republic: culture-based and metagenomic 
approaches. Environ. Res. 193:110487. doi: 10.1016/j.envres.2020.110487

Laxminarayan, R., Sridhar, D., Blaser, M., Wang, M., and Woolhouse, M. (2016). 
Achieving global targets for antimicrobial resistance. Science 353, 874–875. 
doi: 10.1126/science.aaf9286

Ludden, C., Reuter, S., Judge, K., Gouliouris, T., Blane, B., Coll, F., et al. 
(2017). Sharing of carbapenemase-encoding plasmids between 
enterobacteriaceae in UK sewage uncovered by MinION sequencing. Microb. 
Genom. 3:e000114. doi: 10.1099/mgen.0.000114

Maheshwari, M., Yaser, N. H., Naz, S., Fatima, M., and Ahmad, I. (2016). 
Emergence of ciprofloxacin-resistant extended-spectrum beta-lactamase-
producing enteric bacteria in hospital wastewater and clinical sources. 
J. Glob. Antimicrob. Resist. 5, 22–25. doi: 10.1016/j.jgar.2016.01.008

Mladenovic-Antic, S., Kocic, B., Velickovic-Radovanovic, R., Dinic, M., Petrovic, J., 
Randjelovic, G., et al. (2016). Correlation between antimicrobial resistance 
and antimicrobial resistance of Pseudomonas aeruginosa in a hospital setting: 
a 10-year study. J. Clin. Pharm. Ther. 41, 532–537. doi: 10.1111/jcpt.12432

Mouton, J. W., and van den Anker, J. N. (1995). Meropenem clinical pharmacokinetics. 
Clin. Pharmacokinet. 28, 275–286. doi: 10.2165/00003088-199528040-00002

Munk, P., Knudsen, B. E., Lukjacenko, O., Duarte, A. S. R., Van Gompel, L., 
Luiken, R. E. C., et al. (2018). Abundance and diversity of the faecal resistome 
in slaughter pigs and broilers in nine European countries. Nat. Microbiol. 
3, 898–908. doi: 10.1038/s41564-018-0192-9

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://www.frontiersin.org/articles/10.3389/fmicb.2021.703560/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2021.703560/full#supplementary-material
https://doi.org/10.1126/science.aba3432
https://doi.org/10.1016/j.talanta.2014.09.022
https://doi.org/10.1016/j.envint.2020.105796
https://doi.org/10.1093/femsec/fiy087
https://doi.org/10.1093/femsec/fiy101
https://doi.org/10.1073/pnas.1616248114
https://doi.org/10.20944/preprints202010.0267.v1
https://doi.org/10.1186/s12859-018-2336-6
http://biom-format.org
http://ccb.jhu.edu/software/kraken/
https://github.com/DerrickWood/kraken
https://github.com/DerrickWood/kraken
https://github.com/smdabdoub/kraken-biom
https://www.gov.uk/government/publications/uk-5-year-action-plan-for-antimicrobial-resistance-2019-to-2024
https://www.gov.uk/government/publications/uk-5-year-action-plan-for-antimicrobial-resistance-2019-to-2024
https://www.gov.uk/government/publications/uk-5-year-action-plan-for-antimicrobial-resistance-2019-to-2024
https://doi.org/10.1186/s13756-016-0108-5
https://doi.org/10.1016/j.ecoenv.2020.110612
https://doi.org/10.1186/s13756-018-0423-0
https://doi.org/10.1186/s13756-018-0423-0
https://doi.org/10.1101/gr.232629.117
https://doi.org/10.1093/cid/cir202
https://doi.org/10.7717/peerj.616
https://doi.org/10.1038/s41467-019-08853-3
https://doi.org/10.1038/s41467-019-08853-3
https://www.hmpdacc.org/hmp/resources/
https://doi.org/10.2807/1560-7917.ES.2019.24.37.1800497
https://doi.org/10.1038/s41396-018-0277-8
https://doi.org/10.1128/msystems.00095-16
https://doi.org/10.1128/AEM.03327-16
https://doi.org/10.1128/AEM.03327-16
https://doi.org/10.1016/j.envint.2018.04.029
https://doi.org/10.1016/j.envres.2020.110487
https://doi.org/10.1126/science.aaf9286
https://doi.org/10.1099/mgen.0.000114
https://doi.org/10.1016/j.jgar.2016.01.008
https://doi.org/10.1111/jcpt.12432
https://doi.org/10.2165/00003088-199528040-00002
https://doi.org/10.1038/s41564-018-0192-9


Perry et al. Secrets of the Hospital Underbelly

Frontiers in Microbiology | www.frontiersin.org 10 September 2021 | Volume 12 | Article 703560

National Microbiology Laboratory (2021). STARAMR. Available at: https://
github.com/phac-nml/staramr (Accessed May 01, 2019).

Ory, J., Bricheux, G., Togola, A., Bonnet, J. L., Donnadieu-Bernard, F., Nakusi, L., 
et al. (2016). Ciprofloxacin residue and antibiotic-resistant biofilm bacteria in 
hospital effluent. Environ. Pollut. 214, 635–645. doi: 10.1016/j.envpol.2016.04.033

Paulshus, E., Kühn, I., Möllby, R., Colque, P., O’Sullivan, K., Midtvedt, T., 
et al. (2019). Diversity and antibiotic resistance among Escherichia coli 
populations in hospital and community wastewater compared to wastewater 
at the receiving urban treatment plant. Water Res. 161, 232–241. doi: 10.1016/j.
watres.2019.05.102

Pehrsson, E. C., Tsukayama, P., Patel, S., Mejia-Bautista, M., Sosa-Soto, G., 
Navarrete, K. M., et al. (2016). Interconnected microbiomes and resistomes 
in low-income human habitats. Nature 533, 212–216. doi: 10.1038/nature17672

Petrovich, M. L., Zilberman, A., Kaplan, A., Eliraz, G. R., Wang, Y., Langenfeld, K., 
et al. (2020). Microbial and viral communities and their antibiotic resistance 
genes throughout a hospital wastewater treatment system. Front. Microbiol. 
11:153. doi: 10.3389/fmicb.2020.00153

Rogues, A. M., Dumartin, C., Amadéo, B., Venier, A. G., Marty, N., Parneix, P., 
et al. (2007). Relationship between rates of antimicrobial consumption and 
the incidence of antimicrobial resistance in Staphylococcus aureus and 
Pseudomonas aeruginosa isolates from 47 French hospitals. Infect. Control 
Hosp. Epidemiol. 28, 1389–1395. doi: 10.1086/523280

Rowe, W. P. M., Baker-Austin, C., Verner-Jeffreys, D. W., Ryan, J. J., Micallef, C., 
Maskell, D. J., et al. (2017). Overexpression of antibiotic resistance genes 
in hospital effluents over time. J. Antimicrob. Chemother. 72, 1617–1623. 
doi: 10.1093/jac/dkx017

Safdar, N., and Maki, D. G. (2002). The commonality of risk factors for nosocomial 
colonization and infection with antimicrobial-resistant Staphylococcus aureus, 
enterococcus, gram-negative bacilli, clostridium difficile, and candida. Ann. 
Intern. Med. 136, 834–844. doi: 10.7326/0003-4819-136-11-200206040-00013

Santoro, D. O., Romao, C. M. C. A., and Clementino, M. M. (2012). Decreased 
aztreonam susceptibility among Pseudomonas aeruginosa isolates from hospital 
effluent treatment system and clinical samples. Int. J. Environ. Health Res. 
22, 560–570. doi: 10.1080/09603123.2012.678000

Sherry, S. (2011). Human Sequence Removal. National Center for 
Biotechnology Information. Available at: https://www.hmpdacc.org/hmp/doc/
HumanSequenceRemoval_SOP.pdf (Accessed May 01, 2019).

Sommer, M. O. A., Dantas, G., and Church, G. M. (2009). Functional 
characterization of the antibiotic resistance reservoir in the human microflora. 
Science 325, 1128–1131. doi: 10.1126/science.1176950

Subirats, J., Sànchez-Melsió, A., Borrego, C. M., Balcázar, J. L., and Simonet, P. 
(2016). Metagenomic analysis reveals that bacteriophages are reservoirs of 
antibiotic resistance genes. Int. J. Antimicrob. Agents 48, 163–167. doi: 10.1016/j.
ijantimicag.2016.04.028

Talebi, M., Pourshafie, M. R., Katouli, M., and Mollby, R. (2008). Molecular 
structure and transferability of Tn1546-like elements in Enterococcus faecium 
isolates from clinical, sewage, and surface water samples in Iran. Appl. 
Environ. Microbiol. 74, 1350–1356. doi: 10.1128/AEM.02254-07

Tornimbene, B., Eremin, S., Escher, M., Griskeviciene, J., Manglani, S., and 
Pessoa-Silva, C. L. (2018). WHO global antimicrobial resistance surveillance 
system early implementation 2016-17. Lancet Infect. Dis. 18, 241–242. doi: 
10.1016/S1473-3099(18)30060-4

Tuméo, E., Gbaguidi-Haore, H., Patry, I., Bertrand, X., Thouverez, M., and 
Talon, D. (2008). Are antibiotic-resistant Pseudomonas aeruginosa isolated 
from hospitalised patients recovered in the hospital effluents? Int. J. Hyg. 
Environ. Health 211, 200–204. doi: 10.1016/j.ijheh.2007.02.010

Vasilakopoulou, A., Karakosta, P., Vourli, S., Tarpatzi, A., Varda, P., Kostoula, M., 
et al. (2020). Gastrointestinal carriage of vancomycin-resistant enterococci 
and carbapenem-resistant gram-negative bacteria in an endemic setting: 
prevalence, risk factors, and outcomes. Front. Public Health 8:55. doi: 10.3389/
fpubh.2020.00055

Versporten, A., Zarb, P., Caniaux, I., Gros, M. F., Drapier, N., Miller, M., 
et al. (2018). Antimicrobial consumption and resistance in adult hospital 
inpatients in 53 countries: results of an internet-based global point 
prevalence survey. Lancet Glob. Health 6, e619–e629. doi: 10.1016/
S2214-109X(18)30186-4

Wellington, E. M. H., Boxall, A. B., Cross, P., Feil, E. J., Gaze, W. H., Hawkey, P. M., 
et al. (2013). The role of the natural environment in the emergence of 
antibiotic resistance in gram-negative bacteria. Lancet Infect. Dis. 13, 155–165. 
doi: 10.1016/S1473-3099(12)70317-1

Wood, D. E., and Salzberg, S. L. (2014). Kraken: ultrafast metagenomic sequence 
classification using exact alignments. Genome Biol. 15:R46. doi: 10.1186/
gb-2014-15-3-r46

Woolhouse, M. E. J., and Ward, M. J. (2013). Sources of antimicrobial resistance. 
Science 341, 1460–1461. doi: 10.1126/science.1243444

Woolhouse, M. E. J., Ward, M., Van Bunnik, B., and Farrar, J. (2015). Antimicrobial 
resistance in humans, livestock and the wider environment. Philos. Trans. 
R. Soc. Lond. B Biol. Sci. 370:20140083. doi: 10.1098/rstb.2014.0083

Yang, C. M., Lin, M. F., Liao, P. C., Yeh, H. W., Chang, B. V., Tang, T. K., 
et al. (2009). Comparison of antimicrobial resistance patterns between clinical 
and sewage isolates in a regional hospital in Taiwan. Lett. Appl. Microbiol. 
48, 560–565. doi: 10.1111/j.1472-765X.2009.02572.x

Zankari, E., Hasman, H., Cosentino, S., Vestergaard, M., Rasmussen, S., Lund, O., 
et al. (2012). Identification of acquired antimicrobial resistance genes. 
J. Antimicrob. Chemother. 67, 2640–2644. doi: 10.1093/jac/dks261

Zarfel, G., Galler, H., Feierl, G., Haas, D., Kittinger, C., Leitner, E., et al. 
(2013). Comparison of extended-spectrum-beta-lactamase (ESBL) carrying 
Escherichia coli from sewage sludge and human urinary tract infection. 
Environ. Pollut. 173, 192–199. doi: 10.1016/j.envpol.2012.09.019

Zhao, S., Perry, M. R., Kennedy, S., Wilson, J., Chase-Topping, M. E., Anderson, E., 
et al. (2021). Risk factors for carbapenemase-producing organisms among 
inpatients in Scotland: a national matched case–control study. Infect. Control 
Hosp. Epidemiol. 42, 968–977. doi: 10.1017/ice.2020.1351

Conflict of Interest: The authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could be  construed 
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product that may 
be evaluated in this article, or claim that may be made by its manufacturer, is 
not guaranteed or endorsed by the publisher.

Copyright © 2021 Perry, Lepper, McNally, Wee, Munk, Warr, Moore, Kalima, Philip, 
de Roda Husman, Aarestrup, Woolhouse and van Bunnik. This is an open-access 
article distributed under the terms of the Creative Commons Attribution License 
(CC BY). The use, distribution or reproduction in other forums is permitted, provided 
the original author(s) and the copyright owner(s) are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. 
No use, distribution or reproduction is permitted which does not comply with 
these terms.

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://github.com/phac-nml/staramr
https://github.com/phac-nml/staramr
https://doi.org/10.1016/j.envpol.2016.04.033
https://doi.org/10.1016/j.watres.2019.05.102
https://doi.org/10.1016/j.watres.2019.05.102
https://doi.org/10.1038/nature17672
https://doi.org/10.3389/fmicb.2020.00153
https://doi.org/10.1086/523280
https://doi.org/10.1093/jac/dkx017
https://doi.org/10.7326/0003-4819-136-11-200206040-00013
https://doi.org/10.1080/09603123.2012.678000
https://www.hmpdacc.org/hmp/doc/HumanSequenceRemoval_SOP.pdf
https://www.hmpdacc.org/hmp/doc/HumanSequenceRemoval_SOP.pdf
https://doi.org/10.1126/science.1176950
https://doi.org/10.1016/j.ijantimicag.2016.04.028
https://doi.org/10.1016/j.ijantimicag.2016.04.028
https://doi.org/10.1128/AEM.02254-07
https://doi.org/10.1016/S1473-3099(18)30060-4
https://doi.org/10.1016/j.ijheh.2007.02.010
https://doi.org/10.3389/fpubh.2020.00055
https://doi.org/10.3389/fpubh.2020.00055
https://doi.org/10.1016/S2214-109X(18)30186-4
https://doi.org/10.1016/S2214-109X(18)30186-4
https://doi.org/10.1016/S1473-3099(12)70317-1
https://doi.org/10.1186/gb-2014-15-3-r46
https://doi.org/10.1186/gb-2014-15-3-r46
https://doi.org/10.1126/science.1243444
https://doi.org/10.1098/rstb.2014.0083
https://doi.org/10.1111/j.1472-765X.2009.02572.x
https://doi.org/10.1093/jac/dks261
https://doi.org/10.1016/j.envpol.2012.09.019
https://doi.org/10.1017/ice.2020.1351
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Secrets of the Hospital Underbelly: Patterns of Abundance of Antimicrobial Resistance Genes in Hospital Wastewater Vary by Specific Antimicrobial and Bacterial Family
	Introduction
	Materials and Methods
	Sewage Collection and Antibiotic Residue Analysis
	DNA Extraction and Analysis
	Data Collection
	Data Analysis
	Correlation Between Inpatient Activity and ARG Abundance
	Ethics

	Results
	Metagenomics of Wastewater
	Inpatient Activity and ARG Abundance

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Supplementary Material

	References



