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Background: The emergence and dissemination of antibiotic resistance genes (ARGs)
in the environment poses a huge global health hazard. Hospital wastewater (HWW), in
which a high density of antibiotic residues and antibiotic-resistant bacteria are present,
may be a reservoir of ARGs dissemination into the environment. Our meta-analysis
comprehensively analyzes the prevalence of ARGs in HWW, as well as the influencing
factors in ARGs distribution.

Methods: Online databases were used to search for literature using the subject terms:
“Drug Resistance” AND “Genes” AND “Hospitals” AND “Wastewater.” Two reviewers
independently applied predefined criteria to assess the literature and extract data
including “relative abundance of ARGs,” “title,” “authors,” “country,” “location,” “sampling
year,” and “sampling seasons.” The median values and 95% confidence intervals of
ARGs abundance were calculated by Wilcox.test function in R. Temporal trends, spatial
differences, seasonal variations and removal efficiency of ARGs were analyzed by
Pearson correlation analysis and Kruskal-Wallis H test.

” o

Results: Resistance genes to carbapenems, sulfonamides, tetracyclines and mobile
genetic elements were found at high relative abundance (>10~% gene copies/16S
rRNA gene copies) in HWW. The abundance of resistance genes to extended-spectrum
B-lactams, carbapenems, sulfonamides and glycopeptide significantly decreased, while
tetracycline resistance genes abundance increased from 2014 to 2018. The abundance
of ARGs was significantly different by country but not by season. ARGs could not be
completely removed by on-site HWW treatments and the removal efficiency varies for
different ARGs.

Conclusions: HWW presents more types of ARGs, and their abundance is higher
than those in most wastewater systems. HWW may be a reservoir of ARGs and play
an important role in the dissemination of ARGs.

Keywords: antibiotic resistance genes (ARGs), gene abundance, influencing factors, hospital wastewater,
meta-analysis
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INTRODUCTION

With the extensive use of antibiotics in healthcare systems, the
plantation industry and the breeding industry, the increased
abundance of antibiotic resistance genes (ARGs) in environment
has become a serious global public health concern (1, 2).
Previous studies showed that there are large quantities of residual
antibiotics and bacteria in hospital wastewater (HWW), which
can exert selective pressure on propagation of antibiotic-resistant
bacteria (3). Therefore, HWW probably has higher risks of ARGs
dissemination than other wastewater systems, such as urban
sewage systems (4, 5). Furthermore, glycopeptides, carbapenems
and some other antibiotics are used more frequently in
hospitals than in other places. This makes the ARG profiles
of HWW different from that of other wastewater systems (6).
This difference further increases the risk of hospital related
ARGs dissemination.

In order to reduce the harm of effluent after being
discharged, regulations on emission standards of sludge/sewage
have been established worldwide since the 1980s (7). But
only a few countries (e.g., France and Italy) have established
legal regulations for HWW treatment before release (8-10).
Unfortunately, the biological safety assessment of ARGs is
not a requested emission standard for wastewater (11). The
current situation means a heavy biosafety risk of ARGs from
HWW, which has been largely neglected in current waste-
water treatment facilities and by associated regulations (11).
Furthermore, ARGs are persistently disseminated by horizontal

gene transfer within the microbial community after treatment
and discharge (12, 13). Therefore, the discharge of HWW
is an important factor in the dissemination of ARGs in the
environment (14-16) (Figure 1).

The influence of human activities on the presence and
dissemination of ARGs in the environment has attracted
attention of researchers (17, 18). However, no comprehensive
meta-analysis of ARGS characteristics in HWW has been
performed thus far. Our aims are to assess the prevalence of
ARGs in HWW and to analyze the influencing factors of ARGs
distribution in HWW, such as seasons, countries and year.

MATERIALS AND METHODS
Search Strategy

A systematic literature search was performed on electronic
databases from EMBASE, PubMed, Web of Science and
MEDLINE (for articles published up until Mar 31, 2020) by two
independent reviewers (SZ and JH). The titles, abstracts, and
keywords were screened by using the following subject terms and
connectors: “Drug Resistance” AND “Genes” AND “Hospitals”
AND “Wastewater.” Research not published in English language
was not considered for our meta-analysis.

Inclusion and Exclusion Criteria

We checked the title and abstract in all studies from the databases
mentioned above, and then the literature with the relevant
abstracts were examined in full. The criteria for inclusion and

Pathogenic bacteria

Antibiotics

e

FIGURE 1 | Flow of ARGs from HWW to water environment.
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exclusion in this study were established before two investigators
(SZ and JH) reviewed the literature. In this meta-analysis,
we included all cross-sectional studies that provided sufficient
original data and were conducted on the prevalence of ARGs
in HWW.

The exclusion criteria were as follows: short communication,
meeting article, letter, conference abstract, review, case report,
animal experiment or editorial. Studies using non-standard
laboratory methods and culture-dependent methods, with
incomplete information, were also excluded. Two reviewers
(82 and JH) independently evaluated the eligibility of
identified studies.

Quality Assessment

Two reviewers (SZ and JH) independently assessed the quality
of the literature (risk of bias) using an 11-item checklist
recommended by the Agency for Healthcare Research and
Quality (AHRQ), and any discrepancies were resolved by
consensus. This checklist is an appraisal tool designed for
systematic reviews of cross-sectional studies. Some inapplicable
items were omitted or modified in our study and the revised
terms are as follows:

. Define the source of information?

. Describe in detail the information of the hospitals?

. Indicate the time period and type for the collection of samples?

. Does the wastewater sample come from a general hospital of a

certain size (>300 beds)?

5. Indicate if evaluators of subjective components of the study
were masked to other aspects of the status of the participants?

6. Describe any assessments undertaken for quality assurance
purposes (e.g., test/retest of primary outcome measurements)?

7. Describe how confounding was assessed and/or controlled.

=W N =

In accordance with the AHRQ guidelines, articles were assessed
by each item being answered as “yes” “no,” or “unclear.” An item
is scored “1” if it is answered “YES” and it indicates low risk of
bias; if it is answered “NO” or “UNCLEAR;” then the item is
scored “0.” Article quality is assessed as follows: low quality =
0-3; moderate quality = 4-5; high quality = 6-7.

Data Extraction
The main outcome of the included articles is relative abundance
of ARGs (obtained by normalizing their copy numbers to 16S
rRNA gene copy numbers) or absolute abundance of ARGs and
16S rRNA gene (gene copies/ml). Data were also extracted for
the following variables: title, author, country, location, sampling
year, sampling season. When the information was incomplete,
the authors were contacted to request the accurate data.
Reported abundance below the limits of detection or not
detected were entered as zero values. Intended data was extracted
independently from each study into pre-prepared forms by using
a standardized extraction criteria and any discrepancies were
resolved by consensus.

Statistical Analyses
We assessed the prevalence of ARGs in terms of relative
abundance. The median values and 95% confidence intervals for

ARGs relative abundance was calculated with the Wilcox.test
function in R. The temporal trends of ARGs in HWW around the
world were assessed by a two-tailed Pearson correlation analysis.
Spatial differences of ARGs abundance and removal efficiency
of ARGs were analyzed by Kolmogorov-Smirnov test (for two
groups of samples). The Kruskal-Wallis H test (for more than two
groups of samples) was performed to determine the relationship
between the seasons and ARGs abundance. All analyses were
performed in R software (Version 3.6.2) with a significance level
of a = 0.05.

RESULTS

Literature Search

The initial search yielded 512 articles published up until Mar
31, 2020. All of them were found in the literature databases
mentioned above. Two reviewers (SZ and JH) omitted 122
duplicate articles using a reference management tool (EndNote
X9) and examined the remaining publications individually to
eliminate irrelevant articles. Because of unrelated topic and non-
selected type, 225 articles were eliminated. Then, 135 full texts
were assessed. Of these, 41 studies were excluded for culture-
based methods and 73 were excluded for incomplete data and
uncorrelated subject. Finally, 21 relevant studies were selected for
this meta-analysis. The flowchart for the selection of literature is
shown in Figure 2.

Study Characteristics

The included 21 studies cover different areas of the world,
with the majority of studies conducted in Europe and Asia.
Eleven studies were conducted in European countries (Romania,
Belgium, Portugal, France, Netherlands, Switzerland, Spain, and
Turkey); and eight studies were conducted in Asia (China,
India, Singapore, and Saudi Arabia). The remaining two studies
were conducted in Africa and America, respectively. A total
of 18 ARGs and three mobile genetic elements (MGEs) were
selected for analysis from these studies, including resistance
genes to extended-spectrum B-lactams (n = 4) (13, 16, 19-25),
carbapenems (n = 2) (13, 20, 22, 25-29), macrolide (n = 1)
(13, 16, 18, 20, 25, 30, 31), sulfonamides (n = 2) (13, 16, 18,
20, 23, 24, 30-34), tetracyclines (n = 6) (13, 16, 18, 20, 23—
25, 30-34), quinolones (n = 2) (13, 16, 18, 21, 24, 25, 30, 31, 33)
and glycopeptide (n = 1) as well as MGEs (n = 3) (13, 18-
20, 22, 25, 28, 30, 33-36). The detailed characteristics and
quality assessment of the literature in this meta-analysis is shown
in Table 1.

Levels of ARGs and MGEs in Effluents of
Hospitals Around the World

The median values and 95% confidence intervals were calculated
for the relative abundance of ARGs (Figure 3). The median
values for total ARGs reached 0.111 normalized copy numbers.
Among them, the values of MGEs and resistance genes to
sulfonamides and tetracyclines reached a remarkably high level,
ranging from 1072 to 107! normalized copy numbers, and
values of resistance genes to extended-spectrum pJ-lactams,
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FIGURE 2 | Flowchart of study selection procedure.

macrolide and quinolones ranged from 10~° to 10~ normalized
copy numbers.

Among extended-spectrum pB-Lactamases (ESBLs) genes,
blagiy and blactx had the highest (8.41 x 10~* normalized
copy numbers) and the lowest relative abundance (1.95 x 107>
normalized copy numbers), respectively (Table 2). Blaxpy gene
also reached a high value (3.98 x 1073 copies/16S rRNA gene
copies) and the abundance of carbapenem resistance genes
(CRGs) even reached 4.55 x 1072 copies/16S rRNA gene copies.
The abundance of sulfonamide resistance genes ranked first
among all analyzed ARGs (5.45 x 1072 and 1.85 x 1072
normalized copy numbers for sull and sul2, respectively). The
relative abundances of six tetracycline resistance genes were all
evident in HWW (>3.42 x 10~° normalized copy numbers), and
the highest abundance of them was found in tetA (4.33 x 1072
normalized copy numbers). The abundance of vanA and ermB
was 8.41 x 107> and 4.76 x 10~* copies/16S rRNA gene copies,
respectively. VanA is responsible for resistance to glycopeptide
and ermB attributes to macrolide resistance. Among all analyzed

ARGs and MEGs, intll showed the highest relative abundance,
reaching 6.11 x 102 normalized copy numbers.

The Temporal Trends of ARGs and MGEs in
HWW

Our study analyzed the temporal trends for ARGs abundance
from 2014 to 2018 (Figure 4). The abundance of resistance genes
to extended-spectrum S-lactams, carbapenems, sulfonamides,
and glycopeptide significantly decreased from 2014 to 2018
(Pearson correlation analysis, p < 0.05). However, the abundance
of tetracycline resistance genes varied across this time span.
Temporal trends of macrolide resistance gene, quinolone
resistance genes and MGEs are not shown in our study, which
might have been caused by a deficiency of available data.

The Spatial Differences of ARGs and MGEs
in HWW

Kolmogorov-Smirnov test showed that total ARGs abundance in
Chinese HWW was significantly higher than in other countries
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TABLE 1 | Characteristics and quality assessment of included studies on ARGs in HWW in this meta-analysis.

Authors Locations Years Hospitals Hospital types Seasons Treatment Quality assessment*

1 /2 |3 (4 |6 |6 |7
Edina Szekeres Romania 2015 H1-H3 Oncological and General  Summer x®andvi|e |@ |0 |H |0 |0 [N
Emna Nasri Tunis 2016 H1-H7 General Annual average® x© e (@ (0 (0 (0 |0 |0
Proia Lorenzo Belgium 2016 H1 General Annual average® x© ®© (o (0 (0 (0 |0 |0
Carlos Narciso-da-Rocha  Portugal 2010 H1 General Annual average® x© ® (o (o (0 (0 (0o N
Manisha Lamba India 2014 H1-H12  General Summer and Winter v ®© (0o (0 (0 (0 |0 |0
Thibault Stalder France 2010 H1 General Annual average x© o |o o (o (0o N
Laquaz, M. France 2015 H1 Not mentioned Four seasons?® x© ° ° o |0 |o
Chao Li China 2014 H1-H5 General Summer v © (o (o (0 (0 (0o N
Manisha Lamba India 2014 H1-H12  General Summer and Winter v © (0o (0 (0 (0 |0 |0
Gabriela K. Paulus Netherlands 2017  H1-H2 Not mentioned Spring and Winter xCand v9 | @ ° o (o |o
Czekalski, N Switzerland 2011 H1 General Spring x© ° o (e [0 (0o | N
Qiang Wang China 2016 H1-H3 General Annual average® x© ° o (o (o N
Lorenzo Belgium 2016 H1 General Annual average® x© o |o o |0 (o0 |0
Rodriguez-Mozaz, S Spain 2011 H1 General Winter x© ® (o (o (0 (0 (0o N
Thai-Hoang Le Singapore 2014  Hi-H2 General Autumn x© ° o (o [0 (0o | N
Satish Walia USA 2015 H1 Not mentioned Annual average® x© o |H o |o
Jéssica Subirats Spain 2016 H1-H2 Children’s Annual average® x© o (N H o |0
Timraz, Kenda Saudi Arabia 2014 H1-H2 Not mentioned Summer xCand v9 | @ o H o |0 |NH
Osman Kayali Turkey 2017 H1-H3 Not mentioned Four seasons?® x© o |H H o (0 |0
Xiaohui Liu China 2018 H1 General Winter x®andvd|e |[o |@ o (o N
Marathe, N. P. India 2014  H1 Not mentioned Autumn x© o H |o o (o (N

*Green circle: the answer of this item is Yes; Red square: the answer of this item is No; Yellow star: the answer of this item is unclear or not mentioned in literature.

a\Vastewater samples were detected in spring, summer, autumn, and winter.
Pincluded literature only provides annual averages.

CLiterature provides the abundance of ARGs in untreated HWWV.

9] jterature provides the abundance of ARGs in treated HWW.

Extended-spectrum S-Lactamases genes(9)
Carbapenems resistance genes (8)
Macrolide resistance gene (7)
Sulfonamides resistance genes (12)
Tetracyclines resistance genes (11)
Quinolones resistance genes (9)

Glycopeptide resistance gene (3) =

Mobile genetic elements (12) =j—-
Total antibiotics resistance genes (21)=jmmmmmms

-

0

of literature.

Log10 (Gene copies/16S rRNA gene copies)

FIGURE 3 | The median values and 95% confidence intervals of relative abundance of ARGs and MGEs in HWW. The number in the parentheses indicates the counts

| ] L ] | ] |
d 2 o3 -4 -5

(Figure 5). The abundance of resistance genes to macrolide
and sulfonamides was higher in Chinese HWW than in other
countries HWW (Kolmogorov-Smirnov test, p < 0.01). The
abundance of resistance genes to tetracyclines and quinolones
showed no significant difference in HWW from China and from
other countries (Kolmogorov-Smirnov test, p > 0.05).

Seasonal Variations of ARGs and MGEs in
HwWw

Seasonal differences in ARGs abundance were mainly not
significant (Kruskal-Wallis H test, p > 0.05, Figure6).
However, only quinolone resistance genes showed seasonal
variations (Kruskal-Wallis H test, p < 0.05), and the observed
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TABLE 2 | Relative abundance of ARGs and MGEs in HWW (copies/16S rRNA gene copies).

Genes Gene groups N2 LCI Median ucl

blasiy ESBL genes 4 452 x 1074 8.41 x 1074 1.93 x 1073
blareu ESBL genes 6 1.40 x 1078 3.24 x 1074 8.31 x 1074
blacyx ESBL genes 4 1.60 x 1078 1.95 x 1078 2.65 x 10-5
blaoxa ESBL genes 4 112 x 1078 2.31 x 105 9.02 x 10-5
blaxpc Carbapenem ARGs 6 1.64 x 107° 437 x 107° 8.32 x 107°
blanpm Carbapenem ARGs 7 2.98 x 1078 3.98 x 1078 5.70 x 1078
ermB Macrolide ARG 7 3.36 x 107 476 x 1074 5.96 x 10~
sull Sulfonamide ARGs 12 4.67 x 1072 5.45 x 1072 6.23 x 1072
sul2 Sulfonamide ARGs 9 1.283 x 1072 1.85 x 1072 2.40 x 102
tetA Tetracycline ARGs 4 3.89 x 1072 4.33 x 1072 519 x 1072
tetB Tetracycline ARGs 4 1.94 x 1075 3.42 x 107° 6.49 x 107°
tetC Tetracycline ARGs 3 3.48 x 1076 1.28 x 104 2.19 x 1078
tetO Tetracycline ARGs 7 4.07 x 107 4.60 x 1078 1.49 x 1072
tetW Tetracycline ARGs 6 4.22 x 1078 5.81 x 1072 9.07 x 1078
tetM Tetracycline ARGs 6 519 x 1074 7.91 x 1074 1.11 x 1078
qgnrS Quinolone ARGs 7 6.46 x 10~ 7.76 x 1074 9.45 x 10~*
qnrA Quinolone ARGs 3 5.95 x 1010 412 x 1078 2.83 x 1077
vanA Glycopeptide ARG 3 3.66 x 107° 8.41 x 107° 2.34 x 1074
intl1 MGEs 12 5.24 x 1072 6.11 x 102 6.88 x 102
intl2 MGEs 5 5.40 x 107° 9.62 x 107° 1.54 x 1074
intl3 MGEs 6 1.79 x 1072 2.90 x 102 411 x 1072

ARG, antibiotic resistance gene; ESBLs, extended-spectrum B-Lactamases, MGEs, mobile genetic elements; LCI, lower confidence interval; UCI, upper confidence interval.

aNumber of studies.

significant change in the relative abundance was evident only
for summer.

Removal Efficiency of ARGs and MGEs in
HWW On-Site Treatment

In order to evaluate removal efficiency of ARGs and MGE:s in
HWW on-site treatment, we analyzed the differences between
ARGs abundance in treated wastewater from 37 hospitals
(seven studies) and untreated wastewater from 26 hospitals
(14 studies). Significant reduction of abundance (Kolmogorov-
Smirnov test, p < 0.05) was observed in tetracycline resistance
genes, ESBLs genes and MGEs after treatment (Figure 7).
However, sulfonamide resistance genes significantly increased
after treatment (Kolmogorov-Smirnov test, p > 0.05), which was
similar to the fundings of a previous study (16). Carbapenem
resistance genes abundance showed no significant difference
between treated and untreated HWW.

DISCUSSION

The rising emergence and spread of ARGs have become a threat
to human health and ecosystems (12). The contribution of HWW
to the dissemination of ARGs in the environment deserves more
worldwide attention (13).

In our meta-analysis, resistance genes to carbapenems,
macrolide, sulfonamides, tetracyclines and quinolones were
found at fairly high abundance (>10"% gene copies/16S

rRNA gene copies). Most of them are usually related to
mobilizable and conjugative genetic elements which favor ARGs
proliferation and transmission among bacterial communities
(37-40). In addition, the slow flow rate of waterbody and
the high amount of antibiotic residues in HWW provide
an ideal environment for the enrichment of ARGs (41).
Previous studies indicated that a place where the ARGS
relative abundance is higher than 10~* normalized copy
numbers can be considered as a highly contaminated site
(42). Therefore, there is high contamination of ARGs in
HWW. Furthermore, previous studies suggested that int/1, the
main driver of ARGs dissemination in water environment,
exhibits enhanced propagation ability compared with other
MGEs (43, 44). The overwhelmingly high abundance of intlI
indicates the important role of HWW in the dissemination
of ARGs. The emergence of blaxpc and blaypm in water
environment has only been recently and rarely detected (45).
However, these two ARGs reached an abundance (4.37 x 107>
and 3.98 x 107 copies/16S rRNA gene copies, respectively)
which could not be ignored in HWW in our study. VanA,
uncommonly detected in environment, is usually regarded as
an indicator of ARGs contamination of anthropogenic origin
(26). But it also reached an abundance which could not be
ignored in HWW. The emergence of glycopeptide resistance
gene (8.41 x 107> copies/16S rRNA gene copies) suggests
that HWW is a source of hospital-related ARGs and high
value of CRGs (4.55 x 107> copies/16S rRNA gene copies)
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FIGURE 4 | The temporal trend of ARGs in HWW around the world. ESBL, Extended-spectrum g-Lactamases.

indicates the heavy contribution of HWW to the contamination
of ARGs in the environment. Although one way ANOVA
analysis was not performed in our meta-analysis, we found
that the abundance of ARGs in HWW was higher than that
in municipal wastewater systems, but no such differences were
found in the comparison between HWW and pharmaceutical
manufacturing wastewater or livestock wastewater (16). For
example, the abundance of ermB in azithromycin-manufacturing
wastewaters was higher than that in HWW for a high
density of azithromycin residues (46-48). Meanwhile, the
abundance of sull, sul2, tetO, and tetW was higher but
the abundance of blanpm was lower in livestock wastewater,
compared with that in HWW (49, 50). This difference may
be caused by extensive usage of sulfonamides and tetracyclines
in graziery and higher consumption of carbapenems in
hospitals. In conclusion, our study demonstrates the significant
contribution of HWW to the occurrence and dispersal of ARGs
in environment.

The abundance of ARGs in HWW has been recorded for
more than 7 years in our included literature. Due to the
limited data available, we only analyzed the temporal trends

for ARGs abundance from 2014 to 2018. The overall changes
in ARGs abundance presented high consistency, showing a
downward trend year by year. There are two possible reasons
for these results. One is that many countries have improved
their regulations on antibiotics usage as antibiotic resistance
has become a threat to human health. The other is that
an increasing number of hospitals have performed on-site
wastewater treatment to limit the diffusion of ARGs from HWW.
However, the abundance of tetracycline resistance genes varied
across this time span. The use of tetracyclines can be traced
back to the 1940s. Long-term consumption of tetracyclines
inevitably results in dissemination of tetracycline resistance
genes, co-selection with other resistance genes and further
causes the cross resistance of bacteria (30). Although the
usages of tetracyclines have been strictly restricted in treatment
of bacterial infectious diseases in recent years, they are still
intensively used in stock raising and agriculture. These factors
may explain why the abundance of tetracycline resistance genes
was still increasing.

Due to the lack of literature on resistance genes to extended-
spectrum fB-lactams, carbapenems, and glycopeptide, the spatial
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differences of these ARGs were not analyzed in our meta-
analysis. Although not always statistically significant, it does
appear that the relative abundance of ARGs is higher in
Chinese HWW compared with other countries (Figure 5). Given
that China is a severely afflicted area in terms of ARGs
pollution, the higher abundance of ARGs in Chinese HWW
may not be surprising. In China, ARGs can be detected in
many water environments (e.g., rivers, lakes, and groundwater),
and the abundance of ARGs is higher than that in other
countries (30, 51). This situation may be attributed to the
huge consumption of antibiotics and the heavy burden of
bacterial infectious diseases in China, as well as a lack of
effective wastewater treatment equipment. Previous studies
showed that China consumed 150 times more antibiotics
than the UK, and the DID (daily doses antibiotics/1,000
inhabitants) in China was six times larger than that in
UK (52).

In general, ARGs abundance was higher in HWW in
winter due to the higher incidence rates of infectious disease

and increased consumption of antibiotics in winter (22). But
this is not the case in our results. No significant seasonal
variation was found in ARGs abundance, except for quinolone
resistance genes, whose abundance was significantly higher
in summer than in other seasons. Perhaps other factors not
considered in this study may be exerting stronger influences
on the abundance of ARGs during different seasons, such
as antibiotics (53), microbial communities (54), heavy metals
(55) and economic levels. The highest abundance of quinolone
resistance genes occurred in summer in our study. This may
be related to warm temperatures in summer when bacteria
survive longer and plasmids transform more frequently in
wastewater (56). Conversely, the lower temperatures stimulate
bacteria die-off in winter (28, 31, 57). Thus, further research
is needed to comprehensively understand seasonal variations in
ARGs abundance.

Our study shows that ARGs can only be partially removed
by current wastewater treatment processes. However, more
remarkably, HWW still presents high abundance of ARGs
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(9.11 x 1072 copies/16S rRNA gene copies) after treatment.
No matter in municipal sewage treatment or HWW on-site
treatment, membrane bioreactor (MBR) plays an important
role in removing ARGs, but its influence on ARGs removal
is still limited (58). ARGs are removed by MBR treatment
via size exclusion, a process of filtering out ARG-carrying
bacteria (59). This treatment process may explain different
removal efficiencies of various ARGs and sustained high
abundance of ARGs in treated HWW. Interestingly, the
increase of sull abundance after treatment was observed in our
meta-analysis. This may be attributed to the proliferation
and spread of sull among bacteria, as well as the high
abundance of intll, where sull is usually harbored (16, 40).
The selective pressure on the propagation of ARGs enhanced
by the conditions generated in activated sludge is also a
possible reason (60). Moreover, CRGs could not be removed

by on-site treatment, contributing to the dissemination of
hospital-related CRGs in water environment. Therefore,
countries should pay more attention to the removal efficiency
of ARGs in HWW by on-site wastewater treatment. Overall,
the current HWW treatments are not the most efficient
methods to remove ARGs, and it is urgent to develop
more efficient wastewater treatment processes to limit the
dissemination of ARGs. Our observations undoubtedly
demonstrate HWW is an important reservoir and source
of ARGs.

However, there are some limitations to our meta-analysis
which should be considered in further research for a more
comprehensive understanding of ARGs characteristics in HWW.
One is that researchers tend to detect those ARGs with high
detection rates in previously published studies. The other is that
ARGs in treated wastewater and those in untreated wastewater
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are analyzed together due to the limited data available. Therefore,
we clearly presented our methods and data, so that further study
can compare results.

CONCLUSIONS

Our results indicate HWW is an important reservoir of
ARGs and current wastewater treatment processes are
inefficient in terms of ARGs removal. Thus, in order to
limit ARGs contamination from HWW to environment, further
research on wastewater treatment processes that target ARGs
is needed.

DATA AVAILABILITY STATEMENT

The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request.

REFERENCES

1. Ju E Li B, Ma L, Wang Y, Huang D, Zhang T. Antibiotic resistance
genes and human bacterial pathogens: co-occurrence, removal, and
enrichment in municipal sewage sludge digesters. Water Res. (2016) 91:1-
10. doi: 10.1016/j.watres.2015.11.071
2. MalL, Li AD, Yin, XL, Zhang T. The prevalence of integrons as the carrier of
antibiotic resistance genes in natural and man-made environments. Environ
Sci Technol. (2017) 51:5721-8. doi: 10.1021/acs.est.6b05887
3. Rowe WPM, Baker-Austin C, Verner-Jeffreys DW, Ryan JJ, Micallef
C, Maskell DJ, et al. Overexpression of antibiotic resistance genes in
hospital effluents over time. ] Antimicrob Chemother. (2017) 72:1617-
23. doi: 10.1093/jac/dkx017

. Verlicchi P, Al Aukidy M, Zambello E. What have we learned from worldwide
experiences on the management and treatment of hospital effluent? - an
overview and a discussion on perspectives. Sci Total Environ. (2015) 514:467-
91. doi: 10.1016/j.scitotenv.2015.02.020

5. Zheng HS, Guo WQ, Wu QL, Ren NQ, Chang JS. Electro-peroxone
pretreatment for enhanced simulated hospital wastewater treatment
and antibiotic resistance genes reduction. Int.  (2018)
115:70-8. doi: 10.1016/j.envint.2018.02.043

6. Kummerer K, Henninger A. Promoting resistance by the emission of
antibiotics from hospitals and households into effluent. Clin Microbiol Infect.
(2003) 9:1203-14. doi: 10.1111/].1469-0691.2003.00739.x

7. Meng XZ, Venkatesan AK, Ni YL, Steele JC, Wu LL, Bignert A, et al
Organic contaminants in Chinese sewage sludge: a meta-analysis of the
literature of the past 30 years. Environ Sci Technol. (2016) 50:5454-
66. doi: 10.1021/acs.est.5b05583

8. Boillot C, Bazin C, Tissot-Guerraz F, Droguet ], Perraud M, Cetre JC, et al.
Daily physicochemical, microbiological and ecotoxicological fluctuations of a
hospital effluent according to technical and care activities. Sci Total Environ.
(2008) 403:113-29. doi: 10.1016/j.scitotenv.2008.04.037

9. Verlicchi P, Galletti A, Masotti L. Management of hospital wastewaters: the

case of the effluent of a large hospital situated in a small town. Water Sci

Technol. (2010) 61:2507-19. doi: 10.2166/wst.2010.138

Al Aukidy M, Al Chalabi S, Verlicchi P. Hospital wastewater treatments

adopted in Asia, Africa, and Australia. In: Verlicchi P, editor. Hospital

Wastewaters. Baghdad: Springer International Publishing AG (2017).

p. 171-88.

Guo WQ, Zheng HS, Li S, Du JS, Feng XC, Yin RL, et al. Removal of

cephalosporin antibiotics 7-ACA from wastewater during the cultivation

of lipid-accumulating microalgae. Bioresour Technol. (2016) 221:284-

90. doi: 10.1016/j.biortech.2016.09.036

Environ

10.

11.

AUTHOR CONTRIBUTIONS

SZ and JH performed experiments and analyzed the results.
SZ conceived the study and prepared the manuscript. ZZ
modified the figure. BL and YC supervised the study. All authors
contributed to the article and approved the submitted version.

FUNDING

This work was supported by the Joint Funds for the
innovation of science and Technology, Fujian province
(Grant number: 2017Y9049).

ACKNOWLEDGMENTS

We thank Prof. Min Chen and Department of Laboratory
Medicine, Medical Technology and Engineering College, Fujian
Medical University for their kindly help.

Barancheshme F Munir M. Strategies to combat antibiotic resistance
in the wastewater treatment plants. Front Microbiol. (2017) 8:2603.
doi: 10.3389/fmicb.2017.02603

. Paulus GK, Hornstra LM, Alygizakis N, Slobodnik ], Thomaidis N,
Medema G. The impact of on-site hospital wastewater treatment on the
downstream communal wastewater system in terms of antibiotics and
antibiotic resistance genes. Int J Hyg Environ Health. (2019) 222:635-
44. doi: 10.1016/j.ijheh.2019.01.004

Korzeniewska E, Korzeniewska A, Harnisz M. Antibiotic resistant Escherichia
coli in hospital and municipal sewage and their emission to the environment.
Ecotoxicol Environ Saf. (2013) 91:96-102. doi: 10.1016/j.ecoenv.2013.01.014
Varela AR, Ferro G, Vredenburg J, Yanik M, Vieira L, Rizzo
L, al.  Vancomycin from the hospital
effluent the wurban wastewater plant. Sci  Total
Environ. (2013) 450-451:155-61. 10.1016/j.scitotenv.
2013.02.015

Rodriguez-Mozaz S, Chamorro S, Marti E, Huerta B, Gros M, Sanchez-Melsio
A, et al. Occurrence of antibiotics and antibiotic resistance genes in hospital
and urban wastewaters and their impact on the receiving river. Water Res.
(2015) 69:234-42. doi: 10.1016/j.watres.2014.11.021

Berendonk TU, Manaia CM, Merlin C, Fatta-Kassinos D, Cytryn E, Walsh F,
et al. Tackling antibiotic resistance: the environmental framework. Nat Rev
Microbiol. (2015) 13:310-7. doi: 10.1038/nrmicro3439

Wang Q, Wang P, Yang Q. Occurrence and diversity of antibiotic resistance
in untreated hospital wastewater. Sci Total Environ. (2018) 621:990-
9. doi: 10.1016/j.scitotenv.2017.10.128

Narciso-da-Rocha C, Varela AR, Schwartz T, Nunes OC, Manaia CM. blaTEM
and vanA as indicator genes of antibiotic resistance contamination in a
hospital-urban wastewater treatment plant system. J Glob Antimicrob Resist.
(2014) 2:309-15. doi: 10.1016/j.jgar.2014.10.001

Le TH, Ng C, Chen H, Yi XZ, Koh TH, Barkham TM, et al. Occurrences
and characterization of antibiotic-resistant bacteria and genetic determinants
of hospital wastewater in a tropical country. Antimicrob Agents Chemother.
(2016) 60:7449-56. doi: 10.1128/AAC.01556-16

Walia S, Murleedharn C, Band ], Kanwar M, Kumar A. Quantitation of
antibiotic resistance genes pollution in hospital waste water effluent and
Urban Clinton River Water, Michigan, USA. Curr Med Res Pract. (2016)
6:149-51. doi: 10.1016/j.cmrp.2016.07.005

Lamba M, Graham DW, Ahammad SZ. Hospital wastewater releases of
carbapenem-resistance pathogens and genes in urban India. Environ Sci
Technol. (2017) 51:13906-12. doi: 10.1021/acs.est.7b03380

Szekeres E, Baricz A, Chiriac CM, Farkas A, Opris O, Soran ML,
et al. Abundance of antibiotics, antibiotic resistance genes and bacterial

et resistant  enterococci:
treatment

doi:

to

20.

21.

22.

23.

Frontiers in Public Health | www.frontiersin.org

10

October 2020 | Volume 8 | Article 574968


https://doi.org/10.1016/j.watres.2015.11.071
https://doi.org/10.1021/acs.est.6b05887
https://doi.org/10.1093/jac/dkx017
https://doi.org/10.1016/j.scitotenv.2015.02.020
https://doi.org/10.1016/j.envint.2018.02.043
https://doi.org/10.1111/j.1469-0691.2003.00739.x
https://doi.org/10.1021/acs.est.5b05583
https://doi.org/10.1016/j.scitotenv.2008.04.037
https://doi.org/10.2166/wst.2010.138
https://doi.org/10.1016/j.biortech.2016.09.036
https://doi.org/10.3389/fmicb.2017.02603
https://doi.org/10.1016/j.ijheh.2019.01.004
https://doi.org/10.1016/j.ecoenv.2013.01.014
https://doi.org/10.1016/j.scitotenv.2013.02.015
https://doi.org/10.1016/j.watres.2014.11.021
https://doi.org/10.1038/nrmicro3439
https://doi.org/10.1016/j.scitotenv.2017.10.128
https://doi.org/10.1016/j.jgar.2014.10.001
https://doi.org/10.1128/AAC.01556-16
https://doi.org/10.1016/j.cmrp.2016.07.005
https://doi.org/10.1021/acs.est.7b03380
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

Zhang et al.

Characteristics of ARGs in HWW

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

community composition in wastewater effluents from different Romanian
hospitals. Environ Pollut. (2017) 225:304-15. doi: 10.1016/j.envpol.2017.
01.054

Lorenzo P, Adriana A, Jessica S, Carles B, Marinella F Marta L,
et al. Antibiotic resistance in urban and hospital wastewaters and their
impact on a receiving freshwater ecosystem. Chemosphere. (2018) 206:70-
82. doi: 10.1016/j.chemosphere.2018.04.163

Marathe NP, Berglund F Razavi M, Pal C, Droge J, Samant S, et al.
Sewage effluent from an Indian hospital harbors novel carbapenemases
and integron-borne antibiotic resistance genes. Microbiome. (2019)
7:97. doi: 10.1186/s40168-019-0710-x

Nasri E, Subirats ], Sanchez-Melsio A, Mansour HB, Borrego CM, Balcazar
JL. Abundance of carbapenemase genes (blaKPC, blaNDM and blaOXA-
48) in wastewater effluents from Tunisian hospitals. Environ Pollut. (2017)
229:371-4. doi: 10.1016/j.envpol.2017.05.095

Subirats ], Royo E, Balcazar JL, Borrego CM. Real-time PCR assays for the
detection and quantification of carbapenemase genes (bla KPC, bla NDM,
and bla OXA-48) in environmental samples. Environ Sci Pollut Res Int. (2017)
24:6710-4. doi: 10.1007/s11356-017-8426-6

Lamba M, Gupta S, Shukla R, Graham DW, Sreekrishnan TR, Ahammad
SZ. Carbapenem resistance exposures via wastewaters across New
Delhi. Int. (2018) 119:302-8. doi: 10.1016/j.envint.2018.
07.004

Proia L, Anzil A, Borrego C, Farre M, Llorca M, Sanchis J, et al. Occurrence
and persistence of carbapenemases genes in hospital and wastewater
treatment plants and propagation in the receiving river. | Hazard Mater.
(2018) 358:33-43. doi: 10.1016/j.jhazmat.2018.06.058

Liu X, Zhang G, Liu Y, Lu S, Qin P, Guo X, et al. Occurrence and fate
of antibiotics and antibiotic resistance genes in typical urban water of
Beijing, China. Environ Pollut. (2019) 246:163-73. doi: 10.1016/j.envpol.
2018.12.005

Kayali O, Icgen B. Untreated HWWs emerged as hotpots for ARGs.
Bull Environ Contam Toxicol. (2020) 104:386-92. doi: 10.1007/
500128-020-02792-2

Czekalski N, Berthold T, Caucci S, Egli A, Burgmann H. Increased levels of
multiresistant bacteria and resistance genes after wastewater treatment and
their dissemination into lake geneva, Switzerland. Front Microbiol. (2012)
3:106. doi: 10.3389/fmicb.2012.00106

Li C, LuJ, Liu J, Zhang G, Tong Y, Ma N. Exploring the correlations between
antibiotics and antibiotic resistance genes in the wastewater treatment plants
of hospitals in Xinjiang, China. Environ Sci Pollut Res Int. (2016) 23:15111-21.
doi: 10.1007/s11356-016-6688-2

Timraz K, Xiong Y, Al Qarni H, Hong PY. Removal of bacterial
cells, antibiotic resistance genes and integrase genes by on-site hospital
wastewater treatment plants: surveillance of treated hospital effluent
quality. Environ Sci Water Res Technol. (2017) 3:293-303. doi: 10.1039/
C6EW00322B

Stalder T, Barraud O, Jove T, Casellas M, Gaschet M, Dagot C, et al.
Quantitative and qualitative impact of hospital effluent on dissemination
of the integron pool. ISME J. (2014) 8:768-77. doi: 10.1038/ismej.
2013.189

Laquaz M, Dagot C, Bazin C, Bastide T, Gaschet M, Ploy MC, et al. Ecotoxicity
and antibiotic resistance of a mixture of hospital and urban sewage in a
wastewater treatment plant. Environ Sci Pollut Res Int. (2018) 25:9243-53.
doi: 10.1007/s11356-017-9957-6

Suzuki MT, Taylor LT, DeLong EF. Quantitative analysis of small-
subunit rRNA genes in mixed microbial populations via 5-nuclease
assays. Appl Environ Microbiol. (2000) 66:4605-14. doi: 10.1128/
AEM.66.11.4605-4614.2000

Trobos M, Jakobsen L, Olsen KE, Frimodt-Moller N, Hammerum AM,
Pedersen K, et al. Prevalence of sulphonamide resistance and class 1 integron
genes in Escherichia coli isolates obtained from broilers, broiler meat, healthy
humans and urinary infections in Denmark. Int ] Antimicrob Agents. (2008)
32:367-9. doi: 10.1016/j.ijantimicag.2008.04.021

Djahmi N, Dunyach-Remy C, Pantel A, Dekhil M, Sotto A, Lavigne
JP. Epidemiology of carbapenemase-producing Enterobacteriaceae and
Acinetobacter baumannii in Mediterranean countries. Biomed Res Int. (2014)
2014:305784. doi: 10.1155/2014/305784

Environ

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Ramesh Kumar MR, Arunagirinathan N, Srivani S, Dhanasezhian A,
Vijaykanth N, Manikandan N, et al. Dissemination of trimethoprim-
sulfamethoxazole drug resistance genes associated with class 1 and
class 2 integrons among gram-negative bacteria from HIV patients
in South India. Microb Drug Resist. (2017) 23:602-8. doi: 10.1089/
mdr.2016.0034

Dong P, Wang H, Fang T, Wang Y, Ye Q. Assessment of extracellular
antibiotic resistance genes (eARGs) in typical environmental samples
and the transforming ability of eARG. Environ Int. (2019) 125:90-6.
doi: 10.1016/j.envint.2019.01.050

Graham DW, Olivares-Rieumont S, Knapp CW, Lima L, Werner D, Bowen
E. Antibiotic resistance gene abundances associated with waste discharges
to the Almendares River near Havana, Cuba. Environ Sci Technol. (2011)
45:418-24. doi: 10.1021/es102473z

Chen B, Liang X, Nie X, Huang X, Zou S, Li X. The role of class I integrons
in the dissemination of sulfonamide resistance genes in the Pearl River
and Pearl River Estuary, South China. ] Hazard Mater. (2015) 282:61-7.
doi: 10.1016/j.jhazmat.2014.06.010

Sacks D, Baxter B, Campbell BCV, Carpenter JS, Cognard C, Dippel D, et al.
Multisociety consensus quality improvement revised consensus statement for
endovascular therapy of acute ischemic stroke. Int J Stroke. (2018) 13:612-32.
doi: 10.1016/j.jvir.2017.11.026

Sellera FP, Fernandes MR, Moura Q, Souza TA, Cerdeira L, Lincopan
N. Draft genome sequence of Enterobacter cloacae ST520 harbouring
blaKPC-2, blaCTX-M-15 and blaOXA-17 isolated from coastal waters of
the South Atlantic Ocean. J Glob Antimicrob Resist. (2017) 10:279-80.
doi: 10.1016/j.,jgar.2017.07.017

Bengtsson-Palme ], Milakovic M, Svecova H, Ganjto M, Jonsson V, Grabic
R, et al. Industrial wastewater treatment plant enriches antibiotic resistance
genes and alters the structure of microbial communities. Water Res. (2019)
162:437-45. doi: 10.1016/j.watres.2019.06.073

Milakovic M, Vestergaard G, Gonzalez-Plaza JJ, Petric I, Simatovic
A, Senta I, et al. Pollution from azithromycin-manufacturing
promotes  macrolide-resistance ~ gene  propagation
spatial and seasonal bacterial community shifts in receiving river
(2019) 123:501-11. doi: 10.1016/j.envint.

and  induces

sediments. Environ Int.
2018.12.050

Milakovic M, Vestergaard G, Gonzalez-Plaza JJ, Petric I, Kosic-Vuksic
], Senta I, et al. Effects of industrial effluents containing moderate levels
of antibiotic mixtures on the abundance of antibiotic resistance genes
and bacterial community composition in exposed creek sediments.
Sci Total Environ. (2020) 706:136001. doi: 10.1016/j.scitotenv.2019.
136001

Yuan QB, Zhai YE Mao BY, Hu N. Antibiotic resistance genes and
intll prevalence in a swine wastewater treatment plant and correlation
with metal resistance, bacterial community and wastewater parameters.
Ecotoxicol Environ Saf. (2018) 161:251-9. doi: 10.1016/j.ecoenv.2018.
05.049

Gu Y, Shen S, Han B, Tian X, Yang F, Zhang K. Family livestock waste: an
ignored pollutant resource of antibiotic resistance genes. Ecotoxicol Environ
Saf. (2020) 197:110567. doi: 10.1016/j.ecoenv.2020.110567

Yang Y, Song W, Lin H, Wang W, Du L, Xing W. Antibiotics and antibiotic
resistance genes in global lakes: a review and meta-analysis. Environ Int.
(2018) 116:60-73. doi: 10.1016/j.envint.2018.04.011

Zhang QQ, Ying GG, Pan CG, Liu YS, Zhao JL. A comprehensive evaluation
of antibiotics emission and fate in the river basins of China: source analysis,
multimedia modelling, and linkage to bacterial resistance. Environ Sci
Technol. (2015) 49:6772-82. doi: 10.1021/acs.est.5b00729

Chen Y, Su JQ, Zhang J, Li P, Chen H, Zhang B, et al. High-
throughput profiling of antibiotic resistance gene dynamic in a drinking
water river-reservoir system. Water Res. (2019) 149:179-89. doi: 10.1016/
j-watres.2018.11.007

Guo Y, Liu M, Liu L, Liu X, Chen H, Yang J. The antibiotic resistome of free-
living and particle-attached bacteria under a reservoir cyanobacterial bloom.
Environ Int. (2018) 117:107-15. doi: 10.1016/j.envint.2018.04.045

Poole K. At the nexus of antibiotics and metals: the impact of Cu and
Zn on antibiotic activity and resistance. Trends Microbiol. (2017) 25:820-
32. doi: 10.1016/j.tim.2017.04.010

Frontiers in Public Health | www.frontiersin.org

October 2020 | Volume 8 | Article 574968


https://doi.org/10.1016/j.envpol.2017.01.054
https://doi.org/10.1016/j.chemosphere.2018.04.163
https://doi.org/10.1186/s40168-019-0710-x
https://doi.org/10.1016/j.envpol.2017.05.095
https://doi.org/10.1007/s11356-017-8426-6
https://doi.org/10.1016/j.envint.2018.07.004
https://doi.org/10.1016/j.jhazmat.2018.06.058
https://doi.org/10.1016/j.envpol.2018.12.005
https://doi.org/10.1007/s00128-020-02792-2
https://doi.org/10.3389/fmicb.2012.00106
https://doi.org/10.1007/s11356-016-6688-z
https://doi.org/10.1039/C6EW00322B
https://doi.org/10.1038/ismej.2013.189
https://doi.org/10.1007/s11356-017-9957-6
https://doi.org/10.1128/AEM.66.11.4605-4614.2000
https://doi.org/10.1016/j.ijantimicag.2008.04.021
https://doi.org/10.1155/2014/305784
https://doi.org/10.1089/mdr.2016.0034
https://doi.org/10.1016/j.envint.2019.01.050
https://doi.org/10.1021/es102473z
https://doi.org/10.1016/j.jhazmat.2014.06.010
https://doi.org/10.1016/j.jvir.2017.11.026
https://doi.org/10.1016/j.jgar.2017.07.017
https://doi.org/10.1016/j.watres.2019.06.073
https://doi.org/10.1016/j.envint.2018.12.050
https://doi.org/10.1016/j.scitotenv.2019.136001
https://doi.org/10.1016/j.ecoenv.2018.05.049
https://doi.org/10.1016/j.ecoenv.2020.110567
https://doi.org/10.1016/j.envint.2018.04.011
https://doi.org/10.1021/acs.est.5b00729
https://doi.org/10.1016/j.watres.2018.11.007
https://doi.org/10.1016/j.envint.2018.04.045
https://doi.org/10.1016/j.tim.2017.04.010
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

Zhang et al.

Characteristics of ARGs in HWW

56.

57.

58.

59.

Hashimoto M, Hasegawa H, Maeda S. High temperatures promote
cell-to-cell plasmid transformation in  Escherichia coli. Biochem
Biophys Res Commun. (2019) 515:196-200. doi: 10.1016/j.bbrc.2019.
05.134

Walsh TR, Weeks J, Livermore DM, Toleman MA. Dissemination of NDM-
1 positive bacteria in the New Delhi environment and its implications for
human health: an environmental point prevalence study. Lancet Infect Dis.
(2011) 11:355-62. doi: 10.1016/S1473-3099(11)70059-7

Munir M, Wong K, Xagoraraki I. Release of antibiotic resistant bacteria
and genes in the effluent and biosolids of five wastewater utilities
in Michigan. Water Res. (2011) 45:681-93. doi: 10.1016/j.watres.2010.
08.033

Kummerer K, al-Ahmad A, Mersch-Sundermann V. Biodegradability
of some antibiotics, elimination of the genotoxicity and affection of
wastewater bacteria in a simple test. Chemosphere. (2000) 40:701-10.
doi: 10.1016/S0045-6535(99)00439-7

60. Rizzo L, Manaia C, Merlin C, Schwartz T, Dagot C, Ploy MC, et al. Urban
wastewater treatment plants as hotspots for antibiotic resistant bacteria and
genes spread into the environment: a review. Sci Total Environ. (2013)
447:345-60. doi: 10.1016/j.scitotenv.2013.01.032

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.

Copyright © 2020 Zhang, Huang, Zhao, Cao and Li. 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.

Frontiers in Public Health | www.frontiersin.org

12

October 2020 | Volume 8 | Article 574968


https://doi.org/10.1016/j.bbrc.2019.05.134
https://doi.org/10.1016/S1473-3099(11)70059-7
https://doi.org/10.1016/j.watres.2010.08.033
https://doi.org/10.1016/S0045-6535(99)00439-7
https://doi.org/10.1016/j.scitotenv.2013.01.032~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

	Hospital Wastewater as a Reservoir for Antibiotic Resistance Genes: A Meta-Analysis
	Introduction
	Materials and Methods
	Search Strategy
	Inclusion and Exclusion Criteria
	Quality Assessment
	Data Extraction
	Statistical Analyses

	Results
	Literature Search
	Study Characteristics
	Levels of ARGs and MGEs in Effluents of Hospitals Around the World
	The Temporal Trends of ARGs and MGEs in HWW
	The Spatial Differences of ARGs and MGEs in HWW
	Seasonal Variations of ARGs and MGEs in HWW
	Removal Efficiency of ARGs and MGEs in HWW On-Site Treatment

	Discussion
	Conclusions
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References


