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[133_TD$DIFF]A B S T R A C T

Antibiotic resistance genes (ARGs) in aquatic environments, which seriously endanger human health and
ecological safety, have become a worldwide concern due to their easy diffusion and proliferation.
Wastewater treatment plants (WWTPs), which receive resistant bacteria and ARGs from awide variety of
sources (i.e., livestock farms, hospitals, antibiotic manufactures, and households), are regarded as
important emission sources of aquatic ARGs. This review presents a quantitative profile of the majority
sources of ARGs in the influent ofWWTPs and discusses the potential factors that affect the concentration
distribution of ARGs. Specifically, a noteworthy existence of ARGs, which ranged from 1E + 05 to 1E + 11
copies/mL, was detected in livestock breeding wastewater, and household wastewater (caused by the
unlimited utilization of antibiotics) was determined to be the predominant contributor of ARGs in
WWTPs. We summarized the selective pressure on ARGs and determined the positive correlation of
the concentration of ARGs and the existence of many containments, including antibiotics, heavy metals
(Zn and Cu were frequently reported), quaternary ammonium compounds, etc. In the last section,
physical, chemical, and biological treatments for the removal of ARGs and their effluent in WWTPs are
discussed and prospective future studies are summarized.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
1. Introduction

Antibiotic resistance genes (ARGs), which were typical emerg-
ing contaminants, have drawn considerable attention due to their
negative effectiveness in pathogenic bacterial infections therapy
during antibiotics treatments [1]. According to reports of Centers
for Disease Control and Prevention (2013), more than 2,000,000
people in the United States were affected by antibiotic-resistant
infection annually, resulting in 23,000 deaths every year [2,3].
Similarly, approximately 25,000 deaths, in the EU, were caused by
antibiotic resistance bacteria (ARB) in 2009 [4]. [134_TD$DIFF]Ten million deaths
caused by ARGs are estimated in 2050 throughout the world [5].
Although new antibiotics are continuously explored to kill
pathogenic resistant bacteria, a decline in the accompanied
therapeutic effects was recently reported. For instance, the World
Health Organization (WHO) pronounced that treatment failure of
third generation cephalosporin antibiotics to gonorrhea, has been
confirmed in at least 10 countries (Australia, Austria, Canada,
France, Japan, Norway, Slovenia, South Africa, Sweden and the
l1962@163.com (Q. Zhao).

titute of Materia Medica, Chinese
United Kingdom of Great Britain and Northern Ireland) [6]. If no
action is taken to cope with the ARGs crisis, undoubtedly, we will
return to an erawithout antibiotics. Regarding the serious threat of
ARGs to public health, the WHO defined ARGs as one of the top
three critical challenges of the 21st [135_TD$DIFF] century [7].

Antibiotic resistances occur, either by intrinsic resistance or
acquisitions that confer resistance via mutations and horizontal
gene transfer (HGT). The latter one has been always regarded as the
most important factor for the current multiple resistance
pandemic. The HGT mechanism of ARGs among bacteria can be
summarized as: (1) Conjugation via cell-to-cell contact due to the
action of mobile genetic elements (MGEs), such as integrons,
transposons and plasmids [8]; (2) transduction (delivery of genetic
material through phage); (3) transformation via extracellular DNA
(eDNA) uptaking. Recently, considerable extracellular ARGs
(eARGs), which are secreted by living antibiotic resistance bacteria
(ARB) or originated from the lysis of dead ARB have been observed
in the natural environment [9]. The recent publication of Dong
[136_TD$DIFF]et al. (2019) reported that extracellular ARGs, whichwere extracted
from hospital sludge and urban lake sediment, were higher than
intracellular ARGs [10]. This finding demonstrates that ARGs can
transcend their bacterial host and exhibited characteristics of easy
propagation [11]. Another unique feature of ARGs is that many
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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triggers (such as heavy metals, organic matter etc.), promote
the dissemination of ARGs [12,13]. The propagation of ARGs
contributed to a pollution potential that is more serious than the
corresponding antibiotics and ARB. To clarify the occurrence,
mitigation and negative effects of ARGs on human beings and
environments, topics such as (1) detection and quantitative
analysis of ARGs, (2) molecular mechanisms of various known
resistance genes, (3) migration and transformation of ARGs in
complex matrices, and (4) methods for the control of ARGs have
been extensively investigated. Wastewater treatment plants
(WWTPs), which receive ARGs from various sources via sewage
drainage systems, are reservoirs for ARGs and have an important
role in ARGs conservation, removal and propagation [14]. The
higher is the abundance of ARGs in the influent of WWTPs, the
greater are the opportunities for the transference of their genes
[15–17]. However, traditional WWTPs were designed for the
removal of traditional pollutants, such as nitrogen, suspended
solids, total phosphorus, organics and total coliforms [18], and
seldom focused on antibiotic resistance. Thus, comprehensively
understanding the sources of ARGs within the influent of WWTPs,
and the performance of existing terminal treatment approaches for
ARGs removal in WWTPs are urgent. Undoubtedly, relevant
research was meaningful for formulating better wastewater
management strategies for reducing the mitigation risks of ARGs.
In this paper, first, we analyze the research hotspots of ARGs. Our
analysis revealed increasing concerns regarding ARGs in WWTPs.
We focused our research on this subject and we summarized the
potential sources of ARGs in WWTPs. Second, the selective
pressure of different contaminants inWWTPs on ARGs is evaluated
using the correlation coefficients as indexes. Third, the conven-
tional and recently springing-up treatment strategies for ARGs
removal is emphasized analyzed. Last, future research directions
for the control of ARGs controlling are presented.

2. Analysis of relevant research hotspots

To comprehensively understand the research hotpots of ARGs in
recent years, a temporal visualization map, which is based on the
related publications of ARGs from 2010�2019 (SCI-expanded, SSCI,
A&HCI SSCI), was obtained. The results are shown in Fig. 1 (using
Citespace software). The frequency of the keywords reflected the
research hotspot [19,20]. As illustrated in Table S1 (Supporting
information), “waste water”, “wastewater treatment plant”,
“removal” and “degradation” were 173, 114, 80 and 21 times,
respectively, suggesting that the profile of ARGs in wastewater
[(Fig._1)TD$FIG]

Fig. 1. Evolutional tendency of related re
and subsequent treatment approaches have received more
attention.

The burst keywords refer to some hotspots that appear more
frequently over a period of time in a certain field. The biggest burst
strength indicates the latest research frontier [20]. The widespread
utilizationof antibiotics and the seriousantibiotic resistancecrisis in
China [21]mayexplain the steadygrowstudyingof ARGs,which can
be proven by the burst strength of 15.67 for keyword “China”.
“Relative abundance” has been a hotspot since 2013 (frequency of
186),andthekeywordsof“heavymetal”and “significantcorrelation”
became the frontiers, with a burst strength of 3.29 and 1.95,
respectively. Thesefindingrevealedthat thevariation in the research
focuses on from simple quantifying of ARGs to ARGs propagation.

Although research has engaged tremendous enthusiasm in
ARGs research during the past decades, the noticeable prevalence
of ARGs in WWTPs remains grim throughout the world. Thus,
“sewage treatment plant” remains at the forefront of a recent
publication (burst strength = 3.02), and the related treatment
methods such as “activated sludge” (2.69), have also attracted the
attention of researchers.

3. Potential sources of ARGs in WWTPs influent

Generally, synthetic antibiotics, which have been widely
utilized in disease therapies, cannot be completely metabolized
by organisms and as much as 60%–85% of antibiotics are directly
discharged into drainage systems or aquatic environments via
human/animal excrement [22,23]. Moreover, low doses of anti-
biotics are usually added to the feed of animals for the prevention
of diseases. Thus, long periods of the utilization of antibiotics may
cause the proliferation of ARGs inwastewater. We summarised the
abundance of ARGs in different sources for WWTP influent in
Table 1 [137_TD$DIFF][24–36]. Since the transportation of wastewater in the
sewage drainage always resulted an insignificant reduction of
ARGs [[138_TD$DIFF]37], consequently, WWTPs serve not only as “tanks” for
resistant organisms and antimicrobials from an extensive variety
of sources (i.e., livestock, hospitals, industries, and households) but
also potential breeding sites for ARGs dissemination. The
discharging of ARGs to natural waterbodies via the WWTPs
effluent, which was the main path for the propagation of antibiotic
resistance to indigenous bacteria (Fig. S1 in Supporting informa-
tion) [ [139_TD$DIFF]38]. Thus, understanding the source of ARGs within the
influent of WWTPs is fundamental to listing the critical targets for
the mitigation and control of ARGs and further formulation of
control strategies.
search on ARGs from 2010 to 2019.



Table 1
Abundance of ARGs in different sources for WWTP influent.

Source Type Abundance Unit of measurement Refs

Livestock wastewater sul1, sul2, tetM; 3.84�101, 1.62�101, 2.33�101; copies/16S rRNA gene copies [[95_TD$DIFF]24]
tetC, tetO; 7.3�10�3, 1.7�10�1; copies/16S rRNA gene copies [[96_TD$DIFF]25]
blaTEM-1, blaAmpC, blaGES-1,
blaOXA-1;

1.20�107, [97_TD$DIFF]1.80�107, 3.15�105, 4.90�106; copies/mL [[98_TD$DIFF]26]

tetX, ermF, ermB mefA, tetM ,
sul2;

2.43�1011, 1.45�1011, 1.07�1011, 7.16�1010,
6.91�1010, 5.69�1010;

copies/mL [[99_TD$DIFF]27]

Pharmaceutical industries
wastewater

tetA, tetC, tetG, tetL, tetM, tetO,
tetQ, tetW, tetX;

1.4�10�1, 3.2�10�2,[100_TD$DIFF] 5.1�1 0�2, 6.1�10�2,
1.1�10�2, 1.0�100, 1.8� 100, 1.6�10�1,
3.7�10�3;[2_TD$DIFF]

copies/16S rRNA gene copies [[101_TD$DIFF]28]

sul1, sul2, tetA, qacE, qacED1; 10�1 to 10�2; copies/16S rRNA gene copies [[102_TD$DIFF]29]
sul1, sul2, sul3, tetO, tetW, tetM,
tetQ, tetT, tetS, OXA-1, OXA-2,
OXA-10, ampC, mecA, CTX-M,
TEM, IMP, SME, ermB, ermC

(2.56� 0.13) � 101 to (2.36� 0.11) � 107 copies/mL [[103_TD$DIFF]30]

Hosipital wastewater sul1, blaSHV, catA1 ,aacC2, tetA; 1.94�10�1, 4.39�10-3, 6.83�10-5, 5.67�10-3,
3.46�10-3;

copies/16S rRNA gene copies [[104_TD$DIFF]31]

sul1, sul2, sul3, tetQ; 1.79�10�1 � 6.67�10�1, 7.33�10-2 �
3.38� 10�1, 9.22�10-2 � 5.9�10�1, 2.8� 10�1

� 7.47�10�1;

copies/16S rRNA gene copies [[105_TD$DIFF]32]

tetX, tetM, tetO, ereA, ermA,
ermB, sul1, sul2, sul3, qnrA,
qnrD, oqxB;

4.14�106, 4.15�105, 8.34�107, 1.06�105,
1.88, 3.20�106, 7.24�107, 5.14�106,
4.84�104, 1.58� 104, 3.72�103, 1.6�104;

copies/mL [[106_TD$DIFF]33]

Household wastewater sul1, [107_TD$DIFF]sul2, tetX, tetW, tetQ, tetO,
tetM, tetL, tetG, tetC, tetB, tetA;

2.28� 1011 to 3.41�1011; copies/mL [[108_TD$DIFF]34]

tetW 3.87�105 [109_TD$DIFF]–6.23�1011; copies/mL [[110_TD$DIFF]35]
Stormwater runoff tetW, [111_TD$DIFF]sul2; > 2 logs above the background load; – [[112_TD$DIFF]36]

sul1, ermF, tetO; > 1 log above the background load
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3.1. ARGs in livestock breeding wastewater

The subclinical dosage of antibiotics has been added to animal
feed to control animals’ epidemics and enhance the growth of
animals in livestock and poultry industries [39]. [140_TD$DIFF]A recent
publication reported that the consumption of antibiotics in
livestock and poultry industries in China reached 84,240 tons in
2013, which accounts for as much as 52% of the bulk antibiotics
productivity [40]. Routine administration of antibiotics to animals
at inappropriately low-doses (ng/[141_TD$DIFF]L–mg/L) caused the prevalence of
ARB and ARGs in the excrements of pigs, cows, ducks and chicken
[41,42]. Moreover, the water flushing of animal faeces/urine
further deteriorated the propagation of ARGs in livestock breeding
wastewater [43]. The investigation of Chen [142_TD$DIFF]et al. discovered 22
ARGs in the wastewater of 12 livestock farms (four pig farms, four
cattle farms, and four chicken farms), in which the most abundant
genes (in copies/16S rRNA gene copies) were sul1 (3.84�101), sul2
(1.62�101) and tetM (2.33�101) [ [143_TD$DIFF]24]. Correspondingly, Ben [144_TD$DIFF]et al.
found that tetC and tetO were the most abundant of existing ARGs
in swine wastewater (averaged 7.3�10�3 and 1.7�10�1 copies/
16S rRNA gene copies) via the investigation of 7 target ARGs in 9
swine feedlots [[145_TD$DIFF]25]. Moreover, Sui et al. observed that the gene
copies of ARGs in two typical swine farms reached to 1E + 08
copies/mL (same multitude) regardless of the locations of feedlots
[ [146_TD$DIFF]27]. Abundant sources of the frequently detected ARGs in
the influent of WWTPs are summarized; the results are listed in
Table [147_TD$DIFF]1. Specifically, tetracyclines, sulphonamides and macrolides-
related ARGs are among the most detectable ARGs in livestock and
poultry breeding wastewater, due to their widespread utilization
in livestock farms [44–46].

Except for the chemical characteristics of antibiotics, the
species, growth phase of animals, and resistance mechanism
influenced the distribution and diversity of ARGs in livestock
breeding wastewater [47]. According to the survey of Zhang [148_TD$DIFF]et al.,
ARGs in piggery wastewater was higher than those obtained from
cattle ranch [48]. The frequency of antibiotic administration for
cattle of younger ages likely influences the distribution of
microbiome and resistome in ways that reflect higher ARGs
abundance [49,50]. For different ARGs, the abundance of ribosomal
protection protein genes (tetQ, tetM, tetW, and tetO) was higher, in
awastewater lagoon, thanmajority of the efflux pump genes (tetA,
tetB, tetC, and tetL) and enzymatic modification gene (tetX) [51]. In
addition, antibiotic use strategy and seasonal condition changes
also brought ARGs fluctuating [52,53]. Peak [149_TD$DIFF]et al. indicated that the
concentration of ARGs in autumnwas approximately 10�100 times
higher than that in summer in the wastewater of cattle feedlots
[54]. Similarly, Sui [150_TD$DIFF]et al. revealed that the abundance of ARGs in raw
swine wastewater inwinter was 0.31–3.52 logs higher than that in
summer [55]. Low temperature interrupt the ARB’s survival but
prevent antibiotics’ degradation, might be the main reasons for
abovementioned observation [56,57].

Tremendous on-farm waste lagoons were built for most
concentrated animal feeding operations (CAFOs) to store waste-
water flushed from barns. Despite the majority of the collected
wastewater was treated with a septic tank or biogas digester, the
uncompleted reduction of those antibiotics by these approaches
led to a significant ARGs emission [51]. For example, the relative
abundances of the ARGs of tetC, tetG, sul1, and sul2 even increased
by 0.74–3.90 logs after septic tank or biogas digester treatment
[[151_TD$DIFF]25]. In addition, scattered livestock, which has been subjected to
effortless wastewater disposal technology, always discharged
more ARGs into aquatic environments and aggravated pollution.
Consequentially, the emission of these livestock and poultry-
related ARGs into sewage drainage caused the operational stress of
WWTPs. Therefore, how to strengthen the on-farm treatment of
ARGs should be addressed to eliminate the prevalence of ARGs in
WWTPs. In addition, green and food-grade disinfectants should be
widely explored, for substituting antibiotics and avoiding ARGs
prevalence, to reduce ARGs discharging into WWTPs from
livestock wastewater. Meanwhile, biodegradable material such
as wood chips were also applied to absorb excrement to minimize
wastewater volume, to alleviate the transferring of ARGs in water
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flushing of the animal urine and faeces. Moreover, management
strategies could shift with the seasons, species and growth phase
and prioritizewastewater with “higher risk” to solve burning issue.

3.2. ARGs from antibiotic manufactures, hospitals and households

As previously mentioned, the rapid spread in environmental
matriceswas closely related to the gross utilization of antibiotics in
humans, animals and agriculture [58,59], and a high level of
antibiotics exerts a fairly high selective pressure on the mainte-
nance of ARGs [60,61]. Thus, wastewater from antibiotic manu-
factures, hospitals and households have been highly concerning
due to their higher antibiotic residues than any other wastewaters
[62,63]. For example, the high levels of oxytetracycline (OTC)
antibiotics (0.36–12.36mg/L) in OTC production wastewater
produced a higher concentration of tetracycline resistance genes
(tet genes) in wastewater (1–4 orders magnitude higher than
sewage wastewater), with the highest abundance of 1.8� 100

[152_TD$DIFF]

copies/16S rRNA copies for tetQ [ [101_TD$DIFF]28]. The emission of the
corresponding ARGs in wastewater treatment systems negatively
deteriorated the bulk quality of the WWTPs effluent [ [101_TD$DIFF]28,64].
Consequently, the maximum concentration of the detectable ARGs
in the effluent of pharmaceutical wastewater treatment plants
(PWWTPs), reached 10�2 to 10�1 copies/16S rRNA copies (sul1, sul2,
qacE, qacED1, tetA) in the Czech Republic [29] and reached
2.36�107 copies/mL (sul, tet, OXA, and erm) in the PWWTP effluent
in northern China [ [154_TD$DIFF]30]. In addition, the concentration of these
ARGs, which originated from chromosomal mutations, would
decline significantly with the effective biodegradation of anti-
biotics during the operation of PWWTPs [18]. The recent works of
Guo [155_TD$DIFF]et al. [18] and Meng et al. [65] revealed that the vertical gene
transfer in antibiotic manufactures wastewater was the main
driver for the propagation of ARGs rather than horizontal
transference. This finding suggests that enhancing the removal
of antibiotics may be a suitable strategy for controlling the
dissemination of ARGs for antibiotic manufactures.

Comparatively, antibiotics in the wastewater of the partial
manufacturing plants are staggering, concentration even close to
or above therapeutic levels (mg/L range), constituting strong
drivers of resistance [ [139_TD$DIFF]38]. Antibiotic residuals may negatively
suppress the biomass activity during biological treatments,
increasing the operational difficulties. Besides, typical production
processes of antibiotics mainly include filtration, refinement,
extraction, crystallization, centrifuge, drying, and packaging [66],
and process control strategy might be the first choice if the
terminal treatment is inefficient. Moreover, rational selection of
antibiotic production method is also beneficial to control ARGs
pollutions. For instance ARGs concentration in the wastewater of
the pharmaceutical companies, which using fermentation techni-
ques, were much higher than those semi-synthetic, and synthetic
processes [18]. Furthermore, more strict emissions standards for
ARGs and antibiotics discharging were necessary for pharmaceu-
tical industries.

Similar to pharmaceutical wastewater, wastewater from
hospitals exhibited a relatively high concentration of antibiotics
and ARGs due to the incomplete metabolism of patients [67]. Li
[156_TD$DIFF]et al. observed a noteworthy distribution of tetracycline resistance
genes in five hospital samples in China, which was the highest for
tetQ (2.80–7.47�10�1 copies/16S rRNA), followed by tetO, tetWand
tetM [[105_TD$DIFF]32] and related to its extensive application in ointments [68].
Moreover, a significant variety of ARGs have been detected in
hospital wastewater. According to the recent investigation ofWang
[148_TD$DIFF]et al., as much as 131–139 unique ARGs of the 178 targeted genes
were detected in three selected typical hospital wastewaters, with
a concentration that ranged from 1.88� 0 copies/mL (erm A) to
(8.34�1.23) � 107 copies/mL (tetO) [69]. The concentration of
tetracyclines and sulphonamides-related ARGs in the influent of
WWTPs exhibited a positive correlation to that of the ARGs in the
corresponding hospital wastewater [70]. This finding implies that
discharging medical wastewater via sewerage system contributed
to the dissemination of ARGs to WWTPs. Conversely, other
researchers stated that hospitals were not the predominant
sources of the ARGs in sewage WWTPs according to a comparison
of the distribution of the ARGs in the influent of WWTPs with and
without hospital sewage collection [71,72]. This finding was
ascribed to the relatively low contribution of hospital sewage (an
estimated 0.8%–1%) to the bulk volume of WWTP influent [ [157_TD$DIFF]35,73].

Compared to other wastewater, hospital sewage contained
relatively high levels (39.4%� 2.5% of the total microbiota) of
anaerobic bacteria partially originate from human gut [74], and
would be easily converted to antibiotic resistant bacteria with
selective pressure exerted by antibiotics [75]. Therefore, some
special on-site sterilized methods should be highly concerned in
hospital wastewater treatment, for eliminating anaerobic bacteria
and controlling ARGs spreading.

Excessive usage of antibiotics in households was another main
contributor of ARGs in WWTPs. A maximum antibiotics consump-
tion by human beings of 75% in Germany was related to the
household utilization, this ratio was approximately 80%–95% for
Europe [76], 70% for the U. K. [77], and 75% for the U. S. A. [78,79].
Theoretically, the [158_TD$DIFF]ARGs contribution to the WWTP influent is
higher than that to hospital wastewater. This finding can be shown
by the recent work of Li [148_TD$DIFF]et al., who discovered that hospital
wastewater generally exhibited a lower total ARGs abundance
than the samples collected from residential areas (4.62�107[159_TD$DIFF]�
5.70�1011 copies/mL vs. 2.28� 1011 [160_TD$DIFF]�3.41�1011 copies/mL[161_TD$DIFF]) [34].
Similarly, Aali et al. reported that tetW in household wastewaters
ranged from 3.87�105 to 6.23�1013 copies/mL, which was
considerably higher than that of hospital wastewater
(1.13�105�7.6�1010 copies/mL) [ [162_TD$DIFF]35]. More seriously, utilization
of antibiotic in certain areas was always unregulated [80]. Thus,
long durations, excessive doses and unscientific utilization of
antibiotics in residential areas should be addressed to control [163_TD$DIFF]ARGs
pollution [81]. Thus, we should pay more attention to restricting
the abusing utilization of antibiotics to alleviate their selection
pressure on ARGs propagation. Besides, the random discharge of
domestic sewage in rural areas, as compared to urban domestic
sewage, could not be efficiently collected and thus with great
concerning. Therefore, it is practically urgent to focus on treatment
of the domestic sewage in rural areas.

3.3. ARGs in initial stormwater runoff

A series of point and non-point sources, including road,
defective septic systems, fertilizedmanure, and agricultural runoff,
also contributed to ARGs pollution in stormwater runoff [ [164_TD$DIFF]36],
evidenced by the higher concentration of ARGs in the initial runoff
than that in urban wastewater [82]. Extensive utilization of the
combined drainage systems caused the tremendous discharge of
ARGs into WWTPs via initial stormwater runoff collection [83].
Moreover, rainfall, which increases the WWTP hydraulic load
significantly reduced the removal of ARGs [84]. Numerous studies
have proven that rainfall increased the loadings of ARB and ARGs in
surface water but seldom focused on clarifying the interaction of
the stormwater ARGs and the water quality of WWTP influents
[85,86]. For example, Baral [142_TD$DIFF]et al. discovered that the overflow
storm in rain conditions contributed as much as 82%–88% of the
ARGs within the urban stream, in which the runoff from streets
was the predominant contributor (accounted for 92%–96% of ARGs)
[87]. Similarly, Garner [165_TD$DIFF]et al. [36] stated that the five ARGs (sul1,
sul2, tetO, tetW, ermF) in an inland stream were higher in storm
loading conditions, especially for sul2 and tetW. These results
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proved the existence of resistance gene in rainwater andwarned us
of the need to pay more attention to the influence of rainwater on
the influent of WWTP.

Currently, the dissemination of ARGs in streams/WWTPs and
possible influencing factors comprised a brand-new research field.
Research revealed the approach of broadcast caused a more
significant emission of erm genes in runoff than that of
incorporation and injection [88]. Moreover, the complex chemical
components of stormwater, such as heavy metals, natural organic
matters, antibiotics etc., would enhance the selection and
amplification of ARGs [89] and subsequently increase the
transference risks of ARGs from resistant native aquatic bacteria
to pathogenic bacteria [90]. Bacteria can easily survive on soil and
dust particles, hence the decline in the solids washed from
impervious surfaces may partially reduce the loading of ARGs in
stormwater runoff [91]. It arouses us to focus on initial stormwater
runoff volume reduction to relieve stress of WWTPs. Stormwater
management, such as low impact development (LID) or sustain-
able urban drainage systems (SUDS) may serve as useful
approaches, especially the application of those pervious surfaces,
soil infiltration, sunken green and etc.

By far, majority of the works are focused on the clarifying of the
potential independent sources of ARGs in WWTPs influent. The
contributors of ARGs in the influent ofWWTPs and the correlations
between different sources and the prevalence of ARGs in WWTP
are seldom reported. Thus,more data are required to obtain greater
insights into the source contribution status and risk ranking of
different sources in ARGs.

4. Stressors of ARGs propagation during WWTPs operation

In addition to ARGs, wastewaters from livestock/poultry
breeding, medical facilities, pharmaceutical industries, hospitals
and households, as well as stormwater runoff also contained
tremendous pollutants of surfactants, antimicrobials, heavymetals
and disinfectants (concentration ranged from ng/L to mg/L)
[92–94]. The discharges of these pollutants into municipal
Table 2
Potential affected factors and the corresponding correlation of those factors on the AR

Category Factors Concentration of
factors

Genes

Antibiotic Tetracyclines 1616 ng/L tetB and tet
Sulfonamides 261.1 ng/L sulI
Oxytetracycline 12 ng/L tetM and te

Sulfonamides 1.28� 0.11mg/L sul1 and sul

Heavy metals Hg – sul1, tetH
As – tetB
Zn – tetG
Ni – tetH, tetS te
Cu, Zn, Hg – sul3
Cu, Hg – tetA
Hg – qepA
Zn – qnrA, qnrB a
Cu – ermB
Zn 33�112mg/L ereB, [115_TD$DIFF]mefA, m
Cu, Zn, Hg – sulA and sul

tetB
Cu – tetM, tetW,

ermF
Ni – tetW
Al – tetM

Other
contaminants

Organic matter – ermC
Organic matter – ARGs
Protein and
polysaccharide

– blaTEM and

TOC and TON – ARGs
drainage systems [95], and subsequent into WWTPs influent
may place selective pressure on [166_TD$DIFF]ARGs propagation [96]. Thus, the
analysis of the previously mentioned stressors may clarify the
propagation mechanism of ARGs in WWTPs. Potential correlation
between the typical pollutants and ARGs distributions, which
always occurs via bivariate and Pearson correlation analysis, are
compared and summarized in Table 2 [167_TD$DIFF] [13,97–106].

4.1. Antibiotics and their metabolites

Antibiotics have long been recognized as a driving force for ARGs
propagation [107,108], either by exerting selective pressure directly,
or by stimulating the transfer of mobile elements which are
responsible for ARGs dissemination indirectly [109]. Theoretically,
the higher is the emission of incompletely metabolized antibiotics
into an aquatic environment, the greater is the generation of ARGs
[100,110]. A significant correlation (R2 = 0.97, P [168_TD$DIFF]< 0.05) was also
observed for sulI genes and the sulphonamides concentration in
conventional WWTP effluent [97]. Similarly, Smith [150_TD$DIFF]et al. revealed
that tetO, tetQand tetWinwater samples, which contained a higher
tetracycline concentration (> 1.95mg/L), was 4.0–8.3 [169_TD$DIFF]fold higher
than those with a lower tetracycline concentration (< 1.95mg/L)
[111]. Conversely,Gao [156_TD$DIFF]et al.observed that the abundanceof tetOand
tetW did not show a significant correlation with corresponding
antibiotics at a low-level tetracyclines (oxytetracycline, chlortetra-
cycline, doxycycline and tetracycline) concentration of 1.1mg/L
[112]. Analogously, no significant correlation was observed,
between tetR and tetracyclines (concentration < 7.74mg/L) in a
recent publication of Zhang [136_TD$DIFF]et al. [48]. Beside antibiotics them-
selves, intermediates are frequently reported as inducements of
antibiotic resistance during biological wastewater treatments
[113,114]. Since the assessment of the bioavailable concentrations
of antibiotics in different bacterial species in wastewater is quite
difficult, thus always caused an over- or underestimation of the
selection pressure of AGRs.

In many cases, antibiotics induce ARGs propagation by
promoting the generation of mobile genetic elements (integron,
G propagation.

Correlations Correlation analysis
method

Ref.

W (R2> 0.8, [113_TD$DIFF]P< 0.05) Bivariate [97]
(R2 = 0.97, [113_TD$DIFF]P< 0.05) – [98]

tQ (R2 = 0.965 and 0.932, [113_TD$DIFF]
P< 0.01)

– [99]

2 (R2 = 0.706 and 0.642, [113_TD$DIFF]
P< 0.01)

– [100]

R> 0.963, [113_TD$DIFF]P< 0.01 Pearson [101]

tX, qnrB
[114_TD$DIFF]P< 0.05 – [102]

nd qnrD

efE, ermB 0.823< R< 0.871, [113_TD$DIFF]P< 0.05 – [103]
III R2 = 0.028�0.888, [113_TD$DIFF]P< 0.05 – [104]

R2 = 0.824, [113_TD$DIFF]P< 0.023
[111_TD$DIFF]ermB and R = 0.439, 0.296, 0.845,

0.432, [113_TD$DIFF]P< 0.05
Bivariate [105]

R = 0.363, [113_TD$DIFF]P< 0.05
R = 0.492, [113_TD$DIFF]P< 0.05
R = 0.444, [113_TD$DIFF]P< 0.05 Bivariate [105]
R = 0.574�0.846, [113_TD$DIFF]P< 0.05 – [13]

vanA R = 0.79 and 0.82, [113_TD$DIFF]P< 0.001 Pearson [106]

R = 0.935, and 0.902, [113_TD$DIFF]P< 0.01 Pearson [100]
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plasmid, transposon, bacteriophage and so on), which carry one or
more gene cassettes that encode with multiple antibiotics
resistance [115,116]. Study showed that 100 ppb sulfamethoxazole
promoted intl1 generation significantly, resulting in sul1 consis-
tently becoming more abundant [ [170_TD$DIFF]36,117]. In addition, selective
pressure exerted by antibiotics on mobile genetic elements trigger
co-selection. Dang found cat genes (chloramphenicol-resistance
gene) propagation was most likely the result of cross-selection by
oxytetracycline [118]. Avoparcin, which is a glycopeptide antibiotic
that is utilized as growth-promoter in poultry, was banned for its
association with the productivity of vancomycin-resistant entero-
cocci [119].

From above, we can conclude that following characteristics
were responsible for antibiotics in inducing the generation of
resistance genes: (1) Threshold value. Concentration of antibiotics
had a substantial role during ARGs propagation, however,
correlation between antibiotics and their corresponding resistance
genes was not usually positive. The selective pressure on ARGswas
closely related to their threshold value [48]. (2) Metabolites and
intermediates still have certain biological activity. Unlike other
pollutants, antibiotics, as well as their metabolites, intermediates,
or precursors in wastewater can significantly affect the bacterio-
static activity [120–124], which also affects the microbial
community, and promotes generation and spread of bacterial
resistance. Therefore, bioavailable concentrations of antibiotics
should be emphasized and analysed for efficient control of the
spread of [171_TD$DIFF]ARGs. (3) Co-selection. Selective pressure of antibiotics
on mobile genetic elements may bring co-selection, thus
development of resistance to corresponding antibiotic is accom-
panied by resistance to another agent. (4) Inactivation of other
functional bacteria. Antibiotics within WWTPs influent would
decline the bulk removal efficiency of ammonia nitrogen, cause
variation in the community structures of functional bacteria, and
negatively affect the performance of WWTPs [125]. Thus, the
efficient removal of the right groups of active antibiotics from
WWTPs influent would not only guarantee the alleviation of [172_TD$DIFF]ARGs
selection pressures but also benefit the removal of traditional
pollutants [126].

4.2. Heavy metals

Heavy metals were another essential factor that influenced the
proliferation of ARGs [127], which might explainwhy the decrease
in antibiotics concentration could not effectively prevent the
spread of ARGs. Under heavy metals stress, bacteria acquire
antibiotic resistance through (1) co-resistance, i.e.,[173_TD$DIFF] antibiotic and
heavy-metal resistance genes bind onto a same genetic element
such as plasmid, integron and transposon [105,128]; (2) cross-
resistance, the same genetic determinant such as efflux pumps
responsible for resistance to dissimilar compounds [129]; (3)
[174_TD$DIFF]co-regulation, forming a coordinated response to metal or
antibiotic, after a range of transcriptional and translational
responses to either stress exposure have be linked [130]. ARGs
are continually screened and enriched in bacteria, showing an
increase in resistance levels.

With the significant emission of wastewater from small
enterprises, local urban runoff, traffic emissions and other
anthropogenic-derived sources, non-biodegradable heavy metals
were always the most frequently detectable pollutants in WWTPs
and have been regarded as representative of the long-term
selective pressures of ARGs. For instance, Ma [175_TD$DIFF]et al. verified that
Cu2+ removal efficiencies were relatively lower than chloram-
phenicol (less than 20%) in a bio-electrochemical system and the
proliferation of cmlA were enhanced when Cu2+ concentration
increased from 10mg/L to 50mg/L [131]. Moreover, Mao [150_TD$DIFF]et al.
revealed a significant correlation with the concentration of heavy
metals (Hg, As, Zn, Ni and Pb) and ARGs (sul1, tetB, tetG, tetH, tetX)
in two typical WWTPs, even with a low heavy metals concentra-
tion condition (in mg/L) [101]. Similarly, Gao [142_TD$DIFF]et al. discovered that
Zn (33-112mg/L) was significantly correlated with the ARGs of
ereA, ereB, mefA, mefE, and ermB (0.823< [176_TD$DIFF]R< 0.866, P< 0.05) in
urban wastewater [103].

In addition, co-selection of Zn, Cu (in the form of CuSO4) and
antibiotics are frequently reported in the livestock and poultry
breedingfield, because abovementioned twometals are commonly
employed as supplements in animal feed production [132,133]. A
noteworthy correlation between ARGs and Zn, Cu have been
extensively reported; some of the results are listed and discussed
in Table 3 [177_TD$DIFF][98,101,106,134–144]. Thus, we can conclude that
reducing the utilization of antibiotics or metals during animal feed
production and enhancing the removal efficiency of these
pollutants via pre- or enhanced treatment units would alleviate
the selective pressures of ARGs in WWTPs.

Theoretically a long-term selection pressure of heavy metals
would be observed, since metal ions are recalcitrant and not
subject to degradation, especially under the conditions that heavy
metals are currently several orders of magnitude higher than
antibiotics [ [178_TD$DIFF]145]. Reports have confirmed that the level of
antibiotic resistance genes increases with deterioration of heavy
metal contamination [[179_TD$DIFF]146]. Scholars have proposed somemethods
to reduce or eliminate the toxicity of free metal ions in the animal
fodder, via conversion them to an organic form [ [180_TD$DIFF]147]. Hence, such
potential mitigating strategies should be further explored.

4.3. Other contaminants

The existence of organics, surfactants, disinfectants other
compounds within wastewater also significantly affected the
emergence, proliferation and spread of ARGs [ [181_TD$DIFF]148]. The recent
work of Devarajan [142_TD$DIFF]et al. discovered that the abundance of ARGs
within clinical wastewater strongly correlated with the concen-
tration of organics (R = 0.574�0.846, P< 0.05) [13]. Furthermore, Di
Cesare [182_TD$DIFF]et al. reported that the selection of tetA, ermB, and qnrS was
related to the total organic carbon (TOC) of the water samples
[101]. Guo [183_TD$DIFF]et al. speculated that COD-related organics provided
sufficient nutrition to ARB, which ensured that these organisms
grew normally even under high pressure of antibiotics. They also
determined that the abundance (copies/mL) of sulI in a sequencing
batch reactor increased from 1.39�105 to 5.99�105 to 5.93�105

when the COD increased from 100mg/L to 300mg/L and 600mg/L
(10mg/L SMX concentration) [125]. Thus, the decline of the food-
to-microorganisms ratio would restrain the energy supply of the
ARB, and subsequently increase themetabolic burden of resistance
plasmid replication, was meaningful for ARGs controlling.

Except for traditional organic pollutants, the abundance of
ARGs was also well correlated with biomass-related protein and
polysaccharides, which could be proven by the high-correlation
coefficients between the protein and polysaccharide components
and ARGs (R = 0.79 and 0.82 for blaTEM and vanA, respectively)
[106]. Surfactants, disinfectants, antiseptics such as quaternary
ammonium compounds and triclosan, are frequently added to
items as diverse as soaps, lotions, toothpaste, and many commonly
used household fabrics and plastics. Exposure of susceptible strain
to them selected multidrug-resistant bacteria at high frequencies
[ [185_TD$DIFF]149]. Several studies revealed that the exposure of quaternary
ammonium compounds (QACs), triclosan, pesticides and
herbicides enhanced the proliferation of ARGs [[186_TD$DIFF]150–152]. These
chemical reagents indirectly affect the microbial community
structure, thus enhanced the transferring and spreading of
resistance genes [ [187_TD$DIFF]153]. Pal et al. indicated that QACs and metals
can co-select ARGs when bacteria harbour resistance genes
towards both types of compounds [12]. Madan [188_TD$DIFF]et al. determined



Table 3
Removal efficiency of ARGs during different processes.

Methods Specific methods Target genes Influent concentration(copies/L) Reduction magnitude [116_TD$DIFF]Refs.

Physical Sedimentation tetA, tetB 1.6�105, 8.9�102 0.03–0.4 log, 0.03–0.7 log [[117_TD$DIFF]134]
Sedimentation tet, sul, qnr, erm _ 0.95–2.67 logs [101]
UV treatment erm, tet (3.6� 0.2) � 105, (2.5� 0.1) � 105 3.0� 0.1 logs, 1.9� 0.1 logs [[118_TD$DIFF]135]
UV treatment tetO, tetW, tetM, tetQ 4.8� 104 0.84 log [[119_TD$DIFF]136]
Filtration vanA and blaTEM 1�103 to 1�104 0.9 [120_TD$DIFF]�4.2 logs [106]

Chemical Chlorination erm, tet (6.0� 0.4) � 107, (1.0� 0.4) � 107 0.42� 0.2 log, 0.10� 0.02 log [[121_TD$DIFF]137]
Chlorination sul1, tetX, tetG, intI1 – 1.2–1.49 logs [[122_TD$DIFF]138]
Fe2+/H2O2 sul1, [123_TD$DIFF]tetX, tetG 2.19�109,1.26�1010 to 6.31�1010,

[124_TD$DIFF]1.66�108 to 1.51�109
2.58–3.79 logs [[125_TD$DIFF]139]

UV/H2O2 sul1, tetX, tetG 2.19�109, [126_TD$DIFF]1.26�1010 to
6.31�1010, 1.66�108 to 1.51�109

2.8–3.5 logs [[125_TD$DIFF]139]

Coagulation sulI, sulII 8.43�109 to 2.08 1011 2.46 logs, 1.66 logs [[127_TD$DIFF]140]
tetO, tetW, tetQ 1.66�108 to 5.97�109 1.42 logs, 2.16 logs, 1.15 logs

Biological Activated sludge treatment tetO, tetW 5.13�107, 5.13�108 3 logs [98]
Constructed wetland sulI, sulII, tetO, tetWand

tetQ
2.46�107 to 1.21�109 1.5 logs, 0.48 log, 2.1 logs, 1.5

logs, 2.1 logs
[[128_TD$DIFF]141]

Biological aerated filter sulI, sulII, tetO, tetWand
tetQ

6.61�108 to 3.13�109 0.66 log, 0.55 log, 1.1 logs, 1.21
logs, 1 log

[[128_TD$DIFF]141]

A/A/O sulI, sulII, tetO, tetW,
tetQ

1.17�1010 to 3.06�1010 1.69 logs, 1.44 logs, 2.31 logs,
2.13 logs, 2.5 logs

[[128_TD$DIFF]141]

MBR sulII, tetO, tetW ND to 2.33�109 2.57 logs, 7.06 logs, 6 logs [[129_TD$DIFF]142]
Trickling filter tetA, tetB 1.2�104, 1.2�102 0.6–1.5 logs, 0.6–1.3 logs [[130_TD$DIFF]143]
Biological aerated filter tetM, tetO, tetQ, tetW,

sulI, sulII, intI1
– 0.6–1.2 logs; [[131_TD$DIFF]144]

[(Fig._2)TD$FIG]

Fig. 2. RemovalmechanismofARGs during the operation of the physical approaches.
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that QAC-resistant species (Pseudomonas) enriched after long-term
exposure to benzalkonium chlorides (typical QACs) and decreased
their susceptibility to penicillin G, tetracycline, and ciprofloxacin
[ [189_TD$DIFF]151]. Likewise, Brigitta revealed that tolerance of E. coli to
chloramphenicol increased in the presence of dicamba and that to
kanamycin increased with the existence of glyphosate [[190_TD$DIFF]154].

5. Artificial treatment for eliminating ARGs in WWTPs

Wastewater treatment plants are always regarded as reservoirs
of antibiotic genes [[191_TD$DIFF]34,155–157]; thus, the removal of these ARGs
during the operation of WWTPs is urgent.

Generally, the extensively applied approaches in WWTP
approaches, such as biological, physical, chemical and physical-
chemical processes, may significantly affect the fate and transfor-
mation of ARB and ARGs before they are discharged into an aquatic
environment. As shown in Table 3, the removal efficiencies of ARGs
during typical treatments, were summarized and discussed to
facilitate the understanding of the removal trends of ARB and ARGs
in WWTPs.

5.1. Physical approaches

Typical physical approaches, including adsorption, sedimenta-
tion, UV disinfection, and filtration etc. [106], were summarized
and discussed here to evaluate the removal behaviours of ARGs in
WWTPs (Fig. 2). The porous structure of the natural zeolites,
macroporous adsorption resins (MARs) and biochar may have
allowed the adsorption of heavy metals to reduce the selective
pressure on resistance genes [158]. Biochar and MARs provide the
most sites to be filled by sorption of ARB and eARGs, basing on the
mechanism of electrostatic repulsion or acting as molecular sieve
[159]. Sedimentation tanks were traditionally designed to remove
sus-pended substances and activated sludge during the operation
of WWTPs. As shown in Fig. 2, eARGs could be efficiently absorbed
onto organics and then coprecipitated. Some bacteria, such as
Bacteroides which known as host for tetX, can form flocs by
excreting extracellular polymeric substances (EPSs), and be easily
gravitated via sludge sedimentation [160,[192_TD$DIFF]161]. Research confirmed
that partial tetA (0.03�0.4 log) and tetB (0.03�0.7 log) can be
precipitated via binding onto organics [156]. Mao [150_TD$DIFF]et al. revealed
that most of the screened ARGs (0.95�2.67 logs to the influent) in
WWTPs were reduced via sedimentation, and the majority of the
ARGs were accomplished within the secondary clarifier unit [101].

Regarding UV disinfection, the ARGs within wastewater could
be directly inactivated via the generation of pyrimidine dimer [193_TD$DIFF]or an
indirect damaging of the DNA structure of microorganisms [162].
UV disinfection efficiency was closely related to the UV intensity
and species of the resistance genes. For instance, erythromycin-
resistant (ereA, ereB, ermA and ermB) and tetracycline resistant
genes (tetA, tetB, tetM and tetO) could be effectively inactivated
under a 5mJ/cm2 UV fluence [148], whereas no efficacy was
observed for the ARGs of tetQ and tetG, even with UV doses of
30mJ/cm2 [161]. In general, ARGs required higher UV doses
(200–400mJ/cm2 for 3–4 logs reduction) that are substantially
higher than that of ARB (10�20mJ/cm2 for 4–5 logs reduction) for a
complete inactivation [163].

Furthermore, micro- and ultrafiltration were applied by Maria
[194_TD$DIFF]et al. to examine the potential removal trend of ARGs during
operations of WWTPs. They discovered that filtration through the
100,10, and 1 kDamembranes caused an average of 0.9, 3.6, and 4.2
logs reductions of the target ARGs and removal benefited from the
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Fig. 3. Removal mechanism of ARGs during the operation of chemical approaches.

[(Fig._4)TD$FIG]

Fig. 4. Removal mechanism of ARGs during the operation of the biological
approaches.
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existence of colloids [148]. The membrane separationmechanisms
of microfiltration (MF) and ultrafiltration (UF) allows those small-
sized substances, such as water, organic small molecule and metal
ions in wastewater, passed through the pores on the fibers, while
majority of the large-sized substances such as ARB are rejected.

5.2. Chemical approaches

Chemical approaches, including chlorine disinfection, advanced
oxidation process (AOPs), coagulation, etc. [164], were extensively
applied to the treatment of ARGs-polluted water samples [165]. In
the process of chlorine disinfection (Fig. 3), the hypochloric acid
could oxidize the cell walls and then react with ARGs.

Chlorine, the most widely used disinfectant in various
countries, is an oxidant that acts by destroying nucleic acids and
cell membranes of microorganisms. Theoretically, the higher is the
dosage of free chlorine (FC), the higher is the removal trend of
[195_TD$DIFF]ARGs, which could be proven by the noteworthy increase in the
removal efficiency of sul1, tetX, tetG, intI1 (< 0.1 log to 1.30–1.49
logs) when the FC dosage increases from 5mg/L to 30mg/L [151].
Similarly, Oh [142_TD$DIFF]et al. discovered that as much as 90% removal of ARGs
in the effluent of a biological aerated filter (BAF) process were
achievedwith a FC dosage of 30mg/L [166]. Note that the existence
of NH3-Nwithin awater sample, competingwith free chlorine, will
negatively affect the bulk removal efficiency of ARGs. Specifically,
the recent work of Zhang [142_TD$DIFF]et al. discovered that once the dosage of
NH3-N increases from 2.56mg/L to 5mg/L (30mg/L FC concentra-
tion), the inactivation of ARG will decline from 1.20 to 1.49 logs to
0.63�0.79 logs and further decrease to 0.03�0.10 log when the
NH3-N increases from 10mg/L [167]. This finding might explain
why 40% of erythromycin resistance genes (ereA, ereB, ermA, and
ermB), as well as 80% of tetracycline resistance genes (tetA, tetB,
tetM, and tetO) still existed after chlorination (to 60mg Cl2 min/L)
under the loading of 0.35 kg NH3-N/(m3

[196_TD$DIFF]d) [150].
As shown in Fig. 3, advanced oxidation process (AOPs), such as

Fenton oxidation, photo-Fenton process, TiO2 photocatalysis, and
UV/H2O2, were applied in wastewater advanced treatment and
reuse [168,169], during which the DNA double helix structure and
plasmids could be destroyed by reactive oxygen species (ROS). The
ARGs of sul1, tetX, tetG etc., within the WWTP effluent could be
efficiently oxidized during the Fenton oxidation and UV/H2O2

process, which are significantly affected by operational parameters
such as initial Fe2+/H2O2 molar ratios, H2O2 concentration, pH, and
reaction time (especially for reagent concentrations and pH) [152].

Coagulation, as tertiary treatment, can enhance ARGs removal
and reduce risk to aquatic environments. ARBmostly have negative
electrical charges while coagulants carry a positive charge. A
coagulant neutralizes bacteria and makes them stick together
when contact is made. The newly published work of Li [150_TD$DIFF]et al.
revealed that the combination coagulation of FeCl3 (0.12mg/L) and
polyferric chloride (18mg/L) can effectively remove ARGs of sulI
and sulII, tetO, tetWand tetQ, led to a 0.5–3.1 logs reduction of ARGs
in WWTP effluent (Fig. 3) [153].

5.3. Biological approaches

Biological treatmentwas considered a core approach ofWWTPs
for wastewater treatment, and organic pollutants, such as NH3-N,
TP, ARB and ARGs, can be efficiently removed by enormous
microorganisms. As reported, the ARGs of tetC and tetA were
reduced almost 3 logs after the biological treatment of WWTPs
[170]. A similar removal trend of tetO and tetW was also reported
by Gao [136_TD$DIFF]et al. [98]. Many abiotic factors such as temperature, pH,
conductivity, chemical oxygen demand (COD), biochemical oxygen
demand (BOD), and sludge retention time etc., affected percentage
distribution of microbial communities and the performance of the
biological treatment unit. Since microorganism has lower bioac-
tivity under anaerobic condition than aerobic treatment and the
propagation of resistance genes are inhibited [171, [197_TD$DIFF]172], thus
anaerobic and anoxic treatment are better choice to remove ARGs.
Biotic factors, such as selective or non-selective predation, viral
lytic and protozoan interaction, also affect the occurrence of ARB/
ARGs in bioreactor [ [198_TD$DIFF]173]. However, high antibiotic degradation and
biomass quantity in the biochemical tank of WWTPs accelerated
the transmission of ARGs [75,[199_TD$DIFF]174], which could be proven by the
accumulated tetA (0.4–1.5 logs) and tetB (0.5–1.6 logs) after the
activated sludge treatment, compared with the influent [156]. As
shown in Fig. 4, bacterial community shift during the biological
wastewater treatment promoted the ARGs promotion and the
more microbial community, the higher potentially for the
horizontal gene transfer of ARGs.

The removal trend of ARGs during biofilms operation was also
investigated. Compared with traditional activated sludge process-
es, biofilms on the biofilm carrier has less residualmicroorganisms,
implying relatively low abundance of ARGs in the effluent. The
ARGs of the tetW and tetO observed within the MBR (membrane
bio-reactor) effluent were 1–3 logs less than that of the effluent of
the conventional WWTPs [155]. Similarly, Börjesson [182_TD$DIFF]et al. reported
that the tetA and tetB were reduced by 0.6�1.5 logs and 0.6�1.3
logs in the trickling filter [156], and was 0.6�1.2 logs for the ARGs
of tetM, tetO, tetQ, tetW, sulI, sulII, and intI1 during the aerated filter
operation [157]. In addition, the constructed wetlands (CWs) also
exhibited a reasonable performance in ARG-reduction [ [200_TD$DIFF]175], which
was evidenced by a higher removal efficiency of 45%–99% for
tetracycline resistance genes in swine wastewater during vertical
up-flow CW operation [ [201_TD$DIFF]176], in which the biodegradation,
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substrate adsorption and plant uptake had a predominant role
(Fig. 4). Generally, oxidation in surface water plays a vital role
during surface flow treatment [ [202_TD$DIFF]175]. Simultaneously substrate
adsorption has a prominent effect on ARGs removal in vertical up-
flow constructed wetlands. Smaller packing particles outper-
formed bigger one in the elimination of ARGs [ [203_TD$DIFF]176].

To sum it up, biological treatment can remove ARGs in
wastewater, but sometimes ARGs were just absorbed onto the
sewage sludge or biofilm instead of complete degradation [161].
The potential agricultural use of WWTP sludge may result not only
in the transfer of resistant bacteria into the environment, but also
in the dissemination of ARGs [23]. Potentially, the rational
combination of different biological, chemical, and physical means
could be useful in harvesting specific potential, thus providing
special ability to improve water quality, simultaneously, reducing
serious hazards to health and ecosystems.

6. Summary and future outlook

Overall, ARGs in WWTPs are mainly derived from the
discharge of livestock breeding, antibiotic manufactures, hospi-
tals and households wastewater, as well as rainwater runoff.
WWTPs served as not only reservoirs for the collection of
antibiotics from numerous sources, but also the main origination
for the emission of ARGs in aquatic environments. The bulk
removal efficiency of ARGs in sewage WWTPs was related not
only to the applied technical and operational parameters and the
concentration/characteristics of the ARGs but also the existence
of the pollutants of heavy metals, pesticides, herbicides and etc.,
within wastewaters. Due to the multi-sources of the ARGs of
WWTPs, directly identifying the contamination and implementing
targeted mitigation strategies was the main challenge for the
control of ARGs. Therefore, we recommend the following research
directions:
[204_TD$DIFF](1)
 Pay more attention to industries with substantial quality
emissions of ARGs (e.g., breeding, pharmaceutical and medical
industry, etc.) and the development of new controlling
strategies of [163_TD$DIFF]ARGs pollution. Economical and effective on-site
approaches should be encouraged for the emission reduction
of ARGs.
(2)
 A clarification of the [205_TD$DIFF]ARGs source-sink relationship would
significantly promote the pollution control of ARGs. For
WWTPs, more data are still required to determine the
predominant sources of ARGs and their corresponding risk
level. The priority list of the objective ARGs should be provided.
(3)
 Biodegradation, especially the bioavailable concentration of
antibiotics, is the key to efficiently controlling the spread of
ARGs. Thus, the correlations between the distribution of ARGs
and the bioavailable concentration of antibiotics should be
determined. The effect of QACs, triclosan, pesticides and
herbicides on [206_TD$DIFF]ARGs emission should be analysed.
(4)
 Effective pre-treatment for the removal of antibiotics, heavy
metals, pesticides and herbicides, should be enhanced to
alleviate their selective pressure on the proliferation of ARGs in
WWTPs.
(5)
 Traditional biological wastewater treatment processes would
cause the transference of ARGs to sewage sludge. Thus,
determining the fate and impact of ARGs in WWTPs across
their complete life cycle, which includes sludge, should be
emphasized.
(6)
 Optimization of the operational parameters of the biological,
physical, and chemical wastewater treatment processes via a
comparison of the efficiency of different technologies. Soil
infiltration or modified constructed wetlands may be suitable
choices.
(7)
 Note that some research reported ARGs in absolute abundance
(gene copies/mL), whereas some research reported ARGs in
relative abundance (genes/16S rRNA gene copies). We suggest
unification of the measure unit.
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