
*For correspondence. E-mail: parkj@yonsei.ac.kr; Tel.: +82-2-2123-5798; 
Fax: +82-2-312-5798
§Supplemental material for this article may be found at
http://www.springerlink.com/content/120956.
Copyright ⓒ 2020, The Microbiological Society of Korea

Keunje Yoo1, Hyunji Yoo2, Jangho Lee2, 
Eun Joo Choi3, and Joonhong Park2*

1Department of Environmental Engineering, Korea Maritime and Ocean 
University, Busan 49112, Republic of Korea
2Department of Civil and Environmental Engineering, Yonsei University, 
Seoul 03722, Republic of Korea
3Department of Systems Biology, Yonsei University, Seoul 03722, 
Republic of Korea

(Recevied Jun 20, 2019 / Revised Oct 8, 2019 / Accepted Nov 3, 2019)

Journal of Microbiology (2020) Vol. 58
DOI 10.1007/s12275-020-9309-y

eISSN 1976-3794
pISSN 1225-8873

Exploring the antibiotic resistome in activated sludge and anaerobic 
digestion sludge in an urban wastewater treatment plant via 
metagenomic analysis§

Antibiotic resistance genes (ARGs) are emerging contami-
nants that pose a potential threat to human health worldwide. 
Urban wastewater treatment plants (WWTPs) are a main 
source of both antibiotic-resistant bacteria and ARGs released 
into the environment. Nevertheless, the propagation of ARGs 
and their underlying mechanisms and the dynamics of mo-
bile genetic elements (MGEs) in WWTPs have rarely been 
investigated in South Korea. In this study, shotgun metage-
nomic analysis was used to identify comprehensive ARGs and 
their mechanisms, bacterial communities, and MGEs from 
4 configurations with 2 activated sludge (AS) and 2 anaerobic 
digestion sludge (ADS) samples. A total of 181 ARG subtypes 
belonging to 22 ARG types were broadly detected, and the 
ARG abundances in the AS samples were 1.3–2.0 orders of 
magnitude higher than in the ADS samples. Multidrug and 
bacitracin resistance genes were the predominant ARG types 
in AS samples, followed by ARGs against sulfonamide, tet-
racycline, and β-lactam. However, the composition of ARG 
types in ADS samples was significantly changed. The abun-
dance of multidrug and β-lactam resistance genes was dras-
tically reduced in the ADS samples. The resistance genes of 
MLS were the predominant, followed by ARGs against sul-
fonamide and tetracycline in the ADS samples. In addition, 
plasmids were the dominant MGEs in the AS samples, while 
integrons (intI1) were the dominant MGEs in the ADS sam-
ples. These results provide valuable information regarding 
the prevalence of ARG types and MGEs and the difference 
patterns between the AS and ADS systems.
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Introduction

According to the UN environment report (https://www. 
unenvironment.org/resources/frontiers-2017-emerging- 
issues-environmental-concern), growing antibiotic resist-
ance is one of the major emerging global public health con-
cerns. The presence of antibiotic resistance genes (ARGs) 
and antibiotic-resistant bacteria (ARB) is a serious problem 
because of the prevalence of horizontal gene transfer (HGT), 
the process by which bacteria acquire genes from the envi-
ronment. Wastewater treatment plants (WWTPs) are one of 
the main reservoirs regarded as hotspots for the release of 
both ARGs and ARB into the environment because sewage 
from households and hospitals contains massive amounts of 
antibiotics and bacteria of human origin, potentially provid-
ing selective pressure for ARB and ARGs (Rizzo et al., 2013; 
Manaia et al., 2018). In addition, it has been suggested that 
certain conditions within the WWTPs might increase the 
number of ARB and ARGs during the treatment process 
(Yang et al., 2014; Li et al., 2015; Ju et al., 2016; Gupta et al., 
2018).
  From the perspectives of energy savings and resource re-
covery in WWTPs, activated sludge (AS) processes are less 
effective than anaerobic digestion processes (McCarty et al., 
2011). However, from the perspective of managing ARGs 
as a public health issue, it remains unclear which WWTP pro-
cess exhibits a higher microbial hazard and/or risk (Kim and 
Aga, 2007; Guo et al., 2017). Currently, there are few com-
parative studies on the overall occurrence and diversity of 
various types of ARGs involved in AS and anaerobic diges-
tion sludge (ADS) processes from urban WWTPs (Bouki et 
al., 2013; Mao et al., 2015; Zhang et al., 2015; Guo et al., 2017). 
Although some studies have been carried out to determine the 
differences in occurrence, abundance, and diversity of ARGs 
and mobile genetic elements (MGEs) in AS and ADS proc-
esses, studies regarding which contaminant antibiotics are 
a result of human activities in urban WWTPs are still limi-
ted (Guo et al., 2017; Manaia et al., 2018). Indeed, it remains 
unclear which ARGs are critically acquired and transferred 
among bacterial communities via MGEs during the AS and 
ADS processes. Metagenomic approaches based on high- 
throughput sequencing are now regarded as the most reli-
able and cost-effective methods for gaining deep insights 
into the diversity and composition of the microbial commu-
nity of environmental samples (Li et al., 2015; Yoo et al., 
2018). Therefore, it is useful to apply metagenomics to un-
derstand variations within the profiles of ARGs and MGEs 
in wastewater treatment systems (Li et al., 2015; Guo et al., 
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2017).
  The increase in ARGs and ARB is a major public health 
concern in South Korea (Park et al., 2017). In South Korea, 
the level of antibiotic usage is much higher than the average 
level of antibiotic usage in other Organisation for Economic 
Cooperation and Development (OECD) countries (Park et 
al., 2017). Nevertheless, relatively few studies have investi-
gated the dynamics of ARG contamination in urban WWTPs 
in South Korea. In particular, wastewater treatment processes 
significantly affect the fate of ARGs, but ARGs have not been 
fully explored in AS and ADS processes in South Korea. 
Characterization of the prevalence of ARGs in urban WWTPs 
in Republic of Korea is essential to establish a strategy for 
preventing their proliferation because approximately 20% 
of South Korea’s total population lives in Seoul, South Korea, 
which as the capital of South Korea is an overcrowded city 
that may be suffering from critical issues related to water man-
agement and public health. Therefore, the aim of this study 
was to comparatively investigate the diversity and occur-
rences of ARGs, resistance mechanisms, and MGEs in AS 
and ADS in the metropolitan city of Seoul using shotgun 
metagenomics.

Materials and Methods

Study area and sampling
As shown in Supplementary data Fig. S1, 500 ml of mixed 
liquor suspended solids (MLSS) from the aerobic zone of the 
Modified Ludzack Ettinger (MLE) and 500 ml of anaerobic 
digested sludge from the anaerobic digester were collected 
at the Jung-Rang wastewater treatment plant (37°33′28.2″N, 
127°03′54.9″E), Seoul, South Korea in January (AS1 and ADS1 
samples) and November (AS2 and ADS2 samples) 2015, res-
pectively. The treatment capacity of the WWTP was approxi-
mately 1.6 million tons of wastewater per day. The sludge sam-
ples were collected with a sludge sampler and immediately 
transferred to sterilized bottles and stored in a refrigerator 
(-80°C) prior to molecular analysis.

DNA extraction and high-throughput sequencing
The FastDNA Spin Kit for Soil (MP Biomedicals) was used 
to extract genomic DNA from each sample, following the 
manufacturer’s instructions. The concentration and quality 
of extracted DNA was assessed by electrophoresis and spec-
trophotometry (260/280 nm ratio, NanoDrop, Thermo Fisher 
Scientific).
  The extracted DNA passed the criteria of the library size 
check (470 bp) and library quantity check (DNA concentra-
tion > 2 nM). This process was performed using the TruSeq 
DNA PCR-Free Kit (Invitrogen, Inc.) followed by the library 
protocol by Macrogen. Each sample was also barcoded, and 
library construction was then performed. After the library 
was constructed, Illumina HiSeq was performed using a 2 × 
101 bp paired-end protocol with a HiSeq 2000 platform by 
Macrogen.

Bioinformatic analyses
Raw sequences from the Illumina HiSeq data were trimmed 

to remove adapters and low-quality nucleotide stretches 
using TrimGalore! version 0.5.0 (http://www.bioinformatics. 
babraham.ac.uk/projects/trim_galore/) with the default set-
tings. Trimmed and filtered sequences were then used as 
input for all further analyses. The clean metagenomic data 
were processed against the Structured ARG (SARG) database 
(containing 23 ARG classes and 1277 ARG subtypes) through 
the ARGs-OAP online pipeline (http://smile.hku.hk/SARGs) 
following the published procedure (Yin et al., 2018) to iden-
tify ARG types and subtypes. The UBLAST algorithm, using 
a Perl script supplied by the platform, was run to prescreen 
ARG-like and 16S rRNA gene sequences (Eq. 1).

Abundance = ∑n NARG-like sequence × Lreads / LARG reference sequence (1)1 N16S equence × Lreads / L16S sequence  
  The candidate ARG sequences were matched against the 
SARG databases using BLASTX. The sequences that met the 
BLASTX criteria (alignment length 25 aa, similarity 80%, 
and e-value 1e-5 [Yang et al., 2016]) were classified according 
to the SARG hierarchy. ARG abundances (copies of ARGs 
per copy of 16S rRNA) in the metagenomic data were cal-
culated and used.
  Local BLASTn was employed to align our sequencing data 
against the databases of integrons and plasmids in order to 
characterize MGEs in the AS and ADS samples. An integron 
database was constructed according to the nucleotide sequ-
ences of all integrases available in the INTEGRALL database 
(http://integrall.bio.ua.pt/), and a plasmid database was de-
veloped on the basis of the plasmid sequences of the NCBI 
RefSeq database (http://www.ncbi.nlm.nih.gov/refseq). A read 
was annotated as an integron sequence if the nucleotide se-
quence identity of the best BLASTn hit was higher than 90% 
with an alignment length of at least 50 bp, and the plasmid- 
like tags in all data sets were determined by the alignments 
with a nucleotide sequence identity above 95% over a length 
of at least 90 bp (Kristiansson et al., 2011; Fang et al., 2019). 
The abundances of MGEs were presented using the unit of 
copies/16S rRNA gene. The calculation of MGE abundance 
was adapted from ARG abundance calculation, which is 
described by Yang et al. (2016).
  To identify the microbial communities in AS and ADS sam-
ples, MetaPhlAn2 was used (Truong et al., 2015). The Meta-
PhlAn2 software and the database of the markers can be 
downloaded from http://huttenhower.sph.harvard.edu/meta-
phlan/. All the parameters of MetaPhlAn2 utilized default 
settings. The metagenomes generated in this study are publicly 
available via MG-RAST under sample IDs (mgm4785060.3 
and mgm4785061.3).

Results

Abundance and diversity of ARG types and subtypes
In total, 181 ARG subtypes belonging to 22 ARG types were 
identified in AS and ADS samples (Fig. 1, Supplementary 
data Table S1). The overall ARG abundances of four different 
samples were determined in the range 3.14 × 10-4 – 1.57 × 10-1 
copies per 16S rRNA gene with an average value of 3.65 × 
10-2 copies per 16S rRNA gene for AS and the range 5.80 × 
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(A)

(B)

Fig. 1. The diversity and abundance of 
ARG types (A) and subtypes (B) in the 
AS and ADS samples. The abundances 
of the top 50 ARG subtypes (ARG per 
copy of 16S rRNA gene copies) are illus-
trated by a heatmap using normalized 
z-scores in all samples. AS1 and ADS1 
indicate the January sample in 2015; AS2
and ADS2 indicate the November sam-
ple in 2015.
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Fig. 2. Relative abundances of MGEs (MGE per copy of 16S rRNA gene 
copies) in the AS and ADS samples. The category ‘others’ indicates MGEs
that were not identified as associated with plasmids or integrons in this 
study. AS1 and ADS1 indicate the January sample in 2015; AS2 and ADS2 
indicate the November sample in 2015.

10-5 – 1.10 × 10-1 copies per 16S rRNA gene with an average 
value of 2.19 × 10-2 copies per 16S rRNA gene for ADS. The 
ARG abundances were 1.3–2.0 orders of magnitude higher 
in the AS samples than in the ADS samples. The most prev-
alent ARG types found in the total samples were genes con-
ferring multidrug, macrolide-lincosamide-streptogramin 
(MLS), bacitracin, sulfonamides, tetracycline, and β-lactam 
resistance (Fig. 1A). Multidrug and bacitracin resistance genes 
were the predominant ARG types in the AS samples (1.45 × 
10-1 copies/16S rRNA gene, 1.21 × 10-1 copies/16S rRNA gene, 
respectively), followed by ARGs against sulfonamide (7.17 × 
10-2 copies/16S rRNA gene), tetracycline (6.93 × 10-2 copies/ 
16S rRNA gene), and β-lactam (4.03 × 10-2 copies/16S rRNA 
gene). However, the composition of ARG types in ADS sam-
ples was significantly different. The abundance of multidrug 
and β-lactam resistance genes was drastically reduced in ADS 
samples. Genes for resistance to MLS (8.93 × 10-2 copies/16S 
rRNA gene), sulfonamide (5.74 × 10-2 copies/16S rRNA gene), 
and tetracycline (5.71 × 10-2 copies/16S rRNA gene) were the 
major ARG types found in ADS samples.
  From the occurrences and diversities of ARG subtype re-
sults, we observed that different subtypes of ARGs had var-
ious degrees of enrichment from each sample. Not only the 
abundance of ARGs but also the ARG diversity was greatly 
reduced in the ADS samples compared to the AS samples 
(Fig. 1B). In the AS samples, 174 ARG subtypes were identi-
fied, whereas 112 ARG subtypes were identified in the ADS, 
which was comparable to the AS results, although some of 
the ARG abundance in ADS was higher than that in AS. In 
the AS samples, activation of the bacA gene (13.45% relative 
abundance with respect to 16S rRNA genes), blaoxa genes 
(9.32% relative abundance with respect to 16S rRNA genes), 
tet genes (tetA, tatC, and tatG) (6.84% relative abundance 
with respect to 16S rRNA genes), mdtB and emrB genes (5.86% 
relative abundance with respect to 16S rRNA genes), and 
macA gene (5.48% relative abundance with respect to 16S 
rRNA genes) was predominant over other resistance (Fig. 
1B). However, the profiles of ARG subtypes in ADS sam-
ples were significantly different. The ermF and macB genes 
(18.22% relative abundance with respect to 16S rRNA genes), 
sul genes (sulI, sulII) (13.34% relative abundance with re-
spect to 16S rRNA genes), and tet genes (tetM, tetP, and tetX) 
(5.06% relative abundance with respect to 16S rRNA genes) 
were enriched in the ADS samples.
  The ARGs detected in all samples encompassed the two ma-
jor resistance mechanisms – extrusion by efflux pumps and 
target modification. There was a significant difference in the 
relative abundance of resistance mechanisms between the 
AS and ADS samples (Supplementary data Fig. S2). Efflux 
pumps were the main resistance mechanisms (45.34–45.94%) 
in the AS samples, followed by target modification (25.37– 
28.42%), antibiotic inactivation (17.44–19.12%), and target 
bypass (8.21–10.17%). However, target modification was 
the predominant resistance mechanism (47.66–48.13%) in 
the ADS samples, followed by efflux pumps (28.95–30.58%), 
target bypass (13.51–14.14%), and antibiotic inactivation 
(8.25–8.78%).

Detection of the occurrence and abundance of MGEs
Shotgun metagenomics sequences were aligned against the 

NCBI RefSeq and INTEGRALL databases of plasmid and 
integrons to understand their occurrence and abundance 
in AS and ADS samples. Figure 2 shows the detection fre-
quency for MGEs of plasmids, integrons, and others among 
the samples. A large variety of integrons and plasmids were 
found in both the AS and ADS samples. Generally, abun-
dant MGEs were detected in the AS and ADS samples, and 
the total quantity of plasmid-like sequences was substanti-
ally greater than that of integron-like sequences in all sam-
ples. In the AS samples, approximately 3.85 × 10-2 copies/16S 
rRNA gene and 6.12 × 10-3 copies/16S rRNA gene were plas-
mid and integron genes, compared with the corresponding 
values of 1.52 × 10-2 copies/16S rRNA gene and 1.14  × 10-2 
copies/16S rRNA gene for plasmid and integron genes in 
the ADS samples, respectively. The abundance of major plas-
mids showed remarkably distinct patterns between the AS 
and ADS samples (Supplementary data Table S2). In con-
trast to the plasmid results, approximately 83% of integrons 
were shared by all samples. Although intI1, intI3, and un-
known integrase genes were widely detected in this study, 
the intI1 gene, like various recombinase-encoded genes, was 
predominant in both the AS and ADS samples (Supplemen-
tary data Table S3). The relative abundance of intI1 was de-
termined by 94.2% and 97.8% of alignment hits of the AS 
and the ADS samples, respectively.

Microbial taxonomic composition among the AS and ADS 
samples
In this study, most metagenomic reads (96.8–98.4%) were 
taxonomically assigned to bacteria. During the different was-
tewater treatment processes between AS and ADS samples, 
changes in the physical and chemical conditions affect the 
composition of the microbial community. To better under-
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(A)

(B)

Fig. 3. Microbial community composi-
tions in AS and ADS samples from an 
urban WWTP in Korea. Relative abun-
dance at the phylum level (A) and genus
level (B) in the AS and ADS samples. 
‘Others’ indicates the sum of the relative
percentages of phyla and genera with a 
maximum abundance lower than 1% in 
any sample. AS1 and ADS1 indicate the 
January sample in 2015; AS2 and ADS2 
indicate the November sample in 2015.

stand the microbial communities in the AS and ADS samples, 
the taxonomic affiliation at the phylum and genus level was 
investigated. The microbial taxonomic compositions showed 
marked differences between AS and ADS samples. As shown 
in Fig. 3A, the dominant phylum in the AS samples was Pro-
teobacteria (57.82–59.58%), followed by Bacteroidetes (20.32– 
22.24%), Actinobacteria (6.72–7.60%), and Nitrospirae (3.18– 
5.32%). However, the Proteobacteria (23.18–28.34%), Bac-
teroidetes (16.78–18.32%), and Firmicutes (13.22–14.42%) 
phyla were predominant in the ADS samples. The different 
wastewater treatment processes and stresses result in different 
physiochemical conditions between the AS and ADS samples 
and consequently in distinctive genus compositions. At the 
genus level, the AS samples were dominated by nitrifiers 
(Nitrosomonas, 11%, and Nitrospira, 10%), denitrifiers (De-
chloromonas, 22%), and Chitinophaga (15%), whereas Dech-
loromonas (23%), Anaerolinea (18%), Candidatus cloaca-
monas (16%), Bacteroides (13%), and Mycobacterium (9%) 
were prevalent in the ADS samples (Fig. 3B).

Discussion

WWTPs are regarded as the hotspot for ARGs and ARB 
(Rizzo et al., 2013; Guo et al., 2017). To deeply investigate 
ARG contamination in urban WWTPs, shotgun metage-
nomics analysis was applied. Differences in the abundance 
and occurrence of ARGs, MGEs, and microbial communi-
ties were found between AS and ADS samples. The profiles 
of major ARGs that confer bacitracin, β-lactam, multidrug, 
macrolide, sulfonamide, and tetracycline resistance were 
abundant in Korea urban WWTPs. These antibiotics are 
among the most commonly prescribed drugs in Korea (Park 
et al., 2017) and are among the major pharmaceutical pro-
ducts found in the influents of WWTPs (Zhang et al., 2015; 
Park et al., 2017). In addition, genes conferring resistance to 
sulfonamides and MLS are frequently detected in WWTPs 
worldwide, along with those conferring resistance to tetra-
cyclines and beta-lactams (Gao et al., 2012; Li et al., 2015; 
Guo et al., 2017). Because of the strong sorption of the tetra-
cycline and MLS antibiotics, their mobility in the environ-
ment may be facilitated by transport with wastewater (Kolz 
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et al., 2005; LaPara et al., 2011). Relatively high multidrug re-
sistance in aerobic processes has also been reported (Yang 
et al., 2013; Zhang et al., 2015) and potentially explained by 
the presence of many microstressors in wastewater, which 
select for bacteria with multiple defense mechanisms and dis-
semination of their resistance through HGT (Christgen et 
al., 2015). In addition, change from anoxic and aerobic con-
ditions during the treatment process in the bioreactor might 
influence the HGT mechanism, potentially affecting the se-
lection of multidrug resistance genotypes (Pál et al., 2005). 
This explanation is plausible because bacterial stress res-
ponses indicate HGT (Chen et al., 2016), and a change in re-
dox conditions due to changes in anoxic and aerobic con-
ditions would increase bacterial stress. Sulfonamides with 
high solubility and chemical stability can persist in the envi-
ronment for a long period of time (Wang et al., 2013), result-
ing in the high abundance of sulI and sulII in the WWTPs. 
Therefore, sulfonamide resistances are frequently detected 
in effluent (Bouki et al., 2013; Rizzo et al., 2013; Xu et al., 
2015), dewatered sludges (Munir et al., 2011), and surface 
water (Li et al., 2015; Fang et al., 2019), indicating a general 
resilience to the wastewater treatment process.
  Generally, AS processes involve relatively high bacterial di-
versity and density, biofilm formation, and metabolic acti-
vity during the treatment process, which can create an envi-
ronment potentially suitable for the development and spread 
of resistance (Munir et al., 2011; Devarajan et al., 2015; Lu et 
al., 2015). Therefore, we anticipated that the anaerobic diges-
tion process would achieve substantially better reductions 
in ARGs because it is well established that high-temperature 
and high-pressure treatment processes are effective at in-
activating ARGs and pathogenic bacteria (Pruden et al., 2013; 
Ju et al., 2016). However, our results showed that certain re-
sistance genes, such as MLS, sulfonamide, and tetracycline, 
were enriched in the ADS samples compared to the AS sam-
ples (Fig. 1). This finding implies that specific ARGs may have 
enhanced resistance under favorable operating conditions 
and selective pressure in the thermophilic digesters of the 
ADS system (Baquero et al., 2008; Mao et al., 2015). As a pre-
vious study showed, some of the ARGs were significantly 
enriched in the sludge remaining after the anaerobic diges-
tion process (Zhang et al., 2015; Guo et al., 2017).
  In particular, sequences related to subtypes of MLS resist-
ance genes (ermF) were enriched by more than 10 times in 
ADS compared with AS (Fig. 1B). A previous study reported 
that Erm resistance genes, such as ermB and ermF, were pre-
valent in the ADS process (Zhang et al., 2015). The enrich-
ment of certain genes might be a result of host bacterial cells 
harboring such genes that are subject to amplification via 
cell growth or HGT or attenuation via differential survival 
with respect to the digester operating conditions (Wu et al., 
2016; Zhang et al., 2016b). These results implied that anae-
robic bacteria might carry more MLS resistance genes than 
aerobic bacteria, although further analysis is needed to verify 
the cause of the higher abundance of ARGs in ADS than AS. 
Moreover, some previous studies (Ghosh et al., 2009; Zhang 
et al., 2015; Ju et al., 2016) suggested that anaerobic digestion 
is an inefficient process for the removal of ARGs, such as tet-
racycline, MLS, class 1 integrons, and others, due to stronger 
adaptation of the bacterial community to operational con-

ditions and selective pressure (Baquero et al., 2008; Mao et 
al., 2015). Therefore, more studies are absolutely required to 
better understand the emergence of ARGs in the ADS process.
  HGT via MGEs easily occurs in niches with high biomass. 
Antibiotics, nutrient substances and high biomass in bio-
logical nutrient removal processes can obviously accelerate 
ARG replication on MGEs in microbial populations and fa-
cilitate their horizontal transfer among bacterial cells by plas-
mids or integrons (Gaze et al., 2011; Hsu et al., 2014). Tet and 
sul genes are strongly associated with MGEs and thus move 
readily from one species to another. Tet genes with high abun-
dance are usually carried by MGEs and can be transferred 
among the bacteria in the environment (Allen et al., 2010; 
Chen et al., 2016; Manaia et al., 2018). Considering the trans-
fer mechanisms of sulfamethoxazole, sulI was carried on int1, 
but sulII was detected on a broad range of host plasmids; 
this could lead to the widespread detection of sulI in aquatic 
environments (Ma et al., 2011; Chen et al., 2013). Further-
more, this observation is consistent with previous studies 
in the aquatic environment (Pruden et al., 2013). The BacA 
gene, which encodes bacitracin resistance, was found to be 
abundant in drinking water and wastewater (Jia et al., 2015). 
Because the bacA gene product is essential for the biosyn-
thesis of peptidoglycan and other cell wall components, the 
bacA gene and bacteria harboring bacA can survive under 
external stress (Christgen et al., 2015; Jia et al., 2015; Chen 
et al., 2016).
  Different MGE patterns between the AS and ADS samples 
might be affected by different types of stressors, such as the 
temperature, nutrient load, HRT, SRT, and pH of the bio-
logical process, which will exert a selective effect on the types 
of ARB and ARGs in the bioreactor (Zhang et al., 2015; Guo 
et al., 2017). In particular, the ADS samples overall showed 
enhanced abundance of class 1 integrons and enhanced di-
versity of gene cassettes containing various ARGs, which 
may accelerate the mobility of some ARGs in the ADS sam-
ples (Ghosh et al., 2009; Gillings et al., 2014; Wu et al., 2016). 
The variations in the abundances of MGEs were not consis-
tent in the aerobic treatment systems (Su et al., 2015; Zhang 
et al., 2016a). However, most previous studies demonstrated 
that integrons were a major indicator of MGEs during anae-
robic fermentation and treatment (Chen et al., 2013; Chri-
stgen et al., 2015; Guo et al., 2017).
  The possibility of extensive lateral gene transfer within the 
municipal wastewater treatment process is an emerging con-
cern because it suggests that anaerobic digestors could be a 
source of new ARB (Guo et al., 2017). This would be a sub-
stantial paradigm shift from our original viewpoint, which 
was that municipal wastewater was an important reservoir 
of resistant bacteria and that municipal wastewater treat-
ment processes could be used to decrease the size of this res-
ervoir of resistance.
  The taxonomic profiles at the phylum and genus levels 
were investigated to interpret the differences in the bacterial 
community structure between AS and ADS samples (Fig. 3). 
Proteobacteria are believed to be involved in the removal of 
organic pollutants, such as nitrogen, phosphorus, and aro-
matic compounds (Wagner and Loy, 2002). Bacteroidetes 
are a group of fermentative bacteria involved in the acido-
genic phase of the digestion process (Traversi et al., 2012). 
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Firmicutes are well-known fermenters and syntrophic bac-
teria that can degrade various substrates (Garcia-Peña et al., 
2011). In addition, Firmicutes are a butyrate-utilizing micro-
bial community (Ariesyady et al., 2007). These results indi-
cated that the abundance of Proteobacteria in the ADS sam-
ples possibly resulted from the feed sludge since Proteobac-
teria was enriched in AS (Zhang et al., 2011).
  The high inconsistency in the presence or absence of spe-
cies in the results between the AS samples and ADS samples 
indicated that changes resulting from anoxic/aerobic/anae-
robic conditions during the treatment process in the biore-
actor may have influenced the bacterial community. Although 
the reason for the high abundance is unclear, differences in 
process operation (pH, temperature, time, etc.) or in feed 
sludge (salinity, sulfate, etc.) may increase the persistence of 
conditions and/or resources that positively affect bacterial 
communities between AS and ADS (Zhang et al., 2015; Ju et 
al., 2016). Thus, such distinct differences show the substantial 
influence of unnatural and rapid changes in physicochemical 
state on the bacterial community of a sample.
  According to previous studies, bacterial communities often 
benefit from MGE-carrying genes under harsh conditions 
(Ju et al., 2016; Guo et al., 2017). Thus, the distribution of 
MGE-carrying genes among bacterial hosts could be im-
portant to the composition and structure of the bacterial 
community. However, another approach is that the major 
driver of antibiotic resistome alteration is a bacterial com-
munity shift rather than MGE reproduction or transfer in a 
drinking water system (Jia et al., 2015) and composting sew-
age sludge (Su et al., 2015). These observations further sup-
port the conclusion that bacterial community composition 
plays an important role in driving similar responses of ARGs 
to treatments. Therefore, it is absolutely necessary to inves-
tigate ARG profiles as well as microbial communities during 
the long-term monitoring of WWTPs to further delineate 
the relationship between ARGs and bacterial communities 
and to provide more information on the control of ARGs.
  Although the major hosts of ARGs in microbial commu-
nities and their roles in driving the dissemination of ARGs 
remain unclear, this study provides information on the dif-
ferences in the antibiotic resistome and MGEs between AS 
and ADS, which may illuminate the mechanisms by which 
antibiotic resistance is promoted by wastewater treatment 
management in South Korea. However, additional studies 
should be carried out in the future to better understand these 
relationships to control the emergence of ARB and ARGs in 
WWTPs and facilitate their removal. The results from this 
work and others call for extended studies on several urban 
WWTPs with differential processes to better understand ARG 
dynamics and the process efficiency of ARG removal.
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