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A B S T R A C T

The spread of antibiotic resistance genes (ARGs) is a growing global problem. Activated sludge (AS) in waste-
water treatment plants (WWTPs) has been proposed as a hotspot for ARGs. However, few studies have been
conducted to uncover the temporal dynamics of the resistome of AS in WWTPs by long-term longitudinal
sampling. In this study, we quantified ARGs and identified their host microbiome in a Hong Kong WWTP in 97
monthly AS samples spanning 9 years. Throughout this analysis, we demonstrated that both the abundance and
structures of the resistome changed significantly every two to three years, implying that there was a successive
selection of resistomes in the AS system over the study period. The detection of genes of antibiotic-resistant
pathogens that are emerging major threats to public health in the AS samples, including mcr, CRE (carbapenem-
resistant Enterobacteriaceae) and MRSA (methicillin-resistant Staphylococcus aureus)-related genes, highlight the
role of WWTPs as reservoirs of ARGs. In addition, the core resistome (abundant and persistent genes) in AS were
found to overlap with those in other ecosystems such as urban sewage, livestock feces, and fishpond sediments,
revealing the broad dissemination of ARGs in WWTPs and other environments. Annual variation of resistomes
were explained via structural equation modeling (SEM), which deciphered the structural linkages of determining
factors such as the operational parameters, microbial community composition and horizontal gene transfer
(HGT). Specifically, potentially relevant antibiotic resistance bacteria (ARBs) were explored and discussed based
on assembly-based analyses and network correlations. Moreover, consistent with the clear relationship between
resistomes and mobile genetic elements (MGEs), it was found that there was a relatively high potential for gene
exchange in AS in comparison with soil genomes, which could be explained by the engineering features of
WWTPs. Based on these findings, longitudinal monitoring of WWTPs is warranted for risk assessment to reveal
emerging ARGs, resistome evolution, correlations with ARBs, and the potential for spread in downstream en-
vironments and concomitant exposure risks for humans.

1. Introduction

The spread of antibiotic resistance genes (ARGs) has become one of
the biggest health concerns in the 21st century. According to a review
commissioned by the UK government in 2016, the annual total of
worldwide deaths caused by resistance infections is ≥700,000 (O’Neill,
2016). ARGs are more than a clinical problem, and they have been
detected in many different environments, such as drinking water (Ma
et al., 2019), lakes (Czekalski et al., 2014, Di Cesare et al., 2015), rivers

(Liu et al., 2018a), soil (Chen et al., 2016), wastewater treatment plants
(WWTPs) (Yang et al., 2013), and plastics (Yang et al., 2019). In De-
cember 2017, the United Nations Environment Programme (UNEP) in
its Frontier Report listed antimicrobial resistance (AMR) as the first out
of six emerging issues of environmental concern (UNEP, 2017). WWTPs
have been proposed to be hotspots for ARGs because bacteria/genes
and antibiotic residues piped from various sources were collected in
wastewater (Karkman et al., 2017). Moreover, the high biomass con-
centration and diverse bacterial communities (Ju and Zhang, 2015) of
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activated sludge (AS) systems in WWTPs could supply ideal conditions
for the horizontal gene transfer (HGT) of ARGs. Our previous study
showed that overall ARG pollution in AS is more serious than that in
rivers and soils and is of the same order of magnitude as that in human
feces (Li et al., 2015b). The persistence and mobility of ARGs exacer-
bates the risks these genes pose to human health in the post-antibiotic
era (Lamba and Ahammad, 2017; Liu et al., 2018b; Lorenzo et al.,
2018).

Several studies in the past decade have characterized ARGs and
their relevant dissemination potential in AS samples. A plethora of
spatiotemporal AS samples are needed to delineate the association of
bacterial hosts and the resistome. Several studies were conducted using
geographically distributed sample analysis (Hendriksen et al., 2019; Ju
et al., 2018); however, few studies have been based on time-series
datasets. Lamba and Ahammad (2017) applied qPCR to study four
specific genes encoding resistance against extended-spectrum beta
lactam- and carbapenem-resistant bacteria over two seasons. An et al.
(2018) and Jiao et al. (2018) profiled dozens of ARGs in different
seasons by high-throughput qPCR. However, improved studies are
needed, as described below.

First, previous studies were only conducted on samples collected in
very short periods at low sampling frequencies, which may not accu-
rately reveal the dynamic changes in the resistome over a long period.
Second, traditional PCR-based methods were limited by the availability
of primers and by amplification bias, which was especially limiting
given that a comprehensive overview is needed on the diversity and
phylogenetic distribution of ARGs and ARG-carrying bacteria (Li et al.,
2015b). In this study, we conducted a successive nine-year analysis of
the same sampling site in an aeration tank to derive a high-resolution
temporal profile of AS resistomes. In addition, a high-throughput se-
quencing (HTS)-based method was utilized to afford an unbiased and
broad-spectrum survey of the ARG pollution, as it enabled quantifica-
tion, characterization, and parallel comparison of a wide range of ARG
types (Boolchandani et al., 2019). Metagenomic assembly was also used
to determine the in-depth correlation of the resistome microbial com-
munity and the occurrence of gene exchange within the complex
communities in AS (Li et al., 2015b; Schmieder and Edwards, 2011;
Yang et al., 2013).

The high-throughput sequencing technology and customized ana-
lysis pipeline of this study enabled the application of both read-based
and assembly-based approaches to search the whole resistome with an
integrated database. This revealed the comprehensive dynamics of
ARGs over an unbroken nine-year period, identified the bacterial hosts
of the resistome in the AS of a local municipal WWTP, and located the
core resistome in AS samples, highlighting the role of WWTPs as re-
servoirs for ARG proliferation and dissemination. Mobile genetic ele-
ments (MGEs) were also scrutinized in genomic contexts to probe the
potential for the spread of ARGs. Taken together, the findings of this
study provide new insights into gene types or ARG-carrying species that
could threaten human health.

2. Materials and methods

2.1. Sampling and DNA extraction

The sampling site was Shatin wastewater treatment plant, which is
the largest secondary WWTP in Hong Kong. This WWTP uses an anoxic/
oxic (A/O) process with a treatment capacity of 216,000m3 day−1 from
a population of 630,000. AS samples were collected monthly from the
aeration tank from June 2007 to December 2015 (Table S1). Samples
were mixed with absolute ethanol at a volume ratio of 1:1 for biomass
fixation, then stored in a refrigerator at −20 °C. A 1-mL subsample of
each sample was centrifuged to obtain a pellet of ~200mg, which was
subject to DNA extraction with a FastDNA™ Spin Kit for Soil (MP
Biomedicals).

2.2. Metagenomic sequencing

The construction and sequencing of shotgun libraries were con-
ducted on all DNA samples on an Illumina HiSeq4000 platform by the
Beijing Genomics Institute (BGI). A collection of 97 datasets with a
range of 3.5 to 7.7 Gbp was obtained and the total sequence length was
539.9 Gbp, which was the largest temporal sequence dataset of AS
samples reported thus far. All data were uploaded onto the NCBI da-
tabase and are labeled with Bioproject accession number
PRJNA432264. The data has been published before in our recent paper
themed on virome in WWTPs (Wang et al., 2018), the theme of which is
totally different from this study.

2.3. Quantification of ARGs, bacteria and MGEs

Quality control of reads was conducted by fastp (v0.12.1) with de-
fault filtering parameters, and then filtered reads were used as inputs to
the ARG-analysis pipeline ARGs-OAP v2.0, which integrated detection
of ARGs using the reference database SARG v2.0. Quantification of
ARGs as a unit of ARG copies per cell was calculated by normalizing
ARG abundance to the cell number, which was derived from essential
single-copy marker gene-estimation (Chen et al., 2018; Yin et al., 2018).
The quantification in this unit reflected the concentration levels of the
resistome in the microbial community more directly than the previously
used unit, copy number of ARGs per copy number of 16S rRNA, which
was obtained by examining the 16S copy number in different bacteria
(Yang et al., 2016). For example, an abundance at 0.2 copy of ARGs per
cell means that one resistance gene occurred in every five bacterial cells
on average. However, for parallel comparison with other studies, the
abundance information of ARGs was also determined in other units
(ppm; copy number of ARGs per copy number of 16S) (see
Supplementary Files).

For taxonomic classification, Kraken2 (v2.0.7), together with a
customized complete genome k-mer database, was applied to clean
reads (Wood and Salzberg, 2014). The classification results were further
passed through Bracken 2.0 for relative abundance estimation of the
taxa in each sample (Lu et al., 2017). To quantify MGEs in the samples,
ARGs-OAP v2.0 was used, but the reference database was replaced by a
recently published MGEs database (Parnanen et al., 2018). The unit in
the quantification of MGEs was copy number of MGEs per cell.

2.4. Ordination and correlation analysis

Principal Coordinates Analysis (PCoA) was conducted on all sam-
ples with ARG abundance in subtype level using Bray-Curtis distance.
Redundancy analysis (RDA) was conducted on the abundance of ARG
types and all environmental parameters (such as temperature, salinity,
pH, dissolved oxygen (DO), hydraulic retention time (HRT), mean cell-
residence time (MCRT), mixed-liquor suspended solids (MLSS), bleach,
and concentrations of N and P). Before RDA, Hellinger transformation
was conducted on the ARG abundance and variance inflation was
conducted on environmental parameters to remove redundancy. RDA
was validated by assessing the significance of the constraints using a
permutation test. Variation Partition Analysis (VPA) was used for in-
terpretation of ARG types from bacterial communities at the class level
and by MGE abundance (Jia et al., 2015). Bacterial abundance and
MGE abundance were Hellinger transformed. R packages vegan
(Oksanen et al., 2019), BiodiversityR (Kindt, 2016), and plotly (Sievert,
2019) were used to conduct the above analysis. Correlations of the
resistome and bacterial composition were investigated using Procrustes
analysis (9999 permutations) to correlate the ARG-subtype abundance
profile with the relative abundance of species in each sample, supported
by tool QIIME (Forsberg et al., 2014). A structural equation model
(SEM) was constructed to evaluate the linkages between MCRT, bac-
terial abundance, MGE abundance, and ARG abundance using R
package lavaan (Rosseel et al., 2019). The input SEM was a matrix of
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the pairwise correlations between variables from a Mantel test con-
ducted using the vegan package (Oksanen et al., 2019) in R. MCRT was
an independent variable, while the bacterial and MGE abundances were
two intermediate variables, and the ARG abundance was a response
variable. A maximum likelihood estimation method was used to esti-
mate model parameters. The best fit model was examined by the fol-
lowing fit statistics: chi square (χ2 > 0.05), goodness of fit (GFI >
0.95), normed fit index (NFI > 0.95), and root-mean-square error of
approximation (RMSEA < 0.008) (Hu et al., 2016; Wang et al., 2019).

2.5. Detection of co-localizations of ARGs and MGEs on bacterial assembly

Clean shotgun sequencing reads were de novo assembled for each
sample on CLC Genomic Workbench (v12.0, QIAGEN Bioinformatics)
with default parameters. Kraken2 was applied on ARG-carrying contigs
for taxonomic annotation (Wood and Salzberg, 2014). Pathogenic hosts
of ARGs were identified by reference to a customized pathogen list (Li
et al., 2015a; Table S2). The open reading frames (ORFs) on the as-
sembled contigs were predicted using Prodigal (v2.6.3) (Hyatt et al.,
2010). Afterwards, predicted ORFs were searched for ARGs using
BLAST against the SARG v2.0 database (e-value: 1e−5, identity: 0.7,
query length ratio: 0.8). Integrases were identified by BLAST against a
reference database in the Integron Visualization and Identification Pi-
peline (I-VIP) (e-value: 1e−5, identity: 0.8, length ratio: 0.5) (Zhang
et al., 2018b). Additionally, other MGEs were identified by keyword
search (including integron, transposase, transposon, conjugative, con-
jugal, recombinase, recombination, mobilization and plasmid) after
alignment against the NBCI-NR database (Forsberg et al., 2012).

2.6. Network analysis

The enrichment of ARGs in taxonomy was evaluated on ARG-car-
rying contigs by Fisher’s exact test and P values were adjusted by using
Benjamini-Hochberg methods to control the false discovery rate
(Benjamini and Hochberg, 1995). Only significantly correlated pairs of
taxonomy-ARGs (P < 0.05) were extracted for demonstration on net-
works using Cytoscape (v3.7.1) (Shannon et al., 2003).

2.7. Assessment of HGT-potential in AS

The incidence of ARGs encountering MGEs were compared between
bacterial contigs in this study with three categories of complete gen-
omes, i.e., human pathogens, non-pathogenic AS, and non-pathogenic
soil. The calculation method was based on reported methods (Forsberg
et al., 2014; Li et al., 2017). A list of complete pathogen and soil gen-
omes listed on the NCBI was obtained from a recent paper (Forsberg
et al., 2014), and a list of AS genomes was obtained from the IMG
database (September 2019), with “Activated Sludge” in the “Ecosystem
Type” field and “Sludge, Wastewater” in the “Habitat” field (Table S3).
ARGs and MGEs were identified with the same method used for iden-
tifying assembled contigs. Then, the number of MGEs within the as-
signed distance (200–100,000 bp) from each ARG were counted, and
the average count for each genome group was denoted the incidence of
its encountering MGEs. Fisher’s exact test was then used to evaluate
whether the pairwise difference between genome groups is significant
in the potential increase in HGT along the determined distances.

3. Results

3.1. The long-term occurrence and diversity of ARGs in AS

The extent of resistome richness was shown by the identification of
19 ARG types (based on the antibiotic the genes conferred resistance to)
and 384 ARG subtypes (genotypes). The total count of ARG subtypes
varied from 92 to 157 (Fig. 1a) across all sampling dates. The total
abundance of ARGs also differed in samples, ranging from 0.144 to

0.358 copy of ARGs per cell. A generally decreasing trend was ob-
served, with the average abundance of ARGs per cell being 0.283 copy
in 2007 to 0.191 copy in 2015, which was consistent with the trend
observed in our previous study (Yang et al., 2013).

PCoA analysis afforded yearly clustering data, showing the re-
sistome composition of four consecutive time ranges were distinctly
from each other, including Cluster 1 (2007–2009), Cluster 2
(2010.1–2011.5), Cluster 3 (2011.6–2014.9), and Cluster 4
(2014.10–2015.12) (Fig. 1b). However, no clear seasonal clustering was
observed (Fig. S3).

3.2. The long-term dynamics profiles of ARGs related to widely used
antibiotics types

As shown in Fig. 1, Figs. S4 and S5, significant differences in the
abundance of most ARG types existed between 2009 (the end-year of
cluster 1) and 2010 (the start of cluster 2), such as in genes for re-
sistance to aminoglycosides, bacitracin, beta-lactams, chloramphenicol,
tetracycline, and MLS (Mann-Whitney test, P < 0.05, Table S4). The
abundance of bacitracin-resistance, which contributed 15% to the total
number of ARGs, significantly increased in cluster 2; however, it re-
turned in cluster 3 & 4 to the same level as in cluster 1, thus demon-
strating a relatively stable trend over the sampling time range.

A continuous decrease in the abundance of aminoglycoside, chlor-
amphenicol, and tetracycline resistance genes was observed from 2009
to 2011, with these three ARG types decreasing by 72%, 85%, and 77%,
respectively. In contrast, the abundance of beta-lactam resistance genes
fluctuated over time, increasing significantly in 2010 (the start of
cluster 2), decreasing significantly in 2012 (the start of cluster 3), and
then increasing again in 2014 (cluster 3), with an overall increase of
43%. More interestingly, the abundance of MLS and quinolone re-
sistance genes exhibited seasonal variation. The abundance of MLS
resistance genes reached a maximum in September–November in each
year and dropped to a minimum abundance in January in each year,
while the maximum abundance of quinolone resistance genes occurred
in February or March in each of four years.

3.3. The persistent and abundant resistome identification

The 384 ARG subtypes detected in the AS samples were partitioned
according to the frequency of their occurrence (Fig. 2). The category of
greatest concern for human health was the persistent resistome, defined
here as those ARG subtypes that occurred in over 95% of samples. This
category comprised 41 subtypes of 13 different ARG types (listed in
Table S5). Moreover, the persistent resistome tended to be more
abundant than the less frequently occurring ARGs, as illustrated in
Fig. 2d. Specifically, a small portion of the persistent resistome ac-
counted for an average of 79% of the overall abundance of ARGs, and
this proportion changed little over time (Fig. S6). This was consistent
with a previous report that the core resistome over a two-year period
accounted for an average of 70% of the whole sample ARG abundance
(Munck et al., 2015). These highly persistent and abundant ARG sub-
types were defined as the core resistome. The dynamics of each of these
41 core subtypes are shown in Figs. S7 and S8.

3.4. Detection of particular ARGs of emerging concern

A set of ARGs of particular concern were also detected, which in-
cluded very recently discovered ARGs (the sul4 gene (Razavi et al.,
2017) and the mcr-1 gene and its variants (Feßler et al., 2018; Liu et al.,
2016; Tijet et al., 2017)) and genes of other antibiotic-resistant pa-
thogens that are emerging major threats to public health (MRSA-related
genes such as mecA, qacA, qacB, norA (Garcia-Alvarez et al., 2011;
Hryniewicz, 1999; Noguchi et al., 2005; Fischbach and Walsh, 2009)
and carbapenem-resistant Enterobacteriaceae [CRE]-related genes such
as KPC, NDM, OXA-48 and its variants, IMI-1, SME-1, IMP-1, VIM-1,
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Fig. 1. The profile of monthly variations of ARG abundance in AS samples. a. Occurrence: abundance of ARGs, in copy of ARGs per cell (bar chart) and count of
detected ARGs subtypes (line chart) per month. b. Structure: PCoA clustering of all samples based on the Bray-Curtis distance. MLS=Macrolide-Lincosamide-
Steptogramin.

Fig. 2. Characterization of the resistome persistence over the nine-year study period. Pie charts summarize the percentages of six occurrence-frequency groups in
terms of their total (a) count and (c) abundance. Each dot in (b) and (d) represents one detected ARG subtype in AS, with its intensity of color being proportional to its
occurrence frequency. Occurrence frequency was defined as the number of occurrences divided by the total sample number (97). The R2 value is 0.84 for the linear
regression of (d).
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IND-1, ccrA, GOB-1, and FEZ-1 (Bush and Jacoby, 2010; CDC, 2016;
Evans and Amyes, 2014; Logan, 2012)).

3.5. The relationships between contributing factors to the resistome

The relationship between the environmental parameters and the
resistome were analyzed by RDA. The results showed that MCRT sig-
nificantly affected ARG composition (Fig. S11a, P < 0.05). In addition,
Procrustes analysis revealed a significant correlation between the bac-
terial taxonomy and the resistome (Fig. 3a, Figs. S9 and S10,
P < 0.0001, M2= 0.194 based on 9999 permutations), indicating that
bacterial taxonomy had an effect on the resistome in AS. Furthermore,
variation partitioning analysis (VPA) indicated that the bacterial com-
munity shift and MGEs contributed 34.9% and 2.2% to the resistome
variation, respectively, while the combined effects of these factors had
the greatest effect (39.8%) on shaping the resistome in AS (Fig. S11b).

To construct a model of the structural relationships between con-
tributing factors and the resistome, structural equation modeling (SEM)
was conducted. This showed that these factors had both direct and
indirect effects on the abundance of ARGs (Fig. 3b, χ2= 0.499,
p < 0.05).

3.6. The correlation of the bacterial community with the resistome

To further explore the specific relationships between bacterial hosts
and the ARG subtypes, the assembled contigs of the individual samples
were subjected to ARG annotation and host identification. More than
20 Gb assembled contigs were obtained, and the N50 length was
1550 ± 431 bp. Within these, 1870 ARG-carrying contigs were iden-
tified, 174 of which contained more than one ARG. After host identi-
fication using k-mer-based methodology, the taxa of 85% and 57% of
contigs carrying ARGs were predicted at their specific phyla and species
levels, respectively.

Fisher’s exact test was used to screen for host-resistome pairs with
significant correlations, as demonstrated in Fig. 4a (phyla or classes of
Proteobacteria – ARG types) and Fig. 4b (family/genus/species – ARG
subtypes). In general, no ARG types were conserved in any specific
phylum; the γ-, β- and α-Proteobacteria, which were most dominant in
terms of relative abundance in the AS, hosted a wide range of ARGs.
However, significance levels were different for some bacteria hosting
specific types of ARGs. For example, aminoglycoside resistance genes
were mostly detected in γ-Proteobacteria, while sulfonamide resistance
genes correlated mostly with α-Proteobacteria. In addition, seven

aminoglycoside genotypes were detected (Fig. 4b), and three genes
(aadA, aph(6)-I and aph(3′)-I) that produce streptomycin adenylyl-
transferase or aminoglycoside phosphotransferase were found in the
pathogens Escherichia coli and Pseudomonas putida. Four sulfonamide
resistance genotypes (sul1, sul2, sul3, and sul4) were detected in dif-
ferent taxa, among which sul1was carried by both pathogenic species in
the γ-Proteobacteria class (Pseudomonas aeruginosa and Klebsiella pneu-
moniae) and the nonpathogenic species in an α-Proteobacteria class
(Martelella sp. AD-3, Zymomonas mobilis, and Novosphingobium re-
sinovarum).

3.7. The HGT potential in AS

Of the 1104 ARG-carrying contigs whose taxa were predicted into
23 species, 9 species (166 contigs) simultaneously harbored ARGs and
MGEs and thus had a high potential for HGT (Fig. S12). To reduce the
bias from random occurrence, only prevalent cases of co-occurrence of
ARGs and MGEs were further examined (Fig. S12), where prevalence
was arbitrarily defined as ARG-carrying species that were detected
more than eight times. There was a wide host-range for contigs carrying
both ARGs and MGEs, especially for the classes of Proteobacteria. ARG-
carrying contigs belonging to Actinobacteria and Deinococcus-Thermus
carried no MGEs, while those detected in γ-Proteobacteria had a high
percentage of co-localization between ARGs and MGEs. There were four
species where>75% of ARG-carrying contigs also contained MGEs:
Pseudomonas putida, Yangia sp. CCB-MM3, Geobacter lovleyi, and Slini-
monas sp. N102, the first of which was a potential pathogen.

To further resolve the co-occurrence of ARGs and MGEs, the in-
cidence of ARGs encountering HGT signatures was calculated. As ex-
pected, there was an increasing incidence of MGE encounters as the
distance from an ARG increased (Fig. 5). It is interesting to note that
there was a significantly higher HGT potential in AS than in soil along
the tested distances over 1.2 kbp from ARGs (P < 0.05, Fisher’s exact
test). However, AS displayed a slower increase in HGT potential than
pathogens at all distances over 0.8 kbp (P < 0.05, Fisher’s exact test).

4. Discussion

A comparison of AS with other ecotypes listed by Li et al. (2015b)
showed that the average abundance of ARGs in AS (0.2 copy of ARGs
per cell; the units used in the following data are the same) was far
below that in fecal samples (5.94) and untreated sewage (1.93, which
was considered to represent a large and mostly healthy population),

Fig. 3. The relationships between determining factors and the resistome in AS. a. Procrustes analysis of ARG subtypes with bacterial species (N=97, P < 0.001,
M2=0.194, based on 9999 permutations). b. Structural equation models showing the connections between operational parameters (MCRT), bacterial abundance
(class), MGEs and the ARG abundance (type) (N=97, χ2=0.499). All shown arrows are significant (P < 0.05) and represent positive effects, and the numbers
along the arrows represent their standardized regression weights.
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while comparable to environmental systems such as WWTPs effluent
(0.44), anaerobic digested sludge (ADS) (0.43), drinking water (0.35),
river water (0.20), and sediment (0.24) (Fig. S13) (Hendriksen et al.,
2019; Li et al., 2015b). This indicated that the pollution levels of ARGs
in AS were similar to those in other natural samples.

The data suggest that the core resistome should be examined for
persistent and abundant ARG subtypes, as this would aid

characterization of resistant profiles in AS in terms of variation over
time, especially when compared with other ecotypes. The core re-
sistome comprised 41 genotypes resistant to most widely used anti-
biotics (Table S5) and, intriguingly, extensively overlapped with core
ARGs in other ecotype systems mentioned above (Figs. S13 and S14).
Almost all of these ARGs were abundant in both human and livestock
fecal samples (Figs. S13 and S14), while genes conferring resistance to

Fig. 4. The predicted antibiotic-resistant bacteria classified according to different taxonomy levels: a. phyla (or class for Proteobacteria) and b. species/genus/family
level (diversity). The node size of networks indicates relative abundance, and the node shape indicates specific ARGs (diamond) or taxa (circle). The width of edge on
networks represents the level of significance of the correlation (Fisher’s exact test). All shown correlations are significant (P < 0.05). Pathogens are highlighted as
red circles. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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bacitracin, MLS, multidrug, and vancomycin have been widely detected
in natural environments including fishpond sediment and river and
drinking water (Figs. S13 and S14). This indicates that AS may dis-
seminate ARGs throughout a wide range of environments, underscoring
the profound health threats of AS being a reservoir of resistomes
(Gouliouris et al., 2019).

A longitudinal variation in the quantity and diversity of the re-
sistome was observed over the study period. The ARG abundance range
was 0.144–0.358 copy of ARGs per cell. A Mann-Whitney test revealed
that the overall abundance of ARGs changed significantly every two to
three years (P < 0.01, Table S3). Similarly, ordination analysis of re-
sistome composition (ARGs subtypes) by PCoA showed that the com-
position of the resistome changed every two to three years. This annual
change in both the abundance and the structure revealed the long-
itudinal evolution of the resistome in the AS samples, highlighting the
need for more comprehensive temporal monitoring studies to defini-
tively explore fluctuations in the makeup and function of the AS re-
sistome.

Seasonal clustering in the overall structure of the resistome types
was not observed (Fig. S3), which might have been due to the small
variations of temperatures in Hong Kong over different seasons.
Nevertheless, the abundance of two ARG types (MLS and quinolone)
showed that some clear seasonal dynamic regularity existed. The
maximum abundance of MLS was in September–November in each year
and the lowest abundance was in January. Furthermore, the most
dominant MLS resistance gene, ereA, exhibited similar variation trends
(Fig. S8). The quinolone resistance genes qnrS reached a maximum in
February or March in four of the study years.

However, seasonal resistome variations were not always confirmed
in AS in previous studies. Jiao et al. reported no seasonal variation of
ARGs in a high-throughput qPCR analysis of excess sludge from a city
with an annual temperature range of 10–35 °C (Jiao et al., 2018).

Lamba and Ahammad (2017) found higher abundances of ARB and
ARGs in winter than in summer in AS in New Delhi. An et al. (2018)
reported a significant difference between winter and summer levels of
ARGs in AS in their study. However, these previous studies involved
sampling within only one year or only in several paired months across
multiple years, which meant that conclusions were based on data biased
by limited sampling time points and narrow time-spans. However, we
minimized bias by conducting our study with a high-resolution sam-
pling over a very long period (nine years), and our assembly-based
network analysis enabled exploration of the ARBs relevant to the sea-
sonally varying levels of ereA and qurS genes (Fig. 4b). Thus, the most
important ereA-carrying bacteria in AS was found to be Geobacter,
whose abundance variation showed similar seasonal trends (Fig. S15),
while the fluctuation in abundance of qnrS was attributed largely to the
variation in the abundance of Vibrio anguillarum (Fig. S16).

The examination of ARGs that constitute emerging concerns to
human health assisted in risk evaluations of AS. For example, the sul4
gene was first discovered in 2017 in integron amplifications of mobile
gene cassettes from Indian river sediment and was soon found to have
spread across Asia and Europe (Razavi et al., 2017). This study has now
confirmed the long-term occurrence of sul4 in sewage sludge in Hong
Kong, with an increasing abundance of sul4 after 2012 (Fig. S8, Mann-
Whitney test, P < 0.05). Examples of the diverse sul4-carrying species
were α-Proteobacteria (Sphingobium yanoikuyae) and Actinobacteria
(Pseudonocardia sp. AL041005-10 and Arthrobacter alpinus), as illu-
strated in the network analysis in Fig. 4b, which further highlighted the
mobility of sul4 across phylogeny. MRSA-related genes were rarely
detected after 2009 (Fig. S18), in line with a worldwide clinical survey
that the prevalence of MRSA declined after 2008 (Diekema et al.,
2019). Other emerging ARGs (mcr-1 and CRE related genes) that were
only recently detected in clinical isolates were also found in AS from the
Shatin WWTP, demonstrating that genetic exchange had possibly oc-
curred between clinical and WWTPs microbiota, thus contributing to
the increased levels of health-threatening bacteria.

As determined by VPA and SEM analysis, a bacterial community is
the most influential factor shaping AS resistomes and can do so in both
direct and indirect ways. Although the resistomes in AS were generally
shared with other ecotypes, the hosts for ARG-carrying contigs differ-
entiated AS from other environments. To be specific, in comparing AS
with wastewater samples, 50% of tetracycline resistance genes were
located in Clostridium genus in Firmicutes phyla in wastewater (Jia et al.,
2017). However, in AS, Firmicutes harbored the most diverse tetra-
cycline resistance genes from different species not limited to the genus
Clostridium, while the most common tetracycline resistance gene was
detected to be tetG in Pseudomonas aeruginosa species in γ-Proteo-
bacteria. This was consistent with the reported association of tetG with
Pseudomonas from stress incubation experiments (Li et al., 2013). Ba-
citracin resistance genes were reported to be widely detected in Pro-
teobacteria based on an intensive search of the whole genome database
using the ARGs-OSP platform (Zhang et al., 2018a). However, analysis
of the AS samples in this study showed that β-Proteobacteriawere almost
the only class that was predicted to be the host of bacitracin resistance
genes. Further analysis showed it was the gene bacA (Fig. 4b), one of
genotype of bacitracin resistance genes, correlated with β-Proteobacteria
such as species Thauera sp. MZ1T, Nitrosospira briensis, Simplicispira
suum, and Thauera humireducens. All of the phenomena discussed above
indicated that the wide hosting tendencies of the resistome could
probably be further diversified by the characteristically dense and rich
bacterial community of AS (Figs. S9 and S10).

To validate the host of ARG-carrying contigs predicted using net-
work analysis, we used the NCBI whole genome database as a reference.
Some pairs of the resistome taxonomy were confirmed by genetic
screening of genomes or isolates recovered from aquatic environments
or clinics, such as Vibrio cholerae with CARB-7 and CARB-9 (beta-
lactam) (Melano et al., 2002; Petroni et al., 2004), Pseudomonas aeru-
ginosa with tetG, floR, and sul1 (Coyne et al., 2010), and Pseudomonas

Fig. 5. The potential of ARGs to encounter MGEs in this study and in publicly
available complete genomes. AS showed a significantly increased HGT potential
than soil at all distances over 1.2 kbp (right dashed-line in inset, P < 0.05) but
a slower increased HGT potential than pathogens at all distances over 0.8 kbp
(left dashed-line, P < 0.05).
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putida with mexF (Nelson et al., 2002). Nevertheless, other occurrences
of bacterial species carrying specific ARGs have not been detailed in
published genomes or isolates. For example, sul3-carrying contigs were
merely predicted at the family level (Enterobacteriaceae) due to the
unavailability of k-mers of sul3-carrying genomes in current genome
databases. It was recently reported that sul3 was abundant in total as-
semblage but not in colony-forming bacteria (Suzuki et al., 2019).
These findings imply that further complementary work on currently
uncultured bacteria or undrafted genomes is required to determine
other possibly complex ARG-host correlations present in AS.

Genetic exchange across phylogenies is another factor that shapes
the AS resistome, although in this study, the resistome characteristics
were more likely the result of combined effects also resulting from in-
teractions with the bacterial community (Fig. 3b, Fig. S11). To de-
termine the overall potential for HGT in AS, the incidence of ARGs
encountering MGEs in AS was compared with that in pathogenic and
non-pathogenic soil. The pathogens investigated were those that are
detrimental to human health and that reflect the range of microbes in
clinical settings. In addition, ARGs are known to spread widely between
such pathogens via HGT (Forsberg et al., 2014). A lower potential for
HGT in AS was expected as a result of the lower level of exposure to
antibiotics in AS than in clinical settings (Fig. 5). Interestingly, how-
ever, a higher HGT potential was found in AS than in soil. Both of these
media contain a diverse range of bacteria (George et al., 2019) and a
huge diversity of ARGs (Forsberg et al., 2014). However, the function of
AS as a concentrated treatment point of sewage from cities means that it
contains a highly dense microbial community (2–10 g/L), has a shorter
generation time for bacteria (15–30 days), has a large volume flux
(216,000m3 day−1), and enables bacterial contact within flocs (Ju and
Zhang, 2015). These features were hypothesized to be perfect en-
vironments for HGT in AS comparing to the relative still conditions
within soil.

Aside from the microbial community composition and potential
HGT in the ARG-carrying bacteria, there are other factors that shaped
the variation of resistomes, such as the environmental parameters of
WWTPs. Specifically, this study found that MCRT positively correlated
with ARG abundance (Fig. 3b), for reasons still obscure that longer
MCRT might select resistant bacteria (Neyestani, 2016). Besides,
bleaching was applied in the aeriation tank at the end of 2009 with the
purpose of removing detrimental microbes to maintain treatment effi-
ciency. This led to sharp changes of bacterial composition (Figs. S9 &
S10), and furtherly contributed to the distinct dissimilarity on ARGs’
structures between cluster 1 and cluster 2 in Fig. 1b.

In addition, although the selection pressure of antibiotic residues
has also been proposed to shape the AS resistome, results in the recent
literature have been contradictory. Bengtsson-Palme et al. (2016) in-
ferred from their data that there was no direct selection for ARGs in
response to any antibiotics in WWTPs, while Gao et al. (2012) observed
a significant correlation between certain resistance genes and antibiotic
types (e.g., sul1 correlated with abundance of sulfonamide but tetO/
tetW did not correlate with tetracycline). Novo et al. (2013) concluded
that tetracycline residues were significantly responsible for higher total
resistance, but not for tetracycline resistance specifically. These results
may be due to the relatively low abundance of antibiotics in wastewater
(normally in the level of ng/L), which is below the minimum selective
concentration (Greenfield et al., 2018; Li et al., 2009) and which is
explained by a recently proposed theory that there is reduced selection
pressure for antibiotic resistance in complex communities than within
single species in vitro (Klümper et al., 2019). However, this study did
not involve collection of antibiotic concentration data, and thus, no
similar conclusions can be drawn; further dose-response experiments
are needed to examine these possibilities.

Longitudinal sampling of the same site in WWTPs can be considered
as a general strategy to obtain deeper sequencing of an identical
sample. All shotgun-sequencing reads from 97 sampling time points,
totaling 539.9 Gbp, were taken as a whole sample for rarefaction curve

analysis (Fig. 6). For the first time, this clearly demonstrated that se-
quencing depth would strongly bias quantification of ARGs. The results
showed that the proper sequencing depth for ARG quantification ana-
lysis by shotgun whole-genomic sequencing of AS samples is 60 Gbp; at
depths< 60 Gbp, both the count of detected ARGs and the total
abundance of the resistome kept increasing, while at depths> 60 Gbp,
only rare ARGs were retrieved. Thus, it can be seen that the sequencing
depths in previous studies, which ranged from 1 to 11 Gbp (Bengtsson-
Palme et al., 2016; Guo et al., 2017; Ju et al., 2018; Ng et al., 2019),
were insufficient to determine the range of ARGs in AS, and may have
underestimated or not detected ARGs in AS from less abundant bac-
terial groups such as Enterobacteriaceae (Narciso-da-Rocha et al., 2018).

5. Conclusions

In this study, profiling of ARGs in AS samples from a local WWTP
was conducted in high resolution (monthly) and over a long term (over
nine years) using high-throughput sequencing technology with pow-
erful analytical data-mining methods. Overall, the whole dataset of
shotgun metagenomic reads was 539.9 Gbp. This WWTP harbored
120 ± 12 ARG genotypes with a total abundance of 0.207 ± 0.0443
copy of ARGs per cell. Notably, the intensive longitudinal survey re-
vealed significant changes every two to three years in both the abun-
dance and composition of ARGs, which further revealed the evolution
of the resistome in the AS samples.

Moreover, the core resistome comprised dominant and stable ARGs
that persisted throughout the entire sampling process and were as-
cribable to 41 genotypes resistant to most widely used antibiotics.
These ARGs have also been found to be broadly disseminated in other
ecotype systems such as human feces, livestock feces, and natural en-
vironments. In addition, the prevalence of newly emerging ARGs such
as sul4, mcr, and CRE genes was observed over the nine-year study
period. These are human health-threatening ARGs of particular con-
cern, highlighting the importance of WWTPs as reservoirs of ARGs and
the need for further studies. A further correlation analysis enabled the
elaboration of the resistome characteristics in terms of its operational
determinants, bacterial phylogeny, and HGTs based on a large assembly
reservoir (over 20 Gb assembled contigs) from AS samples with dense
and diverse microbes.

In summary, the strategies used and results found in this study have
provided a dynamic perspective of ARGs and their host bacteria from
multiple biological viewpoints, underscoring the health-threatening
challenges arising from chronic resistome evolution and highlighting
the analytical power of longitudinal monitoring of the resistome of AS.

Fig. 6. The special rarefaction curve formed by taking 539.9 Gbp as a whole.
The gray shadow represents 300 rounds of Monte Carlo simulations, and the
smoothed curve was created by the local regression function in Rstudio. The
inset delineates the count or total abundance of detected ARGs at a sequencing
depth<60 Gbp. The unit of ARG abundance is copies of ARGs per cell.
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