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Abstract: Understanding how antibiotic resistance genes (ARGs) are distributed in drinking water
treatment processes is important due to their potential public health risk. Little is known about the
occurrence and distribution of ARGs in typical drinking water treatment processes, such as sand
settling reservoirs (SSRs) and drinking water treatment plants (DWTPs), in the Yellow River, especially
at the catchment scale. In this study, ARG profiling was investigated from water samples of influent
(river water) and effluent (source water) of SSRs and finished water of DWTPs in six cities along the
Yellow River catchment using real-time quantitative polymerase chain reaction (qPCR) and 16S rRNA
gene sequencing. Seventeen ARGs and two mobile genetic elements (MGEs) were detected, among
which aadE, strA, strB, tetA, sulII, intl1, and Tn916 had high detection rates (over 80%). The absolute
abundances (gene copies/mL of water) of ARGs were reduced by the SSRs and DWTPs generally,
but no reductions were observed for the relative abundances (gene copies/16S rRNA gene) of ARGs.
Spatial distributions of ARGs and bacteria were not observed. The distribution of bacterial genera
was clustered into four dominant patterns in different water type samples. The bacterial genera
Pseudomonas, Massilia, Acinetobacter, Sphingomonas, Methylobacterium, and Brevundimonas dominated
the finished water, with Brevundimonas and Methylobacterium being speculated to be potential hosts
for two ARGs (strA and strB) through network analysis. The enrichment of these two genera, likely
caused by selection of disinfection process, may contribute to the higher relative abundance of ARGs
in finished water. This study provides insight and effective assessment of the potential risk of ARGs
in drinking water treatment processes at the catchment scale.

Keywords: antibiotic resistance gene; sand settling reservoirs; drinking water treatment plants;
the Yellow River

1. Introduction

Antibiotic resistance genes (ARGs), as emerging environmental pollutants [1], are a major concern
associated with the spread and development of antibiotic resistance. The aquatic environment is
recognized as one of the most important reservoirs for antibiotic resistant bacteria (ARB) and ARGs [2,3].
With the wide use of antibiotics in human and veterinary medicine and the agricultural industry,
ARGs have been detected in a variety of environments, including surface river water [1], municipal
wastewater treatment plants (MWTPs) [4], drinking water treatment plants (DWTPs) [5], and water
supply reservoirs [6]. Notably, growing evidence shows the existence of ARB and ARGs in drinking
water systems from source water to finished water [5,7–10]. Since finished water from DWTPs is
provided to local populations, the prevalence of ARGs in drinking water systems can be a potential
threat to public health.
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Previous studies have reported wide distribution of ARB and ARGs in source water, which gives
resistance to a variety of antibiotics, including resistance to beta-lactams, aminoglycosides, fluoro-
quinolone, sulfonamide, tetracycline, and cephalosporin [6,9,11–14]. Many earlier studies have focused
on the occurrence and quantity of ARGs in DWTPs [5,8,15–18]. Previous quantification of ARGs
(including cat, cmr, blaTEM, blaSHV, sulI, sulII, tetW, and tetO) in DWTPs and distribution systems
showed that the absolute abundance of ARGs (gene copies/water volume) was lower in finished
water than source water, though relative abundance (normalized to 16S rRNA gene) exhibited no
obvious variation [15]. To gain insight into the mechanism of ARG variation in DWTPs, studies have
examined the proceeding treatment processes. In DWTPs in the Yangtze River Delta, sulfonamide and
tetracycline resistance genes were found to be more abundant after treatment with biological activated
carbon (BAC) [8]. Among treatment processes, chlorine is believed to enrich the proportion of ARB
and the relative abundance of ARGs due to the co-selection of resistance bacteria [5,7,8,17], indicating
that ARGs may be enriched after DWTP treatment. Current studies have primarily focused on specific
or scattered DWTPs, and thus further representative research on ARGs in DWTPs at the catchment
scale is needed.

The Yellow River is one of the most important water sources in northern China, with many cities
along its banks and watershed that are using it for drinking water. As the river water has high turbidity,
sand settling reservoirs (SSRs) have been built for pretreatment in many cities. Previous studies on
the Yellow River Catchment show the prevalence of a variety of antibiotics, with concentrations of
antibiotics in the river (25 to 152 ng/L) and sediment (up to 184 ng/g) being greater than in rivers
in Europe [19,20]. However, the pollution levels of ARGs in the Yellow River remain underreported,
and little is known about the occurrence and distribution of ARGs in drinking water treatment
processes such as SSRs.

This study aimed to elucidate the distribution and abundance of ARGs in SSRs and DWTPs at
the catchment scale, and to reveal the relationships and effects between ARGs and their potential
hosts in the treatment processes. Real-time quantitative polymerase chain reaction (qPCR) was
used to document the prevalence of 17 ARGs and two mobile genetic elements (MGEs) (intl1 and
transposon Tn916) in river water (influent of SSRs), source water (effluent of SSRs), and finished water
(effluent of DWTPs) of six cities (Lanzhou, Yinchuan, Hohhot, Zhengzhou, Jinan, and Dongying) in the
Yellow River catchment in China. Target ARGs included five aminoglycoside ARGs, five macrolide
ARGs, six tetracycline ARGs, and one sulfonamide ARG. The selection of ARGs were based on those
identified in previous studies and our preliminary detection experiment. Among all the ARGs observed
in the drinking water source and drinking water treatment plants, tetracycline and sulfonamide
ARGs were most common [8,12,18,21], followed by macrolide, aminoglycoside and other ARGs [5,9].
Using Illumina MiSeq sequencing, the bacterial community structures in the drinking water treatment
processes were characterized. Additionally, the co-occurrence patterns between ARGs and bacterial
taxa were also analyzed by network analysis. The results of this study will provide information and
insight for understanding the prevalence and propagation of ARGs in SSRs and DWTPs, as well as
their correlations with bacteria, which should be useful for their management.

2. Materials and Methods

2.1. Study Sites and Sampling

Sampling was conducted in the winter from February to March 2014. Six cities along the Yellow River,
including Lanzhou (LZ), Yinchuan (YC), Hohhot (HS), Zhengzhou (ZZ), Jinan (JN), and Dongying
(DY), were selected for this study (Figure 1a). It should be noted that the sampling time is in winter
with less rainfall and lower water flow, and there would be different results in summer, which need
further studies in the future. Except for Lanzhou, each city has a SSR to reduce the high turbidity of the
river water. All of the DWTPs consist of conventional drinking water treatment processes (coagulation
and sedimentation, sand filtration, chloramine disinfection), except BAC filter was used in Jinan
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DWTP. River water and source water samples were taken from the influent and effluent of the SSRs
at 0–0.5 m depth below the water surface. The river water sample from Lanzhou was taken directly
from the influent of DWTP. Finished water samples were taken from the effluent of DWTPs (Figure 1b).
Triplicate samples were collected in 500-mL pre-cleaned and sterilized glass bottles, where the bottles
were washed and rinsed by pure water from Millipore purification system and sampling water. A total
of 15 samples were stored in thermotanks with ice bags and were delivered to the laboratory as soon as
possible. Typical water quality parameters of the source water were tested, as shown in our previous
study [22] and summarized in Table S1.

Water 2018, 10, x FOR PEER REVIEW  3 of 12 

 

which need further studies in the future. Except for Lanzhou, each city has a SSR to reduce the high 
turbidity of the river water. All of the DWTPs consist of conventional drinking water treatment 
processes (coagulation and sedimentation, sand filtration, chloramine disinfection), except BAC filter 
was used in Jinan DWTP. River water and source water samples were taken from the influent and 
effluent of the SSRs at 0–0.5 m depth below the water surface. The river water sample from Lanzhou 
was taken directly from the influent of DWTP. Finished water samples were taken from the effluent 
of DWTPs (Figure 1b). Triplicate samples were collected in 500-mL pre-cleaned and sterilized glass 
bottles, where the bottles were washed and rinsed by pure water from Millipore purification system 
and sampling water. A total of 15 samples were stored in thermotanks with ice bags and were 
delivered to the laboratory as soon as possible. Typical water quality parameters of the source water 
were tested, as shown in our previous study [22] and summarized in Table S1. 

 
Figure 1. (a) Sampling locations (Lanzhou, Yinchuan, Hohhot, Zhengzhou, Jinan, Dongying); (b) 
Drinking water treatment processes, including sand settling reservoir and drinking water treatment. 
“*”: Sampling sites. 

2.2. DNA Extraction 

Water samples were filtered through 0.22-μm mixed cellulose ester membrane filters (Millipore, 
Australia) to capture bacteria. The membrane filters were stored at −20 °C in 2-mL centrifuge tubes 
until DNA extraction. The DNA was extracted from the membranes using a FastDNA SPIN Kit (MP 
Bio, Solon, OH, USA) according to the manufacturer’s instructions. The concentration of the purified 
DNA was quantified spectrophotometrically (NanoDrop ND-1000, Thermo, Waltham, MA, USA), 
with the purified DNA then stored at −20 °C until subsequent analysis and qPCR assays were 
performed. 

2.3. Real-Time qPCR 

Five aminoglycoside ARGs (aadB, aadE, aphA1, strA, and strB), five macrolide ARGs (ereA, ermF, 
ermG, ermX, and mefA), six tetracycline ARGs (tetA, tetG, tetO, tetQ tetW, tetX), one sulfonamide ARG 
(sulII), two MGEs (intl1 and transposon Tn916), and the 16S rRNA gene were quantified using SYBR-

Figure 1. (a) Sampling locations (Lanzhou, Yinchuan, Hohhot, Zhengzhou, Jinan, Dongying); (b) Drinking
water treatment processes, including sand settling reservoir and drinking water treatment. “*”: Sampling sites.

2.2. DNA Extraction

Water samples were filtered through 0.22-µm mixed cellulose ester membrane filters (Millipore,
Australia) to capture bacteria. The membrane filters were stored at −20 ◦C in 2-mL centrifuge tubes
until DNA extraction. The DNA was extracted from the membranes using a FastDNA SPIN Kit (MP Bio,
Solon, OH, USA) according to the manufacturer’s instructions. The concentration of the purified DNA
was quantified spectrophotometrically (NanoDrop ND-1000, Thermo, Waltham, MA, USA), with the
purified DNA then stored at −20 ◦C until subsequent analysis and qPCR assays were performed.

2.3. Real-Time qPCR

Five aminoglycoside ARGs (aadB, aadE, aphA1, strA, and strB), five macrolide ARGs (ereA, ermF,
ermG, ermX, and mefA), six tetracycline ARGs (tetA, tetG, tetO, tetQ tetW, tetX), one sulfonamide
ARG (sulII), two MGEs (intl1 and transposon Tn916), and the 16S rRNA gene were quantified using
SYBR-Green real-time qPCR. The primer sequences and PCR conditions were verified in recently
published papers and in this study [23] (Table S2). Positive controls contained cloned and sequenced
PCR amplicons that were obtained from the sludge of wastewater treatment plants in our previous
study [23]. Concentrations of the standard plasmids (ng/µL) were determined with the NanoDrop
ND-1000, and their copy concentrations (copies/µL) were then calculated [24].
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The 25-µL reactions of qPCR typically contained 1 × SYBR Green I, 1 × Dye (TaKaRa), 200 nM of
each primer, 0.5 mg/mL BSA, and 2 µL of DNA templates. Real-time PCR was run using an ABI 7300
system (ABI, Foster City, CA, USA) with the following program: 95 ◦C for 30 s, 40 cycles consisting
of: (i) 95 ◦C for 10 s; (ii) annealing temperature for 15 s; (iii) 72 ◦C for 15 s; and (iv) 78 ◦C for 26 s to
collect the fluorescent signals. The melting process was automatically generated using the ABI 7300
software. Ten-fold dilution of plasmids carrying the target gene were used as calibration standards,
ranging from 108 copies to 102 copies. Standard curves were constructed in each PCR run and the copy
numbers of genes in each sample were interpolated using these standard curves. All of the standards,
samples, and negative control (sterile water) were quantified in triplicate.

Reliable correlation coefficients (R2 > 0.99) for standard curves over five orders of magnitude
were obtained. Amplification efficiencies based on slopes were between 85.39% and 112.75% (Table S3).
The detection limits were between 1.4 × 10 to 2.86 × 103 copies per µL added DNA, as shown in
Table S3. Only samples in which two of the three replicates were above the limits were regarded as
positive. Specificity was ensured by melting curves and gel electrophoresis. The copy number of
the target gene was calculated based on the calibration curves. Relative abundances of the ARGs
and MGEs were normalized to bacterial 16S rRNA genes for comparison. Absolute abundance was
calculated based on number of gene copies per the water sample volume (mL). The removal of ARGs
was calculated as log removal [25]. Removal of ARGs in selected treatment process = log X − log Y. X
and Y are total absolute abundance of ARGs in influent and effluent of selected treatment process.

2.4. Illumina MiSeq Sequencing for 16S rRNA Gene

The DNA samples were diluted to 10 ng/µL, with 20 µL of each sample sent to a commercial
laboratory (Majorbio, Beijing, China) for Illumina MiSeq sequencing. Samples were sequenced
following the manufacturer’s guidelines using the Illumina MiSeq sequencing instruments and
reagents by paired-end strategy. The specific primers (515F: GTGCCAGCMGCCGCGGTAA, and 806R:
GGACTACHVGGGTWTCTAAT) were applied for the amplification of V4 region of the 16S rRNA
gene [26]. AxyPrepDNA Gel Kit was used to extract the PCR products, then the library construction
and sequencing was conducted on the Illumina MiSeq platform. The raw FASTQ data were filtered
using QIIME (version 1.17) with following criteria: (i) The reads were truncated that obtained an
average quality score of <20 over a 50-bp sliding window, and the truncated reads shorter than 50 bp
were discarded; (ii) exact barcode matching, two nucleotide mismatch in primer matching, and reads
containing ambiguous characters were removed; and, (iii) only overlapping sequences longer than
10 bp were assembled according to their overlapped sequence. Operational taxonomic units (OTUs)
with 97% similarity cutoff were clustered using UPARSE (version 7.1), and anomalies were eliminated
using UCHIME. After filtering for quality, the sequences were aligned against the 16S rRNA sequences
in the Silva database (Release119 http://www.arb-silva.de) with OTUs data to identify species at
different levels. The rarefaction analysis based on Mothur v.1.21.1 was conducted to reveal the diversity
indices. Raw sequencing data were deposited in the NCBI Sequence Read Archive with accession nos.
SRR4253864 to SRR4253864.

2.5. Network Analysis

Network analysis was used to explore the underlying associations among genes and microbial
taxa [23,27]. To visualize the correlations between ARGs and bacterial taxa, we constructed a co-occurrence
network among the 17 ARGs and two MGEs quantified by qPCR and the 464 bacterial genera that were
identified by MiSeq sequencing with the random matrix theory-based network inference method of the
17 water samples [28]. Briefly, all of the possible pairwise Pearson correlations among the 483 items,
including the 17 ARGs, two MGEs, and 464 bacterial genera, that occurred in at least nine samples were
calculated to construct a correlation matrix [28,29]. Network analyses were performed using an online
analysis pipeline at http://ieg2.ou.edu/MENA. Network visualization was conducted on the interactive
platform of Gephi (version 0.9.1).

http://www.arb-silva.de
http://ieg2.ou.edu/MENA
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2.6. Statistical Analysis

Correlations among ARGs and MGEs were evaluated by Pearson’s bivariate correlation analysis
(SPSS 20.0, IBM, Armonk, NY, USA). One-way ANOVA were performed to evaluate the significance of
differences among the samples. Heatmap and principal coordinate analysis (PCoA) were performed in
R environment using pheatmap [30] and VEGAN [31].

3. Results and Discussion

3.1. Distribution of ARGs in Water Treatment Processes

The concentrations of the 17 ARGs, two MGEs, and 16S rRNA gene quantified by qPCR are listed
in Tables S4 and S5 and summarized in Figure 2. One-way ANOVA were performed to evaluate the
significance of differences among sample sites, however no significant difference was found. Among the
targeted ARGs and MGEs in this study, aadE, intl1, Tn916, strA, strB, tetA, and sulII exhibited high detection
rates (over 80%). For ARGs, strA and strB were the most abundant. Total absolute abundance of ARGs
ranged from 1.51 × 104 ± 1.49 × 104 copies/mL in river water, 7.78 × 103 ± 7.13 × 103 copies/mL
in source water, and 6.91 × 102 ± 6.79 × 102 copies/mL in finished water. Total relative abundance
of ARGs ranged from 3.96 × 10−3 ± 3.65 × 10−3 copies/16S rRNA gene in river water, 4.25 × 10−3

± 3.84 × 10−3 copies/16S rRNA gene in source water, and 1.82 × 10−2 ± 1.81 × 10−2 copies/16S
rRNA gene in finished water. In terms of total absolute abundance, the highest ARG level was found
in Hohhot river water, whereas in terms of total relative abundance, the highest ARG level was found
in Zhengzhou finished water. When compared with the previous study, the absolute abundances of
sulII, tetA, tetG, tetO, tetW, and tetX in river water were, on average, lower than those in Huangpu
River [9]. These results suggest that ARGs are prevalent in the river, source, and finished water of the
drinking water treatment processes in the Yellow River catchment. Spatial distribution of ARGs and
MGEs was not found, and the Bray-Curtis-based principal coordinate analysis (PCoA) of the ARGs
did not show geographical clustering (Figure S2).
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Figure 2. (a) Absolute and (b) relative abundances of the 17 ARGs, two MGEs, and 16s rRNA in water
samples. Label under each column denotes sample site name followed by water type (1 is river water,
2 is source water, 3 is finished water).

To clarify the variation of ARGs and MGEs in the drinking water treatment processes, comparisons
among river water, source water, and finished water were performed (Figure 3 and Figure S3). Variation
in the total absolute abundance of ARGs showed that they decreased with treatment processes.
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On average, the total absolute abundance of ARGs decreased from 1.07 × 104 copies/mL in river water
to 5.39 × 103 copies/mL in source water and 5.99 × 102 copies/mL in finished water. In addition,
total relative abundance of ARGs increased, on average, from 2.7 × 10−3 copies/16S rRNA gene in river
water to 3.68 × 10−3 copies/16S rRNA gene in source water and 7.43 × 10−3 copies/16S rRNA gene in
finished water. For MGEs, total absolute abundance decreased, on average, from 1.51 × 106 copies/mL
in river water to 1.15 × 106 copies/mL in source water and 3.19 × 105 copies/mL in finished water,
whereas total relative abundance remained relatively stable at 1.58 × 10−3 copies/16S rRNA gene
in river water to 2.15 × 10−3 copies/16S rRNA gene in source water and 1.50 × 10−3 copies/16S
rRNA gene in finished water. The decrease in total absolute abundance of ARGs and MGEs could be
explained by the elimination of bacteria during the water treatment processes, especially treated by
drinking water treatment plants that have disinfection processes to eliminate them. As for total relative
abundance of ARGs and MGEs, no variation trend was observed in this study. This result suggested
the possibility that ARGs and MGEs are carried by bacteria that can survive from the water treatment
processes, while bacteria did not carry those genes were eliminated more effectively, which caused the
proportions of ARGs and MGEs to remain unchanged or even increase. The results are consistent with
a previous study which showed blaTEM, blaSHV, sulII and cat genes’ absolute abundance decreased
while the relative abundance increased [15]. To better compare removal effect of two major treatment
processes (SSRs and DWTPs), the levels of ARGs removal in the treatment processes are provided in
Table 1.
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Figure 3. Total absolute (a) and relative (b) abundances of ARGs (copies/mL water) in river, source,
and finished water.

SSRs were observed to have different removal of ARGs in different cities. In Yinchuan, only aphA1
was removed at a level of 0.32-log, other ARGs include aadB, aadE, strA, strB, tetA, tetO, tetX, and sulII
increased at the levels range from −0.45-log to −2.16-log. Similarly, in Zhengzhou, only tetA and
sulII were removed at a level of <1-log, while all aminoglycoside resistance genes that were detected
increased. Better SSRs removal level of ARGs was observed in Donying, where aphA1, strA, and strB
have removal level range from 0.46-log to 2.14-log. In Hohhot and Jinan, SSRs have the removal of
all detected ARGs at the levels range from 0.22-log to 3.07-log except tetA increased in Hohhot and
strA increased in Jinan. SSRs were special treatment process in the Yellow River catchment. With its
relatively slow flow rate and sedimentation function, it could be partly compared with sedimentation
tank in DWTPs. However, SSRs did not show high removal level like of sedimentation in DWTPs
reported in recent study [25]. In Yinchuan, Zhengzhou, and Dongying, total absolute abundance of
ARGs increased at levels range from −0.24-log to −1.46-log after SSRs treatment, while 16S rRNA
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genes were removed at levels range from 0.29-log to 0.67-log in all SSRs except Zhengzhou. Therefore,
the results concerning dissemination of ARGs in SSRs, and whether there were transfer and selection
of ARGs in SSRs remain further study.

Table 1. The log removal of ARGs in the treatment processes of six sample cities.

Gene
SSRs DWTPs

YC HS ZZ JN DY LZ YC HS ZZ JN DY

16S rRNA gene 0.29 0.67 −1.28 0.41 0.36 1.05 −0.35 0.82 2.88 0.62 −0.29
aadB −2.09 2.17 −1.06 1.67 −0.32 0.24 1.99 ND 1.98 −1.09 2.13
aadE −1.38 1.06 −1.00 0.85 −0.37 0.87 1.19 0.16 1.10 −0.31 0.67

aphA1 0.32 1.67 −0.28 1.77 0.46 1.89 0.35 ND 1.10 −1.19 −1.05
strA −2.16 0.22 −0.93 −0.29 2.14 1.37 0.91 3.89 0.74 0.11 −2.05
strB −1.23 0.19 −0.34 0.94 2.07 1.33 0.72 3.84 0.58 −0.24 −1.81
ereA ND 2.55 ND ND ND 0.90 ND ND ND ND ND
ermF ND 1.77 ND 1.76 −0.17 0.85 ND 1.40 ND ND 2.07
ermG ND ND ND ND ND ND ND ND ND ND ND
ermX ND ND ND ND ND 1.80 ND ND ND ND ND
mefA ND 3.07 ND ND ND 1.78 ND ND ND ND ND
tetA −1.02 −0.14 0.37 0.84 0.00 1.74 0.92 1.31 1.48 −0.21 0.97
tetG ND 2.77 ND ND ND 2.14 ND ND ND ND ND
tetO −1.28 2.31 ND ND ND 1.36 1.28 ND ND ND ND
tetQ ND ND ND ND ND ND ND ND ND ND ND
tetW ND 1.91 ND ND ND 1.54 ND ND ND ND ND
tetX −1.34 2.38 ND ND ND 0.86 1.34 ND ND ND ND
sulII −0.45 1.35 0.25 2.03 −0.54 1.40 1.97 1.94 2.65 0.37 1.48
intI1 −0.96 0.40 −1.29 0.85 −0.28 0.94 0.40 1.92 2.98 −0.05 −0.57

Tn916 −0.10 0.59 −0.09 −0.01 0.22 1.16 −0.20 0.90 1.44 0.38 0.34
Total −1.46 0.30 −0.24 0.82 −0.39 1.30 0.87 3.08 0.81 −0.06 1.00

Note: ND means no detected.

DWTPs are important constructions designed to enhance drinking water quality. In this study,
total absolute abundance of ARGs decreased in all DWTPs at levels range from 0.81-log to 3.08-log,
except Jinan, where ARGs concentration increased 0.06-log after DWTPs. Generally, DWTPs showed
removal effects of ARGs, which also been provided in previous studies [5,8,25]. In Lanzhou, Yinchuan,
Hohhot and Zhengzhou, all detected ARGs decreased at level range from 0.16-log to 3.89-log after
DWTPs. However, in Donying, aphA1, strA, strB increased partly because the increasing of 16S rRNA.
Total absolute and relative abundances increased in the Jinan finished water. This is noteworthy
because the DWTP in Jinan uses BAC as advanced treatment. Previous study has shown that BAC can
increase the relative abundance of ARGs and ARB as it aggregates microbes [5,7]. Therefore, our results
suggest that BAC may play a key role in affecting ARGs, and its influence on ARGs in drinking water
needs further assessment.

The correlations among the relative abundances of ARGs and MGEs are shown in Table S6.
Results showed that ereA was significantly correlated with intl1, which also has been shown in a recent
study of greenhouse soil [32]. In addition, some of the detected ARGs had significant correlations
with transposon Tn916, including one aminoglycoside ARG (aphA1), four macrolide ARGs (ereA, ermF,
ermX, and mefA), and three tetracycline ARGs (tetO, tetW, and tetX). Intl1 and the Tn916/Tn1545
transposon family contain a variety ARGs, including tetracycline, macrolide, and aminoglycoside
resistance genes [33,34]. The correlations between intl1 and Tn916/Tn1545 in this study indicate the
potential association with the additional horizontal transfer of ARGs. As MGEs were not eliminated
efficiently in the drinking water treatment processes, as shown in Figure S3, the risk of ARG horizontal
transfer is worth the attention.
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3.2. Diversity and Distribution Patterns of Bacteria along Water Treatment

Based on PCoA analysis, the overall bacterial community structure showed more commonalities
in the finished water from all of the cities that were analysed (Figure S4). The Shannon and Simpson
diversity indices (Table S7) showed that bacterial community diversity declined after treatment via
DWTPs in all of the sample sites, except for Hohhot, but no significant differences were observed
between river and source water. The differences in the diversity of the bacterial community between
the river and source water was varied, with two showing a slight rise and three demonstrating a
decline. In this study, all of the DWTPs applied conventional processes, which include coagulation
and sedimentation, sand filtration, and chloramine disinfection except for Jinan which has additional
BAC treatment. One of the major function of these processes is to eliminate the microorganisms
from water. Among them, chloramine disinfection has strong selection to Proteobacteria. This result is
consistent with previous studies that have shown the reduction of bacterial diversity due to selection
of chloramine resistance [17,25].

At the phylum level, as shown in Figure S5 and Table S8, Proteobacteria increased considerably in
the finished water and became dominant. At the genus level, however, the distribution of bacteria could
be divided into four patterns (Figure 4). Bacteria showing A and C pattern distributions, including
Mycobacterium, Synechococcus, Planctomycetaceae, Actinobacteria, and Rhodobacter, were dominant both in
river and source water, but their proportions decreased in finished water. In contrast, the proportion
of bacteria showing B pattern distribution, including Pseudomonas, Massilia, Acinetobacter, Sphingomonas,
Methylobacterium, Brevundimonas, and Deinococcus, increased markedly in the finished water and became
dominant. The genera exhibiting these different patterns are listed Table S9. Previous metagenomic
research has indicated that Proteobacteria are the main antibiotic resistant bacteria in drinking water [17],
which may relate to their chlorination resistance [35]. Among the genera that were dominant in the finished
water, all were Proteobacteria, except for Deinococcus. In previous drinking water studies, Pseudomonas
has been regarded as an opportunistic bacterial pathogen that can spread acquired antibiotic resistance
preferentially via vertical transmission [36]. Further studies have also reported that Massilia contains
sulfonamide resistance genes [37], Acinetobacter is associated with multi-drug resistance [38], Sphingomonas
is positively correlated to ARGs encoding the RND (resistance-nodulation-cell division protein family)
transportation system [39], Methylobacterium is resistant to disinfection [40], and Brevundimonas possesses
innate resistance to fluoroquinolones [41]. By comparing the distribution of genera (Figure 4) with the
distribution of ARGs (Figure 2), a correlation between predominate ARGs (strA and strB) and bacterial
genera in finished water was observed. As these bacteria are associated with antibiotic resistance, they are
of public health concern.

To further prove the correlation between ARGs and bacteria, the co-occurrence patterns between
ARGs and bacterial taxa were investigated using network analysis, as shown in Figure 5. Two bacterial
genera, Brevundimonas and Methylobacterium, were suggested as the possible hosts of two ARGs
(strA and strB) (Table S10). Notably, these two genera were enriched in the finished water and their
proportions were highly increased in the finished water of Zhengzhou. This may explain the increase
in the total relative abundance of ARGs in the finished water sample as the strA and strB ARG subtypes
in the finished water of Zhengzhou were dominant. Although Brevundimonas species has rarely been
reported as a pathogen causing human infection, it has been isolated in some infection cases [41].
Methylobacterium species has been considered as a serious concern in hospitals due to its contamination
of tap water [42]. There has been no report of strA-strB streptomycin-resistance of Brevundimonas and
Methylobacterium yet, aminoglycosides were recommended as important treatment of Methylobacterium
species infection [43]. However, since strA-strB streptomycin-resistance genes widely distribute in
bacteria, and strA-strB are often encoded on transposon borne on conjugative plasmid [44], potential
aminoglycosides resistance in Brevundimonas and Methylobacterium that is caused by horizonal transfer
need to be further studied.
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4. Conclusions

In this study, variations in 17 ARGs and two MGEs in drinking water treatment processes in the
Yellow River catchment were documented by qPCR. At the catchment scale, the absolute abundances of
ARGs and MGEs decreased after drinking water treatment, whereas the relative abundances of ARGs
and MGEs did not, suggesting the potential risk of ARGs in drinking water. The bacterial community
in the drinking water treatment processes was analyzed by sequencing. The distribution of bacterial
genera was characterized into four patterns, with two dominant bacterial genera (Brevundimonas and
Methylobacterium) found to be associated with two enriched ARGs (strA and strB) in the finished water.
As these two genera are reported to be resistant to disinfection, their high proportion in finished water
in the present study confirms the impact of disinfection to antibiotic resistance in drinking water at the
catchment scale.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/10/3/246/s1,
Figure S1. Number of ARGs subtypes in 17 water samples; Figure S2. Bray-Curtis-based Principal coordinates
analysis of (a) relative and (b) absolute abundance of ARGs in 17 water samples; Figure S3. (A) Total
absolute abundance of MGEs (copies/mL water) in river water, source water and finished water. (B) Total
relative abundance of MGEs (copies/16S rRNA) in river water, source water and finished water; Figure S4.
Bray-Curtis-based Principal coordinates analysis of microbial communities in 17 water samples; Figure S5.
Bacteria proportion on phylum level of 17 water samples; Table S1. River water quality parameters; Table S2. PCR
primers for the investigated ARGs, MGEs and bacterial 16s rRNA gene; Table S3. Quality control of the real-time
qPCR methods for the all target genes; Table S4. Absolute abundances of the 17 ARGs and 2 MGEs (copies/mL
water) in water samples; Table S5. Relative abundances of the 18 ARGs and 2 MGEs (gene copies/16S rRNA gene
copies) in water samples; Table S6. Correlation of ARGs with MGEs; Table S7. Coverage and diversity indices of
bacterial communities by Miseq sequencing; Table S8. Relative abundances of bacterial community compositions
grouped by phylum in different water samples. The abundance is presented in terms of the percentage of the
targeted phylum in the total sequences of a sample (%); Table S9. Genera distribution patterns in 17 water samples;
Table S10. Genera percentage of bacteria co-occurrence with ARGs.
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