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ABSTRACT: Cell-associated ARGs in wastewater treatment
plants (WWTPs) has been concerned, however, cell-free
ARGs in WWTPs was rarely studied. In this study, the
abundances of four representative ARGs, sulII, tetC, blaPSE‑1,
and ermB, in a large municipal WWTP were investigated in
both cell-associated and cell-free fractions. Cell-associated
ARGs was the dominant ARGs fraction in the raw wastewater.
After biological treatment, sludge settling, membrane filtration,
and disinfection, cell-associated ARGs were substantially
reduced, though the ratios of ARG/16S rRNA gene were
increased with disinfection. Cell-free ARGs persisted in the
WWTP with a removal of 0.36 log to 2.68 logs, which was much lower than the removal of cell-associated ARGs (3.21 logs to
4.14 logs). Therefore, the abundance ratio of cell-free ARGs to cell-associated ARGs increased from 0.04−1.59% to 2.00−
1895.08% along the treatment processes. After 25-day-storage, cell-free ARGs in both biological effluent and disinfection effluent
increased by 0.14 log to 1.99 logs and 0.12 log to 1.77 logs respectively, reflecting the persistence and low decay rate of cell-free
ARGs in the discharge water. Therefore, cell-free ARGs might be a kind of important but previously neglected pollutant from
WWTPs, which added potential risks to the effluent receiving environments.

■ INTRODUCTION

The prevalence and persistence of antibiotic resistance in
bacterial pathogens have become an emerging threat to public
health.1−3 Antibiotic resistance causes the failure of antibiotics
on pathogens, so that ordinary infectious diseases currently
treatable with antibiotics might soon become untreatable and
life threatening.4−6 Therefore, the generation and dissemination
of antibiotic resistance have raised deep concern, and need to
be controlled.
Selective pressure from antibiotics primarily takes place in

human and animal guts,7 which may enhance the antibiotic
resistance of intestinal bacteria. A large part of the antibiotic
resistance bacteria (ARB) is excreted into environments, and
further spread antibiotic resistance by horizontal transfer of
antibiotic resistance genes (ARGs).8 In addition, antibiotics are
only partially absorbed and metabolized by human and animals
after medication, up to 75% of antibiotics and antibiotic
metabolites are excreted.9 In the receiving environments,
antibiotic residues sustained a selective pressure, thus
contributing to the proliferation of ARGs and ARBs in
microbial communities.10

In cities, sewers and wastewater treatment plants (WWTPs)
collect domestic wastewater as well as excreta, remove the
wastes, and discharge the effluents to natural environments.
The excreted antibiotics and intestinal ARBs in domestic wastes
create a favorable condition in wastewater collection and
treatment systems for antibiotic resistance selection and
spread.7 In order to attenuate the dissemination of ARGs
from WWTPs to natural environments, it is essential to reduce
ARGs in WWTPs’ effluents. However, numerous studies11−15

indicated WWTPs as ARGs reservoirs based on the
investigation of ARGs’ abundance at different WWTPs.
Although conventional biological treatment could reduce
certain ARGs significantly by about 3 orders of magni-
tude,13,16,17 the remained ARGs in the effluents still ranged in
105−109 gene abundance/L.18 Such effluents may favor the
persistence and spread of antibiotic resistance in the microbial
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communities of the receiving environments.19 Therefore,
studies on ARB inactivation by effluent disinfection using
UV,20,21 chlorination,22 ozone,23 photocatalytic ozonation,24

UV/H2O2,
25,26 UV/TiO2,

27 and Fenton-UV/H2O2
28 are

emerging. Here comes a matter of concern that almost all
previous studies focused on cell-associated ARGs, which can be
intercepted by 0.22 μm filter; while ARGs in cell-free DNA,
which can pass through 0.22 μm filters, were neglected.
The proliferation of ARGs among bacteria occurs frequently

through one of the following three mechanisms of horizontal
gene transfer (HGT): (1) conjugation by cell-to-cell contact;
(2) transduction by bacteriophage infection; and (3) trans-
formation by direct uptake of extracellular DNA (eDNA).1,29

eDNA generates from the secretion of live cells as well as the
lysis of dead cells.30 The persistence of eDNA in soil and
sediment has been reported, which suggests an important role
of eDNA-based transformation in environments. The estimated
transformation frequency in marine sediments was 10−6−10−7
transformants per recipient cell,31 which was higher than the
frequencies of conjugation (10−7 transconjugants per donor
cell) and transduction (10−7−10−9 transductants per plaque
forming unit) in seawater.32,33 A big risk is that eDNA-based
transformation may be an important pathway of HGT in ARGs
dissemination, as Zhang et al.34 reported a high extracellular
ARG abundance of 1.7 × 103 to 4.2 × 108 copies g−1 dry sludge
in livestock wastes. The originated eDNA can be partially
adsorbed to cells or particles, and partially dissolved in waters.
The 0.22 μm filter intercepts intercellular DNA (iDNA) and
cell/particle-adsorbed eDNA (here we call them as cell-
associated DNA), while the filtrates contains the eDNA (here
we call it as cell-free DNA) passed through 0.22 μm filter. Up
to now, the abundance of ARGs in the cell-free DNA in
WWTPs has not been reported, and the risk of antibiotic
resistance spreading from WWTPs’ effluents is probably
underestimated.
In this study, cell-associated DNA and cell-free DNA were

simultaneously extracted from wastewater samples from a
municipal WWTP. The abundances of four ARGs, that is, tetC,
sulII, ermB, and blaPSE‑1, in both cell-associated and cell-free
DNA were determined by quantitative PCR (qPCR). Among
them, tetC, sulII, and ermB are the representative resistance
genes of tetracyclines, sulfonamides, and macrolides, respec-
tively, and were frequently detected in WWTPs with relatively
high abundances.35 BlaPSE‑1 was a rarely reported β-lactams
resistance gene in WWTPs, which may have relatively low
abundance. The removal of cell-associated ARGs and cell-free
ARGs by three different biological treatment processes and
follow-up disinfection processes were evaluated. The abun-
dance variations of cell-associated and cell-free ARGs in
biological effluents and disinfected effluents were also
investigated in a 25-day-period after sample collection, in

order to evaluate the decay of ARGs in the effluents after
discharge. The purpose of this study was to investigate the
abundance of cell-associated and cell-free ARGs in the WWTP
and to assess whether cell-free ARGs is an important type of
ARGs spreading from WWTPs.

■ MATERIALS AND METHODS

WWTP and Sampling. The treatment processes of the
WWTP and the sampling sites are shown in Figure 1. The
WWTP has three parallel biological treatment processes:
process 1 (P1), Anaerobic-Anoxic-Oxic; process 2 (P2),
Anoxic-Anaerobic-Oxic; process 3 (P3), Anaerobic-Anoxic-
Oxic membrane bioreactor (MBR). Main operation parameters
of the biological treatment processes are shown in Supporting
Information (SI) Table S1. The effluents of P1 and P2 were
further treated by ultrafiltration (UF), ozonation, and
chlorination, successively. The pore size of UF as well as
membranes in the MBR was 0.02 μm. The ozone dose was 3.5
mg L−1 and the contact time of ozonation were 25 min. NaClO
was used in the chlorination with a dose of 4.2 mg Cl2 L

−1 and
contact time of 5 h. The effluent of this WWTP was discharged
to a river nearby.
Two sets of samples were collected on August 10, 2016 and

March 17, 2017, respectively. On August 10, 2016, the influent
of the WWTP (Inf), the mixtures of oxic units in P1, P2, and
P3 (P1-M, P2-M, P3-M), the effluents of P1, P2, and P3 (P1-
Eff, P2-Eff, P3-Eff), and the effluents of UF and ozonation (UF-
Eff, O3-Eff) were collected, while the effluent of chlorination
(Cl-Eff) was missed. On March 17, 2017, all the 10 samples
were collected. For shortening sample storage and thus
avoiding potential variation of gene abundance caused by
DNA degradation of cell-free DNA and DNA release of dead
cell, instantaneous sampling method was applied. Five L sample
was collected from each sampling point, stored in a
polyethylene barrel at 4 °C, and brought back to our lab in
about 1 h. Physical and chemical analysis and DNA extraction
of the samples were conducted immediately in the lab. All the
containers were washed with bleach, and then rinsed with tap
water, deionized water, and Millipore water successively before
use. The properties of the samples are shown in SI Table S2.
After water property analysis and DNA extraction, the

remained P1-Eff and O3-Eff from March 17, 2017 were stored
under 20 °C in dark. The samples after 3, 6, 10, 15, and 25-day-
storage were also collected for DNA extraction and ARGs
determination.

DNA Extraction. For the nine samples collected on August
10, 2016, cell-associated DNA and cell-free DNA were
separately extracted from Inf, P1-M, P2-M, P3-M, P1-Eff, and
P2-Eff. However, considering few cells might remain in P3-Eff,
UF-Eff, and O3-Eff after 0.02 μm membrane filtration in the
MBR and UF, the cell-associated DNA of these three samples

Figure 1. Treatment processes of the WWTP and the sampling sites. The solid-lined arrows show the wastewater flows; and the dashed arrows
indicate the sampling points.
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were not collected separately. For a more accurate analysis,
DNA in all the samples collected on March 17, 2017 were
extracted in cell-associated and cell-free fractions.
For cell-associated DNA extraction, the samples were

filtrated through 0.22 μm membranes (Millipore, MA) for
cell interception. Volume of the samples for cell-associated
DNA extraction, shown in SI Table S3, was determined based
on SS concentration of the samples to ensure enough DNA
could be obtained from the intercepted cells. For cell-free DNA
extraction, the samples were placed in 4 °C refrigerator
statically to settle suspended solids. The supernatants were
filtered through 0.22 μm membranes to remove residual cells.
The cell-free DNA in the filtrates was collected with
precipitation method.36,37 726 mL of absolute ethanol and 33
mL of 3 M sodium acetate were added to 330 mL of filtrate
sample, and the mixed solution was stored at −20 °C overnight.
The precipitates were obtained by centrifuging at 10000 × g for
10 min and discarding supernatants. The air-dried pellets were
used for cell-free DNA extraction. For P3-Eff, UF-Eff, and O3-
Eff from August 10, 2016, each 330 mL of unfiltered sample
was directly added with 726 mL of absolute ethanol and 33 mL
of 3 M sodium acetate, stored at −20 °C overnight, and
precipitated to obtain the total DNA. The schematic diagram of
cell separation and DNA extraction procedures are shown in SI
Figure S1.
PowerSoil DNA Isolation Kit (MoBio, CA) was used to

extract DNA from cell intercepted membranes and the
precipitates for its consistent yield and high quality of DNA
from water samples.38 All DNA extractions were conducted
with two biological replicates. The DNA concentration was
detected by a NanoDrop 2000 UV−vis spectrophotometer
(Thermo Fisher, Wilmington, MA).
Quantification of ARGs Copy Numbers. The qPCR was

performed on a quantitative thermocycler (CFX-96, Bio-Rad,
CA) using SYBR Green I method. The primers and thermal
programs for the ARGs and 16S rRNA gene quantification are
listed in SI Table S4. The qPCR mixture was 20 μL, that is, 10
μL of SYBRs Premix Ex Taq (Takara, Dalian, China), 2.0 μL of
template DNA, 0.4 μL of each primer, and 7.2 μL of ddH2O.
Standard curves were constructed as previously described.39

Briefly, the target gene fragments were amplified from the
sludge samples, separated by 1.5% agarose gel electrophoresis,
purified and recovered with a QIA-quick gel extraction (Qiagen,
Hilden, Germany), and then cloned into pGEM-T Easy vectors
(Promega, Madison, WI). The recombinant plasmids were
transformed into competent E. coli DH5α (TIANGEN, Beijing,
China). Positive clones were randomly selected and checked
with PCR. The plasmids extracted from the positive clones
were used as standards for qPCR. 10-fold serial dilutions of the
plasmid DNA were adopted to create a standard curve. The
correlation coefficients of the standard curves in this study were
all >0.985, with amplification efficiencies of 90.1% to 101.9%.
All detections in the qPCR assay were conducted with three
technical replicates.
After qPCR assay, gene quantity was evaluated in relative

abundance and absolute abundance. Absolute abundance was
obtained by normalizing gene copies with the volume of
extracted sample to evaluate the ARGs amount in unit volume
of water samples. Relative abundance was obtained by
normalizing gene copies with extracted DNA amount to
evaluate the relative proportion of ARGs in DNA of the
samples. More specifically, the relative abundances of cell-
associated genes were obtained by normalizing cell-associated

gene copies with cell-associated DNA amount; the relative
abundances of cell-free genes were obtained by normalizing
cell-free gene copies with cell-free DNA amount; and the
relative abundances of total (cell-associated plus cell-free) genes
were obtained by normalizing total gene copies with total DNA
amount. Moreover, the ratio of ARG abundance to 16S rRNA
gene abundance was obtained by normalizing average ARG
abundance of the duplicate biological samples to average 16S
rRNA gene abundance of the same duplicate biological samples,
which could evaluate the relative proportion of ARB in
microbial community of the samples.

■ RESULTS AND DISCUSSION
DNA Content Variation along Treatment Processes in

the WWTP. The DNA content of the samples in this study are
shown in Table 1. The cell-associated DNA content in the Inf

was 450.6 ± 40.4 ng mL−1 and 806.7 ± 134.2 ng mL−1,
respectively on August 10, 2016 and on March 17, 2017,
whereas the cell-free DNA content in the Inf was 2.5 ± 0.4 ng
mL−1 and 5.7 ± 1.5 ng mL−1, respectively, indicating that cell-
associated DNA was the dominant DNA in the Inf with a cell-
free DNA/cell-associated DNA ratio of 0.63%. In the mixtures
from oxic units (P1-M, P2-M, and P3-M), the cell-associated
DNA became more predominant (5657.5 ± 555.1−20843.3 ±
4077.6 ng mL−1) compared to the cell-free DNA (3.3 ± 3.4−
15.9 ± 0.4 ng mL−1) due to the high concentration of MLSS
(SI Table S2). Cell-free DNA content in P1-M, P2-M, and P3-
M did not increase as much as that of cell-associated DNA,
probably owing to the degradation of cell-free DNA which
affected by different water properties.38

Owing to the good performance of secondary clarifiers, little
sludge was remained in P1-Eff and P2-Eff. The cell-associated
DNA content on August 10, 2016 and March 17, 2017 were 5.4
± 0.8 ng mL−1 and 12.5 ± 1.3 ng mL−1 in P1-Eff, and 7.1 ± 0.6
ng mL−1 and 11.7 ± 1.4 ng mL−1 in P2-Eff. The cell-free DNA
content in P1-Eff and P2-Eff were 9.8 ± 0.0 ng mL−1 and 9.0 ±
0.2 ng mL−1, respectively on August 10, 2016, which were
higher than the cell-associated DNA fraction. This indicated
that cell-free DNA could be the dominant DNA in the effluent
from a well-operated process. The cell-free DNA content in P1-
Eff and P2-Eff on March 17, 2017 was lower than that on

Table 1. DNA Contents in the Samples

August 10, 2016 March 17, 2017

sample

cell-associate
DNA content
(ng/mL)

cell-free
DNA content
(ng/mL)

cell-associate
DNA content
(ng/mL)

cell-free
DNA content
(ng/mL)

inf 450.6±40.4 2.5 ± 0.4 806.7 ± 134.2 5.7 ± 1.5

P1-M 5657.5 ± 555.1 9.5 ± 1.6 13 350.0 ±
1352.9

7.7 ± 1.7

P2-M 8512.5 ±
1757.2

8.7 ± 2.1 12 058.3 ±
2265.1

3.3 ± 3.4

P3-M 10 255.0 ±
162.6

15.9 ± 0.4 20 843.3 ±
4077.6

7.8 ± 2.8

P1-Eff 5.4 ± 0.8 9.8 ± 0.0 12.5 ± 1.3 1.7 ± 0.2

P2-Eff 7.1 ± 0.6 9.0 ± 0.2 11.7 ± 1.4 3.2 ± 2.4

P3-Eff 1.1 ± 0.2 7.5 ± 1.5 4.2 ± 1.0

UF-Eff 1.7 ± 0.5 6.6 ± 1.1 1.5 ± 0.3

O3-Eff 1.4 ± 0.2 1.1 ± 0.3 1.1 ± 0.0

Cl-Eff 0.1 ± 0.0 1.6 ± 1.7
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August 10, 2016, but still accounted for 11.97% and 21.48% of
the total DNA content in the samples.
The concentration of total DNA in P3-Eff and UF-Eff on

August 10, 2016, was only 1.1 ± 0.2 ng mL−1 and 1.7 ± 0.5 ng
mL−1, much lower than the concentration of cell-free DNA in
P3-M (15.9 ± 0.4 ng mL−1), and in P1-M (9.5 ± 1.6 ng mL−1)
and P2-M (8.7 ± 2.1 ng mL−1). The reduced DNA in MBR
effluent compared to that in the mixture of the MBR was owing
to the separation and high retention capacity of membrane,40

the same with the function of UF. On March 17, 2017, cell-
associated DNA and cell-free DNA were reduced by 99.96%
and 46.15% respectively by interception of the membrane in
MBR. The decreased cell-associated DNA and cell-free DNA in
P3-Eff and UF-Eff indicated that 0.02 μm membrane in MBR
and UF intercepted not only cells but also part cell-free DNA.
However, the extracted cell-associated DNA from P3-Eff and

UF-Eff on March 17, 2017 indicated that a small amount of
microorganisms remained in the P3-Eff and UF-Eff, the same
with previous report.41 Ozonation can cause the direct
destruction of cell wall and multiple oxidation reactions with
intracellular substances, including the purines and pyrimidines
of DNA, via O3 and hydroxyl radicals,42 therefore reduced
83.3% of cell-associated DNA and 26.7% of cell-free DNA in
UF-Eff on March 17, 2017. Chlorination also conducts

oxidation reactions, via HOCl and OCl− with lower redox
potential,43 and reduced cell-associated DNA to 0.1 ± 0.0 ng
mL−1, however, increased cell-free DNA to 1.6 ± 1.7 ng mL−1,
in Cl-Eff on March 17, 2017. The data indicated that cell-free
DNA persisted in the wastewater with relatively stable content
during the whole treatment processes (Table 1). The high
proportion of cell-free DNA in the final effluent might be a
potential risk of ARGs spreading, if high abundance ARGs
existed in the cell-free DNA.

ARGs Abundance Variation along Treatment Pro-
cesses in the WWTP. All the four target ARGs were detected
in both cell-associated and cell-free fractions in the WWTP.
The gene abundances in samples collected on August 10, 2016
and on March 17, 2017 are respectively shown in Figure 2 and
Figure 3.

Cell-Associated Gene Abundances. Shown in Figure 2a and
Figure 3a, the relative abundances of the four ARGs in the Inf
on August 10, 2016 (1.05 × 103-6.17 × 105 copies ng−1 DNA)
were about 1 order of magnitude higher than that in the Inf on
March 17, 2017 (3.34 × 102-4.79 × 104 copies ng−1 DNA). The
blaPSE‑1 showed the lowest abundance, whereas the tetC and
sulII were much higher (Figure 2 and Figure 3). Tetracyclines
was the first broad-spectrum antibiotic family, which has been
widely used for more than 70 years,44 therefore resulted in the

Figure 2. Gene abundances in the samples collected on August 10, 2016. (a) Relative abundances and the ratios of ARG abundance to 16S rRNA
gene abundance; and (b) absolute abundances. Error bars represent standard errors of the duplicate biological samples.
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worldwide distribution and high abundance of tetracycline
resistance genes in a variety of natural and artificial environ-
ments.45−47 The sulII also was an abundant ARG in surface
water48 and wastewater treatment systems.35,49 The data
showed consistent abundance variation of the cell-associated
ARGs between the two set of samples. The relative abundance
of sulII kept relatively stable with sulII/16S rRNA gene
increased in the oxic mixtures and the biological effluent,
revealed the enrichment of sulII-carried ARBs in the
community after biological treatment. While both the relative
abundances of tetC, blaPSE‑1, and ermB, and the abundance ratio
of these three ARG/16S rRNA gene were reduced, indicated
the competitive disadvantage of tetC-, ermB-, and blaPSE‑1-
carried ARBs during biological treatment. However, the
absolute abundances of tetC, blaPSE‑1, and ermB in P1-M, P2-
M, P3-M were still similar to (Figure 2b) or even slightly higher
than (Figure 3b) that in Inf, owing to the high MLSS in the
oxic reactors. While the absolute abundance of sulII was about 1
order of magnitude increased in the oxic mixture (Figure 23b).
As cell-associated ARGs exists in wastewater in the form of SS,
a WWTP could achieve a good cell-associated ARGs removal if
the SS in the treated wastewater was removed well. In this
WWTP, high removal of cell-associated ARGs by biological
treatment processes (1.98−3.67 logs, SI Table S5) was
achieved with good performance of the secondary clarifiers in
P1 and P2, and the SS interception by membrane in P3. In
previous studies, two A2/O WWTPs in northern China (ARGs
removal of 89.0%−99.8%),50 an A2/O WWTP (1.16−2.44
logs) and a triple oxidation WWTP (1.10−2.25 logs)49 also
showed efficient removal of ARGs. However, negative removal
rates were also reported,41,50and we conjecture that it might be
due to high concentration of suspended sludge in the effluents.
The data of samples from March 17, 2017 showed that the

relative abundance of cell-associated ARGs and ratios of ARG/

16S rRNA gene in UF-Eff was 4.11 × 102- 2.67 × 104 copies
ng−1 DNA and 7.56 × 10−6 to 4.91 × 10−4, respectively, similar
to those in P1-Eff and P2-Eff. Tertiary UF and two disinfection
processes, i.e. ozonation and chlorination, were applied in this
WWTP. Disinfection processes could kill or inactive micro-
organisms, and reduce cell-associated ARGs remained in
biological effluents. In a previous study,28 both Fenton
oxidation and UV/H2O2 reduced cell-associated ARGs in the
biological effluent by up to 3.5 logs. Chlorine disinfection, UV
irradiation, and ozone disinfection achieved acceptable cell-
associated ARGs removals by 2.98−3.24 logs, 2.48−2.74 logs,
and 1.68−2.55 logs, respectively.51 In this study, the absolute
abundance of ARGs in cell-associated fraction reduced by
ozonation was very limited with removal of −0.63 log -0.47 log,
and chlorination removed cell-associated ARGs in the water by
0.38−1.13 logs (SI Table S5). The total removals of cell-
associated ARGs by P1/P2-UF-O3−Cl were 3.21 logs −4.14
logs (SI Table S5), which was satisfactory.
In Alexander’s study,23 the ozone dose was 0.9 ± 0.1 g ozone

per 1g dissolved organic carbon (DOC, average 10.0 ± 2.3 mg
L−1) presented in the wastewater, the ermB was reduced by 2
orders of magnitude, while the removal of other three ARGs
(vanA, blaVIM, and ampC) were −764% to 9%, which were
similar to the low ARGs removal by ozonation in this study.
The reaction time of chlorination in this WWTP were 5 h,
which was much longer than that in Yuan’s study (30 min),22

resulting in a better ARGs removal under low dose of 4.2 mg
Cl2 L

−1. While only more than 60% of erythromycin resistance
gene and more than 20% of tetracycline resistance gene were
removed under 10.0 mg Cl2 L

−1 in Yuan’s study.22 In addition,
with disinfection treatment, the relative abundance of the ARGs
as well as the ratios of ARG/16S rRNA gene were gradually
increased from 4.11 × 102- 2.67 × 104 copies ng−1 DNA and
7.56 × 10−6 to 7.76 × 10−4 in UF-Eff to 2.13 × 103 to 9.95 ×

Figure 3. Gene abundances in the samples collected on March 17, 2017. (a) Relative gene abundances and the ratios of ARG abundance to 16S
rRNA gene abundance in cell-associated DNA; (b) absolute gene abundances in cell-associated DNA; (c) relative gene abundances and the ratios of
ARG abundance to 16S rRNA gene abundance in cell-free DNA; and (d) absolute gene abundances in cell-free DNA. Error bars represent standard
errors of the duplicate biological samples.
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104 copies ng−1 DNA and 1.86 × 10−4 to 8.69 × 10−3

respectively in Cl-Eff. The increased ARBs in the community
indicated an ARBs selection effect of disinfection processes,
which has been reported under UV20 and ozonation23

treatment. Ferro et al.25 also revealed increased ratio of
antibiotic resistant E. coli to total coliforms after UV/H2O2
treatment (UV ∼ 17.36 μW cm−2; H2O2 20 mg L−1) within
treatment time less than 60 min, however, the ratio was
significantly decreased when the treatment time extended to 90
min or longer. Besides, after 40 min treatment of O3 (23 mg
L−1), O3+sonolysis (O3 23 mg L−1; sonolysis 70 W L−1), and
O3+sonolysis (O3 23 mg L−1; sonolysis 100 W L−1), no viable
cells in the disinfected hospital wastewater were observed by
Petri dishes inoculation, in which O3+sonolysis (O3 23 mg L

−1;
sonolysis 100 W L−1) reduced cell-associated DNA by 81.4%. A
highly rigorous disinfection is needed to effectively remove cell-
associated ARGs.
Cell-Free Gene Abundances. The persistence of cell-free

ARGs in the wastewater during treatment was revealed in this
study (Figure 2 and Figure 3). On August 10, 2016, the relative
abundances of cell-free ARGs in P1-M, P2-M, P3-M, P1-Eff,
and P2-Eff, were generally 1−3 orders of magnitude lower than
that in cell-associated DNA. The reduced relative abundances
of tetC, sulII, and blaPSE‑1 in the samples from March 17, 2017
were similar to that on August 10, 2016, except that the relative
abundance of ermB kept relative stable. Mainly originated from
dead cell, the gene composition in new-generated eDNA
should be similar to that in iDNA. However, open duplexes
DNA is more adsorptive than supercoil DNA owing to the
higher availability of surface charges and molecule flexibil-
ity,52−54 and the adsorbed DNA was more resistant against
degradation by DNase I.52 Adsorption selectivity and unequal
DNase I resistance could induce different genetic composition
between cell-free DNA and cell-associated DNA. In addition,
due to fracture and/or incomplete degradation of gene, some
DNA fragments could not be detected by gene targeted PCR
but were measurable by UV spectrophotometer, which reduced
the relative abundance of cell-free ARGs. From the absolute
abundance of the ARGs in cell-free DNA (middle column of
Figure 2b, Figure 3d), it could be seen that the ARGs in cell-
free DNA in the wastewater was substantially reduced by
biological treatment.
As cell-free DNA of P3-Eff, UF-Eff, and O3-Eff from August

10, 2016 was not separately extracted, the gene abundances in
total DNA in these samples are presented in Figure 2 (right
column). The ozonation did not show a ARGs removal, as the
absolute abundance of ARGs in O3-Eff was higher than that in
UF-Eff. Whereas the data from March 17, 2017 showed that the
relative abundances of tetC, sulII, and blaPSE‑1 in cell-free DNA
were reduced to a certain extent with treatment of ozonation
and chlorination, however, that of ermB increased slightly
(Figure 3b). The reason for the stable relative abundance of
ermB in cell-free DNA along the whole treatment processes was
unknown. The cell-free ARGs removals of ozonation, and
chlorination on March 17, 2017 were 0.03 log −0.65 log, and
−0.09 log −0.81 log (shown in SI Table S5), respectively,
which were much lower than that of biological treatment
processes (0.43 log -2.34 logs). The removals of cell-free ARGs
by the whole combined process of P1/P2-UF-O3−Cl were 0.36
log -2.68 logs, much lower than cell-associated ARGs removals.
The lower removal of cell-free ARGs than cell-associated ARGs
resulted in an increased absolute abundance ratio of cell-free
ARGs to cell-associated ARGs, which increased from 0.04%−

0.17% in Inf to 1.35%−2.76% in P1-Eff and 0.23%−1.99% in
P2-Eff on August 10, 2016, and increased from 0.20%−1.59%
in Inf to 0.13%−85.93% in P1-Eff, P2-Eff, and P3-Eff, and
further to 2.00%−1895.08% in Cl-Eff on March 17, 2017
(shown in Table 2). The difficulty of cell-free ARGs reduction

may be attributed to two possible reasons: first, as dissolved in
wastewaters, cell-free ARGs are hard to be reduced by settling
or membrane filtration; second, cell-free ARGs was mainly
released by lysed microorganisms. As long as there are ARBs in
wastewaters, cell-free ARGs will inevitable generate after cell
lysis of dead ARBs. From this perspective, cell-associated ARGs
removal is the priority step prior to cell-free ARGs control. In
addition, ARBs can spread ARGs via conjugation, transduction,
and transformation. While cell-free ARGs can disseminate
ARGs via transformation only, which means cell-free ARGs
may less threatening than cell-associated ARGs. Nevertheless, a
watchful eye should be kept on cell-free ARGs, especially after
ARBs removal or inactivation by WWTP.
Advanced oxidation processes (AOPs) has been reported to

effect ive ly d is in fect microorganisms and reduce
ARBs.20,23−28,51,55 However, most of the above-mentioned
studies neglected the variation of cell-free ARGs during
disinfection. Antibiotic resistant E. coli was reduced by more
than 4 logs with UV/H2O2 treatment, however, the blaTEM
abundance in total DNA only decreased by less than 1 log.26

Ferro Giovanna et al.25 found stable or increased abundance of
blaTEM and qurS in total DNA of UV/H2O treated samples,
though the abundances of the two ARGs in intracellular DNA
were decreased after disinfection. These reports indicated that
though ARBs could be effectively reduced by AOPs, ARGs in
cell-free DNA might increase during disinfection and resulted
in faint changes of ARGs abundance in total DNA. In this
study, the improved cell-free ARGs proportion might increase
the spread risk of ARGs via cell-free sources. Although there
was an opinion that screening of ARG pools overestimated the
risk of antibiotic resistance transmission from environments to
humans, ARB based assessment should be applied to evaluate
the antibiotic resistance transmission to humans.56 However,
the threat posed by ARBs will be aggravated by the capacity to
disseminate ARGs via cell-free DNA by HGT was recog-
nized.1,29,56 The increased ratio of cell-free ARGs/cell-
associated ARGs in disinfected water, as well as the high ratio
(0.23−85.93%) in biological effluents, indicated that the ARGs
spreading risk via cell-free DNA transformation might play an
important role in ARGs proliferation after treated wastewater
discharge, especially for the disinfected one. Though the

Table 2. Absolute Abundance Ratios of Cell-Free ARGs to
Cell-Associated ARGs in the Samples from the WWTP

sample tetC sulII ermB blaPSE‑1

August 10, 2016 Inf 0.11% 0.11% 0.17% 0.04%
P1-Eff 1.97% 1.35% 2.76% 1.77%
P2-Eff 1.13% 1.06% 1.99% 0.23%

March 17, 2017 Inf 0.28% 0.20% 0.32% 1.59%
P1-Eff 1.94% 0.13% 60.36% 5.41%
P2-Eff 1.92% 0.24% 50.55% 9.43%
P3-Eff 3.64% 0.24% 85.93% 34.59%
UF-Eff 10.15% 2.00% 1244.70% 11.91%
O3-Eff 2.75% 0.95% 269.79% 7.96%
Cl-Eff 8.57% 2.00% 1895.08% 23.50%
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removal of cell-free ARGs by AOPs has not been reported,
considering the strong oxidizing ability, AOPs could probably
be potential methods for cell-free ARGs control. In addition,
adsorption of cell-free DNA on montmorillonite, kaolinite,
Illite, and biochar have been reported, with capacity of 0.04−38
mg/g, 0.2−4.9 mg/g, 0.4−1.2 mg/g, and 1.89−5.12 mg/g,
respectively.57−59 However, further investigation is needed on
whether adsorption could be an efficient process for cell-free
ARGs removal from disinfected effluent laden with low cell-free
DNA concentration. Cell-free ARGs also could be degraded by
DNA-degrading enzymes, for example DNase, however,
application of DNA-degrading enzymes in WWTP would be
expensive.
ARGs Abundance Variation during Storage. Consider-

ing the decay ratio of cell-free ARGs is an essential factor for
evaluating the proliferation risk of ARGs, abundance variations
of cell-associated and cell-free ARGs in the biological effluent,
P1-Eff, and the disinfected effluent, O3-Eff, during sample
storage (in dark under 20 °C) were investigated in this study.
Though the sample storage environment was quite different
from effluent receiving environment, the abundance variations
could, to some extent, reflect the ARGs decay tendency after
effluent discharge.
During storage, cell-associated DNA in both P1-Eff and O3-

Eff increased in first 3 days, and gradually decreased in the
following days. In P1-Eff, cell-free DNA kept relatively stable in
first 3 days, then increased by 7.17 ng mL−1 on day 6, and
gradually decreased in the following days. In O3-Eff, cell-free
DNA also showed such an increase and decrease variation,
though the maximum DNA content, appeared on day 10, was
only 0.7 ng mL−1 higher than that on day 0.
The relative abundance of the four ARGs and ratios of ARG/

16S rRNA gene in cell-associated DNA in the two samples
were gradually increased during storage (SI Figure S2),
indicated the increase of the ARBs in the microbial community

of the samples. The absolute abundances of all the four ARGs
in cell-associated DNA in the two samples showed an increase
followed with a decrease or relative stabilization trend during
storage (Figure 4a,c). The maximum absolute abundances of
the cell-associated ARGs appeared on day 3 or day 6. For cell-
free fraction in P1-Eff (Figure 4b), all ARGs increased in first 6
days during storage. Subsequently, sulII and ermB kept stable
during following storage days, blaPSE‑1 further increased on day
10, then kept stable in the following days, whereas tetC
decreased after 15 days storage. In cell-free DNA of O3-Eff
(Figure 4d), ermB kept stable during 25-day-storage, whereas
tetC, sulII, and blaPSE‑1 increased in the first 6 days storage and
then kept relatively steady too. After 25-day-storage, cell-
associated ARGs in P1-Eff and O3-Eff reduced by 0.06 log -0.69
log and 0.22 log -1.03 logs, respectively, while cell-free ARGs in
P1-Eff and O3-Eff increased by 0.14 log -1.99 logs and −0.12
log -1.77 logs, respectively (SI Table S6). The absolute
abundance ratios of cell-free ARGs to cell-associated ARGs in
25-day-stored P1-Eff and O3-Eff were 8.84%−608.12% and
9.70%−5004.90% respectively (Table 3). Low decay ratio and

long-term persistence of cell-free ARGs in discharged effluents
were indicated. Once cell-free ARGs were discharge to the
effluent receiving environment, the risk of ARGs proliferation
via cell-free DNA would be in long-term. Therefore, cell-free
ARGs should be reduced as much as possible before effluent
discharge, while cell-associated ARGs removal is the precursor

Figure 4. Variations of absolute gene abundance in (a) cell-associated DNA in P1-Eff; (b) cell-free DNA in P1-Eff; (c) cell-associated DNA in O3-
Eff; and (d) cell-free DNA in O3-Eff during storage. Error bars represent standard errors of the duplicate biological samples.

Table 3. Absolute Abundance Ratios of Cell-Free ARGs to
Cell-Associated ARGs in the 25 Days Stored Samples

sample tetC sulII ermB blaPSE‑1

P1-Eff 8.84% 23.58% 268.35% 608.12%
O3-Eff 9.70% 18.87% 350.58% 5003.90%
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step as cell-associated ARGs will transform to cell-free ARGs
after cell lysis.
Currently, ARGs is a hot topic, and has been considered as a

group of emerging contaminants,60 which exhibits severe
potential threats to human health. The export of ARGs from
ARGs pools, such as WWTPs, must be controlled. Previous
studies have investigated the fates of cell-associated ARGs in
WWTPs41,50 and explored the inactivation of ARBs by
disinfection.20,23,61 This study revealed the significantly
increased proportion of cell-free ARGs in effluents after SS
removal, especially after disinfection. The persistence of cell-
free ARGs in the discharged effluent also was indicated.
Therefore, this study raises a previously neglected fact that cell-
free ARGs in WWTPs’ effluents might be an important
pollution type of ARGs. However, the transformation potential
of cell-free ARGs in the receiving environment is still unknown.
The evaluation of practical risk of cell-free ARGs dissemination
through HGT in different effluent receiving environments is
strongly suggested, and effective technologies of cell-free ARGs
control, for example optimized AOPs, are also demanded.
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