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A B S T R A C T

Swine wastewater is an important reservoir of spread antibiotic resistance to the environment. Intra- and ex-
tracellular antibiotic resistance genes (iARGs and eARGs) were quantified during two typical swine wastewater
treatment processes including a sequencing membrane bioreactor (SMBR) at pilot-scale and anaerobic-anoxic-
oxic (A2O) at full-scale. The concentrations of iARGs and eARGs in raw wastewater were 3.42E+09 and 3.79E
+07 copies/mL, respectively. The compositions were different between iARGs and eARGs. SMBR showed 0.63
log higher removals in the concentrations of iARG than A2O, while similar removal effects (3.01–3.44 log copies/
mL) of eARGs were performed by the two processes. It suggested that membrane separation had advantages in
the concentration removals of iARG rather than eARG. sul1 took the dominance in eARGs in effluent and had
positive correlations with intI1, which indicated the risk of horizontal gene transfer of eARGs after wastewater
discharge. Microbial community structures were estimated by 16S rRNA gene sequencing with both intra- and
extracellular DNA (iDNA and eDNA). Compared between the effluent samples of the two treatment processes,
microbial community structures estimated by iDNA had great differences, however which were similar for
eDNA. Microbial community and water-quality parameters were the major influencing factors on ARG occur-
rences during swine wastewater treatment.

1. Introduction

A global medical crisis is unfolding as antibiotic lose efficiencies
against a growing number of antibiotic resistance, especially in low
developed regions (WHO, 2014). Antibiotic resistance has drawn more
and more attention, and antibiotic resistance gene (ARG) is identified as
an emerging pollutant in environment (Pruden et al., 2006), which
posed threat to the public health not only from hospital origin but also
from environmental source (Martínez, 2008). Human and animal each
consumed half of the total antibiotics (Q.-Q. Zhang et al., 2015). Hot
spots such as animal farms and wastewater treatment plants are im-
portant ARG reservoirs.

Wastewater discharged from concentrated animal feeding

operations (CAFOs) in an important source of ARG spread to the en-
vironment. For growth promotion and disease prevention and control,
antibiotics such as tetracyclines and sulfonamides are largely consumed
by animal production procedures. tetM and tetW were the highly de-
tected ARGs in swine wastewater (Cheng et al., 2013). The relative
abundance of ARGs increased in the river water after receiving pig
farming wastewater (Jia et al., 2017), which greatly contributed to the
spread and proliferation of ARGs in the environment.

Livestock wastewater is generally treated biologically for organic
matter and nutrient removals. The abundance of tetG, sul1 and sul2
were increased significantly after biological treatment of swine waste-
water (Sui et al., 2016). Temperature, solid retention time (SRT) and
loading rate were key factors influenced ARG fates during biological
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treatment (Sui et al., 2015; Du et al., 2015). Membrane bioreactor
(MBR) with compact configuration has been applied to enhance loading
rate and effluent quality. MBR effluent were 1–3 log less in the con-
centrations of ARGs and 16S rRNA gene compared to traditionally fa-
cilities (Munir et al., 2011). In our previous study, a novel sequencing
membrane bioreactor (SMBR) established at lab-scale showed good
performance on ARG removals of 2.91 log on copy number treating
swine wastewater.

ARGs may located on chromosomes and mobile genetic elements
(MGEs) and present as intracellular DNA (iDNA) and extracellular DNA
(eDNA). Although some plasmid was incompatible, they promoted
horizontal transfer of resistance genes by eDNA which could uptake by
competent cell through transformation. The persistence and trans-
forming ability of extracellular ARGs (eARGs) could play important
roles in ARG propagation (Dong et al., 2019). The occurrences of eARGs
have been estimated in the environmental samples. Guo et al. (2018)
reported that organic carbon was positively correlated with eDNA
concentrations. The eARGs were highly abundant in the biofilm and
sediment samples (Guo et al., 2018; Mao et al., 2014). The high pro-
portion of eARGs (11.02–89.63%) was contained in the sludge from
hospital. Zhang et al. (2013) quantified eDNA accounting for 1.5% of
the total DNA in cattle manure storage lagoons. Little is known about
the fates of iARGs and eARGs during the biological treatment of was-
tewater and the related influencing factors, and as well as the removal
effects compared between traditional facilities and MBR.

Understanding the characteristics of ARGs dominated in livestock
wastewater and their fates during the wastewater treatment process
will enable us to upgrade the existed processes and implement appro-
priate mitigation strategies. In this study, samples were collected from a
traditional biological treatment process (A2O) at full-scale and an es-
tablished SMBR at pilot-scale treating swine wastewater through com-
parative study. The main objectives were: (1) to assess the occurrences
and fates of iARGs and eARGs during swine wastewater treatment
processes; (2) to characterize the microbial community structures
through 16S rRNA gene high-throughput sequencing with iDNA and
eDNA; (3) to better understand the factors influencing iARG and eARG
occurrences during biological treatment.

2. Materials and methods

2.1. Swine wastewater treatment processes and sample collection

The samples were collected from two swine wastewater treatment
processes (shown in Fig. 1) in a swine farm (20,000 head in stock) lo-
cated in the suburb of Beijing, China. A SMBR based on previous studies
(Sui et al., 2017, 2018) was newly-built at pilot-scale with the treat-
ment capacity of 5–6m3/d, and another was the existed treatment fa-
cilities with the process of anaerobic-anoxic-oxic (A2O) at full-scale
(150m3/d). The first anaerobic tank of the A2O process was employed

for organic matter decomposition. The two processes were designed for
the removals of carbon and nitrogen pollutants. The operational para-
meters and water quality parameters are illustrated in Tables S1 and S2.
The SMBR facility equipped with ceramic membrane modules (Baoxin,
Jiangxi, China) with membrane pore size of 1 µm and the total surface
area of 5m2. When the pressure of the suction pump exceeded 30 kPa,
the membrane was backwashed with clean water, sodium hypochlorite
solution (2500mg/L) and hydrochloric acid (pH=2) stepwise to re-
cover the membrane flux.

The samples of influent, mixed liquid, effluent and foulant attached
on membrane surface were collected. Foulant samples of the SMBR
were collected at the TMP at 15–20 kPa at constant filtration flux. The
samples during the treatment of the SMBR were collected from
September to November 2018 with the liquid temperatures at 20 ± 2,
15 ± 2 and 10 ± 2 °C, respectively. The temperature of A2O process
was maintained by thermal insulation materials at 20 ± 2 °C.

2.2. DNA extraction

The samples of the influent (In), mixed liquid suspended soild (M),
foulant attached on membrane surface (F) and effluent (Ef) were col-
lected. iDNA and eDNA were extracted according to the method from
previous studies(Guo et al., 2018; Mao et al., 2014) with little mod-
ification described in Supplementary Information. Through preliminary
experiments, 5 mL of influent, 1–5mL of mixed liquid, 0.7–1.0 g (wet
base) of foulant and 200mL of effluent were adequate for DNA ex-
traction. To release DNA entrapped by extracellular polymeric sub-
stances (EPS) especially in the samples of mixed liquid and foulant,
proteinase K (20 µL) and polyvinyl polypyrrolidone (PVPP) (0.2 g) were
added as the pretreatment before DNA extraction (Wu and Xi, 2009).

After separation and enrichment, iDNA extraction used the FAST
DNA extraction Kit (MP Biomedicals, USA) and eDNA extraction used
TIANamp Bacteria DNA Kit (TIANGEN, China) according to the man-
ufacturer’s instructions. Extracted genomic DNA was detected and
quantified using 1% agarose gel electrophoresis and NanoDrop 2000
(Thermo Scientific, USA), respectively, and then stored at −70 °C for
analysis.

2.3. Quantitative PCR (qPCR)

ARGs of tetM, tetW, tetG, tetX (tetracycline resistance), ermB, ermF,
mefA, ereA (macrolide resistance), sul1 and sul2 (sulfonamide re-
sistance) and blaTEM (β-lactam resistance), as well as mobile genetic
elements (MGEs) of intI1 (class 1 integron gene) Tn916/1545 (con-
jugative transposon Tn916/1545), ISCR1 (insertion sequence common
region I gene), and total bacteria (16S rRNA gene) were quantified by
qPCR. The primers and annealing temperature of the determined genes
are listed in Table S3. The plasmids containing these specific genes were
manufactured by Zhejiang Tianke Biotechnology Company (Zhejiang,

Fig. 1. Swine wastewater treatment processes (triangles represent sampling sites).
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China). The standard samples were diluted to yield a series of 10-fold
concentrations and subsequently used for qPCR standard curves. The
25 μL PCR reaction mixtures contained 12.5 μL SYBR Green qPCR
Super-Mix-UDG with Rox (Invitrogen, USA), 0.5 μL each of 10 μM for-
ward and reverse primers, 10.5 μL DNA-free water, and 1.0 μL standard
plasmid or DNA extract. The thermo cycling steps for qPCR amplifica-
tion were as follows: (1) 50 °C, 2min; (2) 95 °C, 5min; (3) 95 °C, 20 s;
(4) annealing temperature, 30 s; (5) 72 °C, 31 s; (6) plate read, go to
(3)–(5), 39 more times; (7) Melt-curve analysis: 60 °C to 95 °C, 0.2 °C/
read. The reaction was conducted using an ABI Real-time PCR system
7500 (ABI, USA). The specificity was assured by the melting curves and
gel electrophoresis. Each gene was quantified in triplicate with a
standard curve and negative control.

2.4. High-throughput sequencing and bioinformation analysis

iDNA and eDNA extracted were used for 16S rRNA gene high-
throughput sequencing. The V4 region of the bacterial 16S ribosomal
RNA gene was amplified by PCR (95 °C for 2min, followed by 25 cycles
of 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s and a final extension
at 72 °C for 5min) using the primers 515FF/806R (Caporaso et al.,
2011). Barcode at the reverse primer is an eight-base sequence unique
to each sample. PCR reactions were performed in triplicate in 20 μL
containing 4 μL of 5× FastPfu Buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL of
each primer (5 μM), 0.4 μL of FastPfu Polymerase, and 10 ng of tem-
plate DNA. Amplicons were extracted from 2% agarose gels and pur-
ified using the AxyPrep DNA Gel Extraction Kit (Axygen, USA) ac-
cording to the manufacturer’s instructions and quantified using
QuantiFluor™ -ST (Promega, U.S.). Purified amplicons were pooled in

Fig. 2. Distribution of intracellular and extracellular ARGs during SMBR process treating swine wastewater (a iARG concentrations of influent and mixed liquid
samples; b iARG concentrations of effluent samples; c eARG concentrations of influent and mixed liquid samples; d eARG concentrations of effluent samples; e iARG
abundances; f eARG abundances; If influent, M mixed liquid, F foulant, Ef effluent; the sample names with the numbers of 1, 2 and 3 represent the sampling at 20, 15
and 10 °C, respectively, the sample names followed by e represent eARGs).
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equimolar and paired-end sequenced (2×250) on an Illumina MiSeq
platform (Illumina, USA) according to the standard protocols of Sangon
Co., Ltd., China.

Sequencing reads were assigned to each sample according to the
unique barcode of each sample. Pairs of reads from the original DNA
fragments were firstly merged using FLASH (MagoC and Salzberg,
2011), and then PRINSEQ was used for the quality control of the
merged reads (Schmieder and Edwards, 2011). The barcode and pri-
mers then were removed. PCR chimeras were filtered out using
UCHIME (Edgar et al., 2011). After the above filtration, the average
sequencing depth was ca. 30,000 clean reads.

The taxonomic classification of the sequences in each sample was
conducted using the Ribosomal Database Project (RDP) Classifier as
previously suggested (J. Zhang et al., 2015). The sequences were as-
signed to different taxonomy levels at the bootstrap cutoff of 50%
suggested by the RDP (Wang et al., 2007).

2.5. Statistical analysis

Statistical calculations and data analysis were performed using the
SPSS 20 statistical software package (IBM, USA), and figures were
plotted by OriginPro 9.0 (OriginLab, USA). Spearman rank correlations
were used to assess the association between operating variables and
microbial parameters, together with biochemical parameters, and a p
value < 0.05 was considered statistically significant. Principal com-
ponent analysis (PCA), redundancy analysis (RDA) and partial RDA
were performed using Canoco 5.0 (Microcomputer Power, USA).
Heatmap were plotted through the HemI 1.0 (CUCKOO, China).
Network analysis based on the Spearman correlation analysis
(p < 0.05) to reveal the potential interactions between bacteria and
ARGs were plotted using the Gephi 0.92 (Bastian et al., 2009).

3. Results and discussion

3.1. Shifts of iARGs and eARGs during SMBR treatment process

The iARG and eARG distributions during the treatment of swine
wastewater by SMBR process are presented in Fig. 2. The profiles of
iARGs and eARGs in influent samples were stable at different sampling
times, with the mean concentrations of 3.42E+09 and 3.79E+07 co-
pies/mL, respectively. tetM, tetW, ermB, mefA and sul2 were pre-
dominant iARGs in raw swine wastewater. However the composition of
eARGs was different from the characteristics of iARGs, and tetM, tetW,
mefA, and sul2 took the dominance, specifically, tetM and tetW ac-
counting for 72.9% of the total eARGs detected in influent. Dong et al.
(2019) reported that eARGs in swine manure were 3 order of magnitude
lower than iARGs. Zhang et al. (2013) reported that 2–3 order of
magnitude in copy numbers less for eARGs than for iARG in dry sludge
sample in cattle manure lagoon. In this study, the concentrations of
eARGs were about 2 order of magnitude lower than iARGs in raw swine
wastewater.

The abundances of ARGs and MGEs in the samples with the treat-
ment of SMBR are shown in Fig. 2 and Fig. S2, respectively. Compared
between iDNA and eDNA, the abundances of extracellular ARGs and
MGEs were almost at the same magnitude with those corresponding
intracellular genes as shown in Fig. 2 and Fig. S2. tetM, tetW, sul1, sul2,
intI1 and Tn916/1545 always demonstrated higher abundances in
eDNA than those in iDNA. The eDNA can be derived from the lysis of
dead cells and the secretion from live cells (Vlassov et al., 2007). Apart
from the generation of eDNA, degradation and transformation of eDNA
potentially influences the occurrences of eDNA in the environment. The
occurrences of eDNA in the environment were related to the properties
of eDNA (for example, fragment size, adsorption ability) and environ-
mental conditions, such as water quality (Dong et al., 2019), and bio-
film configuration (Guo et al., 2018). Mao et al. (2014) reported that
the higher abundance of eARGs than iARGs implying slower

degradation rates and longer persistence of plasmid-borne ARGs com-
pared to 16S rRNA gene in eDNA (Mao et al., 2014). However, the
further analyses of eARG occurrences, especially the rates of produc-
tion, degradation and transformation under different environmental
conditions and the influencing factors are necessary.

In most cases, both the concentrations of iARGs and eARGs were
increased obviously in the mixed liquid samples in SMBR comparing to
the ARG concentrations in the influent, mainly due to the high con-
centrations of biomass retained (7–8 gMLSS/L) in the reactor (shown in
Table S2). Except the mixed liquid sampled at 15 °C, the copies of
eARGs and 16S rRNA gene of eDNA in the mixed liquid were lower than
those in influent. The ARGs in the samples within the reactor (mixed
liquids and foulants) showed great variations with different tempera-
tures. The abundance of iARGs and eARGs in influent and effluent of
SMBR was not as greatly influenced by temperature as the samples
within the SMBR. The functional bacteria within the SMBR for organic
matter degradation and nutrient removals are temperature depen-
dently, indicating microbial community and related processing para-
meters should be the drivers for ARG distributions. The ARG abun-
dances in effluents was stable, probably owing to the most of bacteria
being retained in the reactor through membrane separation. The
abundance of iARGs and eARGs in the mixed liquid samples increased
with the decreasing temperature from 20 to 10 °C. Specifically, the in-
creasing in eARG abundance at 10 °C may be due to the lysis of dead
cells under the relatively low temperature.

Compared with influent and mixed liquid samples, tetG, sul1 and
sul2 increased and played the leading roles in the samples collected
within the SMBR. The properties of ARGs showed significant difference
between the samples of raw swine wastewater and activated sludge,
which may be due to the shifts of microbial community structures and
environmental factors. The proportions of tetG, ereA, sul1 and sul2
showed increasing trend after biological treatment of swine wastes,
which has been explored in the previous studies (Sui et al., 2016, 2015).
The concentrations and abundances of ARGs and MGEs in activated
sludge and foulant samples are shown in Figs. S1 and S2. The iARGs in
foulants attached on the membrane surface were 0.65–2.32 log higher
than those in the mixed liquid, probably due to the high bacteria
density and compact effect by suction pressure on the membrane sur-
face. From the abundances of MGEs plotted in Fig. S2, there were po-
sitively correlations between ARGs (iARGs and eARGs) and MGEs
(p=0.000, R=0.933), especially with intI1 (p=0.000, R=0.929),
revealing horizontal gene transfer greatly contributed to the ARG oc-
currence in the mixed liquids and membrane foulants within the SMBR.
Cheng and Hong (2017) indicated ARG removal was positively corre-
lated with membrane fouling, which were in favor of retaining ARGs.
Guo et al. (2018) reported that eARGs were positively correlated with
total organic carbon (TOC) in both biofilm and sediment samples. High
contents of organic matter, EPS and flocs gave rise to the eARGs pre-
valence in SMBR especially in foulant samples. The high density of
bacteria and complex structure enhances horizontal gene transfer and
the frequency of mutation (Olsen, 2015). Therefore, membrane foulant
is a hot spot of ARG accumulation.

The mean removals of the total copy numbers of iARGs and eARGs
by the SMBR treatment were 2.54 and 3.29 log, respectively, as shown
in Table 1. The iARG and eARG properties in effluent are shown in
Fig. 2. The iARGs were 3–4 log higher than eARGs in effluent of SMBR,
with the concentrations of 4.28E+06 to 9.36E+06 and 7.67E+02 to
4.17E+03 copies/mL, respectively. The abundances between iARGs
and eARGs in effluent showed no significant differences (p＞0.05), ac-
counting for 11%-12% normalized to the copy number of 16S rRNA
gene. Different from the compositions of iARGs in effluent (mainly in-
cluding tetG, ereA, sul1 and sul2), sul1 and blaTEM took the dominance in
eARGs of effluent, while sul1 had positive correlations with intI1
(p=0.000, R=1.000). The prevalence of sul1 carried by class 1 in-
tegron outside cells revealed the risk of horizontal gene transfer not
only intra- but also extracellular.
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3.2. Shifts of iARGs and eARGs during A2O treatment process

The iARG and eARG distributions in a traditional treatment process
(A2O) are shown in Fig. 3. The copy numbers of ARGs (iARGs and
eARGs) were highest in the anoxic tank which were greatly influenced
by MLSS concentrations (as shown in Table S2). The concentrations of
ARGs in the effluent of A2O were greatly decreased. The removals on
the copy numbers of ARGs including iARGs and eARGs by SMBR and
A2O process were showed in Table 1. There were 1.91 log removed in
iARGs and 3.43 log in eARGs by A2O process, respectively. As shown in
Table 1, iARGs were 0.63 log less reduced by A2O process compared to
the SMBR process, while the reductions in eARGs were similar with the
two processes. Membrane separation may play important roles in iARG
removals. Munir et al. (2011) reported that ARGs in MBR effluent were
observed to be 1–3 log less compared to conventional treatment facil-
ities. There was remarkable advantage of iARG removal compared to
eARG removal by MBR treatment. Therefore, more targeted methods
for eARG removals should be adopted to reinforce the treatment effect
from biological process and membrane separation.

The temperature in the A2O process was kept at 20 ± 2 °C by heat
preservation at cold seasons. Compared the iARG removals between the
two processes, most of the iARGs detected including tetM, tetW, ermB,
mefA, ereA and blaTEM were>2 log less removed by A2O process than
SMBR process operated at 20 °C. It may be attributed to the differences
of microbial community structures and controlling parameters between
the two processes. The eARG removals were quite similar between the
two processes.

The profiles of ARG abundances during the treatment of A2O pro-
cess were shown in Fig. 3. With the following treatments of anaerobic,
anoxic and oxic processes, the abundance of iARGs and eARGs were
gradually decreased. The successions of ARG reduction showed the
evidence of adaption and/or death of ARG hosts with different con-
trolling environment. The tetM, tetW and ermB were remarkably de-
creased in anoxic tank which could be hosted by strictly anaerobe, fecal
bacteria for example. While mefA were reduced in oxic tank and in-
creased in iDNA of effluent. The increase of mefA in effluent was only
observed in iARGs for A2O not for SMBR. The host of mefA may boost

after exposed from conventional biological facilities. MBR may play an
important role in retaining the host of mefA.

However, the abundances of iARGs and eARGs were increased in
effluent with the average of 11.09%, at the similar level of SMBR. The
increase in mefA, tetM and tetW of iARGs and sul1 of eARGs were ob-
served in the effluent samples. The compositions of ARGs especially
iARGs in effluent were remarkably different between SMBR and A2O.
The mefA took the dominance in eARGs of A2O effluent, while it was
almost undetected in the effluent of SMBR. The mefA with the resistance
mechanism of antibiotic efflux was reported being hosted by
Streptococcus (Martel et al., 2001). Jiao et al. (2018) adopted mefA as
one of the biomarker genes during winter season in wastewater treat-
ment system. Membrane separation may greatly contribute to the re-
duction of mefA host. The composition of iARGs in effluent samples
could explain the different effects of A2O and SMBR treatments.

3.3. Shifts in microbial community structure

Microbial community were estimated through high-throughput se-
quencing of 16S rRNA gene. The microbial community structures are
plotted in Fig. 4. Although the concentrations of 16S rRNA genes for
eDNA were about 3 log lower than those for iDNA. eDNA extracted
were ready for the analysis of microbial community compositions. As
shown in PCA, the distributions of microbial community were similar
between iDNA and eDNA in mixed liquid and foulant samples. How-
ever, the samples of raw swine wastewater and the effluent after bio-
logical treatments had significant differences on microbial community
between iDNA and eDNA. The microbial community for iDNA of the
effluent from A2O process were different from those of SMBR, dis-
tributed closely with the microbial communities of the samples within
the reactors.

The genus structures of iDNA and eDNA of influent and effluent
samples are shown on heatmap (Fig. 4b). The effluent of A2O process
(Ef) contained relatively high diversity of microbial community than
those of SMBR process (EF1, EF2 and EF3). Zones of A and B plotted on
the heatmap were the dominant species in eDNA. The species in A zone
were prevalent both in iDNA and eDNA of influent samples, which

Table 1
The concentration removals of iARGs and eARGs by SMBR and A2O processes (log copies/mL).

*1, 2 and 3 represents the sampling of the SMBR treatment at 25, 20 and 15 °C, respectively; A2O were sampled at 20 °C.
The color level indicated the removal of ARGs by treatment process. The redder was the cells, the higher removals of the ARGs.
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indicated that the eDNA of those species was highly persistent after
released from cells. The microbial communities estimated in eDNA of
effluent samples were very poor. The species (Methylobacterium, Aero-
monas, Herminiimonas, Microbacterium and unclassified Oxalobacter-
aceae) represented in B zone were not highly abundant in iDNA of ef-
fluent samples which may be due to their relatively small size. It
assumed that such microbes had small size could transfer through
0.22 µm membrane filtration and accumulate in eDNA samples.
Loveland-curtze et al. (2014) reported that the cellular dimensions of

Herminiimonas is 0.5–0.9×0.3–0.4 µm, which is roughly 10–50 times
smaller than Escherichia coli. Similarly, Microbacterium being rich in
eDNA of effluent samples had small-size cellular structure of
0.5× 0.7 µm (Chen et al., 2019).

3.4. Factors influencing the changes of iARGs and eARGs

The RDA revealing the correlations between ARG distributions and
the influencing factors are shown in Fig. 5. The influencing factors

Fig. 3. Distribution of intracellular and extracellular ARGs during A2O process treating swine wastewater (a iARG concentrations of influent and mixed liquid
samples; b iARG concentrations of effluent samples; c eARG concentrations of influent and mixed liquid samples; d eARG concentrations of effluent samples; e iARG
and eARG abundances; If influent; Ana anaerobic tank; Ano anoxic tank; O oxic tank; Ef effluent; the sample names followed by e represent eARGs).
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including water quality parameters, microbial communities, and mobile
genetic elements explained 92.1% of the total variance of ARG dis-
tributions. Through partial RDA, microbial community, water-quality
parameters and MGEs individually explained 42.5%, 39.3% and 25.9%
of the variance of ARGs. Microbial community and water-quality
parameters were the major influencing factors on ARGs distributions
during swine wastewater treatment.

It is noticeable that sul1 and blaTEM were highly abundant in eARGs

of effluent samples. The correlations between MGEs and ARGs are
shown in Table S4. The intI1 presented in eDNA was positively corre-
lated with sul1 and blaTEM (p < 0.01), reflecting the dissemination risk.
Nitrate was the main nitrogen pollutants in effluent and positively
correlated with the eARGs of effluent. The profiles of eARGs of effluent
samples were similar with the SMBR and A2O treatment, which were
positively correlated with Firmicutes. The iARGs of effluents from SMBR
had similar properties with iARGs and eARGs of mixed liquid and

Fig. 4. Microbial community structure investigated through 16S rRNA gene sequencing of iDNA and eDNA (a principle component analysis, PCA; b heatmap of
influent and effluent samples; In1, In2, In3 represent the influent samples at 20, 15 and 10 °C of SMBR process; Eff1, Eff2, Eff3 represent the effluent samples at 20, 15
and 10 °C of SMBR process; Ana, Ano, O and Ef represents the samples from anaerobic tank, anoxic tank, oxic tank and effluent of A2O process, respectively; the
sample names followed by e represent eARGs).
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foulant samples, containing high abundances of tetG, sul2, ermF and
tetX. The tetG and sul2 of iARGs were positively correlated with intI1
(p < 0.05), and ermF and tetX of eARGs were positively correlated with
Tn916/1545 (p < 0.05). For the iARGs and eARGs of influent samples,
high concentrations of COD and nitrogen pollutants were positively
correlated with the ARGs of tetM, tetW, ermB and mefA which were
predominant in raw swine wastewater. The Tn916/1545 were posi-
tively correlated with tetM and tetW both of iARGs and eARGs
(p < 0.05). The potential hosts of iARGs through network analysis is
demonstrated on Fig. S3.

Although in the present study the occurrences of iARGs and eARGs
and the influencing factors has been demonstrated, and some studies
have reported that TOC contents, biofilm structure and plasmid-borne
eARGs were in favor of the persistence of eARGs (Dong et al., 2019;
Mao et al., 2014). Little information revealing the mechanisms of eARG
behavior in the environment was the drawback of this study. Further
studies should be continued to explore the form, distribution, mobility
of eARGs and the interactions with iARGs, as well as the related factors.

4. Conclusions

Two treatment processes of swine wastewater were sampled to in-
vestigate the occurrences and fates of iARGs and eARGs, and as well as
the shifts in microbial communities. The differences in ARG removals
were compared and related factors were explored.

• The concentrations of eARGs was about 2 order of magnitude lower
than iARGs in raw swine wastewater. sul1 took the dominance in
eARGs in effluent and had positive correlations with intI1, which
indicated the risk of horizontal gene transfer of eARGs.

• Membrane separation showed better performance on the con-
centration removals of iARGs rather than eARGs compared to the
conventional settling tank. The abundances of iARGs and eARGs in
effluent were similar at 11–12%.

• Microbial community and water-quality parameters were the major
influencing factors on ARGs distributions during swine wastewater
treatment.
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