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Swine feedlots are widely considered as a potential hotspot for promoting the dissemination of antibiotic resis-
tance genes (ARGs) in the environment. ARGs could enter the environment via discharge of animal wastes, thus
resulting in contamination of soil, water, and food. We investigated the dissemination and diversification of 22
ARGs conferring resistance to sulfonamides, tetracyclines, chloramphenicols, andmacrolides aswell as the occur-
rence of 18 corresponding antibiotics from three swine feedlots to the receiving water, soil environments and
vegetables. Most ARGs and antibiotics survived the on-farm waste treatment processes in the three swine
farms. Elevated diversity of ARGs was observed in the receiving environments including river water and vegeta-
ble field soils when compared with respective controls. The variation of ARGs along the vertical soil profiles of
vegetable fields indicated enrichment and migration of ARGs. Detection of various ARGs and antibiotic residues
in vegetables fertilized by swinewastes could be of great concern to the general public. This research demonstrat-
ed the contribution of swine wastes to the occurrence and development of antibiotic resistance determinants in
the receiving environments and potential risks to food safety and human health.
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1. Introduction

Antibiotic resistance has become one of themost serious clinical and
public health issues in theworld as indicated by thefirst global report of
World Health Organization (WHO) on antimicrobial resistance in May
2014 (WHO, 2014). To date, investigations have been focused on antibi-
otic resistance in human, animal and food isolates (Levy and Marshall,
2004). The transfer of antibiotic resistance determinants from human
and livestock sources to the environment has gained attention in
the scientific community in the past decade (Silbergeld et al., 2008;
Storteboom et al., 2010; Wright, 2010), with antibiotic resistance
genes (ARGs) considered as emerging environmental contaminants
(Pruden et al., 2006). Human wastes are nowadays better treated by
centralized wastewater treatment plants than animal wastes with sim-
ple treatment systems such as lagoon and digester or even without any
treatment before their discharge into the environment (McKinney et al.,
2010; Liu et al., 2012; Zhou et al., 2013; He et al., 2014; Su et al., 2014b;
Chen et al., 2015). In comparison with other livestock animals (broiler
and cattle), antibiotics are commonly used as growth promoter in
swine farming (Zhou et al., 2013; Durso and Cook, 2014), thus swine
feedlots are of particular concern as potential hot spots for promoting
uo.ying@gig.ac.cn (G.-G. Ying).
the dissemination of antibiotic resistance (Gotz and Smalla, 1997; Cole
et al., 2000; Binh et al., 2008).

In recent years, ARGs were frequently investigated in manure and
wastewater of swine farms (McKinney et al., 2010; Wu et al., 2010;
Zhu et al., 2013). Previous studies showed that the levels of ARGs such
as tetracycline and macrolide-lincosamide-streptogramin B resistance
genes remained high in swine wastes during composting (Wang et al.,
2012), lagoon storage (Jindal et al., 2006; Brooks et al., 2014), anaerobic
digestion (Chen et al., 2010; Tao et al., 2014) and constructed wetlands
(Huang et al., 2014; Liu et al., 2014). These results indicate that ARGs
arising from swine-feeding operations can survive typical animal waste
treatment processes. However, despite the increasing knowledge of
ARG variation in abundance through treatment units, there is little infor-
mation on the diversification of ARGs after they are introduced into the
environment. Moreover, common on-farm waste treatment systems are
designed to remove nutrient, solids, organic matter and enteric bacteria
(Cordero et al., 2010), but not intentionally designed for the removal of
resistance determinants (Koike et al., 2007; Sapkota et al., 2007). There
is a need to further investigate the fate of ARGs in animal wastes and
treatment systems under different animal farming systems.

Moreover, animal wastes (including wastewater and manure)
whether they are treated or not are commonly used as fertilizer in agri-
cultural fields. Animal wastes are a reservoir for various transferable
antibiotic resistance plasmids (Binh et al., 2008). Manure fertilizer has
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been reported to increase the abundance of antibiotic resistance in soils
(Wu et al., 2010; Zhu et al., 2013; Heuer et al., 2011; Udikovic-Kolic
et al., 2014) and in harvested vegetables (Marti et al., 2013). This may
pose potential risks to food safety and human health (Becerra-Castro
et al., 2015). So far, scientific knowledge on the impact of swine farming
on the adjacent environments and vegetables is still limited; therefore,
further research is essential to investigate the dissemination of ARGs as-
sociated with disposal of animal wastes.

The objectives of this study were to investigate the occurrence of
various ARGs in manure and wastewaters of three swine feedlots with
different waste management systems, and to assess their impacts on
the receiving water, soil environments and vegetables due to discharge
of wastewater into rivers and application of wastes on land. Since sul-
fonamides, tetracyclines, macrolides and florfenicol are commonly
used in livestock production (Zhou et al., 2013), and such use is per-
ceived to contribute to the development of antibiotic resistance (van
den Bogaard and Stobberingh, 2000), sul sulfonamide resistance genes
and tet tetracycline resistance genes were the most frequently reported
ARGs in diverse livestock operations such as swine and broiler feedlots
(McKinney et al., 2010; Koike et al., 2007; Wu et al., 2010; He et al.,
2014), followed by ermmacrolide–lincosamides–streptogramin B resis-
tance genes(Chen et al., 2007, 2010). Although chloramphenicol has
been banned in food-producing animals since 1994, its alternative anti-
biotic florfenicol was widely used and their resistance genes (cmlA, floR,
fexA, cfr, and fexB) were prevalent in swine feedlots and their surround-
ing environments (Li et al., 2013). Thus the above resistance geneswere
selected as the target genes to study the impact of swine farms on the
receiving environment. The class 1 and class 2 integron genes (int1 and
int2) were included as indicators of potential horizontal gene transfer
formultipleARGs. The results from this study facilitate better understand-
ing of the dissemination of ARGs from swine farms to the environment
and potential risks to food safety and human health.

2. Methods

2.1. Information about swine farms

Three representative swine farmswith differentwastemanagement
systemswere selected for this study. The three commercial swine farms,
representing typical swine feeding operations in South China, are locat-
ed in Kaiping (swine farm 1: F1) and Heshan (swine farm 2 and 3: F2
and F3) of Guangdong Province, with detailed farmmanagement infor-
mation given in the Supplementary materials (Fig. S1 and Text S1).

Two typicalmodels ofwaste treatment constituted of lagoon and an-
aerobic digester are applied in the three swine farms (Fig. 1). Swine
farm 1 is equipped with a traditional lagoon. Part of the effluent is ap-
plied for irrigation to the nearby vegetable field which covers an area
of 31,600 m2. Spring onion vegetables are extensively cultivated all
the year round in this area. In addition to conventional lagoon, anaero-
bic digesters are employed to treat the wastewater in swine farm 2 and
farm 3. The effluents from swine farm 2 and farm 3 are discharged via
ditches to Longkou River which starts from a reservoir. Detailed infor-
mation on wastewater treatment systems in the three farms is given
in the Supplementary materials (Text S1).

2.2. Sample collection

Various samples were collected in September 2013 from the three
farms and surrounding environment (Fig. 1). On the three farms, the
collected samples included manure and flush wastewater from swine
houses, solid wastes and wastewater from the treatment units, sedi-
ment and surface water from fishpond. For the surrounding en-
vironment, well water, soil or irrigation water from vegetable fields,
sediment andwater from the receiving river were collected. Three sam-
ples of each type at each location were collected to determine average
concentrations. Manure samples were taken by randomly collecting
fresh feces from different swine houses and then combining into one
composite sample of different groups of pigs for each farm. The flush
waters from different groups of pigs were sampled only in farm 3 at
the washing time, and they were not accessible at the sampling time
in the other two farms. Wastewaters in the different treatment units
(lagoons, biogas digesters, and ponds) were collected sequentially,
while the solid wastes were also collected from the corresponding loca-
tions. Meanwhile, environmental samples from the surrounding envi-
ronments of the farms were collected, including well water, irrigation
water and surface soil (0–20 cm) of vegetable fields, water and sedi-
ment from the receiving river (R1 to R7, see Fig. S1). In addition, control
soil samples for each farm (F1SC, F2SC, and F3SC) were collected from
nearby land without application of animal wastes, and control water
and sediment samples (R1Wand R1S) also collected from a pristine res-
ervoir with no swine waste contamination.

Vegetables ready for harvest were first sampled from the vegetable
fields of swine farm 1 (spring onion) and swine farm 2 (spring onion
andwater spinach) in 2013,whichhave been fertilized by swinewastes.
For comparison, spring onion fields fertilized by swine wastewater of
farm 1 were sampled again in the middle of April, 2015. Two spring
onion plots far away from the research farm andwith no livestock feed-
lots nearby were selected as reference for the vegetable field. Spring
onion and surface soils were collected in the same way as before. In
addition, vertical soil cores were taken randomly from the spring
onion plots irrigated with swine wastewater of farm 1. More informa-
tion on vegetable field collection is given in the Supplementary mate-
rials (Text S2).

2.3. Solid and aqueous sample processing

All collected samples were transported to the laboratory in a cooler
for immediate processing following the protocol previously described
(He et al., 2014). Briefly, aqueous samples for chemical analysis and
ARG analysis were processed within 24 h. For ARG analysis, successive
filtration of aqueous samples was filtered through 0.45 μm membrane
filters whichwere stored at−80 °C for later DNA extraction. Solid sam-
ples were freeze-dried and sieved through a 2mmmesh, then stored at
−80 °C for DNA, antibiotics and metal extraction.

2.4. Vegetable processing

Excess soil was removed from all vegetables with distilled water
twice, followed by washing with sterile Milli-Q water once to achieve
the visual cleanliness that a typical consumer would expect in normal
food preparation, as was done by Marti et al. (2013). Then the vegeta-
bles were shaken in 500 mL of the 0.85% sterile physiological saline,
and the wash water were filtered through 0.45 μm filter membranes.
These filter membranes were stored at−80 °C for later DNA extraction.
Detailed information on vegetable processing is given in the Supple-
mentary materials (Text S2).

2.5. DNA extraction and ARG quantification

Total DNA extraction was conducted using PowerSoil DNA Isolation
Kit (MoBio Laboratories, USA) following the manufacturer's protocol.
Quantitative PCR (qPCR) was used to quantify four classes of ARGs, in-
cluding three sulfonamide resistance genes (sul genes: sul1, sul2 and
sul3), eleven tetracycline resistance genes (tet genes: tetA, tetG, tetH,
tetM, tetO, tetQ, tetS, tetW, tetB/P, tetT and tetX), five chloramphenicol
resistance genes (cml genes: cmlA, floR, fexA, fexB, and cfr) and three
erythromycin resistance genes conferring resistances to macrolide–
lincosamides–streptogramin B (MLSB genes: ermB, ermC and ermE).
The class 1 and class 2 integron genes (int1 and int2) were also quanti-
fied as an indicator of potential horizontal gene transfer for multiple
ARGs. The 16S ribosomal RNA (16S rRNA) genewas quantified as amea-
sure of total bacterial load. The specific primers, annealing temperatures



Fig. 1. Schematic illustration of sampling sites and sample types in the three swine farms. Different units of swine farm and sampling sites along the water flow are presented by different
symbols in the corresponding colors. Solid arrows in dark blue indicate thewater flow started fromwellwater throughout the on-farmwastewater treatment units, and horizontal dotted
arrows indicate the final effluent would eventually reach the receiving river. Collected samples are marked by symbols red star (manure), yellow square (soil, sludge and sediment), and
sky blue circle (water): W, water samples; WV, irrigation water for vegetable field; WRG, flush wastewater from replace gilt houses; WPS, flush wastewater from pregnant sow houses;
WBS, flushwastewater frombarren sowhouses;WSS,flushwastewater from suckler sowhouses;WB,flushwastewater fromboar houses;WP,flushwastewater frompiglets houses;WF,
flush wastewater from finisher houses; WMix, mixed flush wastewater from all swine houses; M, manure; S, lagoon sludge, fishpond sediment; SV, vegetable field soil.
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and expected amplicon sizes for all gene targets are listed in Table S1. All
qPCR assays were performed on ViiA™ 7 Real-Time PCR System (ABI,
USA) using SYBR Green Real Time QPCR Kit (TOYOBO, Japan). The de-
tailed DNA extraction, purification and ARG determination methods
can be referred to our previous study (He et al., 2014; Su et al., 2014a,
2014b).

2.6. Chemical extraction and quantification

Nineteen target antibiotics, including eight sulfonamides, five tetra-
cyclines, two chloramphenicols, one lincomycin and three macrolides
were analyzed for the collected samples following our previousmethod
(Zhou et al., 2012). Metals (Cr, Mn, Co, Ni, Zn, As, Sr and Cd) and envi-
ronmental quality parameters (BOD5, biochemical oxygen demand;
COD, chemical oxygen demand; TP, total phosphorus; TN, total
nitrogen; NH3-N, ammonia nitrogen; TOC, total organic carbon) in
the samples were also analyzed as we have previously described
(He et al., 2014). The analytical results of general water quality pa-
rameters and metal concentrations are given in the Supporting in-
formation (Tables S2–S4).

2.7. Data analysis

Duncan's multiple range test was used to evaluate the statistical sig-
nificance of difference between different samples with p-value b 0.05.
Frequency of detection (FOD) of ARGs in a sample was calculated as
the total number of positive ARGs divided by the total number of
targeted ARGs. Pearson correlation analysis by SPSS 13.0was performed
for correlation between ARGs themselves, the correlation of ARGs and
class 1 and class 2 integron genes (int1 and int2) in various samples.
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The Shannon-Wiener diversity index (H) (Luna et al., 2006) was calcu-
lated to evaluate the diversity of ARG composition based on their abso-
lute concentrations.

Multivariate analysis of ARG data was conducted using CANOCO for
Windows (Version 4.5) and sample classification was performed by
cluster analysis using PC-ORD (Version 5) (Lepš and Šmilauer, 2003;
McCune and Mefford, 1999). The objective was to identify the dissemi-
nation and diversity of ARGs and linkage to environmental parameters
based on the concentration data of ARGs, antibiotics and metals. For
multivariate analysis, detrended correspondence analysis (DCA) was
used to calculate the length of ARG composition gradients (Lepš and
Šmilauer, 2003). Redundancy analysis (RDA) was performed as recom-
mended by DCA, with the absolute concentrations of ARGs as species
and the concentrations of antibiotics/metals as environmental variables.

3. Results

3.1. ARGs in the swine wastes

Culture independent qPCR revealed that 19 ARGs were found abun-
dant in aqueous samples, with three genes sul3, cfr and tetB/P being
negative of the 22 ARGs analyzed in this study (Fig. 2).

The total absolute concentrations of all detected ARGs appeared to
vary within all the swine wastewater samples but exhibited at least
31 times higher than those in well water and fishpond water. As
Fig. 2. Occurrence and contamination profiles of ARGs in aqueous samples from the three swin
blue (farm2), purple (farm3) and yellow (the receiving river).
expected, lagoon wastewater (e.g. F2W1 and F1W1) and flush waste-
water (e.g. F3WBS, F3WSS and F3WRG) contained more abundant
ARGs thanmost of otherwastewater, suggesting they contained various
ARB and ARGs from pigs (Chee-Sanford et al., 2001; Wang et al., 2012).
Surprisingly, irrigation water (F1WV1) of vegetable field adjacent to
swine farm1 was found to have the second highest abundance of total
ARGs. The results from swine farm 2 and farm 3 showed reduction in
total ARGs absolute concentrations but increased in total relative abun-
dances following lagoon and digester treatment (Fig. S2). As part of
swine waste treatment systems, the fishponds in swine farms 1 and 3
were found to have quite low ARGs concentrations (Fig. 2). The average
FODs of ARGs in three well waters (F1W0, F2W0 and F3W0), three fish-
pond waters (F1W3, F1W4 and F3W3) and three lagoon wastewaters
(F1W1, F2W1 and F3W1) were 0.91 ± 0.11, 0.84 ± 0.11, 0.96 ± 0.03,
respectively (Fig. S3). Meanwhile, the total relative abundances of
ARGs in these three types of aqueous samples ranged from 0.74 to
2.88, 2.34 to 4.06, 1.17 to 3.17, respectively. No significant differences
of FODs and total relative abundance of ARGs were found among the
well waters, lagoon wastewaters and fishpond waters (p N 0.05). Con-
sidering relative abundance, tetA, ermE, tetH and sul2 were dominant
ARGs in the well waters of the three farms (Fig. S3). tetA, ermE, tetG
and sul1 were dominant ARGs in the three fishpond waters. tetA, tetH,
sul1 and sul2were the most abundant ARGs in the three lagoon waste-
waters. In general, tetA, tetH, ermE, sul2, sul1 and tetG had relative higher
abundances in most of the aqueous samples of the three swine farms,
e farms and receiving river. Samples are presented in different colors: green (farm 1), sky
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followed by fexA, ermB, tetO and tetW, indicating their dominance and
persistence in swine feedlots. Despite the variation of total absolute
concentrations of ARGs between different samples, the compositions
of ARGs exhibited similar in wastewater samples within the same
farm (Fig. 2).

For solid samples (manure and lagoon sludge) from the three swine
farms, various ARGs were detected at high abundance with all of the 22
ARGs being positively detected in most of these samples (Fig. 3). The
FODs of the 22 ARGs in manure/lagoon sludge samples (n = 14) and
sediments of fishpond (n=3) ranged from0.77 to 1.00, 0.86 to 0.91, re-
spectively (Fig. S4). Most FODs of the ARGs were 1.00 inmanure/lagoon
sludge samples, except for cfr (0.79), tetB/P (0.57), tetG (0.36), tetT
(0.43) and tetS (0.93). Most FODs of the ARGs were 1.00 in sedi-
ments of the fishponds, except for cfr (negative), tetT (negative)
and tetB/P (0.33) (Fig. S4). ARGs were prevalent at the highest con-
centrations in manure of different groups of pigs including sow,
boar, piglets and finisher, and they remained at high levels in la-
goon or ditch sludge. Among the detected ARGs, tetO, fexA, ermB,
tetW and cmlA accounted for large proportions in most manure
and lagoon sludge samples from the three farms, followed by
fexB, tetA, tetQ, cfr, sul1 and sul3. Although total concentrations
Fig. 3. Occurrence and contamination profiles of ARGs in solid
and proportions of ARGs varied among these solid wastes from
different swine farms, sul genes, cml genes and MLSB genes were
generally 100% detected (Fig. 3).

3.2. ARGs in the receiving environment

Due to the discharge of swinewastewaters from swine farm 2 and 3,
the receiving Longkou River was found to have much higher levels of
ARGs than its control water (reservoir water in the upstream, R1W)
(Fig. 2 and Fig. S2). It should be noted that a higher total concentration
of ARGs was observed in the effluent ditch (R6W) than in its discharge
point and the downstream site. The compositions of ARGs in the affect-
ed river section (R2W, R3W, R4W, R5W, and R7W) were very different
to that of the control water, but similar to those of the swine wastewa-
ters, suggesting the influence of swinewastewater discharge and spread
of ARGs from the swine farms. Moreover, the compositions of ARGs in
the river sediments (R2S, R3S, R4S, R5S, R7S) were also different to
that of the control, but similar to that of the effluent ditch sediment
(Fig. 3). Interestingly, the FODs of ARGs in receiving river waters ranged
from 0.95 to 1.00, as high as those in the lagoon wastewaters (Fig. S3).
And average relative abundance of ARGs in the river waters was
samples from the three swine farms and receiving river.
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3.05 ± 1.70, slightly higher than the lagoonwastewaters (2.18± 1.00),
but not significantly (p N 0.05). However, FODs and the total relative
abundance of ARGs in the control water were 0.84 and 1.09. The FODs
of ARGs in the sediments of affected river section ranged from 0.77 to
0.86,while it was 0.68 in the control sediment (R1S). ARGs in the receiv-
ing river seemed to become more diverse in comparison with the con-
trol reservoir water, and the ARGs in the swine wastewaters were also
more diverse than the well water in swine farm 1 and 3 as shown by
the Shannon-Wiener diversity index (Fig. S5).

Total ARG concentrations were found slightly higher in the ten
swine waste-applied soils compared to the three control soils (Fig. 3),
but not significantly (p = 0.13). However, the FODs of the 22 ARGs
and the Shannon-Wiener diversity index in the ten vegetables soils
were significantly higher than those in the three control soils
(p b 0.005) (Fig. S4), suggesting the ARG composition patterns in the
swine waste-applied soils were also very different to those of the re-
spective control soils without application of swine waste.

3.3. ARGs in the vegetables

ARGs were frequently found in the ready consumption vegetables,
varied in abundance per cell of bacteria, but consistent in occurrence
with their soils (Fig. 4, Fig. S9, and Fig. S10). But the reference vegetables
contained less ARGs than those vegetables irrigated with wastewater
(Fig. 4). In the vegetables collected in 2013 from the research fields ap-
plied with swine wastes of farm 1 and farm 2, most ARGs were positive
except for sul3, cfr, tetT and tetB/P (Fig. S9). Relative abundance and
composition of ARGs showed that ermE, ermC, tetA, tetH, floR, fexA and
sul1were dominant in these vegetables. However, in the vegetables col-
lected in 2015, ermE, tetC and fexA were not detected, while sul3, tetT
and tetB/P were positive; sul1, cm1A, floR, tetA and tetXwere dominant
ARGs considering relative abundance (Fig. 4). Interestingly, these
Fig. 4. ARG profiles in vegetables (wet weight) and soils (dry weight). Each panel represents
sampled in 2013 but negatives in those sampled in 2015 were not shown on this graph. The
break at 50% of axis length is injected on Y axis (from 0.015). R: reference spring onion fie
vegetable roots; those suffix with @ and those sampled in 2013 (F1VL1–F2VR2) were prior p
before shaking in 0.85% sterile physiological saline (washed vegetables).
dominant ARGs were also highly detected in the vegetable field soils
and the swine wastewaters, suggesting their potential origin from the
swine wastewater irrigated in the vegetable fields. As is expected,
when compared to those washed vegetables, the unwashed vegetables
contained more abundant ARGs in terms of absolute concentration
(Fig. S10).

It should be noted that the surface soil from the treated vegetable
plots (SV-A, 0–20 cmdepth)was found to carrymore diverse and abun-
dant ARGs when compared to those reference soils (R1SV and R2SV).
Although most ARGs decreased in absolute concentrations (copies/dry
weight) from surface layer to the substratum layer (three layer of soil
profile from the researchfield: SV-A, SV-B and SV-C) (Fig. S10), their rel-
ative abundances increased in the soil profiles (Fig. 4). To the best of our
knowledge, few studies have reported the variation of ARGs in vertical
soil profiles of vegetable plots irrigated with swine wastewater.

3.4. Antibiotics in the swine farm environments

Eighteen antibiotics were detected in the swine manure and waste-
water, and environmental samples (Fig. S6). The detected antibiotics
were: eight sulfonamides and diaminopyrimidines (SG: sulfaguanidine,
SDZ: sulfadiazine, SMZ: sulfamethazine, SMM: sulfamonomethoxine,
SCP: sulfachlorpyridazine, SMX: sulfamethoxazole, SQX: sulfaquinoxaline
and TMP: trimethoprim), five tetracyclines (OTC: oxytetracycline, TC:
tetracycline, CTC: chlortetracycline, MT: methacycline and DC: doxycy-
cline), one chloramphenicols (FF: florfenicol), three macrolides (ETM-
H2O: erythromycin-H2O, LCM: leucomycin and TYL: tylosin) and one
lincosamides (LIN: lincomycin). In comparison with those control sam-
ples, higher levels of these antibiotics were observed in the aqueous and
solid samples associated with swine wastes. The antibiotics LIN, LCM,
TYL, DC, CTC, TC, OTC, TMP, SMM and SMZ were found with relatively
high concentrations in various swine wastewater as reported previously
one of the positively quantified ARGs. For comparison, those positives in the vegetables
Y axis shows relative abundance of ARGs (Z axis) in vegetables and in soils (X axis). A
ld; S-A, S-B and S-C: vertical soil profiles of vegetable field. VL: vegetable leaves; VR:
rocessing with sterile Milli-Q water to remove excess soil to achieve a visual cleanliness
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(Zhou et al., 2012). CTC showed the highest concentrations in swine ma-
nure, lagoon sludge and fishpond sediment and vegetable field soils,
followed by TC, OTC and LCM. CTC was detected at concentrations up to
1,030,000 ng/g dw in manure (F2M3) and 35,000 ng/L in swine house
flush wastewater (F3WP). In the sediments of Longkou River, tetra-
cyclines CTC, OTC, DC and TCwere the dominant antibiotics,with concen-
trations ranging from 17.1 ng/g dw (DC) to 1170 ng/g dw (CTC).

The total concentrations of antibiotics decreased dramatically from
the flush water to digester effluent in the swine farm 3, but not in
swine farm 2 due to themalfunction as demonstrated by generalwaste-
water quality parameters (Fig. S6). Antibioticswere detected in the final
effluents of the three swine farms with variable concentrations. This re-
sulted in the detection of various antibiotics in the receiving Longkou
River. A higher total concentration of antibiotics was observed at the ef-
fluent discharge point (R4W) than at the other river sites.

It is worth noting that several antibiotics (SDZ, SM, SMM, TMP, CTC
and LCM) were even found in vegetables from the fields applied with
swinewastes (Table S5). CTCwas detected at the highest concentration
in leaves and roots of spring onions andwater spinach at the concentra-
tion range of 16.9± 2.95 ng/g to 199±6.08 ng/g dw, followed by SM in
roots of spring onion and water spinach (2.73–5.41 ng/g dw), LCM in
leaves of spring onion (3.14 ng/g dw), and TMP in leaves of water spin-
ach (0.86 ng/g dw). SDZ was positively detected, but at concentrations
blow its method quantification limit.

4. Discussion

4.1. Dissemination of ARGs from swine farms to the receiving environments

The results from this study showed the occurrence of various ARGs
in swine manure and wastewater from the three swine farms. Despite
some reduction in the total concentrations of ARGs from rawwastewa-
ter to final effluent in the swine waste treatment systems, the ARGs
were disseminated into the receiving environments via application of
manure-wastewater on land or discharge ofwastewater into the receiv-
ing river.

In large swine farms, animals generate huge amounts of animal
wastes, which contain high levels of organic substances, nutrients and
diverse microorganisms. On-farm waste treatment systems such as
lagoon and digester are designed to reduce these traditional contami-
nants such as nitrogen and phosphorus, but not the emerging contami-
nants like ARGs (Pruden et al., 2006). In the present study, sul genes, cml
genes, tet genes and erm genes were partially removed mostly in aque-
ous phase by the on-farm lagoon and digester treatment units (Fig. 2),
which is consistent with the results reported in Taiwan (Tao et al.,
2014). However, specific resistance genes behaved differently in the
treatment systems. Some genes fexA, fexB, floR, sul1, tetA, ermB, ermC
and ermE were found to be recalcitrant to the swine waste treatment
processes, consistent with previous reports in a sewage treatment
plant (Yang et al., 2014), laboratory-scale treatment systems (Zhang
et al., 2013; Ma et al., 2011) and in other confined animal feeding oper-
ations (Wang et al., 2012; Chen et al., 2010). This result also explains the
concomitant dominance of these resistance genes in the receiving envi-
ronments due to animal waste discharge.

Two-way cluster analysis on ARG data set revealed interesting
grouping for the aqueous samples (Fig. S7) and solid samples (Fig. S8).
As revealed in Fig. S7, irrigation water was grouped with the wastewa-
ter from the swine farm 1, while the receiving river water groupedwith
thewastewater from the swine farm3, suggesting the influence from this
swine farm. For the solid samples, it was found that the river sediments,
fishpond sediments and vegetable field soils were grouped far away
from their respective controls (Fig. S8), suggesting theywere contaminat-
ed by ARGs from the swine farms.

RDA diagrams in Fig. 5 showed the positive linkage of the ARGs in
both aqueous and solid samples to the environmental variables (antibi-
otics andmetals) (correlation coefficient R N 0.9). This indicates that the
environmental variables influenced the development and dissemina-
tion of ARGs from the swine farms to the receiving environments. In
fact, our previous studies have demonstrated that soil-bound antibiotics
could still exert selective pressure on soil bacteria (Peng et al., 2014,
2015). Moreover, the ARGs included in the present study are mostly
located on mobile genetic elements, so genetic linkage or co-selection
may facilitate their dissemination as previously indicated (He et al.,
2014). Class 1 and class 2 integron genes (int1 and int2), defined as an
indicator of horizontal gene transfer potential, showed good correlation
with various ARGs (Fig. S7 and Fig. S8). Thus,multiple factors could con-
tribute to the spread of ARGs under the influence of swine feedlots.

The first gradient in the two diagrams of RDA explained 56.8% and
39% of the total ARG variability for the aqueous and solid samples, re-
spectively. The aqueous samples displayed a separation along the first
axis as the levels of ARGs increased (from right to left on diagram)
(Fig. 5a), while manure and lagoon sludge samples were respectively
grouped together on the right side of the diagram and separated
along the second axis (Fig. 5b). The RDA displays clearly how the
ARG diversity increase as the ARG levels increase in both aqueous
and solid samples.

It should be noted that swine manure contained the highest level of
ARGs but they had lower ARG diversity when compared to the swine
wastes-applied soils (Fig. 5b), indicating that swine wastes may have
enhanced the development of ARGs in the receiving soils from an
ecological view. This is consistentwith a previous study on bloomof res-
ident antibiotic-resistant bacteria in soil following manure fertilization
(Udikovic-Kolic et al., 2014). In the receiving river, higher ARG level
and diversity was noted at the effluent discharge point than at other
river sites, suggesting significant direct impact of swine wastewater
on the receiving river at the discharge point. Thus the discharge of
swine wastes could affect surface water quality and soil microbial
ecology.
4.2. Environmental impact of swine feedlots

Since manure or wastewater constitutes the largest source of ARGs
originating from swine feeding operations (Jindal et al., 2006), some
studies attempted to evaluate on-farm waste treatment systems in re-
ducing antibiotics, antibiotic resistance bacteria or ARGs (Wang et al.,
2012; Jindal et al., 2006; Brooks et al., 2014; Chen et al., 2010; Tao
et al., 2014; Huang et al., 2014; Liu et al., 2014; Chen et al., 2012). The
efficiency of different treatment technologies varied in reducing differ-
ent types of ARGs. However, the reduction in resistance levels worked
in the range of percentages but ARGs may persist for many years with-
out selection pressure of the corresponding antibiotics (Johnsen et al.,
2009). In the present study, we observed not only the dissemination
of ARGs from the source (swine farms) to the receiving environment
(vegetable fields and receiving river), but also their remarkable increase
in diversity. On-farm lagoon and anaerobic digester treatment could re-
duce the ARGs in total absolute concentration but failed to remove
them. Obviously, discharge of animal manures or common on-farm
treated wastes could result in contamination of ARGs as well as antibi-
otics in the receiving environments (especially the river water and
food). In particular, ARGs and some antibioticswere abundantly quanti-
fied in the vegetables grown in swine wastes-applied fields. Moreover,
this study showed that common cleanliness of vegetables with tap-
water used in food preparation failed to remove ARGs to their back-
ground level (copies per cell of bacteria) as found in the reference site.
Potential human exposure to antibiotic resistance determinants and an-
tibiotic residues via eating vegetables anddrinking surfacewater aswell
as other exposure pathways should not be ignored (Boonsaner and
Hawker, 2015; Kim and Aga, 2007). Evidence also indicates that the
use of antibiotics in food animals is associatedwith antibiotic resistance
among bacteria isolated from humans (Angulo et al., 2004; Smith et al.,
2002; van den Bogaard and Stobberingh, 2000). Further research on the



Fig. 5. Redundancy analysis (RDA) on the diversity of antibiotic resistance genes (ARGs) in the aqueous samples (a; N = 28) and solid samples (b; N = 37) based on environmental
variable scores (antibiotics and metals), with the size of the site symbols corresponding to Shannon-Wiener diversity of ARGs. Environmental variables in orange arrows are chosen
according to the significance (p b 0.1) calculated from the forward selection procedure. The lengths of the arrows reveal the strength of the relationship and the intersection angle
between the arrows can express the correlation. The percentage of variation explained by each axis is shown, and the relationship is significant (p b 0.01).
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adverse human health effects of antibiotics and ARGs in food and water
are warranted.

The causes shaping the emergence and diversification of ARGs under
the influence of swine feedlots could be complex. In terms of biological
evolution, for one reason, soil and water habitats host an impressive
bacterial diversity (Vaz-Moreira et al., 2014; Daniel, 2005). When resis-
tant bacteria and ARGs are introduced into the receiving soils by animal
wastes application, mobile genetic elements carrying ARGs or naked
ARGs could transfer to indigenous bacteria or other habitats. In this
way, antibiotic resistance could support their environmental dis-
semination independent of their original host (Gotz and Smalla,
1997; Heuer et al., 2011). For another reason, fitness cost imposed
by acquiring ARGs and mobile genetic elements are likely to be ame-
liorated by subsequent evolution (Andersson and Levin, 1999;
Andersson and Hughes, 2010). On the other hand, our observation
indicates that the high input of ARGs and selective agents (antibiotics
and metals) with animal wastes could well contribute to increased resis-
tance level and diversity in the receiving environments, as previously
discussed (Heuer et al., 2011).

As observed in this study, along the vertical soil profiles, ARGs were
enriched per cell bacteria, suggesting the migration of ARGs. Thus, it is
noteworthy to verify environmental impact of livestock feedlots at
both horizontal (e.g. surface soil) and vertical levels (e.g. geographic
gradients) (Baquero et al., 2015). Also, further studies are still needed
to connect the diversity and variation of ARGs and the host bacteria
and to shed light on the resistome of both pristine and anthropogenic
impacted environments. Although antibiotic resistance is a natural
phenomenon (Allen et al., 2009; D'Costa et al., 2011), the genes that
make up environmental antibiotic resistome (D'Costa et al., 2007)
were found to be shared between environmental and pathogenic bacte-
ria (Forsberg et al., 2012; Spanogiannopoulos et al., 2014). Moreover,
they have the potential to be transferred to pathogens (Wright, 2010).
It remains a challenge to determine towhat extent the ARGs should be re-
moved before field application of animal wastes and to incorporate these
to quantitative models as a basis for risk assessment and regulations.

5. Conclusions

This study showed thatmost ARGs and antibiotics survived the com-
mon on-farm waste treatment systems and were prevalent in the re-
ceiving environments including fishponds, rivers and vegetable fields.
Discharge of swinewastewater led to increased abundance and diversi-
ty of ARGs in the receiving environments, which could affect microbial
ecology in the surface water and soils. Antibiotics and metals in swine
wastes may also enhance the development of bacterial resistance in
the impacted environments. It is worth noting that vegetables from
the plots irrigated with swine wastewater were found to contain vari-
ous antibiotics and ARGs. Human exposure to antibiotic resistance de-
terminants and antibiotic residues via eating vegetables and other
exposure pathways should be considered when we assess the potential
human health risks associated with swine waste discharge.

Acknowledgements

The authors would like to acknowledge the financial support from
the Ministry of Environmental Protection of China (201309031),
Chinese Academy of Sciences (KZCX2-EW-108 and KZZD-EW-09) and
National Natural Science Foundation of China (NSFC U113305 and
41303077) as well as Guangdong Provincial Government and Guang-
zhou Municipal Government (20150401007) for their support. Thanks
to the three anonymous reviewers for their useful comments and sug-
gestions. This is a Contribution No. IS-2217 from GIGCAS.



218 L.-Y. He et al. / Environment International 92–93 (2016) 210–219
Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.envint.2016.03.023.
References

Allen, H.K., Moe, L.A., Rodbumrer, J., Gaarder, A., Handelsman, J., 2009. Functional
metagenomics reveals diverse beta-lactamases in a remote Alaskan soil. ISME J. 3
(2), 243–251.

Andersson, D.I., Hughes, D., 2010. Antibiotic resistance and its cost: is it possible to reverse
resistance? Nat. Rev. Microbiol. 8 (4), 260–271.

Andersson, D.I., Levin, B.R., 1999. The biological cost of antibiotic resistance. Curr. Opin.
Microbiol. 2 (5), 489–493.

Angulo, F.J., Nargund, V.N., Chiller, T.C., 2004. Evidence of an association between use of
anti-microbial agents in food animals and anti-microbial resistance among bacteria
isolated from humans and the human health consequences of such resistance.
J. Veterinary Med. Ser. B 51, 374–379.

Baquero, F., Lanza, V.F., Canton, R., Coque, T.M., 2015. Public health evolutionary biology of
antimicrobial resistance: priorities for intervention. Evol. Appl. 8 (3), 223–239.

Becerra-Castro, C., Lopes, A.R., Vaz-Moreira, I., Silva, E.F., Manaia, C.M., Nunes, O.C., 2015.
Wastewater reuse in irrigation: a microbiological perspective on implications in soil
fertility and human and environmental health. Environ. Int. 75, 117–135.

Binh, C.T.T., Heuer, H., Kaupenjohann, M., Smalla, K., 2008. Piggery manure used for soil
fertilization is a reservoir for transferable antibiotic resistance plasmids. FEMS
Microbiol. Ecol. 66, 25–37.

Boonsaner, M., Hawker, D.W., 2015. Transfer of oxytetracycline from swine manure to
three different aquatic plants: implications for human exposure. Chemosphere 122,
176–182.

Brooks, J.P., Adeli, A., McLaughlin, M.R., 2014. Microbial ecology, bacterial pathogens, and
antibiotic resistant genes in swine manure wastewater as influenced by three swine
management systems. Water Res. 57, 96–103.

Chee-Sanford, J.C., Aminov, R.I., Krapac, I.J., Garrigues-Jeanjean, N., Mackie, R.I., 2001.
Occurrence and diversity of tetracycline resistance genes in lagoons and groundwater
underlying two swine production facilities. Appl. Environ. Microbiol. 67 (4),
1494–1502.

Chen, J., Yu, Z., Michel Jr., F.C., Wittum, T., Morrison, M., 2007. Development and applica-
tion of real-time PCR assays for quantification of erm genes conferring resistance to
macrolides-lincosamides-streptogramin B in livestock manure and manure manage-
ment systems. Appl. Environ. Microbiol. 73 (14), 4407–4416.

Chen, J., Michel Jr., F.C., Sreevatsan, S., Morrison, M., Yu, Z., 2010. Occurrence and persis-
tence of erythromycin resistance genes (erm) and tetracycline resistance genes
(tet) in waste treatment systems on swine farms. Microb. Ecol. 60 (3), 479–486.

Chen, Y.S., Zhang, H.B., Luo, Y.M., Song, J., 2012. Occurrence and dissipation of veterinary
antibiotics in two typical swine wastewater treatment systems in east China. Environ.
Monit. Assess. 184 (4), 2205–2217.

Chen, J., Liu, Y.S., Su, H.C., Ying, G.G., Liu, F., Liu, S.S., He, L.Y., Chen, Z.F., Yang, Y.Q., Chen,
F.R., 2015. Removal of antibiotics and antibiotic resistance genes in rural waste-
water by an integrated constructed wetland. Environ. Sci. Pollut. Res. Int. 22 (3),
1794–1803.

Cole, D., Todd, L., Wing, S., 2000. Concentrated swine feeding operations and public
health: a review of occupational and community health effects. Environ. Health
Perspect. 108 (8), 685–699.

Cordero, A., García, M., Herradora, M., Ramírez, G., Martínez, R., 2010. Bacteriological
characterization of wastewater samples obtained from a primary treatment system
on a small scale swine farm. Bioresour. Technol. 101 (9), 2938–2944.

Daniel, R., 2005. The metagenomics of soil. Nat. Rev. Microbiol. 3 (6), 470–478.
D'Costa, V.M., Griffiths, E., Wright, G.D., 2007. Expanding the soil antibiotic resistome:

exploring environmental diversity. Curr. Opin. Microbiol. 10 (5), 481–489.
D'Costa, V.M., King, C.E., Kalan, L., Morar, M., Sung,W.W., Schwarz, C., Froese, D., Zazula, G.,

Calmels, F., Debruyne, R., Golding, G.B., Poinar, H.N., Wright, G.D., 2011. Antibiotic
resistance is ancient. Nature 477 (7365), 457–461.

Durso, L.M., Cook, K.L., 2014. Impacts of antibiotic use in agriculture: what are the benefits
and risks? Curr. Opin. Microbiol. 19, 37–44.

Forsberg, K.J., Reyes, A., Wang, B., Selleck, E.M., Sommer, M.O., Dantas, G., 2012. The
shared antibiotic resistome of soil bacteria and human pathogens. Science 337
(6098), 1107–1111.

Gotz, A., Smalla, K., 1997. Manure enhances plasmid mobilization and survival of
Pseudomonas putida introduced into field soil. Appl. Environ. Microbiol. 63 (5),
1980–1986.

He, L.Y., Liu, Y.S., Su, H.C., Zhao, J.L., Liu, S.S., Chen, J., Liu, W.R., Ying, G.G., 2014. Dissemi-
nation of antibiotic resistance genes in representative broiler feedlots environments:
identification of indicator ARGs and correlations with environmental variables. Envi-
ron. Sci. Technol. 48 (22), 13120–13129.

Heuer, H., Schmitt, H., Smalla, K., 2011. Antibiotic resistance gene spread due to manure
application on agricultural fields. Curr. Opin. Microbiol. 14 (3), 236–243.

Huang, X., Liu, C., Li, K., Su, J., Zhu, G., Liu, L., 2014. Performance of vertical up-flow con-
structed wetlands on swine wastewater containing tetracyclines and tet genes.
Water Res. 70, 109–117.

Jindal, A., Kocherginskaya, S., Mehboob, A., Robert, M., Mackie, R.I., Raskin, L., Zilles, J.L.,
2006. Antimicrobial use and resistance in swine waste treatment systems. Appl. En-
viron. Microbiol. 72 (12), 7813–7820.

Johnsen, P.J., Townsend, J.P., Bohn, T., Simonsen, G.S., Sundsfjord, A., Nielsen, K.M., 2009.
Factors affecting the reversal of antimicrobial-drug resistance. Lancet Infect. Dis. 9
(6), 357–364.

Kim, S., Aga, D.S., 2007. Potential ecological and human health impacts of antibiotics and
antibiotic-resistant bacteria from wastewater treatment plants. J. Toxicol. Environ.
Health Part B 10, 559–573.
Koike, S., Krapac, I.G., Oliver, H.D., Yannarell, A.C., Chee-Sanford, J.C., Aminov, R.I., Mackie,
R.I., 2007. Monitoring and source tracking of tetracycline resistance genes in lagoons
and groundwater adjacent to swine production facilities over a 3-year period. Appl.
Environ. Microbiol. 73 (15), 4813–4823.

Lepš, J., Šmilauer, P., 2003. Multivariate Analysis of Ecological Data Using CANOCO.
Cambridge university press.

Levy, S.B., Marshall, B., 2004. Antibacterial resistance worldwide: causes, challenges and
responses. Nat. Med. 10 (12 Suppl), S122–S129.

Li, J., Shao, B., Shen, J., Wang, S., Wu, Y., 2013. Occurrence of chloramphenicol-resistance
genes as environmental pollutants from swine feedlots. Environ. Sci. Technol. 47
(6), 2892–2897.

Liu, S., Ying, G.G., Zhou, L.J., Zhang, R.Q., Chen, Z.F., Lai, H.J., 2012. Steroids in a typical
swine farm and their release into the environment. Water Res. 46 (12),
3754–3768.

Liu, L., Liu, Y.H., Wang, Z., Liu, C.X., Huang, X., Zhu, G.F., 2014. Behavior of tetracycline and
sulfamethazine with corresponding resistance genes from swinewastewater in pilot-
scale constructed wetlands. J. Hazard. Mater. 278, 304–310.

Luna, G.M., Dell'Anno, A., Danovaro, R., 2006. DNA extraction procedure: a critical issue
for bacterial diversity assessment in marine sediments. Environ. Microbiol. 8 (2),
308–320.

Ma, Y., Wilson, C.A., Novak, J.T., Riffat, R., Aynur, S., Murthy, S., Pruden, A., 2011. Effect
of various sludge digestion conditions on sulfonamide, macrolide, and tetracy-
cline resistance genes and class I integrons. Environ. Sci. Technol. 45 (18),
7855–7861.

Marti, R., Scott, A., Tien, Y.C., Murray, R., Sabourin, L., Zhang, Y., Topp, E., 2013. Impact of
manure fertilization on the abundance of antibiotic-resistant bacteria and frequency
of detection of antibiotic resistance genes in soil and on vegetables at harvest. Appl.
Environ. Microbiol. 79 (18), 5701–5709.

McCune, B., Mefford, M.J., 1999. PC-ORD: Multivariate Analysis of Ecological Data. MjM
Software Design.

McKinney, C.W., Loftin, K.A., Meyer, M.T., Davis, J.G., Pruden, A., 2010. tet and sul antibiotic
resistance genes in livestock lagoons of various operation type, configuration, and
antibiotic occurrence. Environ. Sci. Technol. 44 (16), 6102–6109.

Peng, F.J., Zhou, L.J., Ying, G.G., Liu, Y.S., Zhao, J.L., 2014. Antibacterial activity of the soil-
bound antimicrobials oxytetracycline and ofloxacin. Environ. Toxicol. Chem. 33 (4),
776–783.

Peng, F.J., Ying, G.G., Liu, Y.S., Su, H.C., He, L.Y., 2015. Joint antibacterial activity of soil-
adsorbed antibiotics trimethoprim and sulfamethazine. Sci. Total Environ. 506–507,
58–65.

Pruden, A., Pei, R., Storteboom, H., Carlson, K.H., 2006. Antibiotic resistance genes as
emerging contaminants: studies in northern Colorado. Environ. Sci. Technol. 40
(23), 7445–7450.

Sapkota, A.R., Curriero, F.C., Gibson, K.E., Schwab, K.J., 2007. Antibiotic-resistant en-
terococci and fecal indicators in surface water and groundwater impacted by a
concentrated swine feeding operation. Environ. Health Perspect. 115 (7),
1040–1045.

Silbergeld, E.K., Graham, J., Price, L.B., 2008. Industrial food animal production, antimicro-
bial resistance, and human health. Annu. Rev. Public Health 29, 151–169.

Smith, D.L., Harris, A.D., Johnson, J.A., Silbergeld, E.K., Morris Jr., J.G., 2002. Animal antibi-
otic use has an early but important impact on the emergence of antibiotic resistance
in human commensal bacteria. PNAS 99, 6434–6439.

Spanogiannopoulos, P., Waglechner, N., Koteva, K., Wright, G.D., 2014. A rifamycin
inactivating phosphotransferase family shared by environmental and pathogenic
bacteria. Proc. Natl. Acad. Sci. U. S. A. 111 (19), 7102–7107.

Storteboom, H., Arabi, M., Davis, J.G., Crimi, B., Pruden, A., 2010. Tracking antibiotic
resistance genes in the South Platte River basin using molecular signatures of urban,
agricultural, and pristine sources. Environ. Sci. Technol. 44 (19), 7397–7404.

Su, H.C., Pan, C.G., Ying, G.G., Zhao, J.L., Zhou, L.J., Liu, Y.S., Tao, R., Zhang, R.Q., He, L.Y.,
2014a. Contamination profiles of antibiotic resistance genes in the sediments at a
catchment scale. Sci. Total Environ. 490, 708–714.

Su, H.C., Ying, G.G., He, L.Y., Liu, Y.S., Zhang, R.Q., Tao, R., 2014b. Antibiotic resistance,
plasmid-mediated quinolone resistance (PMQR) genes and ampC gene in two typical
municipal wastewater treatment plants. Environ. Sci. Process. Impacts. 16 (2),
324–332.

Tao, C.W., Hsu, B.M., Ji, W.T., Hsu, T.K., Kao, P.M., Hsu, C.P., Shen, S.M., Shen, T.Y., Wan,
T.J., Huang, Y.L., 2014. Evaluation of five antibiotic resistance genes in wastewa-
ter treatment systems of swine farms by real-time PCR. Sci. Total. Environ. 496,
116–121.

Udikovic-Kolic, N., Wichmann, F., Broderick, N.A., Handelsman, J., 2014. Bloom of resident
antibiotic-resistant bacteria in soil followingmanure fertilization. Proc. Natl. Acad. Sci.
U. S. A. 111 (42), 15202–15207.

van den Bogaard, A.E., Stobberingh, E.E., 2000. Epidemiology of resistance to antibiotics
links between animals and humans. Int. J. Antimicrob. Agents 14, 327–335.

Vaz-Moreira, I., Nunes, O.C., Manaia, C.M., 2014. Bacterial diversity and antibiotic resis-
tance in water habitats: searching the links with the human microbiome. FEMS
Microbiol. Rev. 38 (4), 761–778.

Wang, L.L., Oda, Y., Grewal, S., Morrison, M., Michel, F.C., Yu, Z.T., 2012. Persistence of
resistance to erythromycin and tetracycline in swine manure during simulated
composting and lagoon treatments. Microb. Ecol. 63 (1), 32–40.

WHO, 2014. Antimicrobial Resistance: Global Report on Surveillance. World Health
Organization (ISBN: 9241564741).

Wright, G.D., 2010. Antibiotic resistance in the environment: a link to the clinic? Curr.
Opin. Microbiol. 13 (5), 589–594.

Wu, N., Qiao, M., Zhang, B., Cheng, W.D., Zhu, Y.G., 2010. Abundance and diversity of tet-
racycline resistance genes in soils adjacent to representative swine feedlots in China.
Environ. Sci. Technol. 44 (18), 6933–6939.

Yang, Y., Li, B., Zou, S., Fang, H.H., Zhang, T., 2014. Fate of antibiotic resistance genes
in sewage treatment plant revealed by metagenomic approach. Water Res. 62,
97–106.

Zhang, W., Huang, M.-h., Qi, F.-f., Sun, P.-z., Van Ginkel, S.W., 2013. Effect of trace tetracy-
cline concentrations on the structure of a microbial community and the development

doi:10.1016/j.envint.2016.03.023
doi:10.1016/j.envint.2016.03.023
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0005
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0005
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0005
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0010
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0010
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0015
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0015
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0020
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0020
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0020
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0020
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0025
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0025
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0030
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0030
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0035
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0035
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0035
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0040
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0040
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0040
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0045
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0045
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0045
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0050
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0050
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0050
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0055
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0055
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0055
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0055
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0060
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0060
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0060
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0065
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0065
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0065
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0070
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0070
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0070
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0075
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0075
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0075
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0080
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0080
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0080
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0085
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0090
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0090
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0095
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0095
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0100
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0100
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0105
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0105
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0105
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0110
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0110
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0110
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0115
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0115
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0115
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0115
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0120
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0120
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0125
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0125
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0125
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0130
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0130
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0135
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0135
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0140
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0140
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0140
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0145
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0145
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0145
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0150
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0150
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0155
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0155
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0160
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0160
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0160
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0165
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0165
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0165
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0170
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0170
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0170
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0175
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0175
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0175
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0180
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0180
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0180
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0180
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0185
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0185
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0185
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0185
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0190
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0190
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0195
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0195
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0195
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0200
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0200
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0200
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0205
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0205
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0205
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0210
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0210
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0210
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0215
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0215
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0215
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0215
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0220
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0220
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0225
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0225
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0225
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0230
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0230
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0230
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0235
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0235
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0235
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0240
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0240
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0245
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0245
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0245
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0245
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf2000
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf2000
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf2000
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0250
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0250
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0250
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0255
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0255
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0260
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0260
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0260
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0265
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0265
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0265
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0270
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0270
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0275
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0275
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0280
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0280
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0280
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0285
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0285
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0285
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0290
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0290


219L.-Y. He et al. / Environment International 92–93 (2016) 210–219
of tetracycline resistance genes in sequencing batch reactors. Bioresour. Technol. 150,
9–14.

Zhou, L.J., Ying, G.G., Liu, S., Zhao, J.L., Chen, F., Zhang, R.Q., Peng, F.Q., Zhang, Q.Q., 2012.
Simultaneous determination of human and veterinary antibiotics in various environ-
mental matrices by rapid resolution liquid chromatography-electrospray ionization
tandem mass spectrometry. J. Chromatogr. A1244, 123–138.
Zhou, L.J., Ying, G.G., Liu, S., Zhang, R.Q., Lai, H.J., Chen, Z.F., Pan, C.G., 2013. Excretion
masses and environmental occurrence of antibiotics in typical swine and dairy cattle
farms in China. Sci. Total Environ. 444, 183–195.

Zhu, Y.G., Johnson, T.A., Su, J.Q., Qiao, M., Guo, G.X., Stedtfeld, R.D., Hashsham, S.A., Tiedje,
J.M., 2013. Diverse and abundant antibiotic resistance genes in Chinese swine farms.
Proc. Natl. Acad. Sci. U. S. A. 110 (9), 3435–3440.

http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0290
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0290
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0295
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0295
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0295
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0300
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0300
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0300
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0305
http://refhub.elsevier.com/S0160-4120(16)30103-9/rf0305

	Discharge of swine wastes risks water quality and food safety: Antibiotics and antibiotic resistance genes from swine sourc...
	1. Introduction
	2. Methods
	2.1. Information about swine farms
	2.2. Sample collection
	2.3. Solid and aqueous sample processing
	2.4. Vegetable processing
	2.5. DNA extraction and ARG quantification
	2.6. Chemical extraction and quantification
	2.7. Data analysis

	3. Results
	3.1. ARGs in the swine wastes
	3.2. ARGs in the receiving environment
	3.3. ARGs in the vegetables
	3.4. Antibiotics in the swine farm environments

	4. Discussion
	4.1. Dissemination of ARGs from swine farms to the receiving environments
	4.2. Environmental impact of swine feedlots

	5. Conclusions
	Acknowledgements
	Appendix A. Supplementary data
	References


