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• The emission of ARGs varied signifi-
cantly from animal types.

• Gestation sows released the most of
ARGs and MGEs per head.

• Growing and fattening pigs released the
most ARGs in typical swine farms.

• Occurrence of ARGs was mainly deter-
mined by the microbial community
composition.

• ARGs were retained by antibiotics &
heavy metals but spread by microbial
community.
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Modern swine farms generally contain several animal types and rely extensively on the feed additives, including
antibiotics and heavy metals, to augment animal growth. Nonetheless, as an important reservoir of antibiotic re-
sistance genes (ARGs) in the environment, the ARGs emission of each animal type from swine farms has not been
characterized. The goal of this study is to determinewhich animal type contributes themost to theARGs emission
into the environment in typical swine farms of China. Results showed that chlortetracycline (CTC), Cu and Zn
were the typical feed additives, and the concentrations of antibiotics and heavymetals in the feed and swinema-
nurewere generally higher in nursery pigs (NP) than other animal types, while the gene copies of ARGs fromges-
tation sows (GS)were themost abundant. GS released themost of antibiotics, ARGs andmobile genetic elements
(MGEs) per head per day compared to other animal types. A typical swine farmswith the feedstock of 10,000pigs
could release about 4.0 ± 1.3 × 1017 gene copies of ARGs per day, and concerning the breeding ratio andmanure
production coefficient, growing and fattening pigs (GFP) released themost of ARGs and antibiotics, whereas ges-
tation sows (GS) released the most of MGEs. The different distribution of ARGs in different animal types was
mainly determined by the discrepancy of microbial community composition reflected bymantel test and partial
redundancy analysis (pRDA). The dominant phylum in swine manure were Firmicutes and Bacteroidetes, but
Proteobacteria, Bacteroidetes and Spirochaetae played the dominant role in shaping theARGs profiles. Antibiotics
and heavy metals could have generated and maintained the ARGs profiles, whereas the proliferation and spread
of ARGs could be mainly attributed to microbial community in swine manure.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

The worldwide dissemination of antibiotic resistance genes
(ARGs) into human pathogenic bacteria threatens the therapeutic
effectiveness of antibiotics. The livestock industry is considered
one of the largest contributors to the spread of ARGs in the envi-
ronment due to the wide use of antibiotics for the prevention
and cure of disease, as well as for growth promotion (Van
Boeckel et al., 2015; Koch et al., 2017). Everything about China's
pork industry is outsized, and China raised and consumed roughly
half the planet's pigs—about 500 million annually, which produced
an estimated 618 billion kg of manure (Larson, 2015). Nonethe-
less, N57 million kg of antibiotics were used annually in livestock
industry (Van Boeckel et al., 2015), and thus, Ministry of Agricul-
ture of China (MOA) launched the National Action Plan to Combat
Bacterial Resistance from Animal Source (2017–2020) (MOA,
2017).

A typical large-scale swine farm in China generally contained
four types of pigs: gestating sows (GS), lactation sows (LS), nursery
pigs (NP) and growing and finishing pigs (GFP) (Zhang et al.,
2014). Antibiotics are generally added to the feed at concentrations
between 2.5 and 125.0 mg kg−1 according to the animal and antibi-
otic types (Qiao et al., 2017), and the components of swine manure
also varies from animal types due to the different nutrient meta-
bolic capacity (Zhang et al., 2014). These would definitely lead to
the different distribution and occurrence of ARGs in different ani-
mal types (Lu et al., 2017). Zhao et al. (2017) investigated the dis-
tribution of ARGs in swine manure focusing on the difference of
feed additives of adult pig siblings in three large-scale swine
farms, and results showed that the different feed additives shift
gut microbiota and shaped different antibiotic resistome. Lu et al.
(2017) also explored the effects of different diets on the occurrence
of ARGs in piglets and adult pigs, and results showed that feed ad-
ditives significantly increased the ARGs abundance and there
existed significant difference of ARGs distribution between piglets
and adult pigs even with the same feed. Nonetheless, there existed
little information on the distribution of ARGs covering the four typ-
ical animal types in large-scale swine farms. Moreover, the manure
production coefficient was different between animal types, and the
information on the contribution of different animal types to the
total ARGs emission in typical large-scale swine farms was also
unclear.

Swine manure was the typical micro-environment for the com-
bined pollution of antibiotics and heavy metals (Franklin et al.,
2016). It was estimated that 30%~90% of antibiotics could not be
absorbed and were excreted into manure, and the residual antibiotics
at concentrations up to hundreds of mg kg−1 further provide the se-
lective pressure for the ARGs (Zhou et al., 2013b). Furthermore,
metals like copper (Cu) and Zinc (Zn) were also commonly used as
the feed additives for the growth promotion and diseases control
(Yu et al., 2017), and metals could co-select and maintain ARGs,
where the metal resistance genes (MRGs) and ARGs were often lo-
cated together on the same mobile genetic elements (MGEs)
(Rothrock et al., 2016). Besides, other factors could also influenced
the ARGs profiles such as the microbial community composition and
horizontal gene transfer (HGT) (Qiao et al., 2017), and the co-
occurrence of virulence factors (VFs) and ARGs in human pathogens
generally existed (Fang et al., 2015). It would make sense to rank
these factors to figure out the main contributor influencing the ARGs
profiles in swine manure.

Thus, the aims of this study were to 1) determine the ARGs profiles
of swine manure from different animal types; 2) find out the main ani-
mal type contributing to the ARGs emission; 3) explore the effects of an-
tibiotics, metals, HGT, microbial community and VFs in swine manure
on the ARGs profiles; 4) provide some basis for the ARGs control of
swine origin.
2. Materials and methods

2.1. Samples collection

Swine manure are typical ARGs reservoir, and the typical swine
farms in China generally contained four animal types. In order to
determine the dominant animal type contributing to the ARGs
emission, six typical large-scale swine farms in China were selected.
A total of 22 swine manure and their corresponding feed samples
representing the four growth stage (GS-gestation sow, LS-lactation
sow, NP-nursery piglets, GFP-growing and finishing pigs) were col-
lected from six Chinese large-scale swine farms in 2015. The six
large-scale swine farms were comprised, three located in Beijing
(BDX, BDF, BWZ, samples were collected in June 2015), one in
Henan (HN, samples were collected in September 2015) and two
in Jiangxi (JX, JX-m, samples were collected in August 2015). The
feed changed according to the animal types in five of the swine
farms (BDX, BDF, BWZ, HN, JX), where four samples of swine ma-
nure and feed were collected from the five farms, respectively.
These farms generally accommodated above 10,000-head pigs
with four animal types being accommodated separately. The farm
JX-m used the same feed for different animal types, and only one
manure and feed sample was collected from the farm. The swine
manure and feed for the boar pigs were also collected in the farm
of BWZ.

Sampling was conducted in the swine pen for each animal type, and
three random swine manure from three individual pigs after excretion
were mixed on site as one representative manure (about 200 g). In
the meantime, 200 g of the feed sample was also collected through
the mixture of three feed sampling. All collected samples were sealed
in individual 300-mL sterile plastic sampling boxes, immediately
transported to the laboratory on dry ice and stored at−20 °C for further
analysis. The swine manure and feed samples were freeze dried, and
then sieved through 100-mm mesh before antibiotics and metals
analysis.

2.2. Antibiotics analysis

The concentrations of twenty-five antibiotics, including 3 tetracy-
clines and their degradation by-products [tetracycline (TC),
4‑epi‑tetracycline (ETC), oxytetracycline (OTC), 4‑epi‑oxytracycline
(EOTC), chlortetracycline (CTC), Demeclocycline (DMCTC)], 5 sulfon-
amides [sulfamethizole (SML), sulfadiazine (SDZ), sulfamerazine
(SMR), sulfadimidine (SDMD), sulfamonomethoxine (SMM)], 7
macrolides [clarithromycin (CLA), erythromycin (ERY), roxithromycin
(ROX), spiramycin (SPM), neospiramycin (NSPM), tilmicosin (TILM),
tylosin (TYL)], 4 fluoroquinolones [ciprofloxacin (CIP), enrofloxacin
(ENO), norfloxacin (NOR), ofloxacin (OFL),] and 3 β‑lactams [ampicillin
(AMP), cefotaxime (CTX), Penicillin G (PCN G)], were determined using
ultra-high performance liquid chromatography and tandemmass spec-
trometry (UPLC-MS/MS, Agilent 1260/6420, USA) coupled with Agilent
eclipse plus C18 (100 mm × 2.1 mm, 1.8 μm) as suggested previously
(Wang et al., 2016). These antibiotics were selected due to their widely
use as the feed additives or treatment in swine farms in China (Zhang
et al., 2015). The standards were purchased from Dr. Ehrenstorfer
(Augsburg, Germany), and detail information was provided in
supporting information.

2.3. Heavy metals analysis

0.1 g of each sample was microwave digested, evaporated with
perchloric acid and dissolved in deionized water for total heavy metals
analysis as previously described (Zhang et al., 2016b). 0.4 g of each sam-
plewas leached using 1MHCl for the bioavailable heavymetals analysis
in swinemanure. The concentrations of target heavy metals (Zn, Cu, As,
Cr, Ni, Pb, Cd) were determined using inductively coupled plasma-mass
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spectrometry (ICP-MS) or optical emission spectrometry (ICP-OES) ac-
cording to the concentrations of different heavy metals in triplicate.

2.4. DNA extraction and microbial community analysis

A 0.1 g aliquot of each samplewas used for DNA extraction using the
FastDNA Spin Kit for soil (MP Biomedical, France) in triplicate, and then
the triplicate DNA extracts were combined. Quality of the extracted
DNA was assured by electrophoresis and NanoDrop 2000 (Thermo Sci-
entific, USA). PCR primers 515F/806R targeting the bacterial and ar-
chaeal 16S V4 region were selected for microbial community analysis
(Caporaso et al., 2010), and Sangon Biotech (Shanghai, China) provided
the small-fragment library construction and pair-end sequencing on an
Illumina MiSeq system.

Bioinformatic analysis was conducted as previously suggested
(Zhang et al., 2016a). Briefly, pairs of reads from the original DNA frag-
ments were merged using FLASH (Magoč and Salzberg, 2011); merged
reads were filtered using QIIME quality filters; PCR chimeras were fil-
tered out by UCHIME (Edgar et al., 2011). The effective sequences
were uploaded to MG-RAST under the project number of 17702. The
taxonomic classification of the sequences was performed individually
using the Ribosomal Database Project Classifier at the bootstrap cutoff
of 50% (Wang et al., 2007), and the taxon with abundance below
0.01% were removed.

2.5. Quantitative polymerase chain reaction (qPCR)

Ten typical ARGs (tetG, tetM, tetX, ermB, ermF, sulI, sulII, blaCTX-M
blaTEM and mcr-1), 3 MGEs (intI1, IncQ oriT, IncW repA), 4 MRGs (arsC,
merA, czcA and pcoA), 5 VFs (VFs: eaeA, asa1, gelE, esp, hyl) and 16S
rRNA were quantified. The plasmids containing these specific genes
served as standards to construct the qPCR standard curves. The reaction
system and conditions were described previously (Zhang et al., 2016a),
and each gene was quantified in triplicate for each sample using a stan-
dard curve and a negative control. The primers, annealing temperature,
the corresponding amplification efficiencies and detection limits were
shown in Table S1 and S2.

2.6. Data analysis

Network analysis based on the Spearman analysis between ARGs
and the microbial community (based on OTUs), MRGs and mobile ge-
netic elements (MGEs) was determined using Gephi (Bastian et al.,
2009). The potential pathogens were identified in the virulence factor
database (VFDB) at the genus level (Chen et al., 2016). Principal compo-
nent analysis (PCA), Procrustes analysis, Redundancy analysis (RDA)
and partial RDA (pRDA) were performed using Canoco 5.0. The data
fromdifferent swine farmswere pooled, and the consumption of antibi-
otics and heavymetals and the emission of ARGs, MGEs,MRGs, VFs, bio-
mass, antibiotics and heavy metals from each animal type were
calculated through the breeding ratio andmanure producing coefficient
in a farm with the stock of 10, 000 pigs as described in Table S3.

3. Results

3.1. Occurrence of ARGs in swine manure

The biomass ranged from 9.26 logs to 11.84 logs g−1 dry weight
(DW) as reflected by 16s rRNA, and the absolute gene copies of ermB
(6.47–10.56 logs g−1 DW) and ermF (6.03–10.47 logs g−1 DW) were
generally higher than other ARGs (Fig. 1a). The tetG (efflux pump) and
tetM (ribosomal protective proteins) dominated the tetracycline resis-
tance genes (6.43–9.82 logs g−1 DW) while the gene copies of tetX,
the enzymatic degradation, was generally lower (3.74–6.35 logs g−1

DW). The gene copies of sulI and sulII ranged from 6.19 logs to
9.86 logs g−1 DW, and they belonged to the second most ARGs. The
MLSb, tetracyclinges and sulfonamides are commonly used for the
feed additives, and the dominant of their corresponding ARGs could
be understandable. The abundance of blaTEM and blaCTX-M were gener-
ally low (ND-7.95 logs g−1 DW) in swinemanure,which could be attrib-
uted to themedical use not the feed additives (Sarmah et al., 2006). The
absolute gene copies of newly emerged mcr-1was also quantified, and
the abundance ranged from 4.58 logs to 7.48 logs g−1 DW. The relative
abundance of ARGs showed similar patternwith the absolute gene cop-
ies (Fig. 1b).

3.2. Occurrence of MGEs, MRGs and VFs in swine manure

The class I integron (intI1) was the most dominant MGEs
(6.43–11.09 logs g−1 DW), and MGEs, MRGs, and VFs were also found
in swinemanure (Fig. 2). The absolute gene copies of IncQ oriTwas gen-
erally higher than IncW repA, and IncQ was generally considered as the
dominant conjugation plasmids in swinemanure (Marti et al., 2014). As
for the MRGs, the gene copies of pcoA and czcA were generally higher
than merA and arsC. The gene copies of pcoA resistance to Cu ranged
from 4.54 logs to 9.31 logs g−1 DW, while czcA resistance to Co/Zn/Cd
was between 4.89 logs to 8.47 logs g−1 DW (Fig. 1c). The gene copies
of arsC resistant to As ranged 3.45–5.85 logs g−1 DW, and merA resis-
tance to Hg was between 3.28 logs and 7.70 logs g−1 DW. The occur-
rence of pcoA, czcA and arsC could be due to the widely used of Cu, Zn
and As in the feed, and the occurrence of merAmay be associated with
the geochemical cycle of Hg.

Escherichia and Enterococcus widely existed in swine manure, and
the virulence factors are the essential components for them to become
human pathogens. Thus, the quantification of VFs could better reveal
the occurrence of human pathogens. Results showed that there existed
amounts of VFs in swine manure (ND-8.06 logs g−1 DW), and the gene
copies of eaeA in Escherichia ranged ND~8.06 logs g−1 DW, while the
gene copies of esp, hyl, gelE and asa1 in Enterococcus were in the range
of ND~6.67 logs g−1 DW with asa1 being the most dominant (Fig. 1c).
The relative abundance of MGEs, MRGs and VFs also showed similar
pattern with the absolute gene copies (Fig. 1d).

3.3. The occurrence and emission of ARGs, MGEs, VFs andMRGs from differ-
ent animal types

The relative abundance of ARGs andMGEs inGS (average, 1.1× 10−1

and 5.2 × 10−2, respectively) were generally higher than other animal
types (Fig. 2), and the relative abundance of ARGs andMGEswas gener-
ally lower in GFP, because antibiotics and heavy metals were prone to
use at the early stage of the feeding operation (Brooks et al., 2014). Be-
sides, Brooks and McLaughlin (2009) also demonstrated that antibiotic
resistanceweremuch higher in sow and nursery farms compared tofin-
isher farms, and it was administrated that the withdrawal timemust be
set for the GFP before slaughter. Meanwhile, the different uptake of feed
additives by pigs at different growth stages could also impact the occur-
rence of ARGs andMGEs. The relative abundance of VFs (1.5 × 10−5) in
NPwas generally higher than other animal types, and the relative abun-
dance ofMRGs (6.8× 10−5) in GFPwas generally lower thanothers. The
gene copies of ARGs, MGEs, VFs and MRGs showed similar pattern with
the relative abundance.

The GS eluted the most ARGs, MGEs and MRGs per head per day.
Nonetheless, the total emission of ARGs, MGEs, VFs and MRGs were
quite different due to the discrepant production co-efficiency ofmanure
and breeding ratio of the animal types. The average emission of total
ARGs from swine farm with the stock of 10,000 pigs was 17.6 logs per
day. The emission of ARGs from GS (16.8 ± 0.3 logs) and GFP (17.6 ±
0.4 logs) was much higher than others, and the emission of ARGs from
LS was the least (15.7 ± 0.6 logs). Interestingly, the emission of MGEs
from GS was the highest, and it was the VFs emission from NP that
showed the highest, while the difference among emission of MRGs in
different stages was limited (Fig. 2). The emission of the biomass in



Fig. 1. Occurrence of the gene copies and relative abundance of target ARGs, MGEs, MRGs and VFs in swine manure.
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GFP was the highest, which was associated with the highest manure
production coefficient and breeding ratio (Table S3).

3.4. The occurrence and emissions of antibiotics in the feed and swine
manure

22 kinds of antibiotics were detected in the feed except ERY, ROX
and PCN G, and the detection rate of CLA and CTC were 100%
(Fig. S2). Tetracyclines were the most dominant antibiotics in the
feed, especially CTC whose average value was 16,547.9 μg kg−1 dry
weight (DW), and the maximum value reached to 49,995.5 μg kg−1

DW (BDX-GFP). The average concentration of CLA in the feed was
13.9 μg kg−1 DW, and the concentration of most of other antibiotics de-
tected in the feed was below 100.0 μg kg−1 DW except NSPM (186.5
μg kg−1 DW), OTC (152.7 μg kg−1 DW), TC (280.9 μg kg−1 DW) and
TILM (270.2 μg kg−1 DW). The concentrations of the total antibiotics
in the feed of NP (40,372.7 ± 36,035.4 μg kg−1 DW) were much higher
than other animal types. As for the total usage of antibiotics, the GFP
consumed the most antibiotics (344.6 ± 413.8 mg/d), which
accounted for 52.5% of the total antibiotics consumption followed by
NP (43.1%).

All the antibiotics targeted could be detected in the swine manure,
and most of the antibiotics detected were enriched except SDZ and
SDMD. OTC was enriched the most (33.9 times), which reached to
5175.3 μg kg−1 DW compared to the feed (152.7 μg kg−1 DW). CTC
was the most abundant antibiotics in swine manure, whose concentra-
tion could even reach to 161.6 mg kg−1 DW (BDF-GS). The discrepancy
of total antibiotics in swinemanure between different animal types was
limited, and the average valuewas 41.3mg kg−1 DW, 29.4mgkg−1 DW,
45.2 mg kg−1 DW and 46.0mg kg−1 DW for GS, LS, NP and GFP, respec-
tively. Nevertheless, the GFP discharged the most antibiotics through
the swine manure due to the different manure production coefficient
and breeding ratio, which account for the 63.8% (418.8 ± 472.1 g/d)
of the total antibiotics emission. The NP ranked the second, and the dis-
charge of antibiotics through swine manure could reach to 158.9 ±
193.3 g/d.
3.5. The occurrence and emissions of heavy metals in the feed and swine
manure

The heavymetals in the feed and swinemanure showed similar pat-
tern, and the order for the concentration was as follows: Zn N Cu N As
N Cr N Ni N Pb N Cd (Fig. S3). The average concentration of Zn in the
feed was 284.4 mg kg−1 DW, and the maximum value could reach to
1.8 g kg−1 DW (BDF-NP) and 2.0 g kg−1 DW (BWZ-LS), while the con-
centration of Cu and Cd in the feed ranged 9.6–376.2 mg kg−1 DW and
0.2–3.9 mg kg−1 DW, respectively. The rangeability of As in the feed in
different samples was limited (23.7–33.0 mg kg−1 DW).

The enrichment of heavy metals in the swine manure varied from
heavy metal types and animal types. Zn and Cu were enriched the
most, and the enrichment index was generally 5–10 times, especially
in the NP, the concentration could even reach to 7.5 g kg−1 DW. In con-
trast, the enrichment index of Ni ranged3–5 times, while the concentra-
tion of As, Pb and Cdwas comparable with the feed, and the enrichment
of Cr was below 2 times.



Fig. 2. The comparison of the daily emission of target pollutants from each animal type in the swine farms with the feedstock of 10,000 head.
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As for the bioavailable fraction of the heavy metals (Table S4), the
bioavailable of As in the swine manure was the lowest ranging from
21.5% to 52.9%, which could well explain the lower abundance of arsC
in swine manure. Nonetheless, most fraction of Zn and Cu were bio-
available (60.4%–90.0% and 49.2%–83.0%, respectively), which was in
accordance with the higher abundance of czcA and pcoA. The average
bioavailable of Cr, Ni, Pb and Cd was 68.8%, 84.3%, 68.4% and 54.2%,
respectively.
Fig. 3. The microbial community composition at phylu
The total heavy metals in swine manure from NP were much
higher than other animal types, and the average number was
5.0 g kg−1 DW followed by the GFP (1.2 g kg−1 DW), while the aver-
age concentration of heavy metals were 802.4 mg kg−1 DW and
1.0 g kg−1 DW for GS and LS, respectively. For the emission of
total heavy metals in swine manure (Fig. 2), NP could contribute to
17.4 ± 13.5 kg/d followed by GFP (9.7 ± 2.3 kg/d), and the GS and
LS contributed to 1.2 ± 0.2 kg/d and 0.4 ± 0.1 kg/d, respectively.
m level (a) and genus level (b) in swine manure.
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These indicated that NP discharged 60.7% of total heavy metals
followed by GFP (33.7%).

3.6. Microbial community analysis in swine manure

The microbial diversity was generally higher in GFP and GS with NP
the lowest diversity (Fig. S1). Bacteria were the dominantmicrobes, and
the archaea only account for 0.01%–0.9%. Firmicutes and Bacteroidetes
were the dominant phyla in swine manure which account for 0.8%–
89.7% and 7.2%–61.8%, respectively, while the Proteobacteria (1.2%–
60.6%) and Spirochaetae (0.3%–11.3%) phyla also existed at high
amounts (Fig. 3a). Nonetheless, the discrepancy between different
areas and animal types was great. For instance, the phyla of
Proteobacteria in the GS from Jiangxi province dominated at the abun-
dance of 60.6%, but Firmicutes dominated the GS in other areas which
could account for 45.3%.

The dominant genus in swine manure were Prevotella,
unclassfied_Ruminococcaceae, Clostridium sensu stricto,
unclassified_Clostridiales and unclassified_Bacteroidetes (Fig. 3b). The
genus Prevotella was typical in swine manure, and the average abun-
dance in samples was 9.8%. Nonetheless, the abundance of Prevotella
could reach to 35.81% in BDF-NP, while it was only 0.7% in JX-GS. The
average abundance of unclassified_Ruminococcaceae was 8.7%, and it
was 7.3% for Clostridium sensu stricto which was a typical kind of
human pathogens (HPs). The dominant genus also showed individual
specificity, such as, the dominance of Pseudomonas in JX-GS, its abun-
dance could reach to 51.4%. Through SIMPER analysis, the discrepancy
rate between animal types was 53.5%, and the main contributor to
the discrepancy was Prevotella N Clostridium sensu stricto N

unclassified_Ruminococcaceae.
Through the VFDB database, the potential human pathogens were

collected. Results showed that there existed high amounts of potential
human pathogens in swine manure, and nine kinds of human patho-
genswere detected such as Streptococcus, Clostridium and Pseudomonas.
The average abundance of human pathogens was 16.1%, and the abun-
dance in GS and GFP were generally higher than LS and NP (Fig. 3b).
The enormous amounts of human pathogens together with ARGs
discharged from swine manure highlighted the need for suitable
treatment.

4. Discussion

Many studies investigated the occurrence of ARGs in swine manure,
where its role as the typical reservoir of ARGs was highlighted (Zhu
et al., 2013, 2017). Nonetheless, there existedmany animal types in typ-
ical swine farms, and the occurrence of ARGs in swinemanure from dif-
ferent animal types was quite different (Zhao et al., 2017; Zhou et al.,
2013a). It would be helpful for the ARGs mitigation to clarify which an-
imal type contributed themost to the ARGs emission from typical swine
farms.

4.1. GFP released the most ARGs in swine farms

The average emission of ARGs through swine manure was 4.0 ± 1.3
× 1017 gene copies/d, and the relative abundance of ARGswas generally
higher in GS than other animal types, but GFP contributed the most
(49.2%) to the emission of ARGs followed by NP (28.9%), GS (18.9%)
and LS (3.0%). These could be attributed to the much higher ratio of
feeding stock (52.0%) of GFP than other animal types. In contrast, GS
discharged the most MGEs along with ARGs (Fig. 2), which indicated
that theHGT potential of ARGs in GSmight be higher. The total emission
of MRGs through swine manure was similar among animal types, but
NP discharged the most VFs, which could well explain the higher dis-
ease incidence of NP compared to other animal types (Weber et al.,
2009).
4.2. Factors influencing the occurrence of ARGs directly in swine manure

Antibiotics and heavy metals could not directly influence the occur-
rence of ARGs, because the proliferation and spread of ARGs must be
done by microbes. Nonetheless, the direct factors that influence MGEs,
MRGs, and VFs may be microbial community, while the factors includ-
ing heavy metal and antibiotics in the feed and residual heavy metals,
antibiotics and nutrition in swinemanure could influence the microbial
community directly. The concentration of Cu, Zn and As in the feed and
swine manure could well explain the discrepant abundance of pcoA,
czcA and arsC, which highlighted that heavy metals caused the selective
pressure to themicrobial community in swinemanure, and theseMRGs
were generally on typical plasmids with ARGs (Pal et al., 2014). There
existed significantly positive correlation between the occurrence of
MRGs and ARGs (p b 0.0001), and the correlation between czcA and
blaCTX-M, tetG, tetM, sulI and sulII was significantly positive, and so did
merA and pcoA with many other ARGs (Fig. 4a). These highlighted the
widespread existence of co-selection from heavy metals to the changes
of ARGs in swinemanure. In contrast, the correlation between ARGs and
the concentrations of total heavymetals or bioavailable heavymetals in
swine manure was not positively significant except the correlation be-
tween mcr-1 and Zn (p = 0.002) or Bio-Zn (p = 0.001). These may be
associatedwith that the colistinwas generallymixedwith Zn as the pre-
mix agents for the feed.

There also existed co-occurrence between different ARGs, for in-
stance, the correlation between blaTEM and ermB (p = 0.032), tetG and
sulI (p b 0.0001), sulII (p b 0.0001) was significant. These could be well
explained by the significant correlation between specific ARG and anti-
biotics, such as, changes of ermB correlative significantly with CTC and
TC. The co-occurrence between tetG and mcr-1 (p = 0.013) indicated
that the generation ofmcr-1 could be attributed to the usage of colistin,
but the spread of mcr-1 may be associated with many other kinds of
antibiotics.

The results highlighted the importance of HGT on the ARGs spread,
and the correlation between ARGs and MGEs was positively significant
(Fig. 4a). The intI1was generally considered as the HGT agent in various
environments, but intI1 itself could not transfer between microbes. It
was generally located on the transferable transposons or plasmids like
IncQ and IncW which could transfer between microbes (Götz et al.,
1996; Götz and Smalla, 1997; Meyer, 2009).

The VFs were responsible for the disease promotion of human path-
ogens, and the co-occurrence of VFs and ARGs has been widely eluci-
dated in various pathogens. This study tried to preliminarily establish
the correlation between ARGs and VFs in swine manure. However, no
significant correlation between VFs and ARGs was figured out. This
could be attributed to that the VFs was species-specific, but the host of
ARGs could be diverse. Nonetheless, there existed positively significant
correlation between VFs and some heavy metals, which indicated that
heavy metals could also contributed to the increase of virulence of
pathogens.

4.3.Microbial community contributed themost to the occurrence of ARGs in
swine manure

HGT and vertical gene transfer (VGT) are two important way of
ARGs spread, and changes of microbial community could reflect the
role of VGT on the ARGs spread. Mantel test betweenmicrobial commu-
nity and ARGs highlighted the importance of VGT on the ARGs occur-
rence in swine manure (R = 0.5383, p = 0.0001, Permutation N =
9999), and Procrustes analysis based on Bray-Curtis further confirmed
the results and indicated that 38.6% of the variation of ARGs occurrence
between samples could be explained by microbial community. These
clarified the importance of VGT role on the occurrence of ARGs.Network
analysis was used to further investigate the relationship of ARGs and
microbial community. Results showed that potential hosts of ermB,
ermF, sulI, sulII, tetG and tetM were much higher than mcr-1, blaCTX-M,



Fig. 4.Network analysis (a) showing the potential hosts of ARGs and the significantly positive correlation among ARGs, MGEs, MRGs, VFs and heavy metal relevant factors. A connection
represents a significant positive correlation (p b 0.05). The bigger the size of each node, the greater the number of connections. Redundancy analysis (RDA) results (b) showing the
relationship between target factors and the occurrence of ARGs in swine manure. The blue arrows indicated the species variables, and red arrows indicated the environmental
variables.
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blaTEM and tetX, and it seemed that themore potential hosts it have, the
more abundance of specific ARG. Besides, there also existed amounts of
human pathogens that were the potential hosts of ARGs. For instance,
Pseudomonas and Acinetobacter were typical human pathogens, which
also seemed to carry sulI, sulII and tetG. Nonetheless, most of the poten-
tial hosts of ARGs were normally environmental microbes but not
human pathogens, which indicated that environmental microbes may
be the primary carrier of the ARGs. Thus, HGT between environmental
microbes and human pathogens should be paid more attention. As for
now, human pathogens which carried ARGs were paid more attention,
environmental microbes also as the host of ARGs were generally
neglected. Nonetheless, the number of environmental microbes which
carried ARGs was much higher than the potential human pathogens.

The occurrence of MGEs, MRGs, VFs andmicrobial community could
together explained the 70.6% of the variation of the occurrence of ARGs
between samples through RDA analysis (p = 0.002). MGEs, MRGs and
Proteobacteria contributed a lot to the occurrence of mcr-1, sulI, sulII
and tetG, while Bacteroidetes and Spirochaetae played an important
role on the occurrence of blaTEM, ermB and ermF (Fig. 4b), and the dis-
crepant occurrence of ARGs in Jiangxi compared to other regions could
be attributed to Firmicutes. Partial RDA indicated that microbial com-
munity contributed the most (58.4%) to the occurrence of ARGs in
swinemanure followed byMGEs (27.7%),MRGs (12.2%) and VFs (1.3%).

4.4. Selective pressure from antibiotics generate and maintain but not
spread ARGs

These factors (MGEs,MRGs, VFs andmicrobial community) could in-
fluence the ARGs distribution directly, butwhat influenced these factors
need further discussion. Heavymetal and antibiotics in the feed and re-
sidual heavymetals, antibiotics and nutrition in swinemanure could in-
fluence themicrobial community structure, improve theHGT frequency
and exert selective pressure to themicrobes, and these factors could in-
directly influence the ARGs distribution. However,mantel test indicated
that the occurrence of ARGs in swine manure was not significantly cor-
relatedwith feed-antibiotic and heavymetals or residual antibiotics and
heavy metals, and it seemed that the occurrence of ARGs has no corre-
lation with antibiotics and heavy metals. It was hypothesized that
antibiotics and heavy metals were responsible for the generation and
maintenance of ARGs in the microbial community, while microbial
community was responsible for the proliferation and spread of ARGs
in swine manure. That is, the occurrence of ARGs in swine manure
was directly determined by the microbial community, and the HGT,
co-occurrencewithMRGs and VFs complex the determination, but anti-
biotic and heavy metals could directly influence these factors.

Nonetheless, the total ARGs emission was correlated significantly
with the total antibiotics emission in swine manure (p = 0.006), but
no significant correlation between ARGs emission and feed antibiotics.
There also existed significant correlation between specific ARG and re-
sidual antibiotics, such as tetM and OTC, ermB and TC, ermF and CTC.
These emphasized the importance of the selective pressure of residual
antibiotics on the distribution of ARGs. Moreover, there also existed
some significantly correlation between specific ARG and antibiotics in
the feed, but the correlation between the total ARGs and the total feed
antibiotics was not significant.

In order to reduce the ARGs emission from large-scale swine farms,
the origin reduce of antibiotics and heavy metals was necessary, and
some more efforts could be done. The induction of probiotics could
help to mediate the microbial community to realize the ARGs reduction
(Ouwehand et al., 2016; Sharma et al., 2014), and antibiotics inhibitors
and antibiotic resistance inhibitors could also be used for the ARGs re-
duction (Baym et al., 2016). For instance, β‑lactamase inhibitor like
sulbactam and tazobactam were generally coupled with β‑lactams for
the reduction of antibiotic resistance bacteria, and thus, some more ef-
forts could be done targeting the dominantmechanisms of antibiotic re-
sistance in swinemanure. Besides, GS and GFP as themost contribution
to the ARGs release from swine farms indicated by this study should be
paid more attention, and how to reduce the ARGs emission from the
two animal types need further investigation.

5. Conclusions

The total ARGs emission from different animal types in large-scale
swine farms through manure were evaluated in this study. A farm with
the stock of 10,000 pigs could release approximately 4.0 ± 1.3 × 1017

gene copies of ARGs per day. The GS produce the most ARGs and MGEs



159J. Zhang et al. / Science of the Total Environment 658 (2019) 152–159
per head, and GFP and NP consumed the most antibiotics and heavy
metals, whereas GFP discharged the most antibiotics and ARGs
concerning the ratio and manure production coefficient, while GS
discharged the MGEs most. The MRGs emission in different animal
types was similar, and NP discharged the most VFs. The dominant
ARGs in swine manure were ermB and ermF, and intI1 dominated the
MGEs, while the pcoA and czcA were the dominant MRGs. The occur-
rence of ARGs in different animal types was mainly attributed to the di-
vergence of the microbial community indicated by the partial RDA
analysis, and in-feed antibiotics and heavy metals and residual antibi-
otics and heavy metals in swine manure did not significantly influenced
the occurrence of ARGs. It was assumed that selective pressure from an-
tibiotics generate andmaintain the ARGs, butmicrobial community con-
tributed the most to the proliferation and spread ARGs.
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