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Abstract
The pollution of antibiotic resistance genes (ARGs) in livestock farms is a problem which

need to be paid more attention to, due to the severe resistance dissemination and the fur-

ther human health risk. In this study, all the relevant exposure matrices (manure, soil and

water) of sixteen animal farms in Southeastern China were sampled to determine twenty-

two ARGs conferring resistance to five major classes of antibiotics including tetracyclines,

sulfonamides, quinolones, aminoglycosides, and macrolides. The results showed that the

spread property of sul genes was most extensive and strong, followed by tet and erm
genes. The abundance of tet genes expressing ribosomal protection proteins (tetM, tetO,

tetQ, tetT and tetW) was higher than that expressing efflux pump proteins (tetA, tetC, tetE
and tetG) in each type of samples. The high abundance and frequency of ermB gene in the

matrices should be paid more attention, because macrolides is a major medicine for human

use. For manures, it was found that the similar ARGs distribution rules were existing in poul-

try manure or porcine manure samples, despite of the different origins of these two types of

livestock farms. Meanwhile, it was interesting that the distribution rule of tet genes in animal

manure was nearly the same as all the ARGs. For soils, the result of nonmetric multi-dimen-

sional scaling (NMDS) analysis showed that the pollution of ARGs in the soils fertilized by

poultry and cattle manures were more substantial in northern Jiangsu, but no significant

ARGs diversity was observed among porcine manured soils of five different regions. Fur-

thermore, most ARGs showed significant positive relationships with environmental vari-

ables such as concentration of sulfonamides, tetracyclines, Cu, Zn and total organic carbon

(TOC). The pollution profile and characteristics of so many ARGs in livestock farms can pro-

vide significative foundation for the regulation and legislation of antibiotics in China.
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Introduction
Veterinary antibiotics are widely used in many countries to treat diseases and promote animal
growth. The large amounts of antibiotics applicated for production animals have selected for
plenty of antibiotic-resistant bacteria (ARB) predominantly in the gastrointestinal tracts of ani-
mals, making animal manure a potential hotspot of antibiotic resistance genes (ARGs) [1].
After the land application of antibiotic-polluted manure in agricultural practice, the horizontal
transfer of ARGs from fecal microorganisms to indigenous environmenatal bacteria is an
important factor in resistance dissemination [2]. Furthermore, antibiotics released by animal
manure can provide a positive selective pressure for ARBs. The World Health Organization
(WHO) has identified ARGs as one of the most critical human health challenges in the next
century [3], due to the fact that some ARBs in soil and manure are phylogenetically close to
human pathogens, making genetic exchange more likely [4].

Recently, antibiotic, ARBs and ARGs have been reported to distribute extensively across
various environmental matrices. From the catchment scale, diverse ARGs were found in the
water or sediment phase of rivers in several countries [5–10], among which sulfonamide resis-
tance genes and tetracycline resistance genes were the most prevalent genes, however, the prev-
alence of macrolide resistance genes became higher than most of tet genes [5]. The concluding
remarks of the studies above were that intensive human activities are one of the most impor-
tant factors affecting the dissemination of ARGs. Livestock farming is one of the main human
activities, which contribute more for the ARGs selection and dissemination [11]. From the live-
stock farms scale, most reports have concentrated on the fate and remove efficiency of antibiot-
ics and ARGs in the wastewater treatment systems [12–15], indicating that some ARGs were
significantly increased after an aerobic process. Only a few studies have focused on the abun-
dance and diversity of ARGs in soil adjacent to livestock feedlots [1, 3], in which the studying
objects were mainly tetracycline and sulfonamide resistance genes. However, macrolides, fluo-
roquinolones, aminoside and cephalosporin were often applied in livestock farms of China fre-
quently and largely, the occurrence of which in soils fertilized by wastewater were observed in
several studies [16, 17], but the prevelence and distribution of the corresponding ARGs in each
exposure matrices of the livestock farms are rare, such as manure, soil and water bodies.
Recently, it is necessary to obtain the systematic analysis on the spread and distribution charac-
teristic of most ARGs in all the exposure matrices of livestock farms, which can provide basic
pollution status for the regulation and legislation of antibiotics in China.

Based on a recent survey [18], the total antibiotic usage in China for 2013 was estimated to
be approximately 162000 tons, of which animal consumption accounted for about 52%, while
the animal usage in UK for 2013 was 420 tons, and that in USA for 2011/2012 was 14600 tons.
It should be paid more attention to Southeastern China because the animal husbandry is devel-
oped here due to the proximity to the Yangtze River Basin and the rich resources of water. For
Jiangsu Province, the overall output of livestock was 4.19 ×106 tons in 2013, and the output of
pork was 2.30×106 tons and 2.32×106 tons in 2013 and 2014, respectively. Accroding to the
investigation by Zhang et al. [18], Yangtze River Downstream basins received relatively higher
discharge of the target antibiotics and showed the higher emission densities. Therefore, it is
important to recognize the pollution profile and characteristic of antibiotics and its ARGs in
the livestock farms of Southeastern China, which can help to obtain the overall pollution status
of China.

To obtain the overall pollution profile and spread characteristics of ARGs in Southeastern
China, all the relevant exposure matrices of sixteen animal farms in Jiangsu Province were sam-
pled to determine twenty-two ARGs conferring resistance to five major classes of antibiotics
including tetracyclines, sulfonamides, quinolones, aminoglycosides, and macrolides in this
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study. Based on the data, dominant ARGs in manure, soil and water were screened, and the
spead characteristics of different ARGs can be further analyzed. By the non-parametric test
and nonmetric multidimensional scaling (NMDS) plots, the animal-type related variance of
ARGs distribution in manures and the spatial variance of ARGs distribution in manured soils
were statistically calculated. Furthermore, the influencing factors on the abundance of ARGs,
including antibiotics, heavy metals, and some physicochemical parameters, were analyzed by
pearson correlation and redundancy analysis (RDA) analysis. Anyway, this study systemati-
cally showed the pollution profile and characteristics of so many ARGs to five classes of fre-
quently uesd veterinary antibiotics in Jiangsu Province of China, which can provide
significative foundation for the regulation and legislation of antibiotics in China.

Materials and Methods

Sample collection
A total of 53 manure samples, 50 amended soil samples and 28 water samples (11 surface water
samples, 17 wastewater samples) were collected for investigation from 16 animal farms located
in Nanjing (NJ), Changzhou (CZ), Suqian (SQ), Xvzhou (XZ), and Haian (HA) cities in Jiangsu
Province between March-June 2014, including 5 swine, 6 chicken, and 5 cattle livestock farms
(S1 Table). The study was permitted and approved by the Ministry of Environmental Protec-
tion, China. The land accessed was not privately owned or protected. No protected species
were sampled. Manure samples were taken from daily fresh excrement heaps. For those farms
that produce organic fertilizers through composting, fertilizer samples were also taken. Soil
samples were obtained from the top 0 to 15 cm of the manure applied arable lands adjacent to
corresponding livestock farms. Flushing wastewater in farms and surface water in ponds and
lakes adjacent to farms were sampled too. For each sampling site, three subsamples were col-
lected using a multiple-point sampling method and then were mixed together to obtain the
composite samples. Each sample was placed into a plastic container and immediately chilled in
an icebox. All samples were transported under cool conditions to the laboratory, and then
stored in the dark at −20°C until DNA extraction (within 1 week).

DNA extraction
For manure samples, DNA was extracted using Stool DNA Kit (Omega D4015-02, Norcross,
GA, USA) according to the manufacture’s protocol. For soil samples, DNA was obtained
employing PowerSoil DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA, USA) following
the manufacturer's protocol. For water samples, they were firstly filtrated with sterilized filter
paper to separate undissolved substance, then filtrated with 0.22 μm nitrocellulose filter mem-
brane (Millipore, Boston, USA) to intercept bacterium. Total volume of water samples pro-
cessed was recorded for the following analysis. All filter papers and membranes were stored at
−80°C. Total DNA was extracted from the sterilized filter papers together with the nitrocellu-
lose filter membranes prepared previously using a Water DNA Kit (OMEGA, Norcross, GA,
USA) according to manufacturer’s instructions. The concentration and quality of the extracted
DNA were determined by spectrophotometer analysis and 1% agarose gel electrophoresis.

Primer design
The ARGs, including nine tetracycline resistance genes (tetA, tetC, tetE, tetG, tetM, tetO, tetQ,
tetT and tetW), three sulfonamide resistance genes (sul1, sul2 and sul3), three quinolone resis-
tance genes (oqxB, qnrS, and qnrD), two macrolide resistance genes (ermB and ermC), three
aminoglycoside resistance genes (aph, aadD, and aac), and two multidrug resistance genes
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(acrA and acrB) were analyzed in this study. Complete accession numbers of DNA sequences
were obtained from NCBI gene database, according to which the primers were designed by
Primer 5.0 (S2 Table). The specificity of the primers was tested by Primer-BLAST (http://blast.
ncbi.nlm.nih.gov/Blast.cgi), after which the primers were synthetized by the biological
company.

Construction of qPCR standards
Amplification of the 22 ARGs and 16S rRNA were performed in PCR machine (Bio-Rad, CA,
USA). The PCR mixture (25 μL total volume) contained 1× PCR buffer, 2.0 mmol/L MgCl2,
1.0 mol/L dNTP mixture, 400 nmol/L each primer, 1.25 U of Taq DNA polymerase, and 100
ng template DNA. The temperature program was initially denaturated in a thermal cycler for 5
min at 94°C, then subjected to 35 amplification cycles of 30 s at 94°C, 30 s at different annealing
temperatures and 45 s at 72°C, followed by a final extension step of 6 min at 72°C. The PCR
products were analyzed by electrophoresis on a 1.5% agarose gel. After the PCR products carry-
ing each ARGs were separated by 2% agarose gel electrophoresis, they were purified by an
EasyPure Quick Gel Extraction Kit (TransGen Biotech, China). The purified PCR products
were ligated into pEasy-T3 vector (TransGene Biotech, China) and then cloned into Trans1-T1
phage resistant chemically competent cell (TransGen Biotech, China). Positive clones were
screened by PCR to verify cloning of the target genes and sequenced. The sequences were ana-
lyzed by the BLAST alignment tool (http://www.ncbi.nlm.nih.gov/blast/). Positive clones with
the target gene were chosen as the standards for real-time qPCR. Plasmids carrying the target
genes were extracted using a Plasmid Miniprep Kit (Axygen, USA) and further used to prepare
the standardized product for real-time PCR.

Quantitative PCR
Real-time qPCR was applied to quantify ARGs and 16S rRNA gene in DNA extracted from
samples. The qPCR reactions were conducted in 96-well plates. All real-time qPCR assays were
performed in triplicate using the 2× UItraSYBRMixture (CWBIO, China) on the CFX96
Touch™ Real-Time PCR Detection System (Bio-Rad, USA). The real-time qPCR program was
as follow: initial denaturing at 95°C for 10min, followed by 40 cycles of 10 s at 95°C, 30 s at dif-
ferent annealing temperatures, and 30 s at 72°C. The fluorescence data were acquired at 72°C,
and the final melting curve was constructed with temperature ramping up from 65 to 95°C.
Tenfold serial diluted calibration curve of each ARG was tested in triplicate on the same PCR
plate. For all standard curves, the linear coefficients (R2) were greater than 0.990, and their
amplification efficiencies were between 95% and 105%. The equations of standard curves were
listed in S3 Table.

Antibiotic, metal, Total organic carbon (TOC) and pH determination
Concentrations of tetracyclines (tetracycline, oxytetracycline, chlortetracycline and doxycy-
cline), sulfonamides (sulfadiazine, sulfamerazine, sulfamethazine, sulfadimethoxine, sulfa-
methoxazole, sulfathiazole, sulfachloropyridazine), quinolones (norfloxacin, ciprofloxacin,
enrofloxacin, ofloxacin, fleroxacin, sarafloxacin) and macrolides (erythromycin, roxithromy-
cin, tylosin and josamycin) were analyzed with the published method by Guo et.al. [19]. Eight
metal elements, i.e. chromium (Cr), manganese (Mn), cobalt (Co), nickel(Ni), copper (Cu),
zinc (Zn), cadmium (Cd) and lead (Pb), were determined by inductively coupled plasma-mass
spectrometry (ICP-MS, Agilent 7500, Agilent, USA) [20]. Quantification for TOC and pH of
each sample were carried out by using organic carbon analyzer (Analytikjena, Germany) and
pH meter (HQ30d, HACH, USA), respectively.
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Statistics
Averages and standard errors were determined using SPSS for Windows version 19.0. Non-
parametric Kruskal-Wallis tests and Shapiro-Wilk tests were conducted to evaluate the statisti-
cal significance of difference with P value< 0.05. Clustering analysis was performed using
HemI software (version 1.0.1, Heatmap Illustrator). Bray-Curtis coefficients were calculated by
PAST 3.0 software for each of the samples using the natural log-transformed data of absolute
concentration of each ARG. Redundancy Analysis (RDA) was performed with Canoco for
Windows (Version 4.5).

Results and Discussion

Dominant ARGs in manure, soil and water
Twenty-two ARGs conferring resistance to five major classes of antibiotics including tetracy-
clines, sulfonamides, quinolones, aminoglycosides, and macrolides were detected in animal
manures, manured soils samples, wastewater and surface water of the sampling feedlots. The
prevalence of ARGs in wastewater and surface water was prescribed in the previous paper by
Chen et. al [15]. It was found that the ARGs were found frequently and extensively in the live-
stock farm environment. In manure, ermB, tetM and sul2 were detected in the highest concen-
tration and frequency, with the mean level above 109copies/g and detection frequency higher
than 90% (see S1 Fig). In soil, tet and sul genes were the most dominant genes, the absolute
concentration of which were higher as 2–4 orders of magnitude than that of the other investi-
gated ARGs (see S2 Fig). sul2 was the gene with the highest concentration of 1.73×109copies/g,
followed by tetC, tetM and sul1, with the concentration higher than 108copies/g.

Overall, from the heatmap of the absolute abundance (gene copy numbers of ARGs in 1g
soil or 1 mL water) and relative abundance (gene copy numbers of ARGs normalized to the
gene copy numbers of 16S rRNA) of the targeted ARGs in manure, soil and water samples (see
Fig 1), we can firstly see that sul1 and sul2 genes were the most abundant and frequent genes
detected in all the matrices, reflecting their extensive spread nature. It stayed well in step with
the research of Fahrenfeld et.al. that the dissipation rates of sul1 and sul2 were slower in
manured soils, explaining why sul1 and sul2 were detected in background samples [21]. Fur-
thermore, another research found that the concentration of sul genes in soil increased after 289
days from the fertilization of sulfonamides contained manure [22]. Therefore, it can be
obtained that the persistence of sul genes in environment may attribute to either slow attenua-
tion rates or rapid growth/selection of bacteria carrying sul1 and sul2 or an increase in horizon-
tal gene transfer for these genes.

Secondly, tet genes were also abundant in manure samples, but not as high in the soil and
water as in the manure, indicating that the proliferation and dissemination of tet genes were
weaker than that of sul genes. For tet genes, the abundance of these expressing ribosomal pro-
tection proteins (tetM, tetO, tetQ, tetT and tetW) was higher than the ones expressing efflux
pump proteins (tetA, tetC, tetE and tetG) in each type of samples, showing that ribosomal pro-
tection proteins can endow bacteria the powerful tetracyclin-resistance. According to the pub-
lished reports [21], tetO and tetW were significantly higher in post- versus pre-manured soil,
but no effects on tetG soil concentration was observed despite the presence of it in applied
manure. It can be seen that the transport of bacteria hosting tet genes expressing efflux pump
proteins or horizontal gene transfer for them were not prevelant.

Thirdly, it is noted that that ermB gene was most abundant and frequent in the matrices,
but macrolides is a major medicine for human use, which is a type of broad-spectrum antibiotic
sensitive to Gram-positive bacterium andMycoplasma, playing an important role in
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substituting for penicillin clinically. However, macrolides is now a veterinary medicine applied
in livestock generally, including erythromycin, roxithromycin, tylosin, josamycin, clindamycin.
Jensen et.al. have isolated 9 strains of macrolide-resistant Gram-positive bacterium, 8 strains of
which carried ermB gene [23]. According to the published paper, the detection frequency of
ermB in isolated Staphylococcus was 17.1% in clinical, while that of ermC was 0.66%. The veter-
inary use of macrolides may contribute significantly to the high antibiotic-resistance frequency
in clinical bacteria. Furthermore, the extensive detection of aminoglycoside-resistant genes
(aph, aadD, and aac) in soils was also a problem similar with macrolides, due to the clinical
use.

Variance of ARGs distribution in manures
Through the non-parametric test, there was no significant difference of ARGs average levels in
different regions, reflecting that the location of the livestock farms had no effect on ARGs dis-
tribution in animal manures. It was possibly attributed to the fact that the use patterns of anti-
biotics in livestock farms were nearly the same as in Jiangsu Province of China. However, the
significant difference was observed in the ARG levels concerning different animal types. Except
tetG, tetO, tetW and sul2, the other ARG levels in poultry and porcine manures were higher
than that of cattle manure and organic fertilizer (see Fig 2), which can be explained by the
higher antibiotic usage in poultry and porcine farms than that in cattle farms. A NMDS plot of
absolute abundance of ARGs showed the diversity of ARGs converged in manure samples,
which can also indicate that ARG concentrations in poultry and porcine manures had

Fig 1. Heatmap of the absolute (A) and relative (B) concentration of the targeted ARGs in manure, soil and water samples. (Columns show the
ARGs concentrations, and red indicates an increase in gene abundance, whereas blue indicates a decrease. No change corresponds to 0 in the color scale.)

doi:10.1371/journal.pone.0156889.g001
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significant variance with that in cattle manure and organic fertilizer (see Fig 3). In the livestock
farm, compost was a useful approach to treat animal manures, which can be produced as

Fig 2. Variance of each ARGs in poultry manure (PF), porcine manure(ZF), cattle manure (CF) and
organic fertilizer(OF). (tet: tetA, tetC, tetE, tetG, tetM, tetO, tetQ, tetT, tetW; sul: sul1, sul2, sul3; qnr: oqxB,
qnrS, qnrD; erm: ermB, ermC; acr: acrA, acrB; ami:aac, aadD, aph)

doi:10.1371/journal.pone.0156889.g002
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commercial organic fertilizer. It was reported that tet gene levels can be decreased through
compost [24]. In this study, we can see the ARG levels were lower in organic fertilizer, which
can strengthen the statement that compost is a helpful way to eliminate ARGs in animal
manures. From Fig 3, it was clear that there were two clusters of points separately from the
other points, which represented poultry manure and porcine manure samples respectively,
indicating that the similar ARGs distribution existed in poultry manure or porcine manure
samples, despite of the different origins of these two types of livestock farms. Meanwhile, it was
interesting that the distribution pattern of tet genes in animal manure was nearly the same as
all the ARGs. So tet genes can be considered as the indicative genes in animal manure.

Variance of ARGs distribution in manured soils
According to the degree of economic development, Jiangsu Province can be roughly divided
into three regions, northern Jiangsu (SQ, XZ, HA), southern Jiangsu (CZ) and central Jiangsu
(NJ). The result of NMDS analysis showed that ARGs distribution rules in soil samples adjcent
to poultry livestock farms of SQ and XZ were different from the other sampling regions. From
Fig 4B, relatively speaking, the pollution levels of ARGs in SQ and XZ were more serious
(stress< 0.2). Concerning the soils fertilized by cattle manures, the pollution levels of ARGs
were more serious in northern Jiangsu, including SQ, XZ and HA, which was shown in Fig 4A
(stress< 0.2). However, no significant ARGs diversity was observed among porcine manured
soils of five different regions (Fig 4C, stress< 0.2).

ARGs distribution in soils also depended on the animal type of the livestock farms. From
Fig 5, the abundance of each ARGs was higher in porcine manured soils than that in the other
animal types (p<0.05), especially tet and sul genes for CZ. For HA, there was no significant dif-
ference of ARG levels between porcine manured and cattle manured soils (p> 0.05). For Nan-
jing, the sul and erm genes concentrations were the highest in poultry manured soils, while acr
genes were detected at the highest level in cattle manured soils. For SQ, the detection levels had
no significant difference among all the ARGs, except for qnr genes, the levels of which were the
highest in cattle manured soils. For XZ, the abundance of sul genes was lower in poultry
manured soils than that in the other livestock farms (P<0.05), and no qnr genes were found in
the porcine manured soils here.

Fig 3. NMDS plots of absolute abundance of tet genes (A) and all the ARGs (B). (�:organic fertilizer; ●:
porcine manure; □:poultry manure; ■:cattle manure) (Bray-Curtis similarity coefficients were calculated from
absolute abundance of ARGs and plotted in a multidimensional scaling graph. The distance between points
indicates the degree of difference in the diversity of ARGs between samples)

doi:10.1371/journal.pone.0156889.g003
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Influence factors on the abundance of ARGs. From the published reference [25], it was
interesting that the proliferation and spread effect of ARGs was more strongly driven by soil
characteristics than by the source. Therefore, pearson correlation analysis was performed
between every ARGs and environmental variables including antibiotics, heavy metals, and
some physicochemical parameters (shown in Table 1). Furthermore, RDA analysis was con-
ducted to identify the environmental factors that best influence the ARGs abundance (shown
in Fig 6). The first two axes explained 61.9% of the cumulative percentage variance of the
ARGs data with significance (p = 0.01). Based on both of the pearson correlation and RDA
results, most ARGs showed significant positive relationships with environmental variables
such as concentration of sulfonamides, tetracyclines, Cu, Zn and TOC.

It was thought that antibiotics can provide selective pressure for the proliferation of resistant
bacteria, through the horizontal transfer of ARGs or gene mutation [1] (Wu et al., 2010). How-
ever, there was no consistent research conclusion on the hypothesis that ARGs would be posi-
tively selected after exposure to antibiotics. Some researchers found strong correlation of ARGs
and the corresponding antibiotics [26], but some studies reported no relationship of antibiotics

Fig 4. Distribution characteristics of ARGs in soils of cattle farms (A), poultry farms (B) and porcine farms (C) located in five different regions. (�:
SQ ●: CZ □: HA ■: NJ4: XZ)(Bray-Curtis similarity coefficients were calculated from absolute abundance of ARGs and plotted in a multidimensional scaling
graph. The distance between points indicates the degree of difference in the diversity of ARGs between samples)

doi:10.1371/journal.pone.0156889.g004

Fig 5. Abundance of 6 classes of ARGs in manured soils of different livestock farms. (First letter: C-CZ,
H-HA, N-NJ, S-SQ, X-XZ; Second letter: Z-porcine manure; P-poultry manure; C-cattle manure. tet: tetA,
tetC, tetE, tetG, tetM, tetO, tetQ, tetT, tetW; sul: sul1, sul2, sul3; qnr: oqxB, qnrS, qnrD; erm: ermB, ermC; acr:
acrA, acrB; ami:aac, aadD, aph)

doi:10.1371/journal.pone.0156889.g005
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and ARGs in environment [27] (Pei et al., 2006). Most studies found that this relashionship
was not so strong, but statistical significant [1, 5], which can be explained that ARGs has differ-
ent environmental fate and transport mechanisms [28]. The results in the present study
showed that sulfonamides and tetracyclines may select for many ARBs, not only their corre-
sponding ARGs, but macrolides may tend to select for its corresponding ARGs, ermB and
ermC. Furthermore, the environmental degradation of antibiotics may also affect the correla-
tion analysis results, that is, the antibiotics with long half-life, such as tetracyclines and sulfon-
amides, may often be found to correlate positively with the abundance of ARGs [29].
Meanwhile, there was nearly no correlation of ARGs and the antibiotics with low detected lev-
els in the analysis, such as quinolones, possible attributed to the low usage of them.

Metals, such as copper (Cu), zinc (Zn), and arsenic (As), are commonly used in animal
feeds as alternatives to antibiotics [25]. Most recent research announced that antibiotic resis-
tance can be co-selected by metals [30–32], because both the antibiotics and heavy metal
resistance genes are commonly found to be encoded on mobile genetic elements together,
such as plasmids and transposable elements [33–36]. So the replacement of antibiotics with
metals could actually make antibiotic resistance worse [25]. The results in the present study
also reflected the characteristic that levels of Cu and Zn were positively correlated with ARGs
significantly, because they were the frequent additives in the animal feeds. However, Cr, Mn,
Pb and Ni showed negative relationships with ARGs, which may be attributed to the fact that
the selection for ARGs under the exposure of heavy metals may occur more in gastrointesti-
nal tracts of animals and in a manure waste holding system, so the relationship between feed
additives (Cu and Zn) and ARGs was closer than that of heavy metals in environment (Cr,
Mn, Pb and Ni).

For the other physicochemical parameters of soils, it was found that most ARGs was signifi-
cantly correlated with total organic carbon (TOC), which was consistent with the conclusion of
some researches by Wu et.al. and Su et.al. [1, 5]. However, there was no correlation of ARGs

Fig 6. RDA results of absolute concentrations of 22 ARGs and environmental variables. (The angles
between the arrows indicate the sign of the correlation between the ARGs and the associated environmental
variables.)

doi:10.1371/journal.pone.0156889.g006
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and soil pH, which was different from the reports that there was a negative relationship
between tet genes and pH.

Conclusion
Our study presentated the first-hand data on the pollution profile and spread characteristic of
twenty-two ARGs conferring resistance to tetracyclines, sulfonamides, quinolones, aminogly-
cosides, and macrolides in all the relevant exposure matrices of sixteen animal farms in South-
eastern China. Dominant ARGs in the environment were sul, tet and erm genes. The spread
property of sul genes was most extensive and strong, followed by tet and erm genes. The signifi-
cant difference was observed in the ARG levels of manure samples concerning different animal
types, and the similar ARGs distribution rules were existing in poultry manure or porcine
manure samples. The pollution of ARGs in the soils fertilized by poultry and cattle manures
were more serious in northern Jiangsu, but no significant ARGs diversity was observed among
porcine manured soils of five different regions. Meanwhile, ARGs distribution in soils also
depended on the animal type of the livestock farms. Furthermore, most ARGs showed signifi-
cant positive relationships with environmental variables such as concentration of sulfon-
amides, tetracyclines, Cu, Zn and TOC.

Supporting Information
S1 Fig. Mean concentration and detection frequency of each ARGs in manure samples.
(TIF)

S2 Fig. Mean concentration of 6 classes of ARGs in soil samples (tet: tetracyclin resistance
genes; sul: sulfonamide resistance genes; qnr: quinolone resistance genes; erm: macrolide
resistance genes; acr: multidrug resistance genes; ami: aminoglycoside resistance genes).
(TIF)

S1 Table. Basic information of the sampling livestock farms.
(PDF)

S2 Table. Information of primers for qPCR.
(PDF)

S3 Table. Equations of standard curves.
(PDF)

Author Contributions
Conceived and designed the experiments: NW FG BPY. Performed the experiments: NW XYG
ZYWW BC. Analyzed the data: NW XYG FG BPY. Contributed reagents/materials/analysis
tools: XYG BC. Wrote the paper: NW.

References
1. WuN, Qiao M, Zhang B, ChengWD, Zhu YG. Abundance and diversity of tetracycline resistance

genes in soils adjacent to representative swine feedlots in China. Environ Sci Technol. 2010; 44(18):
6933–6939. doi: 10.1021/es1007802 PMID: 20707363

2. Wang N, Yang X, Jiao S, Zhang J, Ye B, Gao S. Sulfonamide-resistant bacteria and their resistance
genes in soils fertilized with manures from Jiangsu Province, Southeastern China. PLoS One 2014; 9
(11): e112626. doi: 10.1371/journal.pone.0112626 PMID: 25405870

3. Hsu JT, Chen CY, Young CW, ChaoWL, Li MH, Liu YH, et al. Prevalence of sulfonamide-resistant bac-
teria, resistance genes and integron-associated horizontal gene transfer in natural water bodies and

Analysis on Spread and Distribution Characteristic of Antibiotic Resistance Genes in Livestock Farms

PLOSONE | DOI:10.1371/journal.pone.0156889 July 7, 2016 12 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0156889.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0156889.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0156889.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0156889.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0156889.s005
http://dx.doi.org/10.1021/es1007802
http://www.ncbi.nlm.nih.gov/pubmed/20707363
http://dx.doi.org/10.1371/journal.pone.0112626
http://www.ncbi.nlm.nih.gov/pubmed/25405870


soils adjacent to a swine feedlot in northern Taiwan. J Hazard Mater. 2014; 277: 34–43. doi: 10.1016/j.
jhazmat.2014.02.016 PMID: 24637153

4. Heuer H, Schmitt H, Smalla K Antibiotic resistance gene spread due to manure application on agricul-
tural fields. Curr Opin Microbiol. 2011; 14: 236–243. doi: 10.1016/j.mib.2011.04.009 PMID: 21546307

5. Su HC, Pan CG, Ying GG, Zhao JL, Zhou LJ, Liu YS et al. Contamination profiles of antibiotic resis-
tance genes in the sediments at a catchment scale. Sci Total Environ. 2014; 490: 708–714. doi: 10.
1016/j.scitotenv.2014.05.060 PMID: 24907606

6. Huerta B, Marti E, Gros M, López P, Pompêo M, Armengol J, et al. Exploring the links between antibi-
otic occurrence, antibiotic resistance, and bacterial communities in water supply reservoirs. Sci Total
Environ. 2013; 456–457: 161–170. doi: 10.1016/j.scitotenv.2013.03.071 PMID: 23591067

7. Ling Z, Yang Y, Huang Y Zou S, Luan T. A preliminary investigation on the occurrence and distribution
of antibiotic resistance genes in the Beijiang River, South China. J Environ Sci. (China) 2013; 25(8):
1656–1661.

8. Gao P, Mao D, Luo Y, Wang L, Xu B, Xu L. Occurrence of sulfonamide and tetracycline-resistant bacte-
ria and resistance genes in aquaculture environment. Water Res. 2012; 46(7): 2355–2364. doi: 10.
1016/j.watres.2012.02.004 PMID: 22377146

9. Kristiansson E, Fick J, Janzon A, Grabic R, Rutgersson C, Weijdegård B et al. Pyrosequencing of anti-
biotic-contaminated river sediments reveals high levels of resistance and gene transfer elements.
PLoS One 2011; 6(2): e17038. doi: 10.1371/journal.pone.0017038 PMID: 21359229

10. Storteboom H, Arabi M, Davis JG, Crimi B, Pruden A. Tracking antibiotic resistance genes in the South
Platte River basin using molecular signatures of urban, agricultural, and pristine sources. Environ Sci
Technol. 2010; 44(19): 7397–7404. doi: 10.1021/es101657s PMID: 20809616

11. Durso LM, Cook KL. Impacts of antibiotic use in agriculture: what are the benefits and risks? Curr Opin
Microbiol. 2014; 19:37–44. doi: 10.1016/j.mib.2014.05.019 PMID: 24997398

12. ChengW, Chen H, Su C, Yan S. Abundance and persistence of antibiotic resistance genes in livestock
farms: a comprehensive investigation in eastern China. Environ Int. 2013; 61: 1–7. doi: 10.1016/j.
envint.2013.08.023 PMID: 24091253

13. McKinney CW, Loftin KA, Meyer MT, Davis JG, Pruden A. Tet and sul antibiotic resistance genes in
livestock lagoons of various operation type, configuration, and antibiotic occurrence. Environ Sci Tech-
nol. 2010; 44(16): 6102–6109. doi: 10.1021/es9038165 PMID: 20704205

14. Brooks JP, Adeli A, McLaughlin MR. Microbial ecology, bacterial pathogens, and antibiotic resistant
genes in swine manure wastewater as influenced by three swine management systems. Water Res.
2014; 57: 96–103. doi: 10.1016/j.watres.2014.03.017 PMID: 24704907

15. Chen B, Hao L, Guo X, Wang N, Ye B. Prevalence of antibiotic resistance genes of wastewater and sur-
face water in livestock farms of Jiangsu Province, China. Environ Sci Pollut Res Int. 2015; ( 18):
13950–13959.

16. Chen F, Ying GG, Kong LX, Wang L, Zhao JL, Zhou LJ et al. Distribution and accumulation of endo-
crine-disrupting chemicals and pharmaceuticals in wastewater irrigated soils in Hebei, China. Environ
Pollut. 2011; 59: 1490–1498.

17. Shi Y, Gao L, Li W, Liu J, Cai Y. Investigation of luoroquinolones, sulfonamides and macrolides in long-
term wastewater rrigation soil in Tianjin, China. Bull Environ Contam Toxicol. 2012; 9:857–861.

18. Zhang QQ, Ying GG, Pan CG, Liu YS, Zhao JL. Comprehensive evaluation of antibiotics emission and
fate in the river basins of china: source analysis, multimedia modeling, and linkage to bacterial resis-
tance. Environ Sci Technol. 2015; 49(11): 6772–6782. doi: 10.1021/acs.est.5b00729 PMID: 25961663

19. Guo XY, Hao LJ, Qiu PZ, Chen R, Xu J, Kong XJ, et al. (2016) Pollution characteristics of 23 veterinary
antibiotics in livestock manure and manure-amended soils in Jiangsu province, China. J Environ Sci
Health B. 2016; 51(6):383–392. doi: 10.1080/03601234.2016.1142743 PMID: 26963628

20. Yuan CG, Shi JB, He B, Liu JF, Liang LN, Jiang GB. Speciation of heavymetals inmarine sediments
from the East China Sea by ICP-MS with sequential extraction. Environ Int. 2004; 30:769–783. PMID:
15120195

21. Fahrenfeld N, Knowlton K, Krometis LA, HessionWC, Xia K, Lipscomb E. Effect of manure application
on abundance of antibiotic resistance genes and their attenuation rates in soil: field-scale mass balance
approach. Environ Sci Technol. 2014; 48(5): 2643–2650. doi: 10.1021/es404988k PMID: 24483241

22. Byrne-Bailey KG, GazeWH, Kay P, Boxall AB, Hawkey PM,Wellington EM. Prevalence of sulfonamide
resistance genes in bacterial isolates frommanured agricultural soils and pig slurry in the United King-
dom. Antimicrob. Agents Chemother. 2009; 53 (2): 696–702. doi: 10.1128/AAC.00652-07 PMID:
19064898

23. Jensen LB, Agers Y, Sengel VG. Presence of erm genes among macrolide-resistant Gram-positive
bacteria isolated from Danish farm soil. Environ Int. 2002; 28: 487–491. PMID: 12503914

Analysis on Spread and Distribution Characteristic of Antibiotic Resistance Genes in Livestock Farms

PLOSONE | DOI:10.1371/journal.pone.0156889 July 7, 2016 13 / 14

http://dx.doi.org/10.1016/j.jhazmat.2014.02.016
http://dx.doi.org/10.1016/j.jhazmat.2014.02.016
http://www.ncbi.nlm.nih.gov/pubmed/24637153
http://dx.doi.org/10.1016/j.mib.2011.04.009
http://www.ncbi.nlm.nih.gov/pubmed/21546307
http://dx.doi.org/10.1016/j.scitotenv.2014.05.060
http://dx.doi.org/10.1016/j.scitotenv.2014.05.060
http://www.ncbi.nlm.nih.gov/pubmed/24907606
http://dx.doi.org/10.1016/j.scitotenv.2013.03.071
http://www.ncbi.nlm.nih.gov/pubmed/23591067
http://dx.doi.org/10.1016/j.watres.2012.02.004
http://dx.doi.org/10.1016/j.watres.2012.02.004
http://www.ncbi.nlm.nih.gov/pubmed/22377146
http://dx.doi.org/10.1371/journal.pone.0017038
http://www.ncbi.nlm.nih.gov/pubmed/21359229
http://dx.doi.org/10.1021/es101657s
http://www.ncbi.nlm.nih.gov/pubmed/20809616
http://dx.doi.org/10.1016/j.mib.2014.05.019
http://www.ncbi.nlm.nih.gov/pubmed/24997398
http://dx.doi.org/10.1016/j.envint.2013.08.023
http://dx.doi.org/10.1016/j.envint.2013.08.023
http://www.ncbi.nlm.nih.gov/pubmed/24091253
http://dx.doi.org/10.1021/es9038165
http://www.ncbi.nlm.nih.gov/pubmed/20704205
http://dx.doi.org/10.1016/j.watres.2014.03.017
http://www.ncbi.nlm.nih.gov/pubmed/24704907
http://dx.doi.org/10.1021/acs.est.5b00729
http://www.ncbi.nlm.nih.gov/pubmed/25961663
http://dx.doi.org/10.1080/03601234.2016.1142743
http://www.ncbi.nlm.nih.gov/pubmed/26963628
http://www.ncbi.nlm.nih.gov/pubmed/15120195
http://dx.doi.org/10.1021/es404988k
http://www.ncbi.nlm.nih.gov/pubmed/24483241
http://dx.doi.org/10.1128/AAC.00652-07
http://www.ncbi.nlm.nih.gov/pubmed/19064898
http://www.ncbi.nlm.nih.gov/pubmed/12503914


24. Joy SR, Li X, Snow DD, Gilley JE, Woodbury B, Bartelt-Hunt SL. Fate of antimicrobials and antimicro-
bial resistance genes in simulated swine manure storage. Sci Total Environ. 2014; 481: 69–74. doi: 10.
1016/j.scitotenv.2014.02.027 PMID: 24583946

25. Pruden A, Larsson DG, Amézquita A, Collignon P, Brandt KK, Graham DW, et al. Management options
for reducing the release of antibiotics and antibiotic resistance genes to the environment. Environ
Health Perspect. 2013; 121(8): 878–885. doi: 10.1289/ehp.1206446 PMID: 23735422

26. Smith MS, Yang RK, Knapp CW, Niu Y, Peak N, Hanfelt MM, et al. Quantification of tetracycline resis-
tance genes in feedlot lagoons by real-time PCR. Appl. Environ. Microbiol. 2004; 70 (12): 7372–7377.
PMID: 15574938

27. Pei R, Kim SC, Carlson KH, Pruden A. Effect of River Landscape on the sediment concentrations of
antibiotics and corresponding antibiotic resistance genes (ARG). Water Res. 2006; 40 (12): 2427–
2435. PMID: 16753197

28. Peak N, Knapp CW, Yang RK, Hanfelt MM, Smith MS, Aga DS et al. Abundance of six tetracycline
resistance genes in wastewater lagoons at cattle feedlots with different antibiotic use strategies. Envi-
ron. Microbiol. 2007; 9 (1): 143–151. PMID: 17227419

29. Boxall AB Veterinary medicines and the environment. Handb Exp Pharmacol. 2010; ( 199): 291–314.
doi: 10.1007/978-3-642-10324-7_12 PMID: 20204592

30. Berg J, Thorsen MK, Holm PE, Jensen J, Nybroe O, Brandt KK. Cu exposure under field conditions
coselects for antibiotic resistance as determined by a novel cultivationindependent bacterial community
tolerance assay. Environ Sci Technol. 2010; 44: 8724–8728. doi: 10.1021/es101798r PMID:
20964403

31. Knapp CW, McCluskey SM, Singh BK, Campbell CD, Hudson G, Graham DW. Antibiotic resistance
gene abundances correlate with metal and geochemical conditions in archived Scottish soils. PLoS
One 2011; 6(11): e27300. doi: 10.1371/journal.pone.0027300 PMID: 22096547

32. Scientific Committee on Emerging and Newly Identified Health Risks. Assessment of the Antibiotic
Resistance Effects of Biocides. 2009. Available: http://ec.europa.eu/health/ph_risk/committees/04_
scenihr/docs/scenihr_o_021.pdf [accessed 2 July 2013].

33. Wardwell LH, Jude BA, Moody JP, Jennifer PM, Aaron IO, Ruth AG. Co-Selection of Mercury and Anti-
biotic Resistance in Sphagnum Core Samples Dating Back 2000 Years. Geomicrobiol J. 2009; 26:
351–360.

34. Icgen B, Yilmaz F. Co-occurrence of antibiotic and heavy metal resistance in Kızılırmak River isolates.
Bull Environ Contam Toxicol. 2014; 93(6): 735–43. doi: 10.1007/s00128-014-1383-6 PMID: 25257221

35. Fernández-Calviño D, Bååth E. Co-selection for antibiotic tolerance in Cu-polluted soil is detected at
higher Cu-concentrations than increased Cu-tolerance. Soil Biol Biochem. 2013; 57: 953–956.

36. McIntosh D, CunninghamM, Ji B, Fekete FA, Parry EM, Clark SE. Transferable, multiple antibiotic and
mercury resistance in Atlantic Canadian isolates of Aeromonas salmonicida subsp. salmonicida is
associated with carriage of an IncA/C plasmid similar to the Salmonella enterica plasmid pSN254. J
Antimicrob Chemother. 2008; 61(6):1221–1228. doi: 10.1093/jac/dkn123 PMID: 18375380

Analysis on Spread and Distribution Characteristic of Antibiotic Resistance Genes in Livestock Farms

PLOSONE | DOI:10.1371/journal.pone.0156889 July 7, 2016 14 / 14

http://dx.doi.org/10.1016/j.scitotenv.2014.02.027
http://dx.doi.org/10.1016/j.scitotenv.2014.02.027
http://www.ncbi.nlm.nih.gov/pubmed/24583946
http://dx.doi.org/10.1289/ehp.1206446
http://www.ncbi.nlm.nih.gov/pubmed/23735422
http://www.ncbi.nlm.nih.gov/pubmed/15574938
http://www.ncbi.nlm.nih.gov/pubmed/16753197
http://www.ncbi.nlm.nih.gov/pubmed/17227419
http://dx.doi.org/10.1007/978-3-642-10324-7_12
http://www.ncbi.nlm.nih.gov/pubmed/20204592
http://dx.doi.org/10.1021/es101798r
http://www.ncbi.nlm.nih.gov/pubmed/20964403
http://dx.doi.org/10.1371/journal.pone.0027300
http://www.ncbi.nlm.nih.gov/pubmed/22096547
http://ec.europa.eu/health/ph_risk/committees/04_scenihr/docs/scenihr_o_021.pdf
http://ec.europa.eu/health/ph_risk/committees/04_scenihr/docs/scenihr_o_021.pdf
http://dx.doi.org/10.1007/s00128-014-1383-6
http://www.ncbi.nlm.nih.gov/pubmed/25257221
http://dx.doi.org/10.1093/jac/dkn123
http://www.ncbi.nlm.nih.gov/pubmed/18375380

