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Monitoring the Perturbation of Soil and Groundwater Microbial
Communities Due to Pig Production Activities

Pei-Ying Hong,a,b* Anthony C. Yannarell,c Qinghua Dai,a,d Melike Ekizoglu,e Roderick I. Mackiea,b

Department of Animal Sciences,a Institute of Genomic Biology,b and Department of Natural Resources and Environmental Sciences,c University of Illinois at Urbana-
Champaign, Urbana, Illinois, USA; College of Engineering, Nanjing Agricultural University, Nanjing, Jiangsu Province, Chinad; Department of Pharmaceutical Microbiology,
Faculty of Pharmacy, University of Hacettepe, Ankara, Turkeye

This study aimed to determine if biotic contaminants originating from pig production farms are disseminated into soil and
groundwater microbial communities. A spatial and temporal sampling of soil and groundwater in proximity to pig production
farms was conducted, and quantitative PCR (Q-PCR) was utilized to determine the abundances of tetracycline resistance genes
(i.e., tetQ and tetZ) and integrase genes (i.e., intI1 and intI2). We observed that the abundances of tetZ, tetQ, intI1, and intI2 in
the soils increased at least 6-fold after manure application, and their abundances remained elevated above the background for up
to 16 months. Q-PCR further determined total abundances of up to 5.88 � 109 copies/ng DNA for tetZ, tetQ, intI1, and intI2 in
some of the groundwater wells that were situated next to the manure lagoon and in the facility well used to supply water for one
of the farms. We further utilized 16S rRNA-based pyrosequencing to assess the microbial communities, and our comparative
analyses suggest that most of the soil samples collected before and after manure application did not change significantly, sharing
a high Bray-Curtis similarity of 78.5%. In contrast, an increase in Bacteroidetes and sulfur-oxidizing bacterial populations was
observed in the groundwaters collected from lagoon-associated groundwater wells. Genera associated with opportunistic human
and animal pathogens, such as Acinetobacter, Arcobacter, Yersinia, and Coxiella, were detected in some of the manure-treated
soils and affected groundwater wells. Feces-associated bacteria such as Streptococcus, Erysipelothrix, and Bacteroides were de-
tected in the manure, soil, and groundwater ecosystems, suggesting a perturbation of the soil and groundwater environments by
invader species from pig production activities.

Over the last 25 years, pig production has largely shifted from
small, integrated farming systems to concentrated animal

feeding operations (CAFOs) that may house thousands of ani-
mals, with each pig typically producing about 1,500 kg of manure
per production cycle. In September 2012 alone, the United States
produced 67.5 million head of hogs and pigs, generating up to
1.0 � 1011 kg of fresh manure (1). The manure is generally stored
in a waste lagoon prior to application to agricultural crop fields as
fertilizer (2). During this stage, feces-associated contaminants can
infiltrate soil beds to contaminate the groundwater supply and
leach into the groundwater through compromised lagoon linings
(3–5). Furthermore, manure generated from CAFOs contains the
feces-associated microbiota, some of whose members may be op-
portunistic pathogens that impose health concerns when the pub-
lic is exposed to these bacterial populations via the fecal-oral
route. In addition, antibiotics are routinely used in the livestock
industry for treatment and prevention of diseases and for growth
promotion (6). Used in this manner, antibiotics may select for
antibiotic-resistant bacteria in the gastrointestinal tract of pigs,
and the resistance genes from such bacteria may be disseminated
into the soil and groundwater in close proximity to pig production
farms.

Further compounding the problem, the presence of mobile
genetic elements, such as integrase genes, among the members of
the fecal, soil, and groundwater microbiotas would facilitate hor-
izontal transfer of genetic traits. A recent survey of over 600 fully
or partially sequenced bacterial genomes revealed that about 10%
of these contained known integrons (7). These integrons may con-
tain gene cassettes (8) that encode traits such as antibiotic and
heavy metal resistance and other virulence determinants (9, 10).
Horizontal gene transfer is now recognized to play an important

role in microbial evolution and adaptation, particularly in relation
to traits that are related to human and animal health threats (11).
Because horizontal gene transfer can effectively expand the gene
pool available to resident soil and groundwater bacteria, it is im-
portant to understand whether biotic contamination from pig
production activities can affect the abundance of mobile genetic
elements and their persistence in the environment.

Past studies utilized culture-based and molecular biology-
based approaches to reveal that antibiotic resistance genes and
mobile genetic elements in the soil persist for up to 6 months when
manure is applied to soil microcosms (12, 13). Furthermore, re-
peated manure application resulted in an accumulation of biotic
contaminants (14). However, such studies have been restricted to
microcosms conducted in the laboratory and do not reflect the
extent of perturbation in uncontrolled environmental settings.
For instance, the biotic contaminants may be exposed to UV irra-
diation or local weather conditions that would affect their actual
persistence and eventual dissemination (15, 16). Although past
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studies attempted to address this limitation by measuring the
abundance of antibiotic resistance genes in groundwater in close
proximity to pig production farms (17–19), no further insights
were provided on the extent of perturbation in the collective soil
and groundwater microbiota due to contamination events origi-
nating from the production farms.

This study aimed to determine if biotic contaminants originat-
ing from pig production farms are disseminated into soil and
groundwater microbial communities. The abundances of tetracy-
cline resistance genes (i.e., tetQ and tetZ) and mobile genetic ele-
ments (i.e., intI1 and intI2) in the soils and groundwaters in close
proximity to pig production farms were monitored. Tetracycline
resistance genes were selected because tetracycline remains one of
the most commonly used antibiotics on pig production farms (20,
21). The abundances of integrase genes provided insights into the
likelihood of horizontal gene transfers among the microbial com-
munities of these ecosystems. Based on the abundances of the
tetracycline resistance genes and integrase genes, soil and ground-
water samples that were relatively more affected by pig production
activities were identified. 16S rRNA-based pyrosequencing was
then performed to comparatively examine the microbial commu-
nities among the soil and groundwater samples and to determine
the presence of genera associated with opportunistic pathogens.

MATERIALS AND METHODS
Study sites. A total of three pig production sites, referred to here as sites A,
C, and E, were identified for this study. The operation and site hydroge-
ology of sites A and C have been described previously (17, 18). Briefly, site
A is a 4,000-pig finishing operation. This facility operates with a two-stage

waste handling system in which a concrete settling basin collects most of
the solid manure prior to the supernatant liquid passively moving into an
unlined earthen lagoon. Site C is a farrowing and nursery operation that
houses up to 2,500 sows. The facility in site C uses a single-stage unlined
lagoon. Lagoon water is recycled to partially fill and flush the shallow pits
below confinement buildings. Site E is a 2,300-hog finishing facility that
uses a deep-pit lagoon (5). The described manure management strategies
remained unchanged throughout the course of sampling, from 2005 to
2010. At all sites, manure was applied by first mixing the manure in the
lagoon. The mixed manure was then pumped directly from the lagoon
through a flexible pipe to a tractor, from which the manure was injected
directly into the soil (I. Krapac, personal communication). For each sam-
pling time series denoted in Fig. 1, manure was applied as a single dose,
and no subsequent application was carried out at that particular field
throughout the sampled duration. Chlortetracycline was used at all three
sites for disease treatment, prophylaxis, and growth promotion. The exact
amount of usage was not provided by the farmers. The geographic loca-
tions of the facilities cannot be disclosed due to a confidentiality agree-
ment with the producers.

Sample collection. Each of the pig facilities applies manure to local
farm fields, and time series studies were conducted in two fields from each
facility (n � 6 fields) in order to quantify changes in antibiotic resistance
genes, integrase genes, and microbial community composition in soil fol-
lowing manure application during 2005 to 2007. Each of the six fields was
sampled as part of a time series that began just prior to manure application
and then continued periodically for up to 2 to 16 months (Fig. 1). A 4 � 4
grid was constructed at each 0.16-km2 crop field to form 16 grid nodes per
field. At each grid node, four soil samples that were 1 m from the grid node
were collected at a depth of 0 to 20 cm by use of a hand corer. All samples
collected from the grid nodes were mixed to form a composite sample that
would represent a single sampling point at that localized site (Fig. 1). A

FIG 1 Soil samples were collected in 2005 to 2007 from three agricultural crop fields that applied manure supplied by sites A, C, and E (pig production farms).
The first sampling point of each time series is highlighted in bold, which also denotes that soil samples were collected before manure application. The subsequent
sampling points and the spatial distance from the first sampling point denote the duration that passed after manure was applied. Manure was applied as a single
dose, and no subsequent application was carried out at that particular field throughout the sampled time series.
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total of 28 composite soil samples were collected throughout the course of
2005 to 2007. A previous geological-hydrological survey indicated that the
local residents at site E utilized the groundwater as a water resource (5).
Therefore, two sampling trips to site E were initiated, in June 2010 (trip a)
and July 2010 (trip b), to collect groundwater samples. For each trip, 500
ml of manure slurry was sampled from the waste lagoon, and 1-liter
groundwater samples were collected from the individual facility well and
from monitoring wells E1, E4, E6, and E7 (Fig. 2). The facility well has a
well depth of 36.6 m, and the monitoring wells have shallower well depths
ranging from 5.3 to 7.1 m into the sandstone. A total of 10 groundwater
and 2 manure samples were collected based on previously described pro-
cedures (17, 22), with the exception of groundwater from the facility well.
Groundwater from the facility well was collected from a tap that is con-
nected to the facility well and located inside the facility office. The tap was
turned on to flush out the groundwater for about 3 min before the water
samples were collected. Both facility well and monitoring well E1 are
up-gradient of the waste lagoon and therefore served as negative controls
in which no biotic contaminants originating from the waste lagoon were
anticipated. In contrast, monitoring wells E4, E6, and E7 are directly ad-
jacent to the waste lagoon and are anticipated to be susceptible to poten-
tial contamination events.

Genomic DNA extraction and bar-coded PCR. Groundwater sam-
ples were filtered on a 0.22-�m polycarbonate membrane (Millipore, Bil-
lerica, MA), and genomic DNA was extracted using a modified protocol
(23). Genomic DNA was extracted from soil samples by use of a FastDNA
Spin kit for soil (MP Biomedicals, Solon, OH). Soil DNA was further
purified of potential PCR contaminants by incubation at 65°C for 15 min
in a solution of 1% cetyltrimethyl ammonium bromide and 0.7 M NaCl,
followed by extraction with 24:1 chloroform-isoamyl alcohol, ethanol
precipitation, and resuspension in Tris-EDTA (TE) buffer. To perform
amplicon pyrosequencing, the V4-V5 region of the 16S rRNA gene was

amplified from the genomic DNA by using the universal forward 519F
(5=-fusion A-bar code-CAGCMGCCGCGGTAATWC-3=) and reverse
926R (5=-fusion B-bar code-CCGTCAATTCMTTTRAGTT-3=) primers.
PCR mixtures comprised 10 ng of genomic DNA, 25 ml of premix F
(Epicentre Biotechnologies, WI), 200 nM (each) forward and reverse
primers, and 0.5 U of Ex Taq DNA polymerase (TaKaRa Bio, Japan), and
the volume was brought up to 50 ml with molecular biology-grade water.
PCR was performed with a 30-cycle thermal program (denaturation, 95°C
for 30 s; annealing, 55°C for 45 s; and extension, 72°C for 60 s), and the
amplicons were excised from the gel, concentrated, and purified with a
Wizard DNA purification kit (Promega, Madison, WI).

Pyrosequencing and data analysis. Paired-end pyrosequencing was
performed by the Roy J. Carver Biotechnology Center, University of Illi-
nois. A total of 239,624 16S rRNA sequences (i.e., 16S pyrotags) were
obtained (see Table S1 in the supplemental material). Raw sequence reads
were checked for quality based on previously described procedures (24),
and a pyrosequencing depth of approximately 5,990 sequences was ob-
tained for each sample. RDP Classifier was used for taxonomic assign-
ments of the 16S pyrotags at the 95% confidence level (25). Bray-Curtis
similarity matrix analysis with square root transformation was conducted
by Primer-E v5.2.4. Rarefaction curves (see Fig. S1A to E) were generated
based on previously described procedures (24), and the number of oper-
ational taxonomic units (OTUs) identified at a depth of 2,300 pyrotags
was noted for comparisons of microbial richness (see Table S2).

Q-PCR analysis of tetracycline resistance genes and integron genes.
Primers TetQ and TetZ target the tetracycline resistance genes, encoding a
ribosomal protection protein and an efflux pump, respectively (see Table
S3 in the supplemental material) (26, 27). Primers IntI1 and IntI2 target
integron classes 1 and 2, respectively (see Table S3) (28). Quantitative
PCR (Q-PCR) was performed on all soil, groundwater, and manure sam-
ples. Reaction mixtures were prepared based on previously described pro-
tocols (24). Amplification efficiencies obtained from the standard curves
for the tetQ, tetZ, intI1, intI2, and 16S rRNA genes were 2.04, 2.06, 1.84,
1.83, and 1.93, respectively. The coefficients of determination for standard
curves ranged from 0.937 to 0.999. The sequences for Q-PCR standards
are listed in Table S4.

Statistical method. The nonpairwise two-tailed-distribution t test was
conducted to determine the statistical significance of differences between
microbial richness values for soil and groundwater samples. The t test was
conducted at the 95% confidence level, using Microsoft Excel, version
14.0.6123.5001.

Pyrosequence accession links. The pyrotag sequences determined in
this study have been deposited in the Short Read Archive (SRA) of the
European Nucleotide Archive (ENA). The study accession number is
ERP002328.

RESULTS
Abundances of biotic contaminants and 16S rRNA genes in sur-
face soil. Soil samples collected before manure application (pre-
manure soil samples) during the first time series (i.e., S1A0, S1C0,
and S1E0) had lower abundances of biotic contaminants than pre-
manure soil samples collected during the second time series (i.e.,
S2A0, S2C0, and S2E0). For example, S1A0 and S1C0 had 8.6 �
101 and 3.7 � 101 copies/ng DNA of total biotic contaminants,
respectively, while S1E0 had no detectable biotic contaminants.
For the second time series, premanure soil samples had 2.2 � 102,
2.8 � 102, and 8.1 � 102 copies/ng DNA (S2A0, S2C0, and S2E0,
respectively) (Fig. 3). The tetQ, tetZ, intI1, and intI2 genes that
were present in premanure soils (i.e., S1A0, S2A0, S1C0, S2C0,
S1E0, and S2E0) were compared with those in the first set of post-
manure soils (soils collected after manure application) (i.e., S1A1,
S2A1, S1C1, S2C1, S1E1, and S2E1) collected from each field.
Total abundances of tetZ, tetQ, intI1, and intI2 in the soils in-
creased from 2.4 � 102 to 1.9 � 104 copies/ng DNA after manure

FIG 2 Map of groundwater wells at the site E pig production farm. The loca-
tions of groundwater wells are indicated by black circles, and the numbers in
parentheses are well depths (m). An animal confinement building is situated
above the waste lagoon. The direction of groundwater flow is indicated by large
open arrows. Based on the direction of the groundwater flow and proximities
to the waste lagoon, monitoring well E1 and the facility well served as back-
ground wells, where contamination was least anticipated. A corresponding
stratigraphic column on the right indicates the characteristics of sand layers.
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application. Among the biotic contaminants, there were 500-fold,
9-fold, 6-fold, and 123-fold increases in tetQ, tetZ, intI1, and
intI2 levels, respectively (Fig. 3A to C). The fate of these biotic
contaminants varied across the different fields. For example,
the highest abundances of intI1 and intI2, namely, 3.4 � 103

and 3.3 � 104 copies/ng DNA, respectively, were observed in
soil samples that were treated with manure from site C (Fig.
3B). The collective levels of integrase genes and tetracycline
resistance genes in soil samples S1C1, S1C2, S1C3, and S1C4
remained elevated above the background (i.e., S1C0) for up to
16 months (Fig. 3B). The collective levels of biotic contami-
nants in postmanure soil samples remained approximately
2-fold higher than the amounts in premanure soils collected
from fields associated with site A. This increase in abundance of
biotic contaminants remained apparent 2 to 3 months after
manure was first applied (Fig. 3A). In contrast, the abundance
of biotic contaminants in postmanure soil samples retrieved
from fields associated with site E decreased back to the prema-
nure levels after 1 month (Fig. 3C). The soil samples had abun-
dances of 2.4 � 104 to 9.3 � 107 copies of 16S rRNA genes per
ng of DNA (Fig. 3A to C), with a microbial richness of 447 to
1,650 OTUs, based on a pyrosequencing depth of 2,300 pyro-
tags (see Fig. S2A in the supplemental material).

Abundances of biotic contaminants and 16S rRNA genes in
groundwater. Biotic contaminants (i.e., tetZ, tetQ, intI1, and
intI2) were detected in most of the groundwater samples from site

E, except for both samples collected from monitoring well E1 and
those collected from wells E6 and E7 during the second sampling
trip (Fig. 3D). Total abundances of 4.7 � 101 and 1.5 � 104 cop-
ies/ng DNA of biotic contaminants were detected in the ground-
water samples retrieved from wells E6 and E7, respectively, during
the first sampling trip (Fig. 3D). Both groundwater samples re-
trieved from the E4 monitoring well were positive for tetZ, tetQ,
intI1, and intI2. There was a higher abundance of tetQ than tetZ
detected in well E4 groundwater samples, and the abundances of
tetQ detected were up to 1.5 � 103 copies/ng DNA. Similarly,
there was a higher abundance of intI2 than intI1 in well E4
groundwater samples, and the abundances of intI2 were 9.6 � 103

and 1.5 � 102 copies/ng DNA for the first and second sampling
trips, respectively (Fig. 3D). Biotic contaminants were also de-
tected in the groundwater microbiota collected from the facility
well, and the total abundance of these biotic contaminants was
200-fold higher for the second sampling trip (3.1 � 103 copies/ng
DNA) than for the first one (1.5 � 101 copies/ng DNA). Com-
pared with the manure, which had tetZ, tetQ, intI1, and intI2 pres-
ent at high average abundances, i.e., 1.6 � 104, 8.5 � 105, 2.2 �
105, and 4.2 � 104 copies/ng DNA, respectively, the groundwater
had consistently lower levels of these biotic contaminants (Fig.
3D). The groundwater samples also had a microbial richness of
258 to 938 OTUs, identified at a sequencing depth of 2,300 pyro-
tags, and this was 1.8-fold lower than that of the manure at the

FIG 3 Summed abundances of 16S rRNA genes, tetracycline resistance genes, and integron genes detected in soil samples from agricultural crop fields that
applied manure from site A (A), soil samples from agricultural crop fields that applied manure from site C (B), soil samples from agricultural crop fields that
applied manure from site E (C), and groundwater samples from site E (D). Soil samples collected before manure application are highlighted in bold. The duration
that passed after manure was first applied is denoted after each sample name. Groundwater samples from each well were collected on June and July 2010 at site
E and are labeled with the name of the well followed by “a” and “b,” respectively.
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same sequencing depth (see Fig. S2B in the supplemental mate-
rial).

Genera associated with opportunistic pathogens and fecal
indicators. Soil samples from fields associated with sites A, C, and
E were further monitored for genera associated with opportunistic

pathogens and fecal indicators (Table 1). A similar monitoring
was performed on groundwater samples collected from site E
(Table 2). The genus Acinetobacter was present in most of the
groundwater and soil, at relative abundances of up to 0.69% of the
total microbial community. Other genera, such as Treponema,

TABLE 1 Names and abundances of genera associated with pathogens that were detected in soil samples

Genus Most likely habitatsa

Avg relative abundance (%) � SDb

Site A-1 Site A-2 Site C-1 Site C-2 Site E-1 Site E-2

Treponema Intracellular parasites; mammalian
hosts

0.004 � 0.008 ND 0.006 � 0.014 ND ND 0.006 � 0.011

Arcobacter Environmental source, e.g., air and
water; fecal origin

ND ND 0.003 � 0.007 0.003 � 0.008 ND ND

Acinetobacter Environmental source, e.g., soil
and water; mammalian hosts

ND 0.004 � 0.010 0.006 � 0.014 0.010 � 0.016 0.068 � 0.107 0.006 � 0.013

Legionella Intracellular parasites;
environmental source, e.g.,
water and soil

0.035 � 0.014 0.046 � 0.051 0.044 � 0.036 0.076 � 0.062 0.032 � 0.029 0.063 � 0.045

Yersinia Intracellular parasites; mammalian
and insect hosts

ND ND ND ND 0.013 � 0.023 ND

Coxiella Intracellular parasites; mammalian
hosts

0.005 � 0.011 ND 0.009 � 0.021 0.003 � 0.008 ND ND

Clostridium Commensal bacteria; fecal origin;
environmental source, e.g., soil

0.238 � 0.106 0.195 � 0.081 2.307 � 2.517 0.879 � 0.380 1.328 � 1.339 0.732 � 0.573

Streptococcus Commensal bacteria; fecal origin 0.012 � 0.019 0.005 � 0.011 0.009 � 0.021 0.014 � 0.022 0.106 � 0.098 0.022 � 0.044
Enterococcus Commensal bacteria; fecal origin;

environmental source, e.g., soil
ND ND 0.005 � 0.010 0.003 � 0.008 0.132 � 0.229 ND

Staphylococcus Commensal bacteria; fecal origin ND ND ND ND 0.132 � 0.228 0.006 � 0.011
Erysipelothrix Commensal bacteria; fecal origin 0.004 � 0.008 ND ND ND ND 0.017 � 0.033
Parabacteroides Commensal bacteria; fecal origin 0.004 � 0.008 ND 0.003 � 0.007 0.003 � 0.006 0.215 � 0.372 ND
Bacteroides Commensal bacteria; fecal origin ND ND ND 0.003 � 0.006 3.585 � 6.210 0.011 � 0.022
a References related to the most likely habitats of each genus are found in the supplemental material.
b Shading indicates a 76 to 100% frequency of occurrence among grab soil samples collected from the site, bold type indicates a 51 to 75% frequency, italics indicate a 26 to 50%
frequency, and no formatting indicates a 0 to 25% frequency. ND, not detected at the current sequencing depth.

TABLE 2 Names and abundances of genera associated with pathogens that were detected in groundwater and manure samples (n � 2 for each
monitoring well)

Genus Most likely habitatsa

Avg relative abundance (%) � SDb

Facility Well E1 Well E6 Well E4 Well E7 Manure

Treponema Intracellular parasites; mammalian
hosts

ND ND ND ND 0.006 � 0.009 0.196 � 0.065

Arcobacter Environmental source, e.g., air and
water; fecal origin

ND ND ND ND 0.019 � 0.026 ND

Acinetobacter Environmental source, e.g., soil
and water; mammalian hosts

0.159 � 0.043 0.006 � 0.009 0.688 � 0.954 0.264 � 0.287 0.076 � 0.002 0.008 � 0.011

Legionella Intracellular parasites;
environmental source, e.g.,
water and soil

0.033 � 0.014 0.160 � 0.138 0.090 � 0.032 0.209 � 0.154 0.073 � 0.029 ND

Yersinia Intracellular parasites; mammalian
and insect hosts

0.021 � 0.030 ND ND 0.012 � 0.017 ND ND

Coxiella Intracellular parasites; mammalian
hosts

ND ND ND ND 0.006 � 0.009 ND

Clostridium Commensal bacteria; fecal origin;
environmental source, e.g., soil

0.142 � 0.101 0.029 � 0.040 0.091 � 0.029 0.058 � 0.086 0.197 � 0.014 7.125 � 4.619

Streptococcus Commensal bacteria; fecal origin ND ND 0.018 � 0.006 0.033 � 0.047 ND 0.108 � 0.075
Enterococcus Commensal bacteria; fecal origin;

environmental source, e.g., soil
ND ND ND ND ND ND

Staphylococcus Commensal bacteria; fecal origin ND ND ND ND ND 0.007 � 0.010
Erysipelothrix Commensal bacteria; fecal origin ND ND ND ND 0.016 � 0.004 0.162 � 0.002
Parabacteroides Commensal bacteria; fecal origin ND ND 0.007 � 0.010 ND 0.299 � 0.167 ND
Bacteroides Commensal bacteria; fecal origin 0.537 � 0.692 ND 0.119 � 0.168 0.452 � 0.639 0.193 � 0.167 0.058 � 0.014
a References related to the most likely habitats of each genus are found in the supplemental material.
b Shaded cells denote that the particular genus was detected in both samples associated with the corresponding groundwater well. ND, not detected at the current sequencing depth.
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Arcobacter, Yersinia, and Coxiella, were detected sporadically in
both the soil and groundwater samples, at low relative abundances
(�1%). In addition, genera associated with fecal bacterial indica-
tors (e.g., Streptococcus, Staphylococcus, Erysipelothrix, Bacteroides,
and Parabacteroides) were also detected ubiquitously in the soil
and groundwater (Tables 1 and 2). To illustrate this point, the
genus Streptococcus was consistently detected in most of the soils,
albeit at low relative abundances (0.01 to 0.11%), while the genus
Clostridium was detected in most of the soil and groundwater
samples, at relative abundances ranging from 0.03 to 2.3% of the
total microbial community. The genera Bacteroides and Parabac-
teroides were also present, particularly in groundwater retrieved
from the E4 and E7 monitoring wells. Although not of fecal origin,
the genus Legionella was detected ubiquitously in all soil and
groundwater samples and was present at relative abundances
ranging from 0.03 to 0.21% of the total microbial community.

Bacterial phyla in soil and groundwater microbial commu-
nities. Figure 4A shows that all the soil samples were comprised
predominantly of the phyla Actinobacteria (10.7%), Acidobacteria
(12.1%), Proteobacteria (36.8%), and Bacteroidetes (6.2%), as well
as unclassified bacteria (25.5%). With the exception of premanure

soil samples S1C0 and S1E0, which contained unusually large
amounts of Firmicutes and Bacteroidetes, respectively, there were
no apparent changes in the soil microbial communities at the
phylum level after manure application. Bray-Curtis similarity
analyses revealed that regardless of the duration after manure ap-
plication, the postmanure soil samples shared an average of
78.5% � 3.0% similarity with the soil samples sampled before
manure application (i.e., S1A0, S2A0, S2C0, and S2E0). The abun-
dances of certain bacterial phyla were significantly different
among the groundwater samples. For example, all the groundwa-
ter samples contained mainly 20.9 to 85.6% Proteobacteria and 3.6
to 48.3% unclassified bacteria (Fig. 4B). However, the phylum
Acidobacteria was 6.6-fold more abundant in E1 and E6 than in E4
and E7 samples. In contrast, E4 and E7 groundwater had an about
11.6-fold higher abundance of the phylum Bacteroidetes. Bray-
Curtis similarity analyses further revealed that the groundwater
retrieved from the facility well clustered apart from the ground-
water in the monitoring wells (i.e., E1, E4, E6, and E7) and shared
an average similarity of 39.4% � 1.1% with the other groundwater
samples. The groundwater from monitoring wells was further
clustered into two groups. To illustrate this, groundwater samples

FIG 4 Percent abundances of bacterial phyla present in soil (A) and groundwater (B) samples. Soil samples collected before manure application are highlighted
in bold. The duration that passed after manure was first applied is denoted after each sample name. Groundwater samples from each well were collected on June
and July 2010 and are labeled with the name of the well followed by “a” and “b,” respectively.
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obtained from the E1 and E6 monitoring wells shared a similarity
of 59.5% � 0.2% with each other and a similarity of only 42.9% �
1.8% with E4 and E7 groundwater. Similarly, groundwater sam-
ples obtained from the E4 and E7 monitoring wells shared a sim-
ilarity of 53.7% � 1.3% with each other.

Differences in bacterial genera among groundwater samples.
A further evaluation at the genus level revealed unique bacterial
populations that were found in the facility waters as well as in the
two clusters of groundwater sampled from monitoring wells (Fig.
5). Groundwater sampled from the facility well had relatively
higher abundances of the genera Sulfuricurvum (1.6%), Sulfuri-
cella (2.7%), and Lysobacter (7.0%) than the other groundwater
samples. The high abundance of the phylum Acidobacteria in E1
and E6 groundwater was comprised of the uncultivated Gp1 (0.20
to 12.9%), Gp6 (0.76 to 11.4%), and Gp13 (4.5 to 14.3%) groups.
Also, the genus Nitrospira accounted for 4.3% � 0.1% of the total
microbial community in E1 groundwater (Fig. 5). In contrast, the

significantly higher abundance of the phylum Bacteroidetes in E4
and E7 groundwater was comprised of Flavobacterium (1.7%),
Bacteroides (0.3%), and Parabacteroides (0.15%). The genus Sul-
furitalea was also detected in both E4 and E7 groundwater sam-
ples, with average abundances of 24.8% and 6.5%, respectively,
and these abundances were relatively higher than those in the
remaining groundwater wells.

DISCUSSION

This study aimed to monitor the presence of biotic contaminants
in soil and groundwater ecosystems that are in close proximity to
pig production farms and to investigate the extent of perturbation
within the two indigenous microbial communities due to pig pro-
duction activities. Q-PCR analysis detected spikes of at least 6-fold
in the abundances of tetQ, tetZ, intI1, and intI2 in the soil envi-
ronment after manure application. Similar to previous studies
which demonstrated that antibiotic resistance genes can persist in

FIG 5 Heat map of bacterial populations present in the groundwater at site E. Groundwater samples were clustered into three groups. Highly abundant bacterial
populations associated with each group are boxed. Groundwater samples from each well were collected on June and July 2010 and are labeled with the name of
the well followed by “a” and “b,” respectively.
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the soil for up to 6 months (12, 13), the present studies showed
that the abundances of tetracycline resistance and integrase genes
in manure-treated soils can remain elevated above the initial
abundances detected before manure application. The elevated
abundance persisted for up to 16 months at certain agricultural
crop sites, such as those that received manure from site C. Tetra-
cycline resistance class tetQ genes are commonly associated with
conjugative transposons, while tetZ genes have been reported to
be associated with plasmids (29). Given that both class 1 and 2
integrase genes were detected and remained elevated in abun-
dance for up to 16 months in the soils sampled from site C, the
confluence of these factors has the potential to create a “microbial
perfect storm” (30), defined as a phenomenon where novel micro-
bial threats emerge with elevated frequency and that can create an
environment that allows infectious diseases to emerge and be-
come rooted in society (30).

Our findings further showed that soil samples that received
manure from site C had the highest abundances of intI1 and intI2
and that the collective level of integrase genes and tetracycline
resistance genes can remain elevated above the background for up
to 16 months. Although the exact antibiotic usage was not dis-
closed, a nursery and farrowing operation such as site C is re-
ported to typically feed sows an intake of 0.5 to 1 g of chlortetra-
cycline per day, and in most cases, antibiotics are fed from about 1
week before breeding to approximately 2 to 3 weeks after breeding
(31). Antibiotic usage and livestock management practices such as
these may have possibly attributed to the persistent levels of biotic
contaminants detected.

The groundwater monitoring wells at site E that were situated
adjacent to the manure lagoon (i.e., E4, E6, and E7) were positive
for tetracycline resistance and integrase genes on at least one of the
two sampling trips. In contrast, the background monitoring well
E1, which was situated up-gradient from the waste lagoon, was
negative for these biotic contaminants. These observations sug-
gest that there was leaching of feces-associated contaminants from
compromised lagoon linings, which in turn were horizontally dis-
seminated to the groundwater wells, situated at shallow depths.
Similar to well E1, the facility well was located up-gradient from
the waste lagoon. However, we detected the presence of tetracy-
cline resistance genes and integrase genes in the groundwater re-
trieved from the facility well. Groundwater from the facility well at
site E is regularly utilized for cleaning purposes and for consump-
tion. Further compounding the problem, private wells such as
those located at site E are generally not subjected to U.S. EPA
standards and may not be disinfected regularly prior to usage (32).
The difference between the facility well and monitoring well E1 is
the depth at which both wells are positioned in the aquifer (Fig. 2).
The facility well was drilled 36.6 m into the aquifer, while well E1
was drilled to a shallower depth of 5.3 m. The detection of tetra-
cycline resistance and integrase genes in the facility well, but not in
well E1, suggested that there was a certain extent of vertical seep-
age of feces-associated contaminants that may have further af-
fected the groundwater supplies. For example, leaching may have
occurred from the bottom of the waste pit, which contained about
2 to 5 m of manure slurry. Depending on the local hydrogeology,
the leachate can spread horizontally during the initial phase, and
subsequently in a vertical manner, to reach the deep aquifer that is
connected to the facility well. Alternatively, because the ground-
water from the facility well was collected from a tap supply, the
positive detection of biotic contaminants may have been due to

compromises in the piping distribution network. Future studies
would have to include hydrogeological and engineering surveys to
ascertain these inferences. In addition, future studies should aim
to isolate tetracycline-resistant bacteria from the facility well
groundwater. Isolation of such bacterial species would provide
insights into whether these resistance traits were indeed horizon-
tally acquired from the pig fecal microbiota.

Based on the abundance of tetracycline resistance and inte-
grase genes, it was inferred that the facility well and monitoring
wells E4 and E7 were relatively more affected than wells E1 and E6.
There was differentiation in the groundwater microbiotas that
corresponded with the abundances of biotic contaminants. The
groundwater microbiota in the facility well and monitoring wells
E4 and E7 exhibited high abundances of the genera Sulfuritalea,
Sulfuricurvum, and Sulfuricella (Fig. 5). These bacterial popula-
tions are able to oxidize the sulfur contained in pig manure and
can also utilize nitrate as electron acceptors (33–35). A previous
study detected about 140 mg/liter of SO4

2� in the facility well and
287 to 856 mg/liter of SO4

2� in the monitoring wells at site E (5),
and these amounts were higher than that in manure (70.7 mg/
liter), possibly indicating active sulfur-oxidizing activities in the
groundwater by these bacterial genera. Feces-associated bacterial
populations (e.g., Streptococcus and Bacteroides) were also de-
tected in the groundwater (Table 2). Coupled with a past bacteri-
ological survey at site E which revealed the presence of fecal coli-
forms and fecal streptococcus (5), these observations reiterated
that fecal contamination was present in the groundwater at site E
and that this contamination likely originated from the pig farms
(36).

However, unlike the groundwater wells, which were in close
spatial association with the waste lagoon and therefore exposed to
a constant source of fecal contamination, the soil samples received
only pulses of contamination that originated from the one-time
manure application. These short pulses of contamination had no
detectable impact on the microbial composition of the soil micro-
biota. It has been demonstrated that bacteria from manure are
poorly adapted to the soil microcosm and are soon outnumbered
by the soil microbiota (13). Similarly, a negative correlation be-
tween the diversity of the soil microbiota and the survival of
pathogenic Escherichia coli populations has also been demon-
strated (37). In agreement with these observations, the soil sam-
ples in this study exhibited a significantly (P value � 4.23 � 10�6)
higher microbial richness than that of groundwater, and the
higher soil microbial diversity possibly accounted for greater re-
silience toward perturbations by implanted bacterial populations
in applied pig waste. The negative correlation is likely due to a
decrease in the competitive ability of the invader pathogen to uti-
lize the available resources that are present in the soils. Alterna-
tively, the bacteria from manure may experience higher die-off
rates than those in the groundwaters due to constant exposure to
the full UV spectrum from sunlight when present in the soils.

At the current pyrosequencing depth of approximately 5,990
sequences per sample, it was revealed that the soil and groundwa-
ter samples contained a wide range of genera associated with op-
portunistic pathogens (Tables 1 and 2). Some of these genera are
opportunistic human pathogens (e.g., Acinetobacter, Yersinia, and
Enterococcus), while others are opportunistic human and animal
pathogens (e.g., Treponema, Arcobacter, Coxiella, Staphylococcus,
and Erysipelothrix). These genera associated with opportunistic
pathogens can be classified further into three types: first, the gen-
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era Treponema, Legionella, Yersinia, and Coxiella, which contain
species that are intracellular parasites and reside in living hosts;
second, the genera Arcobacter, Acinetobacter, Clostridium, and
Enterococcus, which originate from both environmental and fecal
sources; and third, the genera Streptococcus, Staphylococcus, Ery-
sipelothrix, Parabacteroides, and Bacteroides, which originate
mainly from fecal sources. Among these, the genus Acinetobacter
was present in the manure, soil, and groundwater ecosystems,
with relative abundances of up to 0.69% of the total microbial
community. Acinetobacter spp. are generally regarded as com-
mensal, opportunist, relatively low-grade pathogens (38) but have
now been identified as causative agents in cases of community-
acquired infection and in 9% of nosocomial infections (39, 40).
Besides Acinetobacter spp., feces-associated bacteria such as Strep-
tococcus, Erysipelothrix, and Bacteroides were also detected in the
manure, soil, and groundwater ecosystems, suggesting a pertur-
bation of the soil and groundwater environments by invader spe-
cies from pig production activities.

Lastly, intracellular parasites such as Yersinia and Coxiella were
also detected in some of the manure-treated soils and in ground-
waters sampled from monitoring well E4 or E7. The bacterial spe-
cies Yersinia pestis and Coxiella burnetii are known to be etiologic
agents of plague and Q fever, respectively. Dose-response experi-
ments performed on mice have established that the median lethal
doses (LD50s) are approximately 4.26 � 102 CFU (41) and 4.93 �
108 PFU (42) for Yersinia pestis and Coxiella burnetii, respectively.
Given that only low relative abundances of the genera Yersinia and
Coxiella were detected in the soil and groundwater, the potential
health impact on farm workers and the public remains low. Fur-
thermore, the short pyrosequencing length (�370 nucleotides
[nt]) in this study did not allow identification at the species level,
and therefore we could not determine if Yersinia pestis and Cox-
iella burnetii were present.

In summary, this study illustrates that both soil and ground-
water are vulnerable to contamination originating from pig pro-
duction farms. Collectively, manure-treated soils and feces-con-
taminated groundwater may be hot spots for horizontal gene
transfer and may be critical zones for the exchange of genetic
material between the species-rich environmental microbiota and
antibiotic-resistant microorganisms. Future studies should aim to
assess the direction of horizontal gene transfer by use of molecular
and cultivation approaches and to determine if there is a possible
exchange of mobile genetic elements between antimicrobial-resis-
tant soil and groundwater bacteria and opportunistic pathogens.
This study has provided a detailed monitoring of the biotic con-
taminants (i.e., tetracycline resistance genes, integrase genes, gen-
era associated with opportunistic pathogens, and feces-associated
bacteria) in both ecosystems. Coupled with our recent monitoring
effort on the indoor bioaerosols on livestock production farms
(24), our findings reiterate the need for better management prac-
tices and regulations to minimize dissemination of biotic contam-
inants originating from pig production farms into the environ-
ment.
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