
RESEARCH ARTICLE

Characterization of Antibiotic Resistance
Gene Abundance and Microbiota
Composition in Feces of Organic and
Conventional Pigs from Four EU Countries
Lenka Gerzova1, Vladimir Babak1, Karel Sedlar2, Marcela Faldynova1, Petra Videnska1,
Darina Cejkova1, Annette Nygaard Jensen3, Martine Denis4, Annaelle Kerouanton4,
Antonia Ricci5, Veronica Cibin5, Julia Österberg6, Ivan Rychlik1*

1 Veterinary Research Institute, Brno, Czech Republic, 2 Brno University of Technology, Brno, Czech
Republic, 3 Technical University of Denmark, National Food Institute, Copenhagen, Denmark, 4 Anses,
Hygiene and Quality of Poultry and Pig Products Unit, Ploufragan, France, 5 Istituto Zooprofilattico
Sperimentale delle Venezie, Padova, Italy, 6 National Veterinary Institute (SVA), Uppsala, Sweden

* rychlik@vri.cz

Abstract
One of the recent trends in animal production is the revival of interest in organic farming.

The increased consumer interest in organic animal farming is mainly due to concerns

about animal welfare and the use of antibiotics in conventional farming. On the other hand,

providing animals with a more natural lifestyle implies their increased exposure to environ-

mental sources of different microorganisms including pathogens. To address these con-

cerns, we determined the abundance of antibiotic resistance and diversity within fecal

microbiota in pigs kept under conventional and organic farming systems in Sweden, Den-

mark, France and Italy. The abundance of sul1, sul2, strA, tet(A), tet(B) and cat antibiotic
resistance genes was determined in 468 samples by real-time PCR and the fecal microbiota

diversity was characterized in 48 selected samples by pyrosequencing of V3/V4 regions of

16S rRNA. Contrary to our expectations, there were no extensive differences between the

abundance of tested antibiotic resistance genes in microbiota originating from organic or

conventionally housed pigs within individual countries. There were also no differences in

the microbiota composition of organic and conventional pigs. The only significant difference

was the difference in the abundance of antibiotic resistance genes in the samples from dif-

ferent countries. Fecal microbiota in the samples originating from southern European coun-

tries (Italy, France) exhibited significantly higher antibiotic resistance gene abundance than

those from northern parts of Europe (Denmark, Sweden). Therefore, the geographical loca-

tion of the herd influenced the antibiotic resistance in the fecal microbiota more than farm’s

status as organic or conventional.
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Introduction
A recent trend in animal production is the revival of interest in organic farming [1,2]. Although
this trend is mainly motivated by animal welfare, concerns about the use of antibiotics in con-
ventional farming systems also contributed to increased interest in organic farming [3–5].
On the other hand, organically farmed animals have access to the outdoor environment with
harbors different sources of viral, bacterial and protozoan microbiota. This may increase the
diversity of microbiota in various organs of organic animals including an increased risk of
infections by pathogens [6]. The pros and cons of conventional and organic farming therefore
raise extensive debates.

Pigs are predominantly reared in intensive production systems where the administration of
antibiotics is commonly used to control various diseases [7]. However, every administration of
antibiotics leads to the positive selection of antibiotic resistant bacterial clones [8,9]. In contrast
to conventional systems, the use of antibiotics is strictly regulated in organic farming and a
lower prevalence of antibiotic resistance in microbiota of pigs raised by organic farming meth-
ods can therefore be expected.

The quantification of antibiotic resistance in a given bacterial population is commonly
performed by culture. However, this approach is limited to the testing method which specifi-
cally selects for certain antibiotics and bacterial species. Moreover, it is uncertain whether
the presence of antibiotic resistance in certain bacterial species is representative of the entire
bacterial population. This is why culture independent techniques, e.g. real-time PCR quantifi-
cation or next generation sequencing, have been used to quantitatively assess antibiotic resis-
tance [9–12].

In this study we compared the abundance of selected antibiotic resistance genes and micro-
bial diversity in the feces of organic and conventional pigs. We hypothesized that the abun-
dance of antibiotic resistance genes would be higher in the conventionally grown pigs due to
more frequent antibiotic use while microbial diversity might by higher in organic pigs due to
their higher exposure to environmental microbiota. Unlike our expectations, there were no sig-
nificant differences between the prevalence of antibiotic resistance genes or microbiota compo-
sition in organic or conventional pigs. However, microbiota in the samples originating from
southern Europe exhibited a higher abundance of antibiotic resistance genes than the samples
from northern Europe.

Material and Methods

Ethics statement
Sampling at slaughter houses were performed under the supervision and permission of the
district veterinary officer and pig owners. The owners of the farms were aware that the drop-
pings were being collected for this study and gave their permission for doing so. However, the
owners of the slaughterhouses and the individual farmers both gave their permission for sam-
ple collection and processing assuming their identity will not be revealed. Due to these confi-
dentiality agreements, the specific locations of the farms and slaugterhouses therefore cannot
be disclosed. None of the pigs were slaughtered specifically for research purposes and no other
type of samples, e.g. different tissues, were collected from the pigs.

Sample collection and DNA isolation
In total, 468 intestinal or fecal samples were collected from pigs throughout 2012–2013. Out of
these, 233 samples originated from pigs kept under conventional conditions in France (n = 36),
Italy (n = 122), Sweden (n = 36) and Denmark (n = 39), and 235 samples were collected from
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pigs reared in an organic farming system in the same countries, i.e. in France (n = 42), Italy
(n = 116), Sweden (n = 35) and Denmark (n = 42). Samples from French, Swedish and Danish
pigs were collected from the colon of slaughtered animals and Italian samples were collected
from fresh fecal droppings in pens with finishing pigs. All the samples were stored at -20°C
until DNA purification. DNA was extracted using QIAamp DNA Stool Mini kit following the
manufacturer’s instructions (Qiagen) and the quality and concentration of the purified DNA
was determined spectrophotometrically. DNA was stored at -20°C until further analysis.

Real-time PCR quantification of antibiotic resistance genes
Real-time PCR was used for the quantification of sul1, sul2, strA, tet(A), tet(B) and cat genes, as
described previously [9,13]. Target antibiotic resistance genes were selected to represent those
commonly found in the genomes of gut microbiota [9, 14]. PCR was performed in 3μl volumes
in 384-well microplates using QuantiTect SYBR Green PCRMaster mix (Qiagen). Dispensing
of the PCR master mix, primers, water and DNA was performed using Nanodrop pipeting sta-
tion (Innovadyne). PCR and signal detection was performed with a LightCycler II (Roche)
with an initial denaturation at 95°C for 15 min followed by 40 cycles of denaturation at 95°C
for 20 s, primer annealing at 60°C for 30 s and extension at 72°C for 30 s. Each sample was sub-
jected to real-time PCR in triplicate and the mean values of the triplicates were used for subse-
quent analysis. Amplification of the 16S rRNA gene using domain Bacteria specific primers
was used as a reference to determine the total amount of bacterial DNA in each sample (for
primer sequences see S1 Table). Ct values of genes of interest were subtracted from the Ct
value of bacterial 16S rRNA gene amplification (ΔCt) and the relative abundance of each gene
of interest was finally calculated as 2-ΔCt.

Comparison of microbiota composition in organic and conventional pigs
by pyrosequencing 16S rRNA genes
Five samples from each country and each farming condition were selected for microbiota char-
acterization. The samples were selected to include one sample with extremely high antibiotic
resistance gene prevalence, one with extremely low antibiotic gene prevalence and remaining
3 samples were chosen as having average antibiotic resistance gene abundance for each particu-
lar country and farming condition. The sixth sample for each country and farming conditions
was generated by pooling all available samples from the same country and farming conditions.
Altogether 48 DNA samples were used as a template in PCR amplifying over V3/V4 variable
region of 16S rRNA genes [12]. PCR was performed using a HotStarTaq PlusMaster Mix Kit
(Qiagen) with initial denaturation at 95°C for 15 min followed by 30 cycles of denaturation at
94°C for 40 s, primer annealing at 55°C for 45 s and extension at 72°C for 1 min. The resulting
PCR products were separated on a 1.2% agarose gel and extracted from the gel with a QIAquick
Gel Extraction kit (Qiagen). The purified PCR products were subjected to library preparation
using a GS Amplicon Library Preparation Kit (Roche), emulsion PCR and pyrosequencing
with GS Junior Titanium kits strictly following the manufacturer's instructions (Roche). The
pyrosequencing was performed with a GS Junior 454 sequencer (Roche).

The data obtained were processed as described previously [12]. Briefly, fasta and qual files
generated as an output of the pyrosequencing were uploaded into Qiime software [15]. Trim-
ming criteria consisted of none or one mismatch in primer sequences and no mismatch in
MID sequences. Sequences with a quality score higher than 20 were shortened to the same
length of 350 bp and classified with RDP Classifier and RDP Seqmatch with an OTU discrimi-
nation level set to 97%. Diversity analyses were performed using both all sequences available
for each sample and the same number of randomly selected sequences adjusted to the number
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of sequences available for the sample with the lowest coverage. The raw sequence reads have
been deposited in the NCBI Short Read Archive under the accession number SRP049609.

Statistics
To achieve normal distribution and to stabilize the variance, real-time PCR data from the
abundance of antibiotic resistance genes were transformed using logarithmic transformation
and Box-Cox transformation, respectively. In the next step, data were analyzed by ANOVA fol-
lowed by Tukey HSD post-hoc test (Statistica v.12.0, module ANOVA). Transformed data
were also analyzed by principal component analysis (PCA; Statistica v.12.0, module Multivari-
ate exploratory techniques).

Results

Real-time PCR quantification of antibiotic resistance genes
strA, sul1 and sul2 genes were the most abundant antibiotic resistance genes in porcine fecal
microbiota, independent of country or farming conditions. The median abundance of strA,
sul1 and sul2 genes in samples from Italy, France and Denmark ranged from 10−4 to 10−5

which means that these genes were present in 1 out of 104 or 105 bacteria forming the total
fecal microbiota. tet(A) and tet(B) genes were present at similar median abundance 10−5 in Ital-
ian and French samples and at 2–3 logs lower abundance in samples from Denmark and Swe-
den. The cat gene was the least abundant as its abundance ranged around 10−6 irrespective of
the country of origin or farming conditions (Fig 1). The antibiotic resistance gene abundance
was usually higher in samples from Italy and France followed by Denmark and Sweden. This

Fig 1. Abundance of antibiotic resistance genes in fecal microbiota of conventional and organic pigs.
Antibiotic resistance gene abundance is presented as median, 25th and 75th percentiles (box) and the
whiskers indicating the minimal and maximal values recorded. Black boxes, abundance in the microbiota
from conventional pigs, green boxes, abundance in microbiota from organic pigs. As shown in the table
embedded within the figure, country of sample origin (IT–Italy, FR–France, DNK–Denmark, SWE–Sweden)
was a significant source of variation (ANOVA followed by Tukey HSD post-hoc test, P<0.01, asterisks
indicate significant difference, NS–Non Significant). On the other hand, comparison of antibiotic resistance
gene abundance in feces of pigs from organic and conventional farms within the same country reached
statistical difference only for sul2, tet(B) and cat abundance in Italian samples (ANOVA followed by Tukey’s
HSD post-hoc test P<0.01).

doi:10.1371/journal.pone.0132892.g001
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pattern was observed for strA, sul1, sul2, tet(A) or tet(B) genes. The cat gene had quite a similar
abundance in all the samples, irrespective of country of origin.

The fact that samples originating from different countries exhibited different antibiotic
resistance gene abundance was further supported by PCA clustering which grouped samples
from Italy and France, and Denmark and Sweden into 2 different clusters (Fig 2). However,
when different farming conditions were compared within the same country, neither the antibi-
otic resistance gene abundance shown in Fig 1 nor the PCA clustering shown in Fig 2 indicated
any differences between the production systems.

Microbiota composition determined by 16S rRNA pyrosequencing
Since there were differences in the abundance of antibiotic resistance genes in samples originat-
ing from different countries, we subsequently examined whether this was caused by the pres-
ence of different microbiota members. Furthermore, in this experiment we addressed an
original aim of this study, i.e. whether there are differences in microbial diversity in feces of
organic and conventional pigs.

Altogether 323,887 sequences were obtained in this study and the number of sequences per
sample ranged from 1,837 to 15,706 (S2 Table). Altogether, representatives of 21 phyla were
detected throughout the study using RDP Classifier and these were classified into 124 or 117
families when using RDP Classifier or RDP SeqMatch, respectively.

The dominating phyla in conventional porcine fecal samples included Firmicutes (74.6 ±
14.5%), Bacteroidetes (19.8 ± 11.8%) and Proteobacteria (3.39 ± 5.49%). Other phyla were
present in less than 1% of total microbiota. At family level, the samples from conventional pigs
were dominated by Ruminococcaceae (17.55 ± 9.05%), Lactobacillaceae (12.99 ± 10.95%),
Clostridiaceae (11.66 ± 11.31%) and Lachnospiraceae (10.88 ± 4.84%) followed by Prevotella-
ceae, Porphyromonadaceae and Peptostreptococcaceae being present at 9.43 ± 8.68%, 7.54 ±
3.49% and 5.83 ± 4.53%, respectively. An additional 6 families were present at 1–5% of all
microbiota (S3 Table).

Fig 2. PCA clustering based on the antibiotic resistance gene abundance. Each spot represents an
individual sample tested in this study and clustered according to the abundance of 6 antibiotic resistance
genes. Factor 1, accounting for nearly 58% of the variation negatively correlated with abundance of strA,
sul1, sul2, tet(A) and tet(B) (correlation coefficients ranged from -0.84 to -0.76). Orange—samples from Italian
farms, red—samples from French farms, blue—samples from Danish farms, green—samples from Swedish
farms. Opened symbols–samples from pigs kept in conventional farms. Closed symbols–samples from pigs
kept in organic farms.

doi:10.1371/journal.pone.0132892.g002
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Samples from organic farming were also dominated by Firmicutes (69.5 ± 16.4%) followed
by Bacteroidetes (22.3 ± 10.0%), Proteobacteria (5.75 ± 14.13%) and Actinobacteria (1.36 ±
0.96%). At family level, the samples from organic pigs were dominated by Ruminococcaceae
(15.52 ± 5.61%), Lachnospiraceae (13.21 ± 6.21%) and Lactobacillaceae (12.73 ± 11.29%),
Prevotellaceae (9.72 ± 6.69%) followed by Porphyromonadaceae (9.24 ± 4.88%) and Clostridia-
ceae (7.84 ± 5.13%). Additional 9 families were present at 1–5% of all microbiota (S3 Table).
Rather unique was the presence ofMoraxellaceae in 3 samples from Italian pigs, two of them
originating from organic production and one from a pig at a conventional farm (Fig 3). In
addition, we noticed a lower abundance of Prevotellaceae and a higher abundance of Clostridia-
ceae in microbiota of conventional pigs from Sweden and Denmark in comparison with all the
remaining samples (Fig 3). Apart from the differences above, the fecal microbiota of pigs from
different countries and production systems were highly uniform and the only significant differ-
ence between microbiota of organic and conventional pigs was recorded in Bifidobacteriaceae
(for PCoA plots see S1 Fig). Bifidobacteriaceae were 3× more frequent in microbiota from
organic pigs compared to conventional pigs. However, their total abundance was quite low
accounting for around 0.2–0.6% of total microbiota.

Discussion
In this study we investigated the differences in antibiotic resistance gene abundance and fecal
microbiota composition in pigs from organic and conventional production systems originating
from 4 different European countries. Rather unexpectedly, there were no extensive differences
in antibiotic gene abundance in fecal microbiota from organic and conventional pigs. This was
different from reports in poultry in which the abundance of antibiotic resistant Enterobacteria-
ceae was repeatedly higher in chickens from conventional systems than in organic systems
[3,16,17] although a recent report disputed the original observations [18]. On the other hand,
our findings are similar to the observations in cattle in which the abundance of antibiotic resis-
tant bacteria was also the same in animals originating from organic and conventional produc-
tion systems [4,19,20]. This conclusion can be explained by the high ability of microbiota to

Fig 3. Composition of fecal microbiota of conventional and organic pigs in four countries at family
level. Each color represents a particular bacterial family and the following numbers refer to the defined color
codes. 1 –Veillonellaceae, 2—unclassifiedClostridiales, 3—unclassified Bacteroidales, 4 –Streptococcaceae,
5 –Ruminococcaceae, 6 –Moraxellaceae, 7 –Rikenellaceae, 8 –Prevotellaceae, 9 –Porphyromonadaceae, 10
–Peptostreptococcaceae, 11 –Lachnospiraceae, 12 –Hydrogenophylaceae, 13 –Lactobacillaceae, 14 –

Erysipelotrichaceae, 15—Clostridiaceae incertae sedis, 16 –Clostridiaceae, 17 –Acidaminococcaceae. IT–
Italy, FR–France, DNK–Denmark, SWE–Sweden. Org–samples from organic farms, Con–samples from
conventional farms. Sample 1–5 for each country and production system represent samples taken from 5
randomly selected pigs. The sixth samples (“P”) always represent pooled samples from particular country and
production system.

doi:10.1371/journal.pone.0132892.g003
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recover following antibiotic therapy [9,12,21,22]. Short therapeutic events early in the produc-
tion of pigs thus may be of low consequence for the presence of antibiotic resistant bacteria in
fecal microbiota of pigs at the time of slaughter. The absence of differences in antibiotic resis-
tance gene abundance by real-time PCR quantification may also reflect that this approach is
suitable for the characterization of more extensive differences, whereas smaller differences
cannot be discriminated sufficiently. This is supported by a parallel examination of the same
samples for the antibiotic resistance in Escherichia coli which showed significantly lower levels
of antibiotic resistance in E. coli from organic pigs compared to conventional (data not shown).

Despite the absence of differences in the abundance of antibiotic resistance genes in the
microbiota of conventional and organic pigs within the same country, we observed significant
differences between countries, except for the resistance to chloramphenicol. Rather similar
abundances in the chloramphenicol resistance cat gene can be explained by a ban of chloram-
phenicol use in animal production in the EU in 1994 [23]. On the other hand, the most exten-
sive differences in antibiotic resistance gene abundances among countries were observed for tet
(A) and tet(B) genes, both coding for efflux pump proteins. It is possible that the presence of
these efflux pump proteins in the absence of antibiotic pressure results in negative fitness and
negative selection of bacteria harboring these genes from the total population [24, 25].

As mentioned above, these country-specific effects are also unlikely to be caused by recent
antibiotic therapy since pigs in organic production can be treated only once during a six month
period and no antibiotic treatment is allowed in either production systems at the end of the
rearing period. Considering the rapid recovery of microbiota after antibiotic withdrawal
[9,12,21,22,26], the direct effect of recent antibiotic administration is therefore unlikely.
Whether the explanation might be due to the differences in general use and handling of antibi-
otics among countries would require more solid data on antibiotic use in EU countries [27, 7],
both in animal husbandry and in humans. However, a similar, though not that extensive,
south/north country effect in antibiotic resistance gene abundance in gut microbiota was
observed also in poultry [28].

The composition of pig fecal microbiota observed in this study was similar to that reported
by Mulder et al. [29]. Minor differences can be explained by the fact the Mulder et al. tested
microbiota composition in 56-day-old piglets while we tested microbiota in adult pigs and age
is a known factor affecting gut microbiota composition [30–32]. In addition, ileal and fecal
microbiota were characterised in the study of Mulder at al., whereas this paper presents data
on colonic or fecal microbiota. Despite this, the absence of extensive differences between gut
microbiota of conventional and organic pigs was similar to the absence of significant differ-
ences in the composition of microbiota of indoor and outdoor kept pigs reported earlier [29].
We also noticed that when compared with humans or chickens, the microbiota of pigs con-
tained much lower counts of Bacteroidaceae [29–33].

Bifidobacteriaceae (phylum Actinobacteria) was the only family which was significantly
increased in microbiota of organic pigs in comparison to conventional ones. Although we do
not have any experimental evidence to explain this, representatives of Bifidobacteriaceae are
capable of digesting different oligosaccharides [34,35]. Organic pigs may have increased access
to environmental oligosaccharides of plant origin in comparison to conventional pigs and
these oligosaccharides may act as prebiotics positively selecting for Bifidobacteriaceaemainly
in outdoor, organic pigs.

In this study we showed that the composition of pig gut microbiota is quite conserved and
did not differ between conventional and organic pigs or among countries. In addition, there
were no differences in selected antibiotic resistance gene abundance in microbiota from con-
ventional or organic pigs from the same country. However, we observed a considerable “coun-
try” effect on antibiotic resistance gene abundance which increased from northern to southern
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Europe. This indicates that the geographical location in which pigs are kept and grown is
dominant over the farming system. A recent report on antibiotic use in different EU countries
shows that antibiotics, including those against which the genes responsible for resistance were
quantified in this study, are used more frequently in farm animal production in France and
Italy than in Denmark or Sweden [36]. However, one must be cautious in drawing conclusions
from the rather moderate differences found between antibiotic use in Denmark and France.
Whether there is an association between general antibiotic policies adopted in human and vet-
erinary medicine in different countries and the abundance of antibiotic resistant bacteria in pig
gut microbiota will therefore have to be determined by additional independent studies.

Supporting Information
S1 Fig. Weighted and unweighted PCoA plots based on 16S rRNA gene sequencing of
selected samples. No differences based on the country of sample origin or faming conditions
were observed. Orange—samples from Italian farms, red—samples from French farms, blue—
samples from Danish farms, green—samples from Swedish farms. Opened symbols–samples
from pigs kept in conventional farms. Closed symbols–samples from pigs kept in organic
farms.
(PDF)

S1 Table. List of primers used in this study.
(XLS)

S2 Table. Basic pyrosequencing characteristics. This file contains basic information on
sequence coverage of individual samples together with different indices characterizing the
alpha and beta diversities.
(XLS)

S3 Table. List of all OTUs identified in this study. List of all OTU identified in this study and
classified with RDP classifier to the most probable taxons.
(XLS)

Acknowledgments
Authors would like to thank Lee Clayton Elsheimer for his English language corrections.

Author Contributions
Conceived and designed the experiments: ANJ MD AR JO. Performed the experiments: LG
MF PV. Analyzed the data: VB KS DC. Contributed reagents/materials/analysis tools: AK VC.
Wrote the paper: IR.

References
1. Dransfield E, Ngapo TM, Nielsen NA, Bredahl L, Sjoden PO, MagnussonM et al. (2005) Consumer

choice and suggested price for pork as influenced by its appearance, taste and information concerning
country of origin and organic pig production. Meat Sci 69: 61–70. doi: 10.1016/j.meatsci.2004.06.006
PMID: 22062640

2. Ngapo TM, Dransfield E, Martin JF, MagnussonM, Bredahl L, Nute GR (2004) Consumer perceptions:
pork and pig production. Insights from France, England, Sweden and Denmark. Meat Sci 66: 125–134.
doi: 10.1016/S0309-1740(03)00076-7 PMID: 22063940

3. Miranda JM, Vazquez BI, Fente CA, Calo-Mata P, Cepeda A, Franco CM (2008) Comparison of antimi-
crobial resistance in Escherichia coli, Staphylococcus aureus, and Listeria monocytogenes strains iso-
lated from organic and conventional poultry meat. J Food Prot 71: 2537–2542. PMID: 19244911

Antibiotic Resistance and Microbiota of Organic and Conventional Pigs

PLOS ONE | DOI:10.1371/journal.pone.0132892 July 28, 2015 8 / 10

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0132892.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0132892.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0132892.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0132892.s004
http://dx.doi.org/10.1016/j.meatsci.2004.06.006
http://www.ncbi.nlm.nih.gov/pubmed/22062640
http://dx.doi.org/10.1016/S0309-1740(03)00076-7
http://www.ncbi.nlm.nih.gov/pubmed/22063940
http://www.ncbi.nlm.nih.gov/pubmed/19244911


4. Miranda JM, Mondragon A, Vazquez BI, Fente CA, Cepeda A, Franco CM (2009) Influence of farming
methods on microbiological contamination and prevalence of resistance to antimicrobial drugs in iso-
lates from beef. Meat Sci 82: 284–288. doi: 10.1016/j.meatsci.2009.01.020 PMID: 20416735

5. Soonthornchaikul N, Garelick H, Jones H, Jacobs J, Ball D, Choudhury M (2006) Resistance to three
antimicrobial agents of Campylobacter isolated from organically- and intensively-reared chickens pur-
chased from retail outlets. Int J Antimicrob Agents 27: 125–130. PMID: 16417991

6. Zheng DM, Bonde M, Sorensen JT (2007) Associations between the proportion of Salmonella seroposi-
tive slaughter pigs and the presence of herd level risk factors for introduction and transmission of Sal-
monella in 34 Danish organic, outdoor (non-organic) and indoor finishing-pig farms. Livestock Sci 106:
189–199.

7. De Briyne N, Atkinson J, Pokludova L, Borriello SP (2014) Antibiotics used most commonly to treat ani-
mals in Europe. Vet Rec 175: 325. doi: 10.1136/vr.102462 PMID: 24899065

8. Phillips I, Casewell M, Cox T, De Groot B, Friis C, Jones R et al. (2004) Does the use of antibiotics in
food animals pose a risk to human health? A critical review of published data. J Antimicrob Chemother
53: 28–52. PMID: 14657094

9. Faldynova M, Videnska P, Havlickova H, Sisak F, Juricova H, Babak V et al. (2013) Prevalence of anti-
biotic resistance genes in faecal samples from cattle, pigs and poultry. Vet Med Czech 58: 298–304.

10. Yu Z, Michel FC Jr., Hansen G, Wittum T, Morrison M (2005) Development and application of real-time
PCR assays for quantification of genes encoding tetracycline resistance. Appl Environ Microbiol 71:
6926–6933. PMID: 16269727

11. Gerzova L, Videnska P, Faldynova M, Sedlar K, Provaznik I, Cizek A et al. (2014) Characterization of
microbiota composition and presence of selected antibiotic resistance genes in carriage water of orna-
mental fish. PLoS One 9: e103865. doi: 10.1371/journal.pone.0103865 PMID: 25084116

12. Videnska P, Faldynova M, Juricova H, Babak V, Sisak F, Havlickova H et al. (2013) Chicken faecal
microbiota and disturbances induced by single or repeated therapy with tetracycline and streptomycin.
BMC Vet Res 9: 30. doi: 10.1186/1746-6148-9-30 PMID: 23406343

13. Tseng CP, Cheng JC, Tseng CC, Wang C, Chen YL, Chiu DT et al. (2003) Broad-range ribosomal RNA
real-time PCR after removal of DNA from reagents: melting profiles for clinically important bacteria. Clin
Chem 49: 306–309. PMID: 12560356

14. Szmolka A, AnjumMF, La Ragione RM, Kaszanyitzky EJ, Nagy B (2012) Microarray based compara-
tive genotyping of gentamicin resistant Escherichia coli strains from food animals and humans. Vet
Microbiol 156: 110–8. doi: 10.1016/j.vetmic.2011.09.030 PMID: 22018659

15. Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK et al. (2010) QIIME
allows analysis of high-throughput community sequencing data. Nat Methods 7: 335–336. doi: 10.
1038/nmeth.f.303 PMID: 20383131

16. Alvarez-Fernandez E, Dominguez-Rodriguez J, Capita R, Alonso-Calleja C (2012) Influence of housing
systems on microbial load and antimicrobial resistance patterns of Escherichia coli isolates from eggs
produced for human consumption. J Food Prot 75: 847–853. doi: 10.4315/0362-028X.JFP-11-182
PMID: 22564932

17. Sapkota AR, Kinney EL, George A, Hulet RM, Cruz-Cano R, Schwab KJ et al. (2014) Lower prevalence
of antibiotic-resistant Salmonella on large-scale U.S. conventional poultry farms that transitioned to
organic practices. Sci Total Environ 476–477: 387–392. doi: 10.1016/j.scitotenv.2013.12.005 PMID:
24486494

18. Mollenkopf DF, Cenera JK, Bryant EM, King CA, Kashoma I, Kumar A et al. (2014) Organic or antibi-
otic-free labeling does not impact the recovery of enteric pathogens and antimicrobial-resistant Escheri-
chia coli from fresh retail chicken. Foodborne Pathog Dis 11: 920–929. doi: 10.1089/fpd.2014.1808
PMID: 25405393

19. Roesch M, Perreten V, Doherr MG, SchaerenW, SchallibaumM, Blum JW (2006) Comparison of anti-
biotic resistance of udder pathogens in dairy cows kept on organic and on conventional farms. J Dairy
Sci 89: 989–997. PMID: 16507693

20. Sato K, Bartlett PC, Kaneene JB, Downes FP (2004) Comparison of prevalence and antimicrobial sus-
ceptibilities ofCampylobacter spp. isolates from organic and conventional dairy herds in Wisconsin.
Appl Environ Microbiol 70: 1442–1447. PMID: 15006764

21. Jernberg C, Lofmark S, Edlund C, Jansson JK (2010) Long-term impacts of antibiotic exposure on the
human intestinal microbiota. Microbiology 156: 3216–3223. doi: 10.1099/mic.0.040618-0 PMID:
20705661

22. Lofmark S, Jernberg C, Jansson JK, Edlund C (2006) Clindamycin-induced enrichment and long-term
persistence of resistant Bacteroides spp. and resistance genes. J Antimicrob Chemother 58: 1160–
1167. PMID: 17046967

Antibiotic Resistance and Microbiota of Organic and Conventional Pigs

PLOS ONE | DOI:10.1371/journal.pone.0132892 July 28, 2015 9 / 10

http://dx.doi.org/10.1016/j.meatsci.2009.01.020
http://www.ncbi.nlm.nih.gov/pubmed/20416735
http://www.ncbi.nlm.nih.gov/pubmed/16417991
http://dx.doi.org/10.1136/vr.102462
http://www.ncbi.nlm.nih.gov/pubmed/24899065
http://www.ncbi.nlm.nih.gov/pubmed/14657094
http://www.ncbi.nlm.nih.gov/pubmed/16269727
http://dx.doi.org/10.1371/journal.pone.0103865
http://www.ncbi.nlm.nih.gov/pubmed/25084116
http://dx.doi.org/10.1186/1746-6148-9-30
http://www.ncbi.nlm.nih.gov/pubmed/23406343
http://www.ncbi.nlm.nih.gov/pubmed/12560356
http://dx.doi.org/10.1016/j.vetmic.2011.09.030
http://www.ncbi.nlm.nih.gov/pubmed/22018659
http://dx.doi.org/10.1038/nmeth.f.303
http://dx.doi.org/10.1038/nmeth.f.303
http://www.ncbi.nlm.nih.gov/pubmed/20383131
http://dx.doi.org/10.4315/0362-028X.JFP-11-182
http://www.ncbi.nlm.nih.gov/pubmed/22564932
http://dx.doi.org/10.1016/j.scitotenv.2013.12.005
http://www.ncbi.nlm.nih.gov/pubmed/24486494
http://dx.doi.org/10.1089/fpd.2014.1808
http://www.ncbi.nlm.nih.gov/pubmed/25405393
http://www.ncbi.nlm.nih.gov/pubmed/16507693
http://www.ncbi.nlm.nih.gov/pubmed/15006764
http://dx.doi.org/10.1099/mic.0.040618-0
http://www.ncbi.nlm.nih.gov/pubmed/20705661
http://www.ncbi.nlm.nih.gov/pubmed/17046967


23. Schwarz S, Kehrenberg C, Doublet B, Cloeckaert A (2004) Molecular basis of bacterial resistance to
chloramphenicol and florfenicol. FEMSMicrobiol Rev 28:519–42. PMID: 15539072

24. Græsbøll K, Nielsen SS, Toft N, Christiansen LE (2014) How fitness reduced, antimicrobial resistant
bacteria survive and spread: a multiple pig-multiple bacterial strain model. PLoS One 9:e100458. doi:
10.1371/journal.pone.0100458 PMID: 25006965

25. Hellweger FL (2013) Escherichia coli adapts to tetracycline resistance plasmid (pBR322) by mutating
endogenous potassium transport: in silico hypothesis testing. FEMSMicrobiol Ecol 83:622–31. doi:
10.1111/1574-6941.12019 PMID: 23020150

26. Antonopoulos DA, Huse SM, Morrison HG, Schmidt TM, Sogin ML, Young VB (2009) Reproducible
community dynamics of the gastrointestinal microbiota following antibiotic perturbation. Infect Immun
77: 2367–2375. doi: 10.1128/IAI.01520-08 PMID: 19307217

27. Grave K, Torren-Edo J, Muller A, Greko C, Moulin G, Mackay D (2014) Variations in the sales and sales
patterns of veterinary antimicrobial agents in 25 European countries. J Antimicrob Chemother
69:2284–91. doi: 10.1093/jac/dku106 PMID: 24744304

28. Videnska P, Rahman MM, Faldynova M, Babak V, Matulova ME, Prukner-Radovcic E et al. (2014)
Characterization of egg laying hen and broiler fecal microbiota in poultry farms in Croatia, Czech
Republic, Hungary and Slovenia. PLoS One 9: e110076. doi: 10.1371/journal.pone.0110076 PMID:
25329397

29. Mulder IE, Schmidt B, Stokes CR, Lewis M, Bailey M, Aminov RI et al. (2009) Environmentally-acquired
bacteria influence microbial diversity and natural innate immune responses at gut surfaces. BMC Biol
7: 79. doi: 10.1186/1741-7007-7-79 PMID: 19930542

30. Videnska P, Sedlar K, Lukac M, Faldynova M, Gerzova L, Cejkova D et al. (2014) Succession and
replacement of bacterial populations in the caecum of egg laying hens over their whole life. PLoS One
9: e115142. doi: 10.1371/journal.pone.0115142 PMID: 25501990

31. Claesson MJ, Jeffery IB, Conde S, Power SE, O'Connor EM, Cusack S et al. (2012) Gut microbiota
composition correlates with diet and health in the elderly. Nature 488: 178–184. doi: 10.1038/
nature11319 PMID: 22797518

32. O'Toole PW, Claesson MJ (2010) Gut microbiota: Changes throughout the lifespan from infancy to
elderly. Int Dairy J 20: 281–291.

33. Lay C, Rigottier-Gois L, Holmstrom K, Rajilic M, Vaughan EE, de VosWM et al. (2005) Colonic micro-
biota signatures across five northern European countries. Appl Environ Microbiol 71: 4153–4155.
PMID: 16000838

34. Christensen EG, Licht TR, Leser TD, Bahl MI (2014) Dietary xylo-oligosaccharide stimulates intestinal
bifidobacteria and lactobacilli but has limited effect on intestinal integrity in rats. BMCRes Notes 7:
660. doi: 10.1186/1756-0500-7-660 PMID: 25238818

35. Zhou XL, Kong XF, Yang XJ, Yin YL (2012) Soybean oligosaccharides alter colon short-chain fatty acid
production and microbial population in vitro. J Anim Sci 90 Suppl 4: 37–9. doi: 10.2527/jas.50269
PMID: 23365277

36. European Medicines Agency, European Surveillance of Veterinary Antimicrobial Consumption (2014)
Sales of veterinary antimicrobial agents in 26 EU/EEA countries in 2012. EMA/333921/2014.

Antibiotic Resistance and Microbiota of Organic and Conventional Pigs

PLOS ONE | DOI:10.1371/journal.pone.0132892 July 28, 2015 10 / 10

http://www.ncbi.nlm.nih.gov/pubmed/15539072
http://dx.doi.org/10.1371/journal.pone.0100458
http://www.ncbi.nlm.nih.gov/pubmed/25006965
http://dx.doi.org/10.1111/1574-6941.12019
http://www.ncbi.nlm.nih.gov/pubmed/23020150
http://dx.doi.org/10.1128/IAI.01520-08
http://www.ncbi.nlm.nih.gov/pubmed/19307217
http://dx.doi.org/10.1093/jac/dku106
http://www.ncbi.nlm.nih.gov/pubmed/24744304
http://dx.doi.org/10.1371/journal.pone.0110076
http://www.ncbi.nlm.nih.gov/pubmed/25329397
http://dx.doi.org/10.1186/1741-7007-7-79
http://www.ncbi.nlm.nih.gov/pubmed/19930542
http://dx.doi.org/10.1371/journal.pone.0115142
http://www.ncbi.nlm.nih.gov/pubmed/25501990
http://dx.doi.org/10.1038/nature11319
http://dx.doi.org/10.1038/nature11319
http://www.ncbi.nlm.nih.gov/pubmed/22797518
http://www.ncbi.nlm.nih.gov/pubmed/16000838
http://dx.doi.org/10.1186/1756-0500-7-660
http://www.ncbi.nlm.nih.gov/pubmed/25238818
http://dx.doi.org/10.2527/jas.50269
http://www.ncbi.nlm.nih.gov/pubmed/23365277

