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Abstract—The increasing usage of antibiotics in the animal
farming industry is an emerging worldwide problem contributing to
the development of antibiotic resistance. The purpose of this work was
to investigate the prevalence and antibiotic resistance profile of
bacterial isolates collected from aquatic environments and meats in a
peri-urban community in Daejeon, Korea. In an antibacterial
susceptibility test, the bacterial isolates showed a high incidence of
resistance (~ 26.04 %) to cefazolin, tetracycline, gentamycin,
norfloxacin, erythromycin and vancomycin. The results from a test for
multiple antibiotic resistance indicated that the isolates were
displaying an approximately 5-fold increase in the incidence of
multiple antibiotic resistance to combinations of two different
antibiotics compared to combinations of three or more antibiotics.
Most of the isolates showed multi-antibiotic resistance, and the
resistance patterns were similar among the sampling groups.
Sequencing data analysis of 16S rRNA showed that most of the
resistant isolates appeared to be dominated by the classes
Betaproteobacteria and Gammaproteobacteria in the phylum
Proteobacteria.

Keywords—Antibiotics, Antibiotic resistance, Antimicrobial
resistance, Multi-resistance

I. INTRODUCTION

INCE Alexander Fleming discovered penicillin, produced
by Penicillium notatum, as the first antibiotic in modern

medicine in 1928, antibiotics have been widely used for over 40
years in both humans and animals [1,2]. During recent decades
especially, antibiotics have been extensively used in farm
animals for the purposes of antimicrobial therapy, prophylaxis
and growth promotion [3,4]. This increasing usage of
antibiotics has led to a worldwide problem in the development
of antibiotic resistance (AR) among bacterial populations
during recent decades [1,2,3,4]. AR, initially a problem in
hospital settings and associated with an increased number of
nosocomial infections, has now broadly extended to humans,
causing severe bacterial infections [1,4,5]. The emergence of
AR in among humans has prompted concerns about the public
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health implications of antibiotic use in agriculture
[3,4].Bacteria have developed resistances to all of the different
classes of antibiotics discovered to date, and the most frequent
type of resistance is acquired and transmitted horizontally via
mobile genetic elements such as plasmids, transposons and
integrons [1,2,6,7]. These mechanisms of obtaining resistance
have resulted in the simultaneous development of resistance to
several antibiotic classes, creating a very dangerous multiple
antibiotic resistance (MAR) in bacterial strains [1,2,8]. The
increase of MAR among bacterial populations is also due in
part to their ability to acquire new antibiotic resistance genes
from other resistant strains [1,2,8]. The prevalence of MAR in
fecal samples or raw meats derived from farm animals has been
reported [3,4,5]. The inappropriate antibacterial treatment and
overuse of antibiotics for agricultural purposes, particularly for
growth enhancement, have contributed to the increased
prevalence of MAR in farm animals [3,4,5].

Most of the antibiotics used for agricultural purposes are
only partially metabolized by animals and are then discharged
through fecal contents either into sewage disposals or directly
into rivers near animal farms [3,4]. Several kinds of bacterial
species displaying MAR patterns, mainly Escherichia coli and
enterococci, have been well documented in aquatic
environments contaminated with animal fecal contents
[9,10,11]. Consequently, the antibiotics used in agriculture are
responsible for the increase in the prevalence of MAR in animal
farming aquatic environments and may be directly linked to the
AR problems in humans either via direct contact or through the
food chain.

The current work investigated the prevalence of bacterial
AR among samples collected from aquatic environments and
supermarkets near animal farms and the samples’ susceptibility

to antibiotics. Three main issues were addressed: 1) the
relationship between the degree of bacterial contamination and
the prevalence of bacterial AR, 2) the resistance patterns in AR
isolated bacteria, and 3) the phylogenetic composition of AR
isolated bacteria. We report here a correlation between a high
degree of bacterial contamination and the incidence of bacterial
AR. Additionally, bacterial isolates showed a wide range of
MAR patterns to seven or more antibiotics from ten kinds of
antibiotics tested. Finally, we show that most of the resistant
isolates appeared to be dominated by the classes
Betaproteobacteria and Gammaproteobacteria in the phylum
Proteobacteria.
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II.MATERIALS AND METHODS

A. Sample collection and cultivations

Sampling sites were selected in animal far
near vicinities located in a peri-urban commu
Korea. Samples were collected from aquatic e
markets near animal farms. The fecal-con
samples were taken from the aquatic envir
Sungwon pig farm (Water-PF) and the Gonga
(Water-CF). A water sample from Gongam r
was taken near an animal farm, and a Sangw
(Water-SR) was taken near Mt. Gyeryong loc
animal farms. Water samples of fish tanks we
the Gunsan sushi market (Water-SM) and the 
(Water-FM). Minced raw meat samples of po
chicken (Meat-C) were obtained from superma
of each meat sample was mixed with an e
nutrient broth (Becton Dickinson Co., Sparks
the supernatant was used as a bacterial stock. A
were diluted and processed for bacterial 
isolation within 24 h. The colony forming
cultured bacteria was calculated with bacteri

nutrient agar (NA) plate at 37 for 24 h.

B. Resistance to antibiotics

The NA plate sets contained one of th
individual antibacterial agents with diffe
concentrations: cefazolin (CEF, 30 g/ml), te
10 g/ml), gentamicin (GEN, 10 g/ml), norfl

g/ml), erythromycin (ERY, 15 g/ml), vanco
g/ml), doxycycline (DOX, 10 g/ml), ampi
g/ml), kanamycin (KAN, 30 g/ml), and 

(CHL, 30 g/ml). The plates were used to test
resistance. Antibiotic doses were chosen base
study by Kilonzo-Nthenge and colleagues [12
test, bacterial samples were cultured

antibiotic-containing NA plates at 37 for 24

resistant colony number was counted. The
resistance of each sample was calculated as t
the number of colonies on NA plates wi
antibiotics multiplied by 100.

C.Disc diffusion susceptibility test

The disc diffusion susceptibility test wa
described previously [13,14]. Briefly, the r

were cultured in nutrient broth and incubated 

under aerobic conditions, and then bacteria
streaked evenly onto the entire surface of 

incubated at 37 for 24 h. The cultures 

sensitivity to ten antibiotics: CEF (30 g/
g/disk), GEN (10 g/disk), NOR (10 g/
g/disk), VAN (6 g/disk), DOX (10 g/d
g/disk), KAN (30 g/disk), and CHL (3

inhibition zones were measured and interprete
(S), intermediate resistance (I) or resistant (R)

DS

farming regions or
munity in Daejeon,
c environments and
ontaminated water
vironments of the
ngam chicken farm
 river (Water-GR)

gweol river sample
located away from

were obtained from
he Kim fish market
 pork (Meat-P) and
rmarkets. One gram
n equal volume of
rks, MD,) and then
. All of the samples
al cultivation and
ing unit (CFU) of
erial cultivation on

the following ten
ifferent equivalent
, tetracycline (TET,
rfloxacin (NOR, 10
ncomycin (VAN, 6
picillin (AMP, 30

d chloramphenicol
est single antibiotic
ased on a previous
[12]. For the MAR
ed on multiple

r 24 h, and then the

The percentage of
s the ratio between
with and without

was performed as
e resistant isolates

ed at 37 for 24 h

erial cultures were
f a NA plate and

es were tested for

g/disk), TET (10
g/disk), ERY (15
g/disk), AMP (30
(30 g/disk). The

reted as susceptible
R).

D.Minimum inhibitory concentrati

For the MAR isolates, the MIC
described previously [14]. A 50 L a
(107 CFU/ml) from MAR isolates 
tubes containing nutrient broth sup
antibiotic concentrations. The test tu

for 16 h under aerobic conditio

visually detected by turbidity.

E. 16S rRNA sequence analysis an

The 16S rRNA sequence of the M
from Macrogen Co., Korea. Briefly, 
rRNA were amplified by polymerase
the amplicons were sequenced by th
method. For the bacterial identificat
sequences were analyzed using 
(http://www.ncbi.nlm.nih.gov/BLAS
GenBank database for the closet kno
16S rRNA sequences were aligned to
sequences from representative spe
program (http://plaza.snu.ac.kr/~jch
previously [15].

Fig. 1 Comparison of total bacterial cou
count is an average of duplicate count
bacterial colony is significant (p < 0.05
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Dunggi chicken farm, Water-PF: water

farm, Water-SM: water sample from Gun
water sample from Kim fish market, 

samples for the retailed pork, Meat-C: m
the retailed chic

III. RESULT

A. Resistance to antibiotics

We compared the total number of 
colony forming unit (CFU) among c
The total number of bacterial co

different, with values ranging from 

depending on the sampling 
fecal-contaminated water samples 
animal farms showed an approxi
increase in bacterial CFU than rive
from a considerable distance from a
the samples from the purchased raw p

ation (MIC) test
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L aliquot of bacterial cultures
es were inoculated into test
supplemented with different
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itions. Bacterial growth was

 and bacterial identification

 MAR isolates was analyzed
y, the gene fragments of 16S
se chain reaction (PCR), and

 the bidirectional sequencing
cations, the 16S rRNA gene
ng the BLAST program
AST/) to search in the
nown relatives. The resultant
 together with corresponding
pecies using the PHYDIT
jchun/phydit) as described
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unts. The t-test for number of
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LTS

of bacteria by calculating the
 collected samples in Fig. 1.
colonies was significantly
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significantly high number of bacterial CFU, indicating a high
incidence of bacterial contamination. In contrast, we did not

find any significant increase of bacterial CFU in water samples
collected from fish tanks.

TABLE I
ANTIBIOTIC-RESISTANT BACTERIA DETECTED FROM DIFFERENT SAMPLES

Each count is an average of duplicate counts. n.t.: not tested. AR (n): colony forming unit (CFU/ml) in antibiotic resistance (AR). AR (%): the ratio of AR.

To compare the correlation between a high degree of
bacterial contamination and the incidences of bacterial AR
among the collected samples, we tested the antibacterial
susceptibility with CEF, TET, GEN, NOR, ERY and VAN. We
have shown the summary of AR among samples in Table 1.
Most of the samples showed high resistances to single
antibiotics tested. The animal fecal-contaminated water
samples (Water-CF and -PF) showed relatively higher
incidences of AR, up to ~ 26.04 %, than that of other tested

samples (Table I). In addition, among individual antibiotics, the
incidences of bacteria resistant to CEF (14.88 %), TET (26.04
%) and VAN (14.88 %) were higher than those of GEN (5.34
%) and ERY (6.91 %) in the pig fecal-contaminated water
sample (Water-PF, Table 1). Subsequently, we showed a
correlation between a high degree of bacterial contamination
and the incidences of bacterial AR among collected samples.

TABLE II
MAR PROFILE OF RESISTANT ISOLATES FROM DIFFERENT SAMPLES

Each count is an average of duplicate counts. MAR (n): colony forming unit (CFU/ml) in multiple antibiotic resistance (MAR). MAR (%): the ratio of MAR.
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TABLE III
IDENTIFICATION AND RESISTANCE PATTERNS OF THE RESISTANT ISOLATES FROM DIFFERENT SAMPLES

R: resistant. I: intermediate resistance. S: susceptible. Score in %: the similarity of strains by the analysis of 16S rRNA sequence using BLAST analysis.

B. Resistance to multiple antibiotics

We tested the susceptibility of bacterial isolates to various
combinations of commonly used antibiotics. The MAR
frequency of the bacterial isolates among the samples is shown
in Table 2. All of the samples showed a broad range of MAR
except the Sangweol river sample (Water-SR). A high MAR
frequency, up to 0.37 %, was found in the fecal-contaminated
water sample (Water-PF) collected from the pig farm (Table 2).
In addition, the resistant isolates displayed an approximately
5-fold increase in the incidences of MAR to combinations of
two different antibiotics (~3.1%) compared to combinations of
three (~1.31%) or more (~0.56%) antibiotics. We also carried
out an antibacterial susceptibility test with the disc diffusion
assay for ten kinds of antibiotics used commonly in farm

animals. The MAR patterns of bacterial isolates among samples
are shown in Table 3. Most of the resistant isolates showed
MAR patterns for 7 or more antibiotics, and the resistance
patterns were similar among the sampling groups. Notably, the
animal fecal-contaminated water samples (Water-CF and -PF)
showed a wide range of multiple resistant patterns in the ten
combinatorial antibiotic mixing sets tested (Table 3). To
examine the MIC of the antibiotics for resistant isolates, we
next tested the MIC with CEF, TET, GEN, ERY, and VAN.
The MIC values for selected resistant isolates are shown in
Table 4. Overall, higher CEF MICs were detected among
selected resistant isolates (Table IV).

TABLE IV
MIC DATA FOR CEFAZOLIN, TETRACYCLINE, GENTAMYCIN, ERYTHROMYCIN, AND VANCOMYCIN AMONG ISOLATED BACTERIA FROM DIFFERENT SAMPLES
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C. Bacterial identification

We examined the bacterial species composition of the
resistant isolates by 16S rRNA sequence analysis. Despite the
fact that many colonies were initially selected for the isolation
of resistant bacteria, only three isolates per group were further
analyzed. The results of the 16S rRNA sequence analysis are
shown in Table 3. These isolates were identified and classified
into 7 different genera (Table 3). Among the identified resistant
bacteria, Pseudomonas and Escherichia were the most
abundant, followed by Delftia and Enterobacter; the other
bacterial genera occupied a small fraction of the total selected
isolates. The genera Escherichia and Enterobacter were major
in the pig and chicken farm and meat samples, whereas Delftia
was mainly detected in the river samples. Animal fecal samples
showed a variety of bacterial genera, indicating that the animal
fecal-contaminated waters derived from farm animals had
highly diverse microbial communities. In addition, the genera
Delftia and Enterobacter from the chicken farm showed a wide
range of resistances for all of antibiotics tested (Table 3). The
genera Escherichia and Pseudomonas isolated showed a
variety of AR patterns to the ten antibiotics tested (Table 3).
Finally, we carried out the phylogenetic analysis with isolated
resistant bacteria as shown in Fig. 2. Most of the resistant
isolates appeared to be dominated by the classes
Betaproteobacteria and Gammaproteobacteria in the phylum
Proteobacteria (Fig. 2).

Fig. 2 Phylogenetic tree of resistant isolates based on almost-complete
16S rRNA sequence. The resultant 16S rRNA sequences were aligned

together with corresponding sequences from representative species
using the PHYDIT program. Scale bar, 10% nucleotide sequence

divergence

IV. DISCUSSION

AR is one of the major public health threats of the 21st
century. The number of multidrug-resistant bacteria is rising in
both clinical and community settings, and serious infections
caused by resistant bacteria have become an emerging
worldwide problem [1,2]. The increase of antibiotic usage in
the animal farming industry is thought to be one of the major
sources contributing to the emergence of AR, MAR or
superbugs [1,2,3,4]. From an ecological point of view
concerning current problems of AR, in this study, we addressed
AR profiles and the correlation between animal-borne bacterial
contamination and the prevalence of AR or MAR from animal
farming aquatic environments and meats.

Since South Korea uses approximately 1.5 times more
antibiotics than do other OECD countries, the recent emergence
rates of antimicrobial and multidrug resistances were
significantly higher than in past years or in other countries
[16,17,18,19]. In this study, the animal fecal samples showed a
significantly higher prevalence and a wider range of resistances
to commonly used antibiotics in animal farms in Korea. Similar
to previous reports [18,19,20], our results showed a high
incidence of tetracycline resistance (~ 26 %) in animal-borne
bacteria samples collected from animal fecal samples and water
samples near animal farms. Tetracycline is one of the widely
used antibiotics in veterinary medicine for the treatment of
infections or as growth promoters on animal farms in South
Korea, and it may explain the finding that tetracycline-resistant
Enterobacteriaceae were routinely isolated from all farm
animals [18,19,20]. Although the emergence of resistance led
to its declining medicinal usage, tetracyclines still remain the
first line medicine for a variety of applications, including
acne vulgaris, cholera, Lyme disease, and pneumonia [1,2,20].
In addition, we found that the animal fecal samples showed a
relatively higher resistance value (~ 20 %) for three antibiotics.
These results also coincide with previous reports [21,22,23].
Vancomycin resistance is especially widespread among isolates
from farm animals, which may serve as a reservoir for
vancomycin-resistant enterococci. These bacteria may enter the
human food chain and are one potential source of superbug
emergence [21,22,24,25,26,27].

Despite the fact that antibiotics act as an important
ecological factor in the aquatic environment that could
potentially affect microbial communities, the effects of
antibiotics in the aquatic environment are less studied than in
the soil environment [5]. Large amounts of overused antibiotics
are excreted by farm animals, and these livestock wastes can
thus pollute aquatic environments, leading to the development
of antibiotic-resistant populations in aquatic microbial
communities [1,2,5]. This is supported by several studies that
suggest that the increase of these resistant bacteria may be
promoted in animal fecal-contaminated aquatic environments
with high levels of antibiotics [28,29,30,31,32]. In this study,
we showed that all of the resistant isolates selected belonged to
the phylum Proteobacteria, according to the phylogenetic
analysis of the 16S rRNA sequence. In the phylum
Proteobacteria, the resistant isolates appeared to be dominated
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by the classes Betaproteobacteria and Gammaproteobacteria,
including the genera Delftia, Burkholderia, Escherichia,
Enterobacter, Acinetobacter, Shigella and Pseudomonas.
Although these genera are already known bacteria for MAR
[1,2,3,4], our data indicate that resistance to antibiotics was
more pronounced near farms than samples collected away from
farms;  therefore, the current resistance can be directly
attributed to the broad usage of antibiotics in animal farms and
not to an already underlying resistance in these species.
Therefore, considering these facts, science-based regular
monitoring of multi-antibiotic resistant bacteria derived from
animal farms or near habitats has become an important process
for the animal farming industry and public health.
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