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Abstract This study aimed to understand the preva-
lence, diversity, antibiotic resistance, (3-lactamase gene
types, and possibility of environmental survival of
meropenem-resistant bacteria present in hospital effluents
in Seoul, Korea. Water sampling was performed at five
general hospitals in Seoul, Korea, in January 2017. Water
samples were plated in triplicate on tryptic soy agar plates
with 16 mg/L meropenem. Meropenem-resistant bacteria
were selected and subjected to 16S rRNA analysis for
species determination and PCR for identification of f3-
lactamase gene types. Resistant bacteria were cultured in
sterilized surface water. Meropenem-resistant bacteria
exhibited resistance to more than 12 antibiotics and pos-
sessed several [3-lactamase genes, such as those encoding
OXT-M, NDM-1, AmpC, and OXA. They were able to
multiply and survive in sterilized surface water for up to
60 days. Multidrug-resistant bacteria represent an envi-
ronmental health risk, as they can survive in the environ-
ment for an extended period of time. Therefore, these
bacteria should be monitored before discharge.
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Introduction

The carbapenem class of antibiotics, including imipenem,
doripenem, and meropenem, are used as a last resort
against bacteria that are resistant to (3-lactam antibiotics
due to the presence of [3-lactamase genes. Carbapenem
antibiotics exhibit antimicrobial activity against members
of Enterobacteria, including Escherichia coli, Klebsiella
pneumoniae, Enterobacter cloacae, Citrobacter freundii,
Proteus mirabilis, and Serratia marcescens. They are
known to be especially effective against E. coli and
K. pneumoniae isolates that are resistant to cephalospo-
rins as well as Pseudomonas aeruginosa and
Acinetobacter species. Among gram-positive bacteria,
carbapenem antibiotics are effective against Staphylococ-
cus species that are sensitive to methicillin but are inef-
fective against Staphylococcus aureus and enterococcus
species that are resistant to methicillin (Papp-Wallace
et al. 2011; Carbapenem 2016).

Once excreted by humans, antibiotics enter the bio-
sphere via multiple routes (Fig. 1). In hospitals, a diverse
array of pharmaceuticals, organic solvents, and radioac-
tive materials are used for the purposes of disinfection,
diagnosis, and research. In particular, a large amount of
antibiotics used in patients as well as their metabolites
are released without decomposition via patient feces and
travel to the wastewater treatment plant of the hospital.
Subsequently, antibiotics and their metabolites that are
not decomposed at the wastewater treatment plant are
discharged as hospital effluent into the public ground-
water system. As with general sewage and wastewater,
the discharge of hospital effluents into groundwater is
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Fig. 1 Sources and distribution of antibiotics in the environment

legal as long as certain effluent standards are satisfied.
Table 1 shows the effluent standards for water pollutants
in Korea (Ministry of Environment 2015). The National
Institute of Environmental Research analyzed the anti-
biotics found in 25 hospital effluent samples and detect-
ed the presence of penicillin G, ciprofloxacin, sulfa-
methoxazole, vancomycin, and erythromycin (National
Institute Environmental Research 2015). Such improp-
erly treated antibiotics likely interfere with the aquatic
ecosystem and may eventually threaten human health

Table 1 Effluent standards for water pollutants in Korea

\
\

Humans

(Berglund 2015). While most microorganisms found in
hospital wastewater treatment plants are bacteria derived
from the water used for washing devices or buildings,
the infectious bacteria that are found in hospital waste-
water treatment plants primarily come from patient fe-
ces, and these commonly harbor resistance to antibi-
otics. Thus, these bacteria in particular may interfere
with the ecosystem upon release without proper man-
agement (Kiimmerer and Henninger 2003; Nuilez and
Moretton 2007; Diwan et al. 2010; Katouli et al. 2015).

District BOD COD SS Total nitrogen Total phosphorus Total coliforms Ecotoxicity (TU)
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (CFU/mL)

I 40 50 40 30 4 100 1

I 80 90 80 60 8 3000 2

I 120 130 120 60 8 3000 2

v 30 40 30 60 8 3000 2

I: water source protection zones designated and publicized under the Water Act; II: areas where the level of chemical oxygen demand (COD)
or total phosphorus (TP) is likely to exceed or exceed the target criteria notified by the Environment Minister; III: areas included in the Han
River, Geumgang, Nakdonggang, Yeongsan River, and Seomjingang River that are designated and notified by the Environment Minister

(excluding areas I and II); IV: regions excluding regions I, II, and I1I

BOD biological oxygen demand, CFU colony forming unit, SS suspended solids
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This study aimed to assess the prevalence of bacteria
resistant to carbapenem antibiotics in hospital effluents,
as carbapenem antibiotics are used as the last resort
against bacteria resistant to (3-lactam antibiotics.
Meropenem, a carbapenem antibiotic, was selected for
use in isolating resistant bacteria. In this study, the fre-
quency and species diversity of meropenem-resistant
bacteria were examined as well as their resistance spectra
against antimicrobial agents and their (3-lactamase genes.
In addition, the survivability of meropenem-resistant bac-
teria in the natural environment was investigated. Fur-
thermore, the general water quality of the effluents in
terms of pH, biological oxygen demand (BOD), chemical
oxygen demand (COD), total nitrogen (TN), total phos-
phorus (TP), culturable heterotrophic bacteria, and total
coliform bacteria was measured to determine the appro-
priateness of the water treatment.

Materials and methods
Collection area and methods

Water sampling was performed at five randomly select-
ed general hospitals in Korea in January 2017. In this
study, individual hospitals are referred to by the desig-
nations J, K, P, S, and Y. For each hospital, 1 L of
effluent was collected in a sterilized bottle, refrigerated,
and transported to the laboratory. The pH of the collect-
ed effluent was measured using a pH meter (HM-30R,
TOA, Japan), and the TN and TP contents were mea-
sured using a tool (Alliance, USA) for continuous mea-
surement. The BOD and COD were analyzed according
to the official testing methods for water quality
(Ministry of Environment 2016).

Isolation of heterotrophic and antibiotic-resistant
bacteria

To quantify the heterotrophic bacteria, samples were
diluted with sterilized physiological saline and plated
on plate count agar (Difco, USA) with 1 mL on each of
three plates, which were then cultured for 48 h at 35 °C.
To quantify the total coliforms, samples were diluted
with sterilized physiological saline and plated on
desoxycholate agar (Difco, USA) with 1 mL on each
of three plates, which were then cultured for 24 h at
35 °C. To isolate meropenem-resistant bacteria, samples
were plated on tryptic soy agar (TSA; Difco, USA) with

medium containing 18 mg/L meropenem (Daewoong
Pharmaceutical, Korea); 0.2 mL was plated on each of
the five plates and cultured for 48 h at 35 °C.

Identification of meropenem-resistant bacteria
and antibiotic resistance tests

Meropenem-resistant bacteria were subjected to 16S
rRNA analysis for species determination. For identifica-
tion, colony PCR was used to amplify the 16S rRNA
genes of the resistant bacteria using pure colonies (Kim
and Kim 2016). To determine the antibiotic sensitivities of
the identified bacteria, disk diffusion assays were used.
The following antibiotics were tested: tetracycline,
clindamycin, erythromycin, lincomycin, gentamicin, am-
picillin, quinupristin, dalfopristin, linezolid, mupirocin,
ceftizoxime, chloramphenicol, ciprofloxacin, imipenem,
meropenem, and colistin. The diameter of the inhibition
zone was measured in mm and interpreted according to the
Clinical Laboratory Standards Institute (CLSI) guidelines
(CLSI 2013) as well as those of Sutter et al. (1973) and
Finlay et al. (1997). The genes responsible for meropenem
resistance were identified using a large-scale (3-lactamase
gene (bla) detection method (Lee et al. 2015).

Survivability of meropenem-resistant bacteria
in the river

To investigate the survivability of the isolated
meropenem-resistant bacteria in the environment, the
surface water from an area near Han River aquatic
facilities (boat yards) was collected and filtered through
5-A filter paper; then, 75 mL of the filtrate was poured
into a 250-mL shaking conical flask for sterilization for
15 min at 121 °C. Each strain of the meropenem-
resistant bacteria was cultured on a TSA agar plate for
48 h at 35 °C. Bacteria grown on the plate were dis-
persed using physiological saline (0.85% NaCl) before
0.1 mL of the solution was inoculated into the sterilized
river water. After inoculation, the medium was cultured
on a shaking incubator at 150 rpm and 25 °C, the
average water temperature of the Han River in the
summer, for approximately 60 days (Water
Information System 2017). At each sampling time dur-
ing the culture period, samples were taken and diluted in
physiological saline for microbial counting using the
plate colony count method. An equal amount of steril-
ized river water was added to the sample in order to
maintain the nutritional supply and volume.
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Table 2 Water quality of effluents from five hospitals in this study

Hospital Parameter J P S K Y
pH 7.62 6.90 7.17 7.15 8.05
BOD (mg/L) 1.8 245 0.4 43 5.1
COD (mg/L) 12.8 35.6 8.3 325 31.7
SS (mg/L) 10.0 32.0 8.0 18.8 29.3
Total phosphorus (mg/L) 0.13 0.60 0.27 322 421
Total nitrogen (mg/L) 4.27 9.60 12.13 23.13 24.2

BOD biological oxygen demand, COD chemical oxygen demand, SS suspended solids

Results

The water qualities of the effluents from the five hospi-
tals included in this study are described in Table 2. The
pH ranged from 6.90 to 8.05, the BOD from 0.4 to
24.5 mg/L, the COD from 8.3 to 35.6 mg/L, the SS
from 8.0 to 32.0 mg/L, the TP from 0.13 to 4.21 mg/L,
and the TN from 4.27 to 24.2 mg/L.

As described in Table 3, heterotrophic bacteria were
detected in samples from two hospitals, while
meropenem-resistant bacteria were detected in the sam-
ple from one hospital. In the sample from K hospital, the
number of heterotrophic bacteria was 1.7 x 10° CFU/
mL, total coliform bacteria were not detected, and the
number of meropenem-resistant bacteria was 8 CFU/
mL. Meropenem-resistant bacteria were present at a rate
of 0.47% among culturable heterotrophic bacteria in
hospital effluents. In the sample from Y hospital, the
number of heterotrophic bacteria was 1.2 x 10> CFU/
mL, total coliform bacteria were not detected, and
meropenem-resistant bacteria were not detected. In the
samples from J, P, and S hospitals, where heterotrophic
bacteria were not detected, a residual amount of chlorine
was detected (data not shown), indicating that the efflu-
ent is undergoing chlorination at those hospitals.

The results of the 16S rRNA analysis used to identify
the resistant bacteria from K hospital grown on medium
containing meropenem are presented. The effluent from

Table 3 Bacterial cell numbers in the five hospital effluents studied

K hospital produced two colonies of Bacillus
licheniformis on the agar plate, one colony of Pseudomo-
nas geniculata, and two colonies of Bacillus mageterium.

Table 4 reports the results of the antibiotic resistance
tests of the meropenem-resistant bacteria. The
B. licheniformis isolated from the effluent of K hospital
exhibited resistance to all 16 antibiotics used in the study,
including tetracycline, as did P. geniculata. B. megaterium
showed resistance to 12 antibiotics, including clindamycin.
Table 5 shows the water quality of the collected surface
water, revealing that the effluent water in South Korea was
properly treated according to quality standards.

The two colonies of B. licheniformis from the efflu-
ent of K hospital were shown to possess {3-lactamase
genes encoding CTX-M-3 and AmpC. P. geniculata
carried genes encoding the CTX-M-3, NDM-1, and
OXA-24 [(3-lactamases. Finally, B. megaterium was
found to carry genes encoding the CTX-M-3 and
OXA-10 -lactamases.

As depicted in Fig. 2, two of the isolated strains of
meropenem-resistant bacteria, B. megaterium and
P, geniculata, entered the exponential phase 1 day after
inoculation into sterilized river water; this phase lasted
for 4—6 days before the cultures settled into the station-
ary phase, where they remained for around 60 days.
Among the isolated resistant bacteria, B. megaterium
showed the fastest growth rate, while P. geniculata
showed the slowest growth rate (data not shown).

Hospital bacteria J P S K Y

Heterotrophic bacteria (CFU/mL) ND ND ND 1.7 % 10> £2.9 x 10 12x10°+5.0x 10
Coliform bacteria (CFU/mL) ND ND ND ND ND
Meropenem-resistant bacteria (+ antibiotics) (CFU/mL) ND ND ND 8+3 ND

ND not detected, CFU colony forming unit
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Table 4 Antimicrobial resistance profiles of the meropenem-resistant bacteria isolated from the effluent of hospital K

Bacteria antibiotic B. licheniformis (n=2)

P, geniculata (n=1) B. megaterium (n=2)

Tetracycline R (100%)*
Clindamycin R (100%)
Erythromycin R (100%)
Lincomycin R (100%)
Gentamicin R (100%)
Vancomycin R (100%)
Ampicillin R (100%)
Quinupristin/dalfopristin R (100%)
Linezolid R (100%)
Mupirocin R (100%)
Ceftizoxime R (100%)
Chloramphenicol R (100%)
Ciprofloxacin R (100%)
Imipenem R (100%)
Meropenem R (100%)
Colistin R (100%)

R (100%) R (100%)
R (100%) R (100%)
R (100%) R (100%)
R (100%) R (100%)
R (100%) I

R (100%) R (100%)
R (100%) R (100%)
R (100%) R (100%)
R (100%) R (100%)
R (100%) R (100%)
R (100%) R (100%)
R (100%) I

R (100%) I

R (100%) R (100%)
R (100%) R (100%)
R (100%) S

R resistant, I intermediate, S sensitive, n number of samples
4 9% resistance

Discussion

In this study, the prevalence, diversity, antibiotic resis-
tance spectra, 3-lactamase gene types, and environmental
survivability of meropenem-resistant bacteria present in
the effluents of selected hospitals in Seoul were investi-
gated. Among the five hospitals included in the study, the
effluent from K hospital contained 1.7 x 10° CFU/mL of
heterotrophic bacteria, no total coliform bacteria, and
8 CFU/mL of meropenem-resistant bacteria.

B. licheniformis, a common soil bacterium that is also
found in the feathers and chest hair of birds, was identi-
fied as meropenem-resistant in this study. B. licheniformis
is a gram-positive, aerotropic, spore-forming, and
mesophilic bacillus, whose optimum temperature for
growth is around 50 °C, although it can tolerate higher
temperatures. As the bacterium can produce alkaline

Table S Water quality

of surface water in this Parameter Result
study
pH 7.04
BOD (mg/L) 329
COD (mg/L) 470
BOD biological oxygen Total phosphorus (mg/L)  0.007
demand, COD chemical Total nitrogen (mg/L) 6.894

oxygen demand

serine protease, it has garnered much attention for its
industrial potential (Bacillus licheniformis 2017). In the
clinical setting, the bacterium is known to cause infection
in patients with weakened immunity, leading to the de-
velopment of symptoms such as bacteremia, peritonitis,
food poisoning, eye infection, infectious endocarditis,
and septicemia (Haydushka et al. 2012).

A previous study reported that B. licheniformis pos-
sesses a chromosomal ermD gene encoding the rRNA
adenine N-6-methyltransferase, which confers resistance

Log(N)
7 -

—e—B. megaterium

—=—P. geniculata
0 T T T
0 20 40 60 Days

Fig. 2 Survival of two meropenem-resistant bacteria in sterilized
surface water
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to the macrolid class of antibiotics such as erythromycin.
Further in-depth study is required, however, to confirm
whether the same ermD gene is responsible for the eryth-
romycin resistance of the B. licheniformis identified in the
present study. This bacterium has also been reported to be
resistant to chloramphenicol, clindamycin, erythromycin,
penicillin, tetracycline, and trimethoprim/sulfamethoxazole
(Noor Uddin et al. 2015). In this study, B. licheniformis
showed resistance to all 16 antibiotics tested, including
tetracycline, clindamycin, erythromycin, lincomycin, gen-
tamicin, vancomycin, ampicillin, quinupristin/dalfopristin,
linezolid, mupirocin, ceftizoxime, chloramphenicol, cipro-
floxacin, imipenem, meropenem, and colistin, implying a
higher level of antibiotic resistance in B. licheniformis than
that reported in previous studies. The (-lactamase pro-
duced by the blacrxnm.s gene of B. licheniformis identified
in the present study is known to affect resistance to the
oxyimino-3-lactam class of antibiotics, while AmpC f3-
lactamase, commonly found in gram-negative bacteria that
are resistant to cephalosporin, is known to be involved in
the hydrolysis of both the oxyimino-f-lactam and
cephamycin antibiotics, thus explaining the resistance of
the B. licheniformis isolate to ceftizoxime and ampicillin in
the present study (Beta-lactamase 2017). Of particular
interest is colistin, an antibiotic used in the treatment of
NDM-1 metallo-{3-lactamase multidrug-resistant Entero-
bacteriaceae such as P aeruginosa, K. pneumoniae, and
Acinetobacter, as it affects membrane stability by mediat-
ing the magnesium-calcium ion exchange at the lipopoly-
saccharides of the outer membranes of gram-negative bac-
teria (Guo et al. 2015). However, further research is re-
quired to verify whether the colistin resistance of
B. licheniformis, a gram-positive bacterium without an
outer membrane, is due to a barrier against the pharmaceu-
tical permeability or to the acquisition of a resistance gene
(Liu et al. 2016).

A proportion of P. geniculata isolated from clinical
samples has been reported to show strong resistance to
impenem and meropenem based on the presence of a [3-
lactamase gene similar to blanpy.; (Liu et al. 2016).
New Delhi metallo-beta-lactamase-1 (NDM-1) is an
enzyme sometimes referred to as a carbapenemase
based on its ability to confer resistance to a wide array
of -lactam antibiotics. Bacteria that produce this en-
zyme are known as superbugs because they are difficult
to treat, though they are known to be sensitive to poly-
myxin or tigecycline. The gene encoding NDM-1 is
commonly found in gram-negative bacteria such as
E. coli and K. pneumoniae and is known to be

@ Springer

transferred to other neighboring bacteria via horizontal
gene transfer (New Delhi metallo-beta-lactamase 2017).
However, in the present study, the P. geniculata isolate
exhibited resistance to colistin, a type of polymyxin, and
possessed genes encoding the CTX-M-3 and OXA-24
[3-lactamases, indicating the severity of antibiotic
resistance.

B. megaterium is a gram-positive bacillus that forms
spores and grows largely in soil. For industrial purposes,
the bacterium is known to be useful for producing
penicillin amidase in the manufacture of synthetic pen-
icillin, amylase for use in the baking industry, and
glucose dehydrogenase for use in blood sugar testing
(Bacillus megaterium 2017). Although B. megaterium is
rarely involved in infectious diseases, there have been
occasional clinical reports of its involvement in keratitis,
primary skin infection, and cerebral abscess (Korea
Centers for Disease Control and Prevention 2017). In
general, (3-lactamase genes are more commonly found
in gram-negative bacteria; however, the present study
identified genes encoding CTX-M, AmpC, and OXA in
the gram-positive bacteria B. licheniformis and
B. megaterium, implying the widespread prevalence of
antibiotic resistance among gram-positive bacteria.

According to data published by the Korea Center for
Disease Control, 82.1% of the Acinetobacter species
isolated from blood were found to be Acinetobacter
baumannii, among which 94% were derived from
hospital-acquired infections and 50% were derived from
community-acquired infections. All of these infections
were caused by bacteria resistant to two antibiotics
belonging to the carbapenem class: meropenem and
imipenem. In this study, meropenem-resistant bacteria
were also found in hospital effluents, indicating that
carbapenemase-producing bacteria have already begun
to spread into the environment (Hrenovic et al. 2016).

As shown in Fig. 2, the antibiotic-resistant bacteria
released from hospital effluents can survive and grow
in river water with a low concentration of nutrients.
In a similar experiment, A. baumannii was able to
grow for more than 50 days in hospital effluents with
a low concentration of nutrients. Thus, the resistant
bacteria that are discharged may grow in the oligo-
trophic environment near recreational areas, thereby
posing a potential threat to those who use the facili-
ties in the area. Infection with resistant bacteria in
recreational areas has been commonly reported in the
USA, although it has not yet been reported in Korea
(Leonard et al. 2015).
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Bacteria that are resistant to the penicillin class of
antibiotics often show resistance to non-3-lactam clas-
ses of antibiotics as well, indicating the common occur-
rence of multidrug-resistant bacteria in the environment.
The present study also confirmed that all of the bacterial
strains that were resistant to meropenem, part of the
penicillin class of antibiotics, were in fact multidrug-
resistant bacteria (Ash et al. 2002). Infection with these
multidrug-resistant bacteria leads to not only expensive
treatments and control measures to limit the prevalence
or mortality rate but also the preservation of antibiotic
resistance genes; thus, it is necessary to take precautions
against these infections (Levy and Marshall 2004). Such
multidrug-resistant bacteria may increase the health
risks of hospital visits or consumption of contaminated
food products and may render common antibiotic treat-
ments marginally effective or ineffective. In the case of
the USA, it is estimated that around 2 million people are
infected by antibiotic-resistant bacteria, among which
23,000 die annually (Atlas World USA 2014). In Korea,
infection with multidrug-resistant bacteria has also in-
creased from 22,928 cases in 2011 to 38,074 cases in
2014, according to data from the Korea Center for
Disease Control (Korea Joong Ang Daily 2015).

A limitation of the present study is that only a small
number of hospitals were investigated, and therefore,
effects due to the size of the hospital or the characteris-
tics of the respective wastewater treatment plants could
not be fully assessed. In addition, as the environmental
survivability of the bacteria was estimated under specif-
ic experimental conditions, the influence of seasonal
variations could not be tested. Thus, future research
should include an in-depth study on the effects of hos-
pital size, the method of wastewater treatment, and the
environmental survivability of resistant bacteria across
different seasons. Although the microbiological moni-
toring of hospital effluents includes total coliform bac-
teria, these were not detected in hospital effluents,
whereas carbapenem-resistant bacteria were detected.
This implies that it may be necessary to update the types
of bacteria monitored based on the effluent characteris-
tics (Hrenovic et al. 2017).

Conclusions
This study investigated the species and prevalence of

meropenem-resistant bacteria found in hospital effluents
as well as their antibiotic resistance spectra, 3-lactamase

gene types, and environmental survivability. The
multidrug-resistant bacteria released through hospital
effluents can survive and grow in the water near recre-
ational areas used by large numbers of people, suggest-
ing the need for continuous monitoring of not only total
coliforms or E. coli but also multidrug-resistant bacteria,
which pose significant health risks.
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