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Abstract Despite the number of studies on antibiotic-
resistant enterococci from Serbian clinical settings, there
are no data about environmental contamination with
these bacteria. Thus, this study investigated the preva-
lence of antibiotic-resistant enterococci in Belgrade,
Serbia. Enterococcus species collected from ten surface
water sites, including a lake, two major river systems,
and springs, were tested. Among enterococci, we found
single (21.7 %), double (17.4 %), and multiple antibiotic
resistance patterns (56.3 %). Vancomycin-resistant
strains were not found, indicating that their abundance
in Belgrade is tightly linked to clinical settings. The
multiple drug-resistant strains Enterococcus faecalis,
Enterococcus faecium, and Enterococcus mundtii were
frequently detected in the lake during the swimming
season and in the rivers near industrial zones. We con-
firmed the presence of ermB, ermC, ant(6)-Ia, tetM, and
tetL and mutations in gyrA genes. The phylogenetic
analysis of 16S rRNA gene of E. faecium isolates that
harbor esp gene classified them into two groups based
on high-bootstraps scores in the tree analysis. Pulsed-
field gel electrophoresis analysis of antibiotic-resistant

enterococci revealed genomic similarity ranging from
75 to 100 %. This study indicates the importance of
anthropogenic impact to the spread of antibiotic-
resistant enterococci in environmental waters of
Belgrade, Serbia.
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Introduction

Enterococci are Gram-positive bacteria primarily asso-
ciated with indigenous human and animal gastrointesti-
nal flora (Leroy et al. 2003). Due to their ability to
survive adverse conditions, enterococci are widely dis-
tributed in nature (Franz et al. 2003). Once released into
the environment through human and animal feces, en-
terococci are able to inhabit different ecological niches
such as soil, surface water, and various plants (Giraffa
2003). For this reason, they have received widespread
interest as useful indicators of fecal pollution in aquatic
ecosystems (Davis et al. 2005).

Their exceptional metabolic adaptability allows them
to fulfill a variety of roles as commensals and opportu-
nistic pathogens (Giménez–Pereira 2005). Under certain
circumstances, they are able to cause a variety of infec-
tions in humans and are now recognized as a major
cause of clinical infections with limited therapeutic op-
tions due to their great ability to acquire resistance to the
most clinically relevant antimicrobial agents (Teixeira
and Merquior 2013). As commensals of the human
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gastrointestinal tract, enterococci are routinely exposed
to a variety of antibiotics due to medical treatments. The
antibiotic resistance of enterococci plays an important
role in the ecological dynamics during and after antibi-
otic therapy (Kristich et al. 2014). The widespread re-
lease of antibiotics into the environment as a result of
their use in human and animal medicine has led to an
increased spread of resistant enterococci in soil, water,
and food (Cabello 2006).

Enterococci are not indigenous to water and their
prevalence in water sources depends on environmental
factors including the geographical area, potential
sources and types of sewage, and the presence of indus-
trial zones and agricultural sites (Sidhu et al. 2014).
Detailed studies of individual locations are necessary
in order to understand the distribution of Enterococcus
species and provide useful information about the dis-
semination of resistance genes into surface water (Di
Cesare et al. 2014; Niederhausern et al. 2013).

Contaminated surface water can become a reservoir
of virulent and antibiotic-resistant strains of fecal bacte-
ria, including enterococci species (Di Cesare et al.
2012), thus contributing to the dissemination of resis-
tance genes into surface water by horizontal gene trans-
fer mechanisms (Di Cesare et al. 2014).

Serbia was, for decades, among the countries where
the use, over-use, misuse, and abuse of antibiotics were
high due to poor regulation, until recently (http://www.
who.int/drugresistance/documents/situationanalysis/en/).
However, the years of lax restriction and enforcement
together with the fact that antibiotics were sold in
pharmacies to anyone who could afford them could and
probably did lead to a higher incidence of antibiotic-
resistant strains, including enterococci. Vancomycin-
resistant enterococci (VRE) are designated as pathogens
of great importance in Serbian hospitals (Mioljevic et al.
2013; Stosovic et al. 2004). Although most VRE infec-
tions are nosocomial, environmental contamination with
VRE is of special interest since enterococci are ubiqui-
tously detected in aquatic environments where they are
able to survive long period of time (Nishiyama et al.
2015). Accordingly, we analyzed surface water samples
from the Belgrade area in which hospitals VRE were
previously described (Mioljevic et al. 2013; Stosovic
et al. 2004) in order to determine whether the environ-
ment pool of multiresistant enterococci and VRE.

The analyzed waters included three springs
(Brace Jerkovic, Hajducka Cesma, and Sakinac)
where the human impact is minimal, three rivers

(the Topcider River and the major rivers Danube
and Sava) and a lake (Ada Ciganlija Lake) where
anthropogenic influence is of particular importance,
especially during the swimming season. Many of
these waters are used to supply water for domestic,
recreational, industrial, and agricultural uses. To
evaluate the incidence and the prevalence of
antibiotic-resistant enterococci from three different
types of surface water in the Belgrade area that may
represent a transmission route for resistant genes to
healthy organisms, both culture-dependent and mo-
lecular tools were used.

Material and methods

Localities and sampling strategy

Sampling from surface waters in the area of
Belgrade, Serbia was performed from July to
October 2013. Water samples were collected as
follows: four samples from the localities situated
across the major river systems in Belgrade [the
Danube-Dorcol (DDE) and Sava (RSE) rivers, the
Topcider River (TRE), and the Danube River-Ada
Huja (AHE)], three samples from the lake at Ada
Ciganlija [before (AJE), during (AAE) and after
(ASE) the swimming season], and three samples
from springs [Brace Jerkovic (BJE), Hajducka
Cesma (CHE), and Sakinac (SACE)] (Fig 1). The
Danube River-Ada Huja (AHE) is located in an
industrial zone of Belgrade City. Ada Ciganlija
Lake is the most famous beach and recreation
centre in Belgrade with up to 150,000 visitors
daily during the swimming season. The springs
are distant from the urban area, surrounded by
vegetation.

Isolation and identification of enterococci

Isolation of enterococci from water samples was per-
formed using a membrane filtration technique. Water
samples (500 mL) were collected in sterile bottles ap-
proximately 50 cm below the water’s surface, and con-
centrated using 0.45 μm membrane filters (Sarstedt,
USA). Enrichment of samples was performed as de-
scribed previously with minor modifications (Messer
and Dufour 1997). The filters with precipitate were
incubated in sterile Petri plates with M17 medium
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supplemented with 0.5 % (w/v) glucose (GM17), sodi-
um azide (0.15 g/L), and cycloheximide (10 μL/mL).
The samples were grown up to 7 days at 37 °C. Bacteria
grown on filter surface were collected and serial dilu-
tions (10−1 to 10−7) of each sample were prepared and
100 μL of each dilution was plated on GM17 agar plates
and incubated for 48 h at 37 °C in aerobic conditions.
Upon cultivation, the colonies with typical enterococcal
morphology were selected and isolates were identified
to the genus level by Gram staining, catalase testing, and
black zone formation on bile esculin agar (Himedia,
Mumbai, India). Species identification was carried out
by polymerase chain reaction (PCR) using primers
for amplif ication 16S rRNA, UNI16SF (5 ′-
GAGAGTTTGATCCTGGC 3′) and UNI16SR (5′-
AGG AGGTGATCCAGCCG-3′; Jovcic et al. 2009),
and for sodA gene degenerate primers d1 (5′-
CCITAYICITAYGAYGCIYTIGARCC-3′) and d2 (5′-
ARRTARTAIGCRTGYTCCCAIACRTC-3′; Poyart
et al. 2000). The PCR amplicons obtained were purified
using kit (Thermo Scientific, Lithuania) and sequenced
(Macrogen, Amsterdam, the Netherlands). The BLAST
algorithm was used to determine the most related se-
quence relatives in the NCBI nucleotide sequence data-
base (http://www.ncbi.nlm.nih.gov/ BLAST).

Phylogenetic analysis

The phylogenetic inferences were generated by MEGA
version 6.0. (Tamura et al. 2013). The multiple DNA
sequence alignments were performed using Vector NTI
program that uses the ClustalW algorithm with default
parameters. The construction of an Enterococcus
faecium16S rRNA phylogenetic tree was conducted by
the maximum-likelihood (ML) method using a Jones–
Taylor–Thornton (JTT) model. The confidence levels of
ML trees were obtained by bootstrapping of 1,000 rep-
licates. Eighteen E. faecium strains, harbouring the esp
gene, were included in this analysis.

Antimicrobial susceptibility

Antibiotic susceptibility was tested for 16 antibiotics of
interest in animal and human medicine (microgram per
disk): penicillin (PEN,10), vancomycin (VAN, 30),
teicoplanin (TEI, 30), ampicillin (AMP, 10), streptomy-
cin (STR, 300), gentamicin (GEN, 120), chloramphen-
icol (CHL, 30), tetracycline (TET, 30), erythromycin
(ERY, 15), quinupristin–dalfopristin (QD, 15), cipro-
floxacin, (CIP, 5), levofloxacin (LVX, 5), nitrofurantoin
(FUR, 300), rifampicin (RFM, 5), linezolid (LIN, 30),

Fig. 1 Locations of the sampling sites in the Belgrade area. The
TRE, RSE, DDE, and AHE river water systems are indicated by
circles; CHE, BJE, and SACE springs are indicated by triangles;
and water samples from the lake, AJE (before swimming season),

AAE (swimming season), ASE (after swimming season), are indi-
cated by squares. The map was taken from https://www.google.rs/
maps/@44.7989863,20.4441833,12637m/data=!3m1!1e3?hl=sr
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and bacitracin (BAC, 130), by the disk diffusionmethod
(Clinical and Laboratory Standards Institute 2013).
Antibiotic disks were obtained from BioRad, Mernes-
la-Coquette, France. The diameters of antibiotics inhi-
bition zones were measured and recorded as susceptible
(S), intermediate (I), or resistant (R).

Enterococci isolates showing intermediate or resis-
tant phenotypes were submitted to further tests.
Determination of the minimal inhibitory concentration
(MIC) was performed by microdilution tests in Mueller
Hinton broth (Oxoid, Hampshire, UK). Appropriate cell
culture was added in wells of the microtiter plate con-
taining increasing concentrations of antibiotics dis-
solved in 180 μL MH medium. Cell density was mon-
itored by OD600 measurements after 24 h of incubation
at 37 °C in a microtiter plate reader (Multiscan RC,
Labsystems, UK). The lowest concentration of antibiot-
ic at which no growth of bacteria was detectedwas taken
as the minimum inhibitory concentration. Experiments
were done in triplicate.

PCR detection of resistance genes

The presence of antibiotic resistance genes was tested by
PCR in all enterococcal isolates which showed resis-
tance to the tested antibiotics. The primer sequences of
the target genes, the expected amplicon sizes, and an-
nealing temperatures (Th) are given in Table 1. PCR
conditions were as previously described (references are
given in Table 1). The PCR reaction mixture (50 μL)
contained: 5 ng of bacterial DNA, 1× reaction buffer
(Kapabiosystems, USA), 200 μM of each dNTPs,
10 pmol of the primer/s, and 1 U Tag DNA polymerase
(Kapabiosystems, USA, 5 U/μL). Gene sequencing and
analysis was described previously. The sequences of
antibiotic resistance genes were submitted to the
European Nucleotide Archive (http://www.ebi.ac.uk/
ena/data/view/LN611411-LN611416) under accession
No. LN611411-LN611416.

Pulsed-field gel electrophoresis

To investigate genetic relatedness among resistant en-
terococci strains, pulsed-field gel electrophoresis
(PFGE) was carried out as previously described (Kojic
et al. 2005). Briefly, PFGE with SmaI-digested genomic
DNAwas performed for 18 h at 300 V at 9 °C using a
2015 Pulsafor unit apparatus (LKB Instruments,
Bromma, Sweden). Grouping of isolates based on the

PFGE results was done using SPSS software package,
version 20 (IBM Inc., Chicago, IL).

Statistical analysis

Classical ecology indexes were used to obtain the rich-
ness (S), the biodiversity (H′), and the dominance (D) of
the species studied:

– Species richness (S): this is the simplest measure-
ment of diversity, being defined as the number of
the species found in a defined area.

– Shannon–Wiener index (H′): used to obtain the
general biodiversity:

H 0 ¼ − ΣSpilog2 pið Þ

where S is the number of species and pi is the
proportion of thesample belonging to its species.
Simpson’s index (D), which gives a strong
weighting to the dominant species:

D ¼ ΣS pið Þ2

where S is the number of species and pi is the
proportion of the sample belonging to its species.

Results and discussion

Isolation and identification of Enterococcus spp.

Several studies have focused on enterococci isolates
from surface water (Sidhu et al. 2014; Michael et al.
2013) and from the environment to achieve a greater
understanding of the origin, spread, and persistence of
antibiotic-resistant enterococci. However, data about
antibiotic-resistant enterococci from Balkan Peninsula
surface waters are still unavailable. To our knowledge,
this is the first study carried out on water from the
Belgrade area, despite that this area includes major
rivers, namely the Danube River and the Sava River.

In order to examine the presence of enterococcal
species and the distribution of antibiotic resistance genes
among them, a total of 124 lactic acid bacteria were
isolated from nine out of ten localities samples of sur-
face water in the Belgrade area (Fig. 1). A total of 91
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enterococcal isolates were chosen for further investiga-
tion based on growing on selective media, Gram stain-
ing, and negative results obtained after catalase tests.

After the sequencing of sodA genes and gene for the
16S rRNA, we found that isolated enterococci belong to
ten distinct species with the following distribution:
E. faecium (38.5 %), Enterococcus faecalis (20.9 %),
Enterococcus durans (16.5 %), Enterococcus mundtii
(6.6 %), Enterococcus hirae (6.6 %), Enterococcus
thailandicus/sanquinicola/lactis (5.5 %), Enterococcus
rivorum (2.2 %), Enterococcus casseliflavus (1.1 %),
Enterococcus lactis (1.1 %), and Enterococcus
gallinarum (1.1 %). Specimen tags, locations, and en-
terococci isolates are indicated in Table 2.

The analysis of species distribution indicated that
E. faecium and E. faecaliswere predominant in all types

of surface water except the springs (Fig. 2). E. hiraewas
found in the rivers, the Topcider (66.7 %) and the
Danube River-Dorcol (16.7 %), as well as the Danube
River-Ada Huja (21.4 %). The species E. lactis (3.1 %)
and E. casseliflavus (3.1 %) were present only in Ada
Ciganlija Lake during the swimming season, while
E. thailandicus/sanquinicola/lactis (26.3 %) and
E. rivorum (10.5 %) were found only in Ada Ciganlija
Lake after swimming season. Additionally, E. durans
was present before (100 %) and after (15.8 %) swim-
ming season at Ada Ciganlija Lake. The species
E. mundtii was isolated from Brace Jerkovic spring
(100 %), the Sava River (33.3 %), and Ada Ciganlija
Lake (12.5 %) during swimming season. The species
E. gallinarum was found only in the spring Hajducka
Cesma (100 %). Regarding the enterococci richness (S),

Table 1 Oligonucleotides used to detect antibiotic resistant genes in PCR tests

Primer Target genea Primer sequence 5'→3'b Th (°C)c Reference

TetKF
TetKR

tetK TTATGGTGGTTGTAGCTAGAAA
AAAGGGTTAGAAACTCTTGAAA

55°C Gevers et al. 2003.

TetLF
TetLR

tetL GTMGTTGCGCGCTATATTCC
GTGAAMGRWAGCCCACCTAA

55°C Gevers et al. 2003.

Ribo2 RPPa GGMCAYRTGGATTTYWTIGC
TCIGMIGGIGTRCTIRCIGGRC

„TouchdownB Aminov et al. 2001.

ErmAF
ErmAR

ermA AAGCGGTAAACCCCTCTGA
TTCCCAAATCCCTTCTCAAC

55°C Strommenger et al. 2003.

ErmBF
ErmBR

ermB CATTTAACGACGAAACTGGC
GGAACATCTGTGGTATGGCG

55°C Jensen et al. 1999.

ErmCF
ErmCR

ermC AATCGTCAATTCCTGCATGT
TAATCGTGGAATACGGGTTTG

55°C Strommenger et al. 2003.

MefF
MefR

Mef AGTATCATTAATCACTAGTGC
TTCTTCTGGTACTAAAAGTGG

55°C Sutcliffe et al. 1996.

MsrF
MsrR

Msr GCAAATGGTGTAGGTAAGACAACT
TAAAACAAATGTAGTGTACTA

55°C Sutcliffe et al. 1996.

ant(6)-Ia-F
ant(6)-Ia-R

ant(6)-Ia ACTGGCTTAATCAATTTGGG
GCCTTTCCGCCACCTCACCG

55°C Radhouani et al. 2011.

acc-aph-F
acc-aph-R

acc(6')-aph(2') TCCTTACTTAATGACCGATGTACTCT
TCTTCGCTTTCGCCACTTTGA

55°C Radhouani et al. 2011.

gyrAF
gyrAR

gyrA CGGGATGAACGAATTGGGTGA
AATTTTACTCATACGTGCTTCGG

55°C Rathnayake et al. 2012.

parCF
parCR

parC AATGAATAAAGATGGCAATA
CGCCATCCATACTTCCGTTG

47°C Rathnayake et al. 2012.

blaZF
blaZR

blaZ ACTTCAACACCTGCTGCTTTC
TAGGTTCAGATTGGCCCTTAG

53°C Garofalo et al. 2007.

pbp5-R
pbp5-F

pbp5 GTTCTGATCGAACATGAAGTTCAAA
TGTGCCTTCGGATCGATTG

52°C Rathnayake et al. 2012.

espF
espR

Esp TTGCTAATGCTAGTCCACGACC
GCGTCAACACTTGCATTGCCGAA

58°C Eaton and Gasson 2001.

a RPP-tet gene from the gene family encoding ribosomal proteins for deprotection
bN = A, C, G, or T; R = A or G; W = A or T; Y = C or T; H = A, C or T; M = A or C; I = inosine
c Th (° C) – annealing temperature
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ten different species were isolated in all water samples
(Fig. 2). The general index of biodiversity (H′) and the
concentration of dominance (D) were calculated on the
basis of the number of identified species by 16S rRNA
sequencing. The highest diversity of enterococci
was found in Ada Ciganlija Lake after swimming
season (H′=2.14) where no fewer than five differ-
ent enterococci species were identified (E. faecalis,
E. faecium, E. durans, E. rivorum, and E.thailandicus/
sanquinicola/lactis), and no dominance of any of species

was scored (D=0.25). Also, the highest biodiver-
sity of enterococci (H1′=1.50), and the lowest
concentration of dominance (D=0.47) was found
in Ada Ciganlija Lake during swimming season.
On the contrary, the Ada Ciganlija Lake before
swimming season and both springs (Hajducka
Cesma and Brace Jerkovic) exhibited the lowest
Shannon’s index (H2′=0) and the highest domi-
nance index (D=1). No enterococci were isolated
from Sakinac spring (Fig. 2).

Table 2 Tags specimens, localities and identified enterococci isolated from surface water of Belgrade area

Locality Month Species (number of isolates) esp gene Isolates

Lake Ada July
(before swimming season)

Enterococcus durans (12) АЈЕ1-1, АЈЕ1-2, АЈЕ1-3, АЈЕ1-4,
АЈЕ1-5, АЈЕ1-6, АЈЕ1-7, АЈЕ1-8,
АЈЕ1-9, АЈЕ1-10, АЈЕ1-11, АЈЕ1-12

August
(during swimming season)

Enterococcus faecium(21) 8/21 AAE1-1, AAE1-3, AAE1-5, AAE1-7,
AAE1-11, AAE1-15, AAE2-1,
AAE2-2, AAE2-3, AAE2-4, AAE2-5,
AAE2-6, AAE2-7, AAE2-9,
AAE2-10, AAE2-11, AAE2-12,
AAE2-13, AAE2-14, AAE2-15,
AAE2-16

Enterococcus faecalis(5) AAE1-2, AAE1-4, AAE1-8, AAE1-9,
AAE1-10

Enterococcus mundtii(4) AAE1-6, AAE1-12, AAE1-13, AAE1-14

Enterococcus casseliflavus(1) AAE2-8

Enterococcus lactis (1) AAE1-16

September
(after swimming season)

Enterococcus faecalis(7) ASE1-2, ASE1-3, ASE1-4, ASE1-5,
ASE1-7, ASE1-8, ASE2-7

Enterococcus thailandicus/
sanquinicola/lactis (5)

ASE2-1, ASE2-2, ASE2-3, ASE2-4,
ASE2-8

Enterococcus durans(3) ASE3-1, ASE3-4, ASE3-5

Enterococcus faecium(2) 1/2 ASE2-5, ASE2-6

Enterococcus rivorum(2) ASE3-2, ASE3-3

Spring HCE August Enterococcus gallinarum(1) CHE1

Spring BJE October Enterococcus mundtii(1) BJE1

River Topcider August Enterococcus hirae(2) TRE1, TRE12

Enterococcus faecium (1) 0/1 TRE9

River Sava October Enterococcus faecalis(2) RSE1, RSE5

Enterococcus mundtii(1) RSE2

Danube River -Dorcol September Enterococcus faecium (3) 3/3 DDE4, DDE6, DDE10

Enterococcus faecalis (2) DDE3, DDE7

Enterococcus hirae (1) DDE1

Danube River-Ada Huja September Enterococcus faecium (8) 6/8 AHE1-1, AHE1-2, AHE1-6, AHE1-9,
AHE2-3, AHE2-6, AHE2-9, AHE2-10

Enterococcus faecalis (3) AHE1-3, AHE1-7, AHE2-1

Enterococcus hirae (3) AHE1-11, AHE2-4, AHE2-5

Enterococcal isolates were identified by 16Sr DNA sequencing
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This species distribution in the Belgrade area surface
waters, at all locations, was in agreement with previous-
ly reported results (Moore et al. 2008; Švec and
Sedlaček 1999) where the prevalence of E. faecalis
and E. faecium species was evident, especially in waters
where the influence of humans was the most significant.
In addition, it was observed that in rivers, enterococci
were less prevalent than in Ada Ciganlija Lake. Even
though higher number of enterococci species was scored
in rivers near industrial zone, the Danube River-Ada
Huja (14) and the Danube River-Dorcol (6), than in
the Topcider River near Kosutnjak forest (3) and
in the Sava River (3). Finally, the springs had the
lowest number of species scored: Brace Jerkovic
(1), Hajducka Cesma (1), and Sakinac spring (0)
that could be related to the lowest anthropogenic
impact. Most importantly, in the water from Brace
Jerkovic spring, only E. mundtii species, usually
found on plants (Aarestrup and Hasman 2004),
was isolated, indicating that another possible source
of enterococci in water could be soil and vegetation
(Sidhu et al. 2014). Interestingly, the number of
isolates is consistent with the distribution of spe-
cies; the highest diversity (H′=2.14) was observed
in the recreational lake while the lowest diversity
(H′=0) was found in the springs.

Phylogenetic analysis of E. faecium species harboring
esp gene

The presence of enterococci is considered an indicator
of faecal contamination of environmental water sources,
reflecting the human health risk of drinking and recrea-
tional waters (WHO 2004). The increased number of
enterococci during and after the swimming season could
be attributed to anthropogenic influences. The entero-
coccal surface protein gene, esp, is a major putative
pathogenicity marker in clinical isolates of E. faecium
and E. faecalis. This gene can be exchanged between
enterococcal strains by conjugation (Oancea et al.
2004). E. faecalis Esp has been implicated as a contrib-
uting factor in colonization and persistence of infection
within the urinary tract (Shankar et al. 1999, 2001). An
esp homologue has been identified in E. faecium (Eaton
and Gasson 2001). Since previous studies reported that
the esp gene may be a useful marker for Enterococcus
originating from human feces (Kim et al. 2010; Scott
et al. 2005), we evaluated the presence of esp gene in
E. faecium strains isolated from surface water (Table 2).
Interestingly, the results revealed that 51.42 % of tested
E. faecium strains, originating from Ada Ciganlija Lake
during and after swimming season, the Danube River-
Dorcol and the Danube River-Ada Huja, were positive

Fig. 2 Relative abundance (%) of enterococci species among
distinct locations in the Belgrade area. Diversity indices of species
richness (S), Shannon–Wiener index (H′) indicating general biodi-
versity, and Simpson's index (D) for evaluating dominance are
presented for enterococci for each locations of the sampling sites.

Sites were marked as follows: 1 Ada Ciganlija Lake before swim-
ming season, 2 Ada Ciganlija Lake during swimming season, 3
Ada Ciganlija Lake after swimming season, 4 Spring Hajducka
Cesma, 5 Spring Brace Jerkovic, 6 Topcider River, 7 Sava River, 8
Danube River-Dorcol, and 9 Danube River-Ada Huja
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for the esp gene thus indicating that human faecal con-
tamination is one of the major causes of pollution.

The diversity among 18 E. faecium strains, harboring
the esp gene, was studied using 16S rRNA gene se-
quences. Maximum likelihood (ML) 16S rRNA tree
(Fig. 3) classified E. faecium isolates into two distinct
groups, A and B. The strains in both groups were
clustered at high bootstrap (BT) value (100 %). The
strains of group A includes nine strains isolated from
the major river systems in Belgrade, the Danube River-
Dorcol (DDE), the Danube River-Ada Huja (AHE), and
one strain, ASE2-5, from the Ada Ciganlija Lake, after
the swimming season (Fig. 3). Group B was a cluster of

eight E. faecium strains isolated from the Ada Ciganlija
Lake (AAE) during the swimming season.

Although all studied E. faecium strains originating
from human feces, ML phylogenetic analysis suggested
the possibility that they come from various sources of
pollution, since they are clearly separated into two dis-
tinct groups. Human fecal pollution of rivers fromwhich
were isolated strains from a group A may occur from
failing septic systems, leachate from dumps and land-
fills, or from improper disposal of sewage. Also, water
from rain or snowmelt can transfer pathogens released
by poorly maintained septic systems and discharge them
into a sewage system or directly to a lake, stream or
river. In contrast to the river pollution, the source of Ada
Ciganlija Lake pollution, which is a public beach whose
water quality is checked regularly, probably could be
attributed to direct anthropogenic influences during and
after the swimming season.

Antibiotic susceptibility testing

Apart from being indicator organisms, enterococci
are important nosocomial pathogens resistant to
many commonly used antibiotics. Several studies
have shown a strong and direct relationship be-
tween enterococci and an increased number of
swimmers suffering from gastrointestinal diseases
(Boehm and Soller 2011).

An antibiotic susceptibility test, using a disk diffu-
sion method, enabled rapid screening of resistance to 16
antibiotics among a total of 91 enterococcal isolates.
The prevalence of antibiotic resistance is shown in
Table 3.

The highest percentage of multiple resistance was
found among the isolates of E. faecalis, E. faecium,
and E. mundtii, which were resistant to 13 distinct
antibiotics, in total (Table 3). It was found that all
enterococcal isolates were sensitive to teicoplanin, while
the majority of the isolates (over 98 %) were sensitive to
tetracycline, and vancomycin. As mentioned, the
isolates were susceptible to chloramphenicol. The
isolates of E. faecalis (72 %) sampled from Ada
Ciganlija Lake after swimming season had intermediate
resistance to vancomycin. All isolates of E. thailandicus/
sanquinicola/lactis and E. rivorum species exhibited a
resistance to seven antibiotics (Bac, Cip, Ery, Gen, Lvx,
QD, and Rfa). The isolates of E. casseliflavus,
E. gallinarum, E. hirae, and E. lactis showed resistance
to almost the same group of antibiotics (see Table 3).

Fig. 3 Phylogenetic inferences of 16S rRNA gene among
E. faecium strains. A phylogenetic tree of 16S rRNA gene was
constructed with the maximum likelihood (ML) method using a
Jones–Taylor–Thornton (JTT) model distance matrix. The per-
centages of 1,000 bootstrap samplings supporting the clusters are
indicated at bifurcations (only bootstrap results above 50 % are
reported). The isolates from the major river systems Danube
River–Dorcol (DDE) and the Danube River–Ada Huja (AHE)
are represented by black and white squares, respectively. The
isolates from Ada Ciganlija Lake after the swimming season and
during the swimming season are represented by white and black
triangles, respectively.
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Interestingly, E. durans were resistant only to rifampicin
and intermediately resistant to ciprofloxacin,
nitrofurantoin, gentamicin, and quinupristin–dalfopristin
(Table 3).

Determination of minimum inhibitory concentration
(MIC)

A total of 67 enterococci were chosen, based on the
preliminary results obtained by the disk diffusion assay,
to determine their MIC values by microdilution assay.
All strains that were found to be resistant to penicillin,
ampicillin, linezolid, nitrofurantoin, vancomycin, and
chloramphenicol in the disc diffusion assay were sensi-
tive to those antibiotics in the microdilution assay. In
contrast, the results of the microdilution assay were in
accordance with the disk diffusion assay for enterococci
resistant to bacitracin, rifampicin, levofloxacin, erythro-
mycin and tetracycline.

Among aforementioned isolates, we found strains
with single, double, and multiple antibiotic resistance
patterns. The isolates resistant to one antibiotic were
present at 21.7 %, on two antibiotics 17.4 %, three
4.3 %, four 13 %, five 17.4 %, six 13 %, seven 4.3 %,
or eight 4.3 %. E. thailandicus/sanquinicola/lactis and
E. durans species isolated fromAda Ciganlija Lake after
the swimming season harbored resistance to bacitracin–
rifampicin–erythromycin–levofloxacin, which repre-
sented the core of the most frequent multiple drug
resistance pattern. The E. faecalis isolates collected
from the Danube River-Dorcol showed resistance to
all tested antibiotics (Table 4). These isolates exhibited
a high-level resistant phenotype to streptomycin
(≥2,000 μg/mL), gentamycin (≤2,000 μg/mL), bacitra-
cin (≥256 μg/mL), erythromycin (256 μg/mL), tetracy-
cline (256 μg/mL), levofloxacin (64 μg/mL), rifampicin
(16 μg/mL), and ciprofloxacin (16 μg/mL). Also, the
E. faecium strains isolated from the Danube River-Ada
Huja, the Sava River, and the Danube River-Dorcol near
locations belonging to industrial zones and E. faecalis,
E. faecium, and E. mundtii isolated from Ada Ciganlija
Lake during the swimming season,when the number of
visitors is the highest, harbor resistance to between five
and eight antibiotics (Table 4). These results indicate the
high anthropogenic impact on the spread of drug-
resistant strains. Single resistance was observed for
erythromycin-resistant E. faecium isolated from Ada
Ciganlija Lake after the swimming season and E. hirae
isolated from the Topcider River and the Danube River-

Ada Huja (Table 4). E. durans isolated from Ada
Ciganlija Lake before the swimming season and
E. hirae isolated from the Danube River-Dorcol carried
single resistance to rifampicin (Table 4). In addition,
E. lactis was sensitive to all tested antibiotics in the
microdilution assay.

Detection of resistance genes by PCR

The 67 antibiotic-resistant enterococcal isolates
were screened for the presence of the resistance
genes most frequently reported in enterococci as
follows: erythromycin resistance (ermA, ermB,
ermC, mef, and msr), tetracycline resistance (tetM,
tetL, and RPP), aminoglycoside resistance (ant(6)-
Ia and acc(6')-aph(2')), and beta-lactam resistance
(blaZ). Also, point mutations associated with fluo-
roquinolone resistance (within gyrA and parC) and
beta-lactams (pbp5) were analyzed.

Genetic determiners for erythromycin (84 %) were
the most prevalent, followed by those for streptomycin
(10 %) and tetracycline (3 %), while the least prevalent
was for ciprofloxacin (1.5 %). However, among all of
the tested enterococci, the resistance genes for gentami-
cin, penicillin, and ampicillin were not found, though
widespread common resistance to gentamicin and, less
common, to ampicillin and penicillin was observed.
These data might indicate the presence of other genes
involved in resistance or the existence of intrinsic
resistance.

Resistance to erythromycin was determined by the
presence of erm genes. Regarding ERY-resistant isolates
(n=56), the frequencies of ermB and ermC genes were
100 and 76.8 %, respectively, while the presence of ermA
was not detected. Interestingly, the presence of ermB and
ermC genes was observed among all ten distinct species
found in all types of surface waters. It is assumed that the
high frequency of ermC genes is consequence of its
plasmid localization and it is possible that bacterial con-
jugation enabled its horizontal spreading. Also it is im-
portant to emphasize that antibiotics like tylosin, linco-
mycin, and neomycin that are the prime antibiotics that
are commonly used in animal husbandry also lead to
dissemination of ermA, B, and C genes (Thumu and
Halami 2012). It is known that ermA is the most common
among clinical enetrococci isolates (Sutcliffe et al. 1996);
therefore, the fact that ermA was not found among the
enterococci isolated from water was not a surprise. Only
three isolates, E. faecalis DDE3, E. faecium DDE4, and
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E. thailandicus/sanquinicola/lactis ASE2-1, harbored
both ermB and ermC genes with a high-level-resistant
phenotype to erythromycin (256 ug/ml). Our findings are
in correlation with those observed by other authors
(Sadowy and Luczkiewicz 2014). Nevertheless, there
are enterococci isolated from different water types where
erm genes were not found (Di Cesare et al. 2012). The
presence of two erythromycin-effluxes pump genes, mef
and msr, were not detected in the analyzed enterococci
strains.

The ant(6)-Ia gene responsible for streptomycin re-
sistance (n=9) was found in enterococci strains isolated
from the rivers and lake of the Belgrade area, with a
frequency of 77.8 %. Gene ant(6)-Ia has also been
recorded among enterococci isolated from water
(González et al. 2009) and clinical isolates (Padmasini
et al. 2014) as well as enterococci isolated from soil
(Abriouel et al. 2008).

Although the number of gentamicin-resistant
strains was significant (n=61; MIC≤2,000), the
acc(6')-aph(2') gene was not detected in the ana-
lyzed strains, which is in correlation with pub-
lished data. High-level of gentamicin resistance in
enterococci (MIC≥2,000) is usually associated
with the presence of the acc(6')-aph(2') gene
(Chow et al. 1998).

Among TET-resistant enterococci (n=2) both iso-
lates carried tetM and tetL genes. Tetracycline resistance
is prevalently mediated by tetL and tetK, which code for
the active efflux of the drug across the cell membrane,
and tetM, a ribosomal protection gene mostly carried by
Tn916-like elements. The strains E. faecalis DDE3 and
E. faecium AHE1-2 harbor two tet genes, tetM and tetL,
which are responsible for high-level tetracycline resis-
tance, 256 and 32 ug/mL, respectively. These results are
in agreement with other authors (Rathnayake et al.

Table 4 Determination of antibiotic susceptibility of enterococci according to minimum inhibitory concentration (MIC)

Locality Species Antibiotic (μg/ml)

Bac Rfa Ery Lvx Cip Tet Str Gen

July (before swimming season E. durans 1

August (during swimming season) E. faecium ≥256 1–16 8–64 2–32 1,000

E. faecalis ≥256 8–16 8 2 ≥2,000 1,000–2,000

E. mundtii ≥256 4–16 8–64 2–16 2,000

E. casseliflavus 16 8

E. lactis

September (after swimming season) E. faecalis ≥256 8–16 8 2 4 1,000–2,000

E. tha/san/lactis ≥256 16 256 2

E. durans ≥256 2–16 8 2

E. faecium 16

E. rivorum ≥256 8 8 2 1,000

Spring HCE E. gallinarum 16 8

Spring BJE E. mundtii 8 2

River Topcider E.hirae 8–16

E. faecium 8 2

River Sava E. faecalis ≥256 8 8 2 2,000 1,000–2,000

E. mundtii 8 8 2

River Danube E. faecium 4–16 16–64 2 8

E. faecalis ≥256 16 8–256 64 16 256 ≥2,000 1,000–2,000

E. hirae 4

River Ada Huja E. faecium ≥256 16 8–32 2–16 4 32 ≥2,000
E. faecalis ≥256 4 8 2 1,000

E. hirae 8
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2012) that showed that tetM and tetL genes were pre-
dominantly identified in tetracycline-resistant isolates.
In addition, the clinical isolates exhibited similar tetra-
cycline resistance to enterococci isolates from water
(Jia et al. 2014).

Among ampicillin-resistant isolates (n=7), neither
blaZ gene, nor point mutations in pbp5 gene were
detected. However, mutations in other penicillin-
binding proteins (PBPs) could alter their affinity to
ampicillin and lead to resistant phenotype.

In total, 4 of 67 tested enterococci were resistant to
ciprofloxacin. Among 4 ciprofloxacin-resistant
E. faecalis strains, only one strain, E. faecalis DDE3,
isolated from Danube River-Dorcol carried a mutation
in the gyrA gene responsible for resistance to quinolone
antibiotics (Jacoby 2005). This isolate had glutamic acid
to tyrosine substitution at position 83. The strain
E. faecalis DDE3 was the only one which grew at
16 μg/mL of ciprofloxacin. In contrast to the enterococ-
ci isolated from water, ciprofloxacin resistance is more
prevalent in clinical isolates that harbor mutations in

gyrA and parC genes (Rathnayake et al. 2012). In addi-
tion, a commonly found mutation in parC, an amino
acid substitution at position 80, was not observed.

Genetic relatedness of antibiotic-resistant enterococci

Besides the identification of the Enterococccus
species found in urban waters, we employed
PFGE to further characterize enterococci isolates
for potential genetic relatedness. Out of 67 ana-
lyzed antibiotic-resistant enterococcal isolates, 36
representatives of different types and from distinct
locations were included in the PFGE analysis. The
dendrogram produced by SPSS software demon-
strated genomic similarity ranging from 75 to
100 % (Fig. 4). Two clusters with differences up
to 25 % were observed. Cluster I comprises two
pulsotypes (A and B), while cluster II comprises
only one pulsotype (C) (Fig. 4). Pulsotype A
contained 14 strains with genetic similarity from
83 % to 100 %, whereas pulsotype B contained 8

Fig. 4 Dendrogram derived from
SmaI PFGE patterns showing the
relatedness of Enterococcus
species isolated from surface
water in the Belgrade area. The
dendrogram was constructed
using SPSS software. Letters A,
B, and C indicate different
pulsotypes, while I and II
designate two major clusters
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strains with genetic differences up to 14 %. Both
pulsotypes A and B included the E. faecium and
E. faecalis isolates sampled from the same loca-
tions (Ada Ciganlija Lake during swimming season
and the Danube River-Ada Huja). In addition,
pulsotype B included the isolates from the springs
(Hajducka Cesma and Brace Jerkovic) as well as
the multi-resistant strain E. faecalis DDE3 isolated
from the Danube River-Dorcol. Pulsotype C
encompassed 14 strains with genetic similarity
from 84 to 100 %. Pulsotype C comprises isolates
from all of the river localities and Ada Ciganlija Lake
during and after swimming seasonwhere the majority of
strains were E. faecium (50 %), E. faecalis (14 %), and
E. hirae (14 %). Notably, the existence of significant
differences among isolates of the same species in the
different pulsotypes as well as the presence of the same
resistance genes in distinct pulsotypes indicate that these
genes are likely disseminating among Enterococccus
species by horizontal gene transfer as well as clonal
spread.

Among 91 Enterococcus spp. strains, multiple
antibiotic resistance patterns were found in
56.3 %. They were the most frequently detected
in Ada Ciganlija Lake during the swimming sea-
son and in the rivers near industrial zones.
However, it is very important to indicate that
environmental waters in Belgrade area, Serbia are
not contaminated with VRE, thus cannot be a
source of these enterococci.

In conclusion, this is the first study that has reported
the distribution, as well as the occurrence of antibiotic
resistance, of Enterococcus spp. isolated from urban
surface waters in the Western Balkan Countries. The
results of this study showed that the majority of envi-
ronmental enterococcal isolates act as a reservoir of
resistance genes.

Special attention should be drawn to the rela-
tionship between community-acquired enterococcal
infections and recreational activities. The presence
of clinical resistances and the high prevalence of
reduced susceptibility to various antibiotics among
environmental isolates of Enterococcus sp. are
most likely attributed to the uncontrolled use of
antibiotics due to poor regulations in Serbia.
Finally, our findings lead to necessity for the con-
tinuous education on use of antibiotics in the pub-
lic sector in order to reduce the risk of spreading
of antibiotic resistance in the future.
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