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Abstract

In a clinical setting it seems to be normal these days that a relevant proportion or even the

majority of different bacterial species has already one or more acquired antibiotic resistances.

Unfortunately, the overuse of antibiotics for livestock breeding and medicine has also altered

the wild-type resistance profiles of many bacterial species in different environmental settings.

As a matter of fact, getting in contact with resistant bacteria is no longer restricted to hospi-

tals. Beside food and food production, the aquatic environment might also play an important

role as reservoir and carrier. The aim of this study was the assessment of the resistance pat-

terns of Escherichia coli and Klebsiella spp. out of surface water without prior enrichment and

under non-selective culture conditions (for antibiotic resistance). In addition, the presence of

clinically important extended spectrum beta lactamase (ESBL) and carbapenmase harboring

Enterobacteriaceae should be investigated. During Joint Danube Survey 3 (2013), water

samples were taken over the total course of the River Danube. Resistance testing was per-

formed for 21 different antibiotics. Samples were additionally screened for ESBL or carba-

penmase harboring Enterobacteriaceae. 39% of all isolated Escherichia coli and 15% of all

Klebsiella spp. from the river Danube had at least one acquired resistance. Resistance was

found against all tested antibiotics except tigecycline. Taking a look on the whole stretch of

the River Danube the proportion of multiresistances did not differ significantly. In total, 35

ESBL harboring Enterobacteriaceae, 17 Escherichia coli, 13 Klebsiella pneumoniae and five

Enterobacter spp. were isolated. One Klebsiella pneumoniae harboring NMD-1 carbapen-

mases and two Enterobacteriaceae with KPC-2 could be identified. Human generated antibi-

otic resistance is very common in E. coli and Klebsiella spp. in the River Danube. Even

isolates with resistance patterns normally associated with intensive care units are present.
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Introduction

We are currently observing the spread of a rising number of anthropogenic antibiotic resistant
bacteria (ARB) outside the clinical setting. This is an alarming trend, contributing to the postu-
lated decline of the antibiotic era [1–3]. Especially surface waters seem to play a key role in this
spread, as they serve both as habitats and as transport systems for microorganisms [4]. Con-
trary to clinical settings, where the distribution of resistant bacteria is well-documented [3,5],
distribution and evidence of non-wild-type resistant pathogens in the environment are hardly
based on qualitative data.

Antibiotics and ARB stem from many different sources like hospital effluents, communities,
industry and farming and are flushed into surface waters. This leads to an emerging number of
ARB in the environment [6–8]. The ability of resistant bacteria to survive in the aquatic envi-
ronment and the transfer of resistance genes are not clearly understood. Besides genetic back-
ground of the strains and mobility of resistance genes the presence of antibiotics, their
degradation products or other substances i.e. metals can influence the stability of the resistance
[4,6,7,9]. Antibiotic resistant gram negative bacilli (e.g. Enterobacteriaceae, Pseudomonadales)
are favored, as many species are native inhabitants of water environments and they are capable
of high trans-species genetic exchanges [4,10]. So today surface waters may not only serve as
reservoirs for resistance genes but also as a “market place” where susceptible strains (especially
in the presence of antibiotics from waste water) can acquire new resistances [6–8,11].

Worldwide research document the occurrence and increasing presence of nearly all clini-
cally relevant resistance mechanisms in the Enterobacteriaceae family, in all kinds of surface
waters from waste to drinkingwater, in rivers, lakes and in the ocean [12–16].

Especially extended spectrumbeta-lactamases (ESBL) producing bacteria have become
omnipresent in the last decade. They emerge within clinical settings, human communities and
animals (wild life, companion animals and livestock) [17,18]. One reason for the increase of
ESBL within population and in animals is the overuse of antimicrobials in veterinarymedicine.
This leads to the occurrence of ARB in the animals itself and a contamination of the foodstuff
of animal origin. The spread of the ARB loaded manure then contaminates soil or surface
waters [19,20].

The aim of the study was to evaluate the resistance profiles of Escherichia coli and Klebsiella
spp. isolated at selected sites along the whole course of the River Danube. We took the opportu-
nity of the Joint Danube Survey 3 (JDS3), the world's biggest river research expedition of its
kind in 2013, to analyze samples originating from different sampling points along the whole
length of the River Danube. The isolates were collectedwithout any antibiotic pressures or pre-
enrichment to provide a mostly unbiased picture of the antibiotic resistance of these clinically
highly important micro-organisms in the River Danube. A parallel screening on ESBL and car-
bapenemases producing Enterobacteriaceae in the River Danube water was conducted (Fig 1).

Materials and Methods

Sample collection

All samples were taken from a research vessel during the Joint Danube Survey 2013 (JDS3),
organized by the International Commission for the Protection of the Danube River (ICPDR),
Vienna. ICPDR has got the permission of all Danube countries for taking samples along the
whole Danube River. The ICPDR is a transnational body, which has been established to imple-
ment the Danube River Protection Convention. All Danube countries are member states of the
ICPDR on the base of the “Convention on Cooperation for the Protection and Sustainable use
of the Danube River (Danube River Protection Convention).
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BetweenAug. 12th and Sep. 26th, 2013, water samples from 68 sampling sites along the
River Danube, starting at JDS1 (BöfingerHalde, DE), and from 12 tributaries were collected
for microbiological investigation. For each sampling site, samples were taken at three sampling
points (left, middle, right), in sterile 1 L glass flasks from 30 cm below the river surface. From
each flask duplicate volumes of 45 ml river water were filled into sterile non-toxic 50 ml plastic
vials (Techno Plastic Products AG, TPP, Switzerland), containing 5 ml glycerine (final conc.
10% v/v) [21]. The vials were completely mixed by hand and immediately stored at -20°C on
board of the cruise ship until analysis in the laboratory. After transfer to the laboratory (begin-
ning of October 2013) the samples were stored at -80°C. Fourteen critical sampling sites,
mostly downstream of large cities were chosen for investigation (Table 1). In order to facilitate
a better interpretation of the data, the sampling sites were grouped in three stretches: upper-,
middle- and down-stretches (Table 1). The upper stretch included JDS2, JDS3, JDS8, JDS10
and JDS22 (1240 river km), represented by 120 E. coli and 136 Klebsella spp. isolates. The mid-
dle stretch included JDS28, JDS36, JDS38 and JDS49 (798 river km), represented by 326 E. coli
and 88 Klebsella spp. isolates.

The down stretch included JDS57, JDS59, JDS63, JDS67 and JDS68 (808 river km), repre-
sented by 183 E. coli and 95 Klebsella spp. isolates.

Fig 1. JDS 3 overview map. Overview of the Joint Danube Survey 3 sampling points (JDS3) along the River Danube. Reprinted from Joint

Danube Survey Webpage (http://www.icpdr.org/main/activities-projects/jds3) under a CC BY license, with permission from the ICPDR

(International Commission for the Protection of the Danube River), original copyright 2013.

doi:10.1371/journal.pone.0165820.g001
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Each of the defined stretches included two sampling points after waste water treatment
plants (WWTP) supporting large cities (Table 1, marked with �), and two sampling sites with
not such an influence. In addition starting sampling site at Kehlheim (JDS2) and final sampling
site at the River Danube delta St. Gheorge Arm (JDS68) were included also.

Isolation of bacteria

Isolation of E. coli and Klesbsiella spp. without resistance selection
The frozen samples were thawed and plated afterwards in 0.5 ml portions on different

(selective) Agars. For each sampling point ten Agar plates of each type were used. For isolation
of E. coli and Klebsiella spp. Endo Agar, Xylose Lysine Desoxychelat Agar (XLD Agar) and
Chromocult ColiformAgar (CCA), (all Merck, Austria) were used. Growth conditions were
37 ± 1°C for 18–24 h. All colonies that matched manufacturers’ requirements were transferred
to Blood Agar and Endo Agar (24 h, 37°C) to retrieve pure cultures. Species were identified
with mass spectrometryVITEK1 MS (bioMérieux Austria GmbH, Vienna, Austria). These
isolates were used for determination of wild-type, resistant and multiresistant proportion of
River Danube E. coli and Klebsiella spp.

Isolation of ESBL and/or Carbapenemases harboring Enterobacteriaceae
The frozen samples were thawed and plated afterwards in 0.5 ml portions on different Chro-

meID1 Agars. For each sampling point ten Agar plates of each type were used. ChromID1

ESBL (bioMérieux Austria GmbH, Vienna, Austria) and chromID1 CARBA (bioMérieux Aus-
tria GmbH, Vienna, Austria) were used for screening for ESBL and for carbapenemase-produc-
ing Enterobacteriaceae. ChromID1 Agar plates were incubated for 24 h at 37°C. Colonies were
assessed as described in the manufacturer´s manual. For pure cultures, colonies growing on
chromID1 Agar were transferred to blood Agar and Endo Agar (24 h, 37°C) and identified
with MALDI-TOF Vitek1 MS. These isolates were not included in the calculation of wild-
type, resistant and multiresistant proportion of River Danube E. coli and Klebsiella spp.

Table 1. Sampling sites.

SP Stretch Name of SP River km Country

JDS2 upper Kelheim, gauging station 2415 DE

JDS3 upper Geisling power plant 2354 DE

JDS8 upper Oberloiben 2008 AT

JDS10 upper Wildungsmauer (Vienna)* 1895 AT

JDS22 upper ds Budapest* 1632 HU

JDS28 middle us Drava* 1384 HR/RS

JDS36 middle ds Tisa / us Sava 1200 RS

JDS38 middle us Pancevo (Belgrade)* 1159 RS

JDS49 middle Pristol / Novo Salo 834 RO/BG

JDS57 down ds Ruse* 488 RO/BG

JDS59 down ds Arges (Bucharest)* 429 RO/BG

JDS63 down Siret 154 RO

JDS67 down Sulina Arm 26 RO

JDS68 down St.Gheorge Arm 104 RO

JDS3 sampling sites chosen for isolation and their assignment to the upper-, middle- or downstream stretches (SP = sampling point, us = upstream,

ds = downstream). Country codes: Germany, DE; Austria, AT; Hungary, HU; Croatia, HR; Serbia, RS; Romania, RO; Bulgaria, BG;

* represent sites close to cities.

doi:10.1371/journal.pone.0165820.t001
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Susceptibility testing

For all identified Enterobacteriaceae susceptibility testing was performed as recommended by
the European Committee on Antimicrobial Susceptibility testing (EUCAST) [22]. If no
EUCAST criteria were available (tetracycline, chloramphenicol and nalidixic acid), testings
were carried out according to the Clinical Laboratory Standards Institute (CLSI) [23]. Interpre-
tation of zone diameters was done according to EUCAST or CLSI.

The following antibiotics (21) were used: ampicillin (10 μg), amoxicillin/clavulanic acid
(20 μg/10 μg), piperacillin/tazobactam(100 μg/10 μg), cefalexin (30 μg), cefuroxime (30 μg),
cefoxitin (30 μg), cefotaxime (5 μg), ceftazidime (10 μg), cefepime (30 μg), imipenem (10 μg),
meropenem (10 μg), amikacine (30 μg), gentamicin (10 μg), trimethoprim/sulfamethoxazole
(1.25 μg/23.75 μg), ciprofloxacin (5 μg), moxifloxacin (5 μg), tigecyclin (15 μg), tetracycline
(30 μg), nalidixic acid (30 μg) chloramphenicol (30 μg) and colistin (10 μg) (BectonDickinson
and Company, Sparks, MD, USA, BD BBL™). Sensi-DiscTMpaper discs (BD) were used.

According to EUCAST test criteria for disc diffusion, are only available for E. coli. Suscepti-
bility for all other Enterobacteriaceae has to be determinedwith Etest1. Etest for tigecyclinwas
carried out and interpreted according to EUCAST guidelines.

To determine (clinical) resistance to colistin protocols of Gales et al. and Boyen et al. were
used [24,25].

Escherichia coli ATCC 25922 and Pseudomonas aeruginosa ATCC 27853 were used as con-
trol strains in all performed tests.

Phenotypically conformation of ESBL and Carbapenmases
The minimum inhibitory concentrations (MICs) for imipenem and meropenem were tested

with Etest1 (bioMérieux Austria GmbH, Vienna, Austria). Expression of carbapenmases was
confirmedwith modified hodge test [26]. ESBL-positive E. coli and Klebsiella spp. were con-
firmedwith double disc tests (CLSI) (30 μg ceftazidime, 30 μg cefepime, ceftazidime-clavulanic
acid 30/10 μg, cefepime-clavulanic acid 30/10 μg; bioMérieux Austria GmbH, Vienna, Austria).
ESBL-positive Enterobacter spp. and Citrobacter spp. were confirmedwith modified double-
disc test [27]. Escherichia coli ATCC 25922 and Pseudomonas aeruginosa ATCC 27853 were
used as control strains in all performed tests. Isolates that revealed ESBL and/or Carbapene-
mase phenotype were tested for their genetic background.

Determination of ESBL and Carbapenemase genes

PCR detection and gene identification were performed for five different β-lactamase gene
families, blaCTX-M-1group, blaCTX-M-2group, blaCTX-M-9group, blaTEM, and blaSHV. DNA was
extracted by boiling of one colony suspended in 50 μl double-deionizedwater (95°C for 10
min.) After centrifugation for 1 min at 13000 rpm (Centriduge 5415 R, Eppendorf) superna-
tant was used for PCR—reaction. PCR and sequencing procedures were performed as
describedpreviously [28,29]. Standard PCR protocols and conditions were modified in the
following way: initial denaturation at 94°C for 5 min; 35 cycles at 95°C for 30 sec, 52°C for 45
sec, and 72°C for 60 sec; and final incubation for 10 min at 72°C using Taq DNA polymerase
and dNTPs from QIAGEN (Hilden, Germany). This was done for all Enterobacteriaceae iso-
lates that revealed an ESBL-positive phenotype or were recovered from chromID1 CARBA
plates. Isolates showing resistance to at least one of the tested carbapenems were screened
with a Checkpoint MDR 103 kit (Check-Points, Wageningen, The Netherlands) according to
the protocol http://www.check-points.com/support/manuals/. Detected carbapenemase genes
(blaNDM, blaKPC) were characterized by sequencing as describedpreviously [30]. DNA extrac-
tion was done as described above for ESBL genes. Standard PCR protocols: initial denatur-
ation at 94°C for 5 min; 35 cycles at 95°C for 30 sec, 52°C for 45 sec, and 72°C for 60 sec; and
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final incubation for 10 min at 72°C using Taq DNA polymerase and dNTPs from QIAGEN
(Hilden, Germany).

Multilocus sequence typing (MLST)

MLST for E. coli was done according to the MLST Databases at University of Warwick (http://
mlst.warwick.ac.uk/mlst/dbs/Ecoli/) [31] and for Klebsiella pneumonie according to the Insti-
tute Pasteur MLST (http://bigsdb.web.pasteur.fr/klebsiella/klebsiella.html) [32,33].

MLST of Enterobacter cloacae was done according to the Enterobacter cloacae MLST web-
site (http://pubmlst.org/ecloacae/) developed by Keith Jolley and sited at the University of
Oxford [31]. The development of this site has been funded by the Wellcome Trust.

Statistical analyses

Statistical analyses were carried out using R1 Version 3.21, a free software environment for
statistical computing and graphics (www.r-project.org). Group specific proportions were tested
on their equality by a two-sided binomial test. Pvalues below 0.05 were assessed as significant.

Results

Resistance pattern of E. coli and Klebsiella spp.

In total, 629 E. coli and 319 Klebsiella spp. (238 Klebsiella pneumoniae and 81 Klebsiella oxy-
toca) were isolated under non-selective conditions (according antibiotic resistance).The pres-
ence of acquired resistances in the total population was tested for their susceptibility to 21
antibiotics, including clinically relevant antibiotics as well as antibiotics commonly used in
farming (e.g. tetracycline).

61.21% (385 isolates) of all E. coli isolates and 84.01% (268 isolates) of Klebsiella spp. isolates
did not show acquired resistance to any of the tested antibiotics (Klebsiella spp. are set as natu-
rally resistant to ampicillin). 61 E. coli isolates (9.70%) and 7 Klebsiella spp. (2.19%) were identi-
fied as multiresistant (acquired resistance to three or more antibiotic classes tested). E. coli
isolates were resistant to up to 14 of 21 tested antibiotics and six of seven tested classes, Klebsiella
spp. were resistant to up to 12 of 20 antibiotics and five of seven classes. Four isolates (two E.
coli and two Klebsiella pneumoniae) were tested as positive as regards harboring ESBL genes
and were analyzed together with ESBL positive isolates from ChromID ESBL and ChromID
CARBA Agar plates. All isolates were susceptible to meropenem, imipenem, amikacine and tige-
cycline. Additionally all E. coli isolates were susceptible to piperacillin/tazobactamand colistin,
while two Klebsella spp. isolates were resistant to these antibiotics. The most common resistance
in both tested species was tetracycline with 24.01% of all isolated E. coli and 8.46% of all Klebsi-
ella spp. Resistance to ampicillin (21.94%) was second common in E. coli isolates, followed by
nalidixic acid (10.97%), trimethoprim/sulfamethoxazole (10.17%) and amoxicillin/clavulanic
acid (5.88%). All other antibiotics revealed resistance only in less than 5% of the isolates. Klebsi-
ella spp. isolates also revealed resistance to tetracycline (8.46%), amoxicillin/clavulanic acid
(6.03%) and nalidixic acid (5.02%) with resistance proportions higher than 5% (Table 2).

The upper stretch had the highest proportion of isolates resistant to ampicillin (E. coli) with
the highest percentage of 33.33% against a single antibiotic in this study. In these isolates resis-
tance to amoxicillin/clavulanic, cephalexin and cefoxitin was also commonly found. Isolates
that revealed resistance to higher generation cephalosporins occurred only sporadically (five or
less isolates per stretch), with the one remark that no E. coli revealed this resistance in the
upstream section. In contrast to the beta-lactam antibiotics, resistance to tetracycline was high-
est downstream (Table 2).
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The proportion of multiresistant E. coli did not change significantly (in comparison upper-
to middle stretch: Pvalue = 0.9 and middle- to down stretch Pvalue = 0.72) over the three
stretches with upper- 10.83% (13/120 isolates), middle- 10.12% (33/326 isolates) and down-
stream 8.74% (16/183 isolates) respectively (Fig 2).

The low number of multiresistant bacteria in upper- 2.94%, middle- 1.14% and down stretch
2.11% proportion isolates of Klebsiella spp. did not allow for reliable statistic evidence (Fig 3).

Detection and characterization of ESBL harboring Enterobacteriaceae

ESBL and carbapenemases were chosen as examples for clinically important resistance mecha-
nisms. The five ESBL positive isolates which were obtained under non-selective condition from
the resistance patterns of E. coli and Klebsiella spp. part were included for detailed analysis. All
other isolates except JDS59EB009 that could be obtained from the chromID™ CARBA Agar
were isolated from ChromeD™ ESBL.

In total, 35 ESBL harboring Enterobacteriaceae, 17 E. coli, 13 Klebsiella pneumoniae and five
Enterobacter spp. were isolated. These isolates were obtained from seven of fourteen sampling
sites, JDS02 (DE), JDS36 (RS), JDS38 (RS), JDS59 (RO), JDS63 (RO) and JDS68 (RO). In the
upper stretch only one isolate (JDS02KL027) could be detected, whereas the majority (22/35)
was present in the last four sampling sites (Table 3).

Table 2. Proportion of antibiotic resistance.

E. coli up E. coli middle E. coli down E. coli all Klebs. spp up Klebs. spp middle Klebs. spp down Klebs. spp all

total 121 326 183 629 136 88 95 319

ampicillin 40 (33.33%) 66 (20.18%) 31 (16.94%) 137 (21.78%) 136 (100%) 88 (100%) 95 (100%) 319 (100%)
aamox./clavul. 10 (8.33%) 18 (5.50%) 9 (4.92%) 37 (5.88%) 12 (8.82%) 1 (1.14%) 4 (4.21%) 17 (5.33%)

cefalexin 6 (5.00%) 7 (2.14%) 4 (2.19%) 17 (2.70%) 7 (5.15%) 0 (0.00%) 1 (1.05%) 8 (2.51%)

cefuroxime 0 (0.00%) 5 (1.53%) 2 (1.09%) 7 (1.11%) 2 (1.47%) 1 (1.14%) 1 (1.05%) 4 (1.25%)

cefoxitin 6 (5.00%) 3 (0.92%) 2 (1.09%) 11 (1.75%) 12 (8.82%) 1 (1.14%) 0 (0.00%) 9 (2.82%)

cefotaxime 0 (0.00%) 3 (0.92%) 2 (1.09%) 5 (0.79%) 2 (1.47%) 0 (0.00%) 1 (1.05%) 3 (0.94%)

gentamicin 6 (5.00%) 9 (2.75%) 1 (0.55%) 16 (2.54%) 2 (1.47%) 1 (1.14%) 1 (1.05%) 4 (1.25%)
bpip./taz. 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 1 (0.74%) 0 (0.00%) 1 (1.05%) 2 (0.63%)

moxifloxacin 8 (6.67%) 16 (4.89%) 5 (2.73%) 29 (4.61%) 2 (1.47%) 1 (1.14%) 3 (3.16%) 6 (1.88%)

ciprofloxacin 5 (4.17%) 16 (4.89%) 4 (2.19%) 25 (3.97%) 1 (0.74%) 1 (1.14%) 1 (1.05%) 3 (0.94%)
cSXT 6 (5.00%) 44 (13.46%) 14 (7.65%) 64 (10.17%) 4 (2.94%) 1 (1.14%) 2 (2.11%) 7 (2.19%)

meropenem 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%)

amikacine 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%)

imipenem 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%)

cefepime 0 (0.00%) 2 (0.61%) 0 (0.00%) 2 (0.32%) 1 (0.74%) 0 (0.00%) 1 (1.05%) 2 (0.63%)

ceftazidime 0 (0.00%) 4 (1.22%) 2 (1.09%) 6 (0.95%) 1 (0.74%) 0 (0.00%) 2 (2.11%) 3 (0.94%)

tigecycline 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%)

tetracycline 11 (9.17%) 88 (26.91%) 52 (28.42%) 151 (24.01%) 9 (6.62%) 3 (3.41%) 15 (15.79%) 27 (8.46%)

chloramphenicol 4 (3.33%) 18 (5.50%) 9 (4.92%) 31 (4.93%) 6 (4.41%) 2 (2.27%) 2 (2.11%) 10 (3.13%)

nalidixic acid 14 (11.67%) 44 (13.46%) 11 (6.01%) 69 (10.97%) 5 (3.68%) 3 (3.41%) 8 (8.42%) 16 (5.02%)

colistin 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 1 (0.74%) 1 (1.14%) 0 (0.00%) 2 (0.63%)

Numbers (and proportion) of E. coli and Klebsiella spp. with resistance to tested antibiotics.
a amoxicillin/clavulanic acid, amox./clavul.;
b piperacillin/tazobactam, pip./taz.;
c trimethoprim/sulfamethoxazole, SXT

doi:10.1371/journal.pone.0165820.t002
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Fig 2. Resistance proportion of E. coli. Proportion of E. coli with wild type susceptibility pattern (green), resistance to antibiotics out of one or two

tested classes (resistant, yellow) and resistance to antibiotics out of three or more classes (multiresistant, red) their total presence in the river and in

the three stretches.

doi:10.1371/journal.pone.0165820.g002

Fig 3. Resistance proportion of Klebsiella spp. Proportion of Klebsiella spp. with wild type susceptibility pattern (green), resistance to antibiotics

out of one or two tested classes (resistant, yellow) and to antibiotics out of three or more classes (multiresistant, red) their total presence in the river

and in the three stretches.

doi:10.1371/journal.pone.0165820.g003
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All isolates were not susceptible to ampicillin and cephalosporins, with the exception of cef-
tazidime (with 77.14% resistant isolates, including all Enterobacter spp. isolates) and cefepime
(65.71% resistant isolates). In contrast, the majority of the isolates revealed susceptibility to
tazobactam and the cephamycine cefoxitin with only 22.85% and 37.14% resistant isolates.

Co-resistance to sulfamethoxazole/trimethoprim (74.29% of resistant isolates) ciprofloxacin
(71.43%), moxifloxacin (68.57%) and gentamicin (62.86%) was very common. Only four of the
ten tested non beta-lactam antibiotic displayed less than 50% resistance. Chloramphenicol
revealed resistance in 22.86% and amikacine in three (8.57%) isolates, whereas all isolates were
susceptible to colistin and tigecycline.

Only five isolates (three E. coli and two Enterobacter spp.) were not classified as multiresis-
tant. Six isolates, including all other Enterobacter spp., two Klebsiella pneumoniae and one E.
coli revealed resistances at least to one tested antibiotic out of six represented classes.

Analyzing the genetic background of ESBL resistance, the dominant ESBL family was
CTX-M, represented by members of the CTX-M-1 (present in 29 isolates) and CTX-M-9 (one
isolate) groups. Genes for CTX-M-15were found in 20 isolates and these were the most com-
mon, also the only ESBL present in E. coli (nine isolates), Klebsiella pneumoniae (ten isolates),
and Enterobacter spp. (one isolate). CTX-M-1 (five isolates) occured in the only Enterobacter
asburiae isolate and in four E. coli; CTX-M-3 (two) and CTX-M-27 (one) only occur in E. coli.
On the other hand, CTX-M-55was detected in three Klebsiella pneumoniae, representing one
clone isolated at JDS68.

SHV-ESBL was represented by one SHV-2 (JDS68EB030, Enterobacter cancerogenus) and
five SHV-12 (two Enterobacter spp., two K. pneumoniae and one E. coli). All K. pneumoniae
without a SHV-12 harbored (as a chromosomal feature of this species) also genes for a non-
ESBL variant of SHV (SHV-1 or SHV-11).

The isolates JDS38EB037 (Enterobacter cloacae) with TEM-3 was the only isolate with a
TEM-ESBL. Non-ESBL TEM-1 was present in 19 isolates.

Multilocus sequence typing (MLST) was performedwith all organisms with established
MLST protocols in order to be able to compare them more easily to clinical or other environ-
mental isolates.

E. coli MLST revealed twelve different ST´s, ST10, ST48, ST58, ST69, ST131, ST205, ST405,
ST617; ST1914, ST3171, ST5688 and ST5689; Klebsiella pneumoniae ST15, ST101,ST395,
ST395 and ST2151; and the three Enterobacter cloacae revealed ST145, ST159 and ST505 (first
reported in this study).

With one exception all detectedMLST STs were only present at one sampling site, whereas
the Klebsiella MLST ST15 was present at three sampling sites (JDS02 (DE), JDS38 (RS) and
JDS68 (RO)), including the isolates (JDS02KL027 and JDS38KL007) of K. pneumoniae that
harbored two different ESBL genes (Table 3).

Detection and characterization of carbapenemase harboring

Enterobacteriacea

Three of the 35 ESBL harboring Enterobacteriaceae were resistant to meropenem and imipe-
nem, and revealed the presence of carbapenemases genes.

JDS38KL007 Klebsiella pneumoniae harbored the gene for NDM-1. In this isolate genes for
CTX-M-15, SHV-1 and TEM-1 could also be detected. Out of all isolates in this study this was
the one which was resistant to most of the tested antibiotics, leaving only two of them, colistin
and tigecycline as susceptible. Klebsiella pneumoniae MLST resulted in ST101. The second car-
bapenem resistant Klebsiella pneumoniae JDS38KL045 harbored the gene for KPC-2. It also
harbored genes encoding CTX-M-15 and a wild type SHV (SHV-11). Susceptibility testing
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revealed resistance to all tested antibiotics with the exception of colistin, chloramphenicol, tet-
racycline and tigecycline. Both Klebsiella pneumoniae were isolated at the sampling site
upstream Pancevo (Serbia).

JDS59EB009 Enterobacter asburiae harbored the KPC-2 carbapenemase, alongside with the
genes for the other beta-lactamasesCTX-M-1, SHV-12 and TEM-1. It was resistant to all tested
beta-lactam antibiotics and the other tested antibiotics with the exception of colistin, moxiflox-
acine amikacin and tigecycline. It was isolated downstream Arges (RO/BG).

Discussion

E. coli used to be a handy candidate for treatment with almost every antibiotic. But times have
changed and nowadays E. coli strains seem to have become super bugs. Furthermore, the fully
susceptible and easy to treat E. coli wild type could soon become a minority. This change has
already taken place in clinical settings in most European countries, as up to 80% of all isolated
E. coli show already one or more acquired antibiotic resistance. But it has also started to occur
in the human community (without direct clinical impact), animals or in (waste) water [5,34–
39]. The proportion of resistant E. coli in the River Danube also reflects this trend with more
than 1/3 of all isolates (in total and in all three stretches respectively). Furthermore 10% of the
isolates were already multiresistant affecting clinically relevant antibiotics. Comparing these
results to other studies (India, China, Nigeria), the proportion of resistant bacteria is lower
[39–42]. Unfortunately there are only a few recent European studies on surface waters avail-
able. These studies also show lower resistance rates for E.coli (below 50% for river or waste
water) [38,43].

The results of this study show that E. coli is more affected by the acquisition and stable inte-
gration of resistance genes in an aquatic environment than Klebsiella. Even if we take into
account that ampicillin resistance is intrinsic in Klebsiella, this ratio is not changed. Only 23
(3.66°%) of all tested E. coli revealed exclusive resistance to ampicillin. Hence there are still 1/3
of E. coli isolates with other acquired resistances remaining. This difference is also supported
by other studies, although there are only a few studies which regard the presence of antibiotic
resistance proportion in Klebsiella in water environment [17]. In general E. coli is more affected
by the spread of resistance (e.g. ESBL) in communities than other Enterobacteriaceae. In con-
trast to this Klebsiella spp. or Enterobacter spp. are more often multiresistant than E. coli in
clinical settings, especially in intensive care units [44–46].

When comparing neighboring countries to their related River Danube stretches the down-
stream countries Bulgaria and Rumania have higher resistance rates in clinical isolates of E. coli
and Klebsiella pneumoniae than countries from the upper River Danube regions (e.g. amino-
glycosides, fluroquinolones, 3rd generation cephalosporins and carbapenems) [5]. But this is
only reflected in a lower proportion of Klebsiella pneumoniae with wild type susceptibility pat-
tern in the downstream stretch and the more frequent isolation of Enterobacteriaceae with
resistance to 3rd generation cephalosporins.

Under non-selective culture conditions only three sampling sites revealed ESBL positive E.
coli or Klebsiella, representing a proportion of four out of 629 E. coli and two out of 319 Klebsi-
ella, less than 1% of the isolates. There were also only six out of 14 sampling sites with ESBL
positive Enterobacteriaceae. The presence of ESBL in the first and the last sampling sites con-
firms the suspected presence of ESBL over the total course of the River Danube.

The isolated genes represent the most dominant ESBL in Europe. CTX-M-15 has spread
wildly in hospital and community settings in the last ten years [39]. Well known E. coli host
strains for CTX-M enzymes like ST10, ST69, ST131or ST405 or Klebsiella pneumoniae ST15
are present in the Danube water [47–50].
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According to the literature the following potential sources, could be assigned to the identified
ST-types: ST10 with CTX-M-15 is found in surface water and fish; ST69 with CTX-M-15, ST131
with CTX-M-15 or CTX-M-27, ST405 with CTX-M-15 are found also in surface water, but their
primary sources are humans. ST48 with CTX-M-1 is a potential avian pathogen. [51–53]

TEM ESBL was very rare in the Danube isolates. No TEM-52 was detectable; this ESBL is
common in human and farm animals but without the dominance of the detectedCTX-M and
SHV genes. Other studies from Europe report the dominance of CTX-M (including CTX-M-1,
CTX-M-3, CTX-M-15, CTX-M-27 and CTX-M-55) and the presence of SHV and the absence
of TEM-52 or TEM ESBL in many different surface waters [12,54,55].

Detection of ESBL harboring Enterobacteriaceae has become common in surface water
(including drinkingwater) worldwide [12,16]. Recent reports suggest that at the end of this
decade it will be the same for Enterobacteriaceae producing carbapenemases. The occurrence
of KPC, OXA-48 and VIM in waste water, rivers and lakes is already documented for Europe
[56,57].

The detection of two KPC-2 producers in the River Danube was not totally unexpected,
especially at sampling sites where neighboring countries have to deal with high prevalence of
carbapenem resistant Enterobacteriaceae in clinical isolates [50,58].

NDM-1 harboring bacteria have been present in the Balkan region since the end of the last
decade with several reports from the west and south Balkan. Up to now, these findings were
restricted to clinical isolates. A recent study published by Novovic et al. that included also sam-
ples from the Danube River collected at the same time as the JDS samples did not find any
NDM-1 producer in the environmental water. In our study we were for the first time able to
detect this Balkan NDM-1 outside a medical setting [15,59–62]. The detectedNDM-1 harbor-
ing Klebsiella pneumoniae ST101 is also associated with carbapenem resistant Klebsiella in the
Mediterranean region, but this resistance is mediated via KPC-2 and OXA-48 [50,63].

All three carbapenemase producers and most of the ESBL isolates leave only a few therapeu-
tic options. A few years ago the occurrence of this kind of bacteria resulted in alarming case
reports [45]. Now they are present in one of Europe’s biggest rivers and it took only less than 1
liter of surface water to isolate them.

Conclusion

This study clearly demonstrates the presence of acquired antibiotic resistance in Enterobacter-
iaceae, in one of Europe’s biggest surface water systems caused by human. It is even more
alarming as not only a few isolates, detected under selective conditions, are affected, but in
some stretches nearly up to 50% of all isolates show altered resistance. Also the low number of
ESBL, which could be only found in half of all the sampling sites, is not due to the lack of emer-
gence but more likely caused by the small sample volume, a known study limitation (lack of
space on the JDS3 ships).

The River Danube serves as a reservoir for nearly all clinically important antibiotic resistances
in Enterobacteriaceae. Further studies will have to clarify if the proportion of resistant bacteria
has reached a stable level or if wild type susceptibility patterns will be in the minority soon.
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