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Abstract The aim of this study was to assess the antimi-

crobial resistance and the prevalence of genes determining

the presence of extended-spectrum beta-lactamase (ESBL)

enzymes in Escherichia coli isolated from two major rivers

of the Podhale region in southern Poland. In total, 196

E. coli isolates were analyzed—98 from each river—Białka

and Zakopianka, collected in 8 campaigns, over the period

of two years. Antimicrobial resistance was assessed using

disk diffusion method and PCR tests were conducted to

detect the ESBL genes. In E. coli isolated from Białka, the

resistance to amoxicillin/clavulanic acid was detected most

frequently (54.08%) and ESBL was detected in 14.29% of

strains. In strains isolated from Zakopianka, most frequent

resistance was observed toward ticarcillin (51.02%), while

ESBL was observed in 16.33% of isolates. In the total pool

of isolates, the resistance to amoxicillin/clavulanic acid

was most frequent (48.98% of isolates) and ESBL pro-

ducers comprised 15.30% of E. coli isolates derived from

both rivers. Multidrug resistance was observed less fre-

quently in strains derived from Białka (4 isolates resistant

to 10 and more antimicrobials) than from Zakopianka,

where 10 isolates were resistant to 10 and more antibiotics.

Out of the tested ESBL genes blaTEM was detected most

frequently (45.4% of isolates), whereas blaCTX-M1 and

blaCTX-M3 were recorded in one isolate.

Keywords Antibiotics � Drug-resistant bacteria �
Extended-spectrum beta-lactamases � Podhale rivers

Introduction

Increasing consumption of antimicrobial agents throughout

Europe results in their discharge to surface waters through

sewage treatment plants via human urine and feces

(Łuczkiewicz et al. 2010). Although their concentration in

sewage is significantly lower than the one used in therapy,

it most definitely affects microorganisms and results in the

selection of resistant strains (Zabłotni and Jaworski 2014).

The overuse of antimicrobial agents in medicine, agricul-

ture and animal breeding causes the selection of resistance

not only in pathogenic bacteria but also in commensal and

environmental strains (van den Bogaard and Stobberingh

2000). Subsequently, such strains may serve as a source of

resistance genes that can be transferred to pathogenic

strains of the same species and to other bacterial species

due to horizontal gene transfer (Zabłotni and Jaworski

2014). All this resulted in widespread prevalence of

antimicrobial-resistant bacteria in a broad range of envi-

ronments, including soil or surface water (Baquero et al.

2008). Therefore, the probability of exposure to the resis-

tant strains of bacteria increases, since an infection might

occur through contact or ingestion of contaminated surface

water, for instance during recreational activities (Blaak

et al. 2014). This may result in both risks related to difficult

in treatment infections or exposure to harmless strains of

e.g., commensal-resistant bacteria, thus resulting in

asymptomatic carriage of such strains (Blaak et al. 2015).

Such commensals are often opportunistic pathogens, e.g.,

Escherichia coli, which can be transferred to immuno-

compromised people or those more vulnerable to infection,
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or may cause infection in asymptomatic carriers while they

become more susceptible to infection (Blaak et al. 2015).

Since surface water (most frequently rivers) often acts as a

receiver of effluent from treatment plants and sewage

directly discharged from households or can be contami-

nated by animal feces, it should be considered as one of the

possible routes for transfer of fecal species that are either

resistant to antibiotics or carry the resistance-conferring

genes (Wolny-Koładka and Lenart-Boroń 2016).

One of the most important mechanisms of resistance

observed in E. coli is the production of extended-spectrum

beta-lactamase enzymes (ESBL). The ESBL-producing

strains are of particular concern due to the fact that they are

resistant to all penicillins, cephalosporins and aztreonam.

Moreover, they can exhibit cross-resistance to trimetho-

prim/sulfamethoxazole and quinolones (Picozzi et al.

2014). The ESBL-conferring genes are located on large

plasmids, which can carry the genes for resistance to

numerous other groups of antimicrobials (Rawat and Nair

2010). Therefore, ESBL-producing E. coli isolates not only

can be characterized by very broad antibiotic resistance,

but also can be a source of rapidly spread resistance genes

among strains of different species. All this causes signifi-

cant problems in effective therapy in the case of possible

infection and creates the need for monitoring the occur-

rence of such strains in the environment coupled with

molecular analyses in order to determine the most preva-

lent ESBL-determining genes in such strains.

Podhale is a cultural region in southern Poland, which is

also one of the most popular Polish touristic areas both in

winter (ski resorts) and in summer (health resorts, moun-

tain climbing and hiking). This resulted in recent intensive

development of tourist infrastructure and thus increased

consumption of water resources, large amount of produced

waste and the emission of pollutants as well as large

amounts of sewage discharged to rivers (Lenart-Boroń

et al. 2016).

The aim of this study was to assess the prevalence of

antimicrobial-resistant fecal strains of E. coli in waters of

two main rivers in the Podhale region and to evaluate the

presence of genes responsible for the production of

extended-spectrum b-lactamases in waterborne E. coli

isolated from those rivers.

The samples of water were collected over two winter

seasons (December–March) 2014/2015 and 2015/2016

along two rivers—Białka and Zakopianka in Podhale,

southern Poland.

Materials and methods

Study area and sampling

The sampling sites were situated along the course of two

main rivers of Podhale—Białka and Zakopianka, which

turns into Dunajec. The Białka river along its course flows

Fig. 1 Study area and location of the sampling sites
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through the protected areas—its springs are located in the

Tatra National Park—while the remaining part is protected

under the Natura 2000 programme (the Białka valley—

habitat protection area). The river Zakopianka in its lower

course turns into Dunajec, which is also protected under the

Natura 2000 programme. The major sources of point pol-

lution reaching both rivers are sewage discharge sites—

mostly from households but also discharge from the

treatment plants—in Bukowina Tatrzańska (Białka river)

and Zakopane (Zakopianka). Both rivers flow through

popular touristic localities, i.e., Białka through a few large

ski resorts in Podhale—Jurgów, Bukowina and Białka

Tatrzańska—while Zakopane itself is one of the most fre-

quently visited tourist destinations, both in winter and in

summer.

Water samples were collected at eleven sites—six along

the course of Białka and five along Zakopianka, selected

based on their characteristics (Fig. 1; Table 1). Sampling

was conducted in eight campaigns over two winter seasons

(the period of the highest tourist traffic in the considered

region). Water samples were collected into 1000-ml sterile

polypropylene bottles, and temperature and electrolytic

conductivity (EC25 �C) were measured onsite with a

handheld multimeter (YSI Pro 2030, USA).

Laboratory analyses

Enumeration of E. coli was conducted with the mem-

brane filtration method using TBX agar (incubation at

44 �C, 48 h). Blue-green colonies were preliminarily

identified as E. coli, then purified with plate streaking

and their species was confirmed using MALDI-TOF

mass spectrometry. Ninety-eight bacterial isolates were

selected from different sites of each river for further

analyses (Table 1).

Antimicrobial resistance of E. coli was tested using the

disk diffusion method following the recommendations of

the European Committee on Antimicrobial Susceptibility

Testing (EUCAST 2016) and in the case of antimicrobial

agents not specified by the EUCAST guidelines, i.e.,

cephalotin—Kronvall et al. (1984), cephazolin—Turnidge

(2011), cephamandole—Barry et al. (1983) and tetracy-

cline—Sader et al. (2007). Cartridges of antimicrobial

disks were obtained from Oxoid (Great Britain). Bacterial

isolates were transferred to sterile saline solutions to

prepare 0.5 MacFarland suspension standards, which were

then streaked onto Mueller–Hinton II agar (BTL, Poland),

and antimicrobial disks were applied. The presence of

ESBL was confirmed with the double-disk synergy test

(Drieux et al. 2008). After incubation for 18–20 h at

36 ± 1 �C, the diameters of growth inhibition zones

around the antimicrobial disks were measured and the

results were compared with the breakpoint valuesT
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recommended by the EUCAST (2016). Quality control

was performed using the E. coli strain ATCC 25922.

In order to determine the presence of ESBL genes, DNA

was extracted from all 196 strains isolated from the studied

rivers and the control E. coli strain ATCC 25922 using the

Genomic Mini DNA extraction kit (A&A Biotechnology,

Poland) in accordance with the manufacturer’s instructions.

PCR tests were then conducted using specific primers:

blaCTXM3 (Costa et al. 2006), blaCTXM9 (Simarro et al.

2000), blaOXA, blaSHV and blaTEM (Sáenz et al. 2004).

Primer sequences and annealing temperatures are given in

Table 2. The reactions were performed in a 25 ll volume

containing 50 ng of DNA template, 12.5 pM of each pri-

mer, 2.5 mM of dNTP, 1 9 PCR buffer and 1 U Dream-

Taq DNA polymerase (Thermo Scientific, US). The

following temperature profile was used for the reactions:

initial denaturation at 95 �C for 5 min, followed by 35

cycles of 94 �C for 45 s, annealing for 45 s at temperatures

corresponding to individual primers, then extension at

72 �C for 1 min with final extension at 72 �C for 10 min

and then storage at 4 �C. PCR amplifications were per-

formed in T100TM Thermal Cycler (Bio-Rad, USA). The

PCR products were electrophoresed for 60 min in

1 9 TBE, 1% agarose gel, stained with Simply Safe

(0.5 mg/ml; EurX, Poland), visualized in UV light and

documented by the Gel Doc system (Bio-Rad, US).

Statistical analysis

Basic descriptive statistics were calculated, and the sig-

nificance of differences in the prevalence of E. coli in the

examined sites was determined using a one-way ANOVA

test conducted in Statistica v. 10 (StatSoft, US). The dif-

ferences in the prevalence of bacterial resistance between

the samples collected from both rivers were estimated

using a Chi-square test.

Results and discussion

As listed in Table 1, the mean number of fecal E. coli in

the Białka river ranged from 3 CFU/100 ml at the outflow

from the Tatra National Park (site Łysa Polana, B1) to

more than 2 million CFU/100 ml by the discharge from the

sewage treatment plant in Bukowina Tatrzańska (STP, B3).

This point source of contamination affects the quality of

water downstream, among others at the intake for artificial

snowing of slopes of the Kotelnica ski station. Detailed

analysis of contamination of the Białka river and the co-

occurring mechanisms are discussed by Lenart-Boroń et al.

(2016). In the case of the second examined river, Zakopi-

anka, the greatest number of E. coli, was also related to the

discharge from the local treatment plant (after STP, Z3),

where the mean value was 47,700 CFU/100 ml. Similarly

as in the case of Białka, this source of contamination

contributed to the increased prevalence of E. coli down-

stream of the treatment plant and the entire Zakopane

locality (i.e., 32,300 CFU/100 ml at the site Poronin

bridge, Z4).

Currently in Poland, there are no regulations allowing to

classify surface waters based on the microbiological con-

tamination. However, comparison of the mean values of

Table 2 Description of primers used in the study

Gene 50–30 sequence Annealing

temperature (�C)

Product length (bp) References

blaCTXM3 F: GTTACAATGTGTGAGAAGCAG 60 800 Costa et al. (2006)

R: CCGTTTCCGCTATTACAAAC

blaCTXM9 F: GTGACAAAGAGAGTGCAACGG 54 860 Simarro et al. (2000)

R: ATGATTCTCGCCGCTGAAGCC

blaOXA F: ACACAATACATATCAACTTCGC 61 813 Sáenz et al. (2004)

R: AGTGTGTTTAGAATGGTGATC

blaSHV F: CACTCAAGGATGTATTGTG 52 885 Sáenz et al. (2004)

R: TTAGCGTTGCCAGTGCTCG

blaTEM F: ATTCTTGAAGACGAAAGGGC 60 1150 Sáenz et al. (2004)

R: ACGCTCAGTGGAACGAAAAC
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E. coli concentration obtained in this analysis with the

Regulation of the Minister of the Environment (2004),

which was later repealed, shows that three samples (B3, Z3

and Z4) should be qualified as 5th class of water, i.e., water

of bad quality, whose values of biological quality indica-

tors demonstrate that due to significant anthropogenic

pressure most of biological populations disappeared.

Unsatisfactory quality (class 4th) was detected in the

samples B4 (Kotelnica intake) and Z1 (before the hospital),

which means that as a result of anthropogenic pressure

biological populations in those waters were subjected to

major qualitative and quantitative changes. On the other

hand, comparing the concentrations of E. coli with the so-

called Bathing Water Directive (Directive 2006/7/EC

2006) indicates that the quality of water is poor only in the

site B3 (STP), sufficient in Z3 and Z4 (after STP and

Poronin bridge) and excellent in the other sites.

In the course of the conducted study, ninety-eight E. coli

strains were isolated from each river, resulting in 196

isolates selected for further studies, i.e., assessment of

resistance to antimicrobials important in treating human

infections, coupled with the detection of extended-spec-

trum beta-lactamases (ESBL) and determination of the

presence of ESBL-encoding genes. As listed in Table 3,

the resistance to most commonly used in Poland groups of

antibiotics (Łuczkiewicz et al. 2010), i.e., penicillins:

ampicillin, amoxicillin/clavulanic acid and ticarcillin, all

three belonging to the class of beta-lactams, was most

frequently detected in strains isolated from both rivers. The

prevalence of resistance to different antimicrobials was

similar in strains from both rivers, with the exception of

aminoglycosides, i.e., amikacin, netilmycin and tobramy-

cin. Only in the case of those three antibiotics, the differ-

ences in the number of resistant strains were statistically

significant (Chi-square values of 5.12, 7.80 and 8.88,

respectively). In the case of strains isolated from Białka,

aminoglycosides netilmycin and tobramycin were the most

efficient, as only 1.02% of E. coli isolates demonstrated the

Table 3 Frequency (%) of resistance to antimicrobial agents among E. coli isolates from Białka (n = 98) and Zakopianka (n = 98) rivers

Antimicrobial (code, lg) Breakpoint zone diameters (mm) Origin of isolates Total

Białka Zakopianka

Ampicillin (AMP, 10) 14 (EUCAST 2016) 34.69 43.88 39.29

Amoxicillin/clavulanic acid (AMC, 20/10) 19 (EUCAST 2016) 54.08 43.88 48.98

Cephalotin (KF, 30) 13 (Kronvall et al. 1984) 11.22 19.39 15.30

Cephazolin (KZ, 30) 23/19 (Turnidge 2011) 26.53 30.61 28.57

Cefamandole (MA, 30) 18/14 (Barry et al. 1983) 18.37 24.49 21.43

Gentamicin (CN, 10) 17/14 (EUCAST 2016) 5.10 7.14 6.12

Piperacillin (PRL, 100) 20/17 (EUCAST 2016) 16.33 23.47 19.90

Ticarcillin (TIC, 75) 23 (EUCAST 2016) 45.92 51.02 48.47

Piperacillin/tazobactam (TZP, 100/10) 20/17 (EUCAST 2016) 4.08 7.14 5.61

Cefoxitin (FOX, 30) 19 (EUCAST 2016) 12.24 16.32 14.29

Cefotaxime (CTX, 30) 20/17 (EUCAST 2016) 2.04 8.16 5.10

Ceftazidime (CAZ, 30) 22/19 (EUCAST 2016) 11.22 18.37 14.80

Cefepime (FEP, 30) 24/21 (EUCAST 2016) 13.26 6.12 9.69

Aztreonam (ATM, 30) 24/21 (EUCAST 2016) 27.55 40.82 34.18

Ciprofloxacin (CIP, 5) 22/19 (EUCAST 2016) 5.10 5.10 5.10

Amikacin (AK, 30) 18/15 (EUCAST 2016) 6.12 16.33 11.22

Netilmycin (NET, 30) 15/12 (EUCAST 2016) 1.02 10.20 5.61

Tobramycin (TOB, 10) 17/14 (EUCAST 2016) 1.02 11.22 6.12

Tetracycline (TE, 30) 15/11 (Sader et al. 2007) 20.41 25.51 22.96

Trimethoprim/sulfamethoxazole (SXT, 1.25/23.75) 16/13 (EUCAST 2016) 9.18 11.22 10.20

ESBL – 11.22 12.25 11.73

Values in bold are the three highest percentages of resistance determined
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resistance to those antimicrobials (Table 3). Ciprofloxacin

(the group of fluoroquinolones) was the most efficient

antibiotic toward strains isolated from Zakopianka (5.10%

of resistant strains). The percentage of ESBL-producing

strains was also similar in both rivers (i.e., 11.22% in

Białka and 12.25 in Zakopianka). The multidrug-resistant

(MDR) strains comprised 16.3% (n = 16) in Białka and as

many as 25.5% (n = 25) in the Zakopianka river (Table 4).

Those strains are resistant to at least one antimicrobial

agent belonging to three or more classes (http://ecdc.

europa.eu/en/activities/diseaseprogrammes/ARHAI/Pages/

public_consultation_clinical_microbiology_infection_article.

aspx). In the case of extensively drug-resistant strains

(XDR), i.e., those resistant to at least one antimicrobial

agent from the maximum of two different classes, their

share was 25.5 and 30.6% (n = 25 in Białka and n = 30 in

Zakopianka, respectively).

The pattern of resistance observed in this study is widely

reported by other authors. For instance, retrospective

analysis of the prevalence of drug-resistant E. coli over the

period of 2004–2007 by Daniluk et al. (2008) on clinical

E. coli strains showed that the share of ampicillin-resistant

isolates fluctuates around 40%, which is similar to the

results obtained in this study. On the other hand, Sacha

et al. (2007) in their studies on the mechanisms of resis-

tance to b-lactam antibiotics in cefotaxime-resistant bac-

terial species observed that antibiotics from the group of

aminoglycosides, especially amikacin, were most efficient,

as only 4.2% of E. coli strains were resistant to this

antimicrobial agent. In the case of studies conducted on

environmental samples, the results of this study are gen-

erally concurrent with those of other authors in terms of

most frequently observed resistance, as the resistance to

ampicillin among E. coli strains was also most frequently

observed by e.g., Łuczkiewicz et al. (2010, 2011) in surface

water samples and samples collected from a sewage

treatment plant, or by Reinthaler et al. (2010) in E. coli

isolated from the samples of sewage, sludge and receiving

waters of treatment plants. Aminoglycosides proved to be

the most efficient antimicrobials in research of the previ-

ously mentioned authors, with no resistance to amikacin

and tobramycin found by Łuczkiewicz et al. in their study

of 2010, and no resistance to amikacin and gentamycin

found by Łuczkiewicz et al. in 2011.

On the other hand, the prevalence of ESBL-producing

strains in surface water and wastewater samples varies in

the literature. Reinthaler et al. (2010) reported ESBL-pos-

itive E. coli strains in more than 60% of the sludge samples

tested, while Łuczkiewicz et al. (2010) reported the pres-

ence of ESBL producers only once per a total on 153

isolates of E. coli. Wolny-Koładka and Lenart-Boroń

(2016) did not detect the presence of ESBL-producing

E. coli strains in water of the Nowohucki Reservoir in

Poland.

The percentage of MDR strains observed in the study is

disturbingly high, as compared to research conducted by

other authors, since Łuczkiewicz et al. (2011) recorded

MDR strains at the level of 9% in surface water of Gdańsk

and Puck bays and at the same level in a sewage treatment

plant in Gdańsk (Łuczkiewicz et al. 2010). The percentage

of MDR E. coli strains observed by Blaak et al. (2015) in

different types of surface water reached 11 with 26% of

isolates resistant to at least one antimicrobial. In this study,

the proportion of isolates resistant to at least one antimi-

crobial agent is significantly larger, i.e., 86.7% in Białka

and 82.7% in Zakopianka. Moreover, MDR strains were

present in all sampling sites along the Białka river and in

all sites along the Zakopianka. What also should be men-

tioned is that among strains isolated from both rivers there

were four (Białka) and ten (Zakopianka) resistant to ten or

Table 4 Number of XDR, MDR and E. coli strains resistant to dif-

ferent numbers of antimicrobials

Białka (n = 98) Zakopianka (n = 98)

MDR 16 25

XDR 25 30

15 0 1

14 0 1

13 1 1

12 0 3

11 2 3

10 1 1

9 4 6

8 4 2

7 4 9

6 5 5

5 6 8

4 7 6

3 14 9

2 11 11

1 26 16

0 13 17
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more antimicrobials. The two resistant to as many as 14

and 15 antibiotics were isolated from the site Z3 (after the

STP), but the remaining ones were derived from all other

sites along the river. These results indicate that, similarly to

the observations of Blaak et al. (2015), given the functions

of the analyzed rivers Białka and Zakopianka, there is high

danger of transmission of antimicrobial-resistant strains to

humans through contact with surface water and with arti-

ficial snow produced thereof. Data showing the content of

fecal E. coli in the tested waters and the prevalence of

antimicrobial-resistant and MDR strains indicate that the

distance of sampling sites from sources of contamination

affects not only the sanitary quality of water but also the

proportion of strains resistant to antimicrobials (Table 5).

However, XDR and MDR strains, as well as one strain

resistant to even 7 antimicrobial agents, were detected in

the sampling site located at the border of the Tatra National

Park (B1). Although this was the site with most clean water

(the lowest concentration of E. coli), two XDR strains and

one MDR were detected. This indicates that virtually entire

region of the Tatras is threatened by the drug-resistant

E. coli. Such ubiquity could be a result of heavy tourist

traffic throughout this area, including high mountains and

the National Park.

Among the tested ESBL-encoding genes, blaTEM was

the most prevalent one, as it was detected in 89 (45.4%)

strains—42.9% of strains from Białka and 47.9% from

Zakopianka. This observation is concurrent with Bradford

(2001), according to whom TEM is the most commonly

detected b-lactamase in Gram-negative bacteria. Also TEM

and SHV-type ESBLs are most frequently found in E. coli

and K. pneumoniae. Baraniak (2010) demonstrated that the

TEM family is most divergent group of ESBL enzymes in

Poland, represented by at least 10 variants of b-lactamases,

among which eight were identified only in Poland. Evo-

lution of TEM occurs by acquiring subsequent point

mutations, which results in the formation of increasingly

specialized enzymes that enable adaptation of bacterial

strains to various environments, where they get in contact

with different b-lactam antimicrobials. Epidemiological

analysis of TEM-producing E. coli strains, carried out by

Baraniak (2010), revealed a variety of epidemiological

phenomena in Polish hospitals. Clonal disease outbreaks

were identified in some of the tested facilities and a hori-

zontal spread of plasmids carrying ESBL-conferring genes

among strains of different Enterobacteriaceae species was

demonstrated.

Out of the remaining genes, only blaCTX-M1 and

blaCTX-M3 were recorded in one ESBL-positive isolate

(derived from the site Z2—after sewage discharge from

the hospital in Zakopane), which also possessed blaTEM

gene (Table 5). What should also be noted is that sub-

stantially higher percentage of strains carrying ESBL-

conferring genes was detected compared to those in

which this mechanism was observed in phenotypic

assays. Similar observations were described by Wolny-

Koładka and Lenart-Boroń (2016), who detected various

ESBL-determining genes (among which blaTEM was

also most frequent one) in 38% of isolates, among which

none exhibited ESBL phenotype. Based on these obser-

vations, it can be concluded that it is important to

conduct both types of ESBL detection assays (i.e., phe-

notypic and PCR based), since the double-disk synergy

test is important from an epidemiological point of view,

allowing to monitor and control potential infection out-

breaks (Gniadkowski et al. 2009). What can be seen is

that despite the presence of the resistance-determining

genes, the disk diffusion test may not indicate the

occurrence of any specific resistance mechanism (Idzik

et al. 2000). Therefore, it is worth to conduct the PCR-

based tests in order to assess the potentially dangerous

strains that may spread the ESBL genes among envi-

ronmental strains of E. coli and other Enterobacteriaceae

species.

Conclusion

This study shows that due to multiple sources of contam-

ination, the analyzed major rivers of Podhale are severely

contaminated with fecal bacteria. Numerous strains of fecal

E. coli were characterized by multidrug resistance as well

as the production of ESBL, mostly due to the presence of

blaTEM gene. Such high prevalence and spread of mul-

tidrug-resistant E. coli along both rivers are disturbing,

particularly that they are also present in sites located in the

protected sections of the Białka river. Considering the fact

that waters of both rivers are used for recreational purposes

and for artificial snowing of ski slopes located along both

rivers, the threat of transmission of drug-resistant bacteria

to humans, as well as the transfer of ESBL-determining

genes to strains of other Enterobacteriaceae species is

significant. This indicates the need to take actions aimed at

limiting the number of water contamination sources,
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decreasing the pollutant load and reduce the risk of trans-

mission to humans.
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