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Introduction

The use of antibiotics in agriculture, in veterinary practice

and in human medicine has been considered to contri-

bute to selective pressure for the development of

multidrug resistance in micro-organisms (Klein et al.

1998; Aarestrup et al. 2000). Over the last decades first in

the United States and now in Europe and other conti-

nents as well, multidrug-resistant enterococci have been

recognized. Severe nosocomial infections were attributed

to Enterococcus faecium strains resistant to vancomycin

(VREF) and other antibiotics (Treitman et al. 2005).

In Europe the use of the growth promoter avoparcin

has been associated with the high prevalence of vancomy-

cin-resistant enterococci (VRE) among nonhospitalized

humans, food animals and sewage waters (Aarestrup et al.

1996; Bager et al. 1997). Although the prevalence of VRE

population in environmental habitats has been extensively

evaluated, the persistence of such a large community res-

ervoir still raises questions about the direct relation

between the enterococci of the animal and wastewaters

origin and those causing nosocomial infections (Bonten

et al. 2001; Iversen et al. 2004; Phillips et al. 2004). In

Greece, where the consumption of antibiotics exceeds by

far the mean European Union (EU) doses (Teuber 2001),

a remarkable increase in the frequency of nosocomial out-

breaks and clinical infections with VRE has been reported

(Maniatis et al. 2001; Christidou et al. 2004; Kalocheretis

et al. 2004; Sofianou et al. 2004). In the European Anti-

microbial Resistance Surveillance System report (EARSS
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Abstract

Aims: In this study we analysed urban, hospital wastewater and pig faeces sam-

ples to investigate the presence of vancomycin-resistant Enterococcus faecium

strains (VREF) and to determine potential links among the strains originating

from the above sources and VREF strains causing clinical infections.

Methods and Results: Urban, hospital wastewater and pig faeces exhibited high

VREF prevalence of 52%, 87% and 85%, respectively. Pulsed field gel electro-

phoresis (PFGE) clustering of VREF genotypes as well as discriminant analysis

of antibiotic resistance patterns of VREF strains revealed their source specificity

while strains isolated from hospitalized humans were genetically distinct.

Conclusions: PFGE genotypes and antimicrobial resistance patterns in VREF

isolates are distinguishable by each sample origin. The observed high genetic

diversity of VREF suggests horizontal transfer of genetic elements among

VREF. Phenotypic and genotypic data indicate that VREF isolates of hospital-

treated wastewater might pass to the urban wastewater system.

Significance and Impact of the Study: This study provides information to

understand the origin and the mechanism of circulation of vancomycin resis-

tance in food animals and wastewater treatment plants for minimizing the risk

of transmission of VRE in human population.
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2008), Greece reported the highest proportion of invasive

VREF isolates (37%, n = 388) in 2007. However, there is

little information concerning the introduction of VRE into

the hospital and urban wastewater as wells as food ani-

mals. VRE strains have been isolated from poultry farms

in Greece (Bruinsma et al. 2002). In addition, we have

recently reported isolation of low-level VRE from Ther-

maikos Gulf in Northern Greece (Zdragas et al. 2008).

Thus, it was of interest to investigate whether there is

introduction of VRE into environmental habitats such as

urban and hospital wastewater as well as in pigs and to

determine the association among the wastewater reservoir,

the animal reservoir and strains causing clinical infections.

Materials and methods

Collection of samples and isolation of VRE

Samples were collected from November 2005 to Decem-

ber 2006 from the major urban wastewater treatment

plant of the city of Thessaloniki that discharges to

Thermaikos Gulf. Sampling was carried out on both raw

wastewater (n = 30) and treated effluents (n = 12).

Secondary treated and disinfected wastewater samples

(n = 16) were collected in sterile 1-l glass bottles from the

effluents of 16 hospitals of the city of Thessaloniki. After

treatment hospital wastewater effluents are discharged in

the major urban wastewater treatment plant. Twenty live-

stock farms that supply the market of Thessaloniki city

were also selected for faecal pig sample collection. These

farms are located in different regions of Northern Greece

around the cities of Thessaloniki, Veria, Trikala and Poli-

giros while there is no flowing of their waste into urban

wastewater. Each sample was taken directly from the

rectum and tested as a pool of faeces of ten animals.

The isolation of VRE was carried out by direct plating

of raw and a 10)1 dilution of the wastewater sample on

enterococcal-specific agar plates of kanamycin aesculin

azide agar (Merck KGaA, Germany) supplemented with

12 mg l)1 vancomycin, while for faecal pork samples 10)1

and 10)2 dilutions were used. A black colouration of the

enterococcal colonies indicated hydrolysis of aesculin and

suspected colonies, 5–6 per sample, were isolated and

stored at )80�C in a medium containing 15% glycerol.

Ten enterococcal strains isolated from blood cultures of

patients admitted to hospitals in Athens and Thessaloniki,

were also included in this study.

Species identification

Presumptive VRE strains isolated from urban raw and trea-

ted wastewater, hospital wastewater and pig faeces samples

were initially characterized as enterococci based on preli-

minary tests including Gram staining, catalase activity, aes-

culin hydrolysis as well as growth in the presence of 40%

(v ⁄ v) bile, in brain heart infusion broth (Merck KGaA)

with 6Æ5% NaCl (37�C), at pH 9Æ6 (37�C), and at 45�C.

Isolates were identified to the species level using standard

biochemical tests and motility detection. Biochemical tests

included: carbohydrate fermentation with 1% l-arabinose,

d-sorbitol, lactose, d-raffinose, ribose, sorbose, sucrose and

methyl-a-d glucopyranoside, arginine hydrolysis, pyruvate

utilization and pigment production. Standard biochemical

identification charts were used to interpret the results of

the above test (Facklam and Collins 1989; Domig et al.

2003). Motility detection was carried out according to the

procedure described by van Horn et al. (2002).

Blood cultures of human isolates were processed by the

automated system Bactec 9240 (Beckton Dickinson, MD).

Positive vials were cultured onto blood agar plates and

the isolates after an overnight incubation at 37�C were

identified by the API Strep test and the VITEK 2 auto-

mated system (bioMerieux, France).

PCR detection of van genes

All VREF isolates were analysed for the presence of the

vanA, vanB, vanC1, vanC2–C3, vanD, vanE, vanG genes

by multiplex PCR. Conditions of DNA isolation, PCR

amplification and amplicon analysis by electrophoresis as

well as primers and DNA controls used, have been

described previously (Zdragas et al. 2008).

Antimicrobial susceptibility testing

VREF isolates were tested for resistance phenotype by

using minimum inhibitory concentration (MIC) with the

agar dilution technique. The antimicrobial agents (Sigma

Chemical Co., St Louis, MO, USA) and MIC breakpoints

used are shown in Table 1. The tests were performed

according to the Clinical and Laboratory Standards Insti-

tute (Clinical and Laboratory Standards Institute 2006)

recommendations.

Pulsed field gel electrophoresis analysis of VREF strains

Genomic DNA of vanA enterococcal strains was prepared

in agarose plugs and digested with the enzyme SmaI (New

England Biolabs Inc., USA) as previously described (Jacob-

sen et al. 1999). The separation of DNA fragments was per-

formed with a CHEF-DR III (Bio-Rad Laboratories Inc.,

USA) electrophoresis unit using 1% (w ⁄ v) PF Certified

Agarose gel in 0Æ5· TBE buffer, at a constant voltage of

220 V with pulsed time ramped from 2 to 35 s linear, field

angle 120�, at 14�C for 22 h. The agarose gels were then

stained with ethidium bromide (0Æ5 lg ml)1) while the
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Low Range PFGE Marker (2Æ03–194Æ0 kbp; Bio-Rad)

served as molecular size marker and normalization refer-

ence. Calculation of the similarity of the band profile and

grouping of the pulsed field gel electrophoresis (PFGE)

patterns were performed with Fingerprinting II Software

version 3Æ0 (Bio-Rad) by using the Dice correlation coeffi-

cient and the unweighted pair group method using arith-

metic averages cluster analysis. To determine the minimum

percentage similarity necessary for strain discrimination in

PFGE analysis, reproducibility studies were carried out as

we previously described (Zdragas et al. 2008).

Statistical analysis

A cluster and discriminant analysis based on antibiotic

resistance patterns was used to examine the relationships

between the VREF isolates. Antibiotic resistance data were

converted to binary code on the basis of strain sensitivity

or resistance and analysed with the Minitab software

(Release 15, trial version; Minitab Inc.). Isolates with sim-

ilar antibiotic resistance patterns were grouped together

after cluster analysis based on average linkage method.

Discriminant analysis calculated the number of isolates of

a given source that are correctly classified into the corre-

sponding source. The average rate of correct classification

(ARCC) for the analysis was determined by averaging the

percentages of correctly classified isolates for all sources

as described by Wiggins (1996).

Results

Species identification and vancomycin resistance genes

detection

A total of 67 putative enterococci originating from 78

samples of urban raw and treated wastewater, hospital

wastewater and pig faeces were isolated and 57 of them

(85%) were grouped into the Enterococcus genus. Accord-

ing to their biochemical profile all the above 57 entero-

coccal strains as well as the human isolates (n = 10) were

identified as E. faecium. Furthermore, multiplex PCR

analysis for the detection of vanA, vanB, vanC1, vanC2–

C3, vanD, vanE, vanG genes revealed that 4 of the 57

VREF strains contained none of the tested van genes

while the other 53 harboured the vanA gene and thus

were further analysed.

Prevalence of VREF

Totally, 53 (68%) of the 78 samples tested contained

vanA E. faecium strains. Hospital wastewater and pig fae-

ces reservoirs exhibited similar prevalence of 87% and

85%, respectively (Table 2). VREF were found in 20 of 30

of the samples originating from urban raw wastewater

reservoir, which exhibited 67% prevalence. However, only

2 (17%) of 12 samples originating from treated waste-

water contained VREF.

Susceptibility testing

The susceptibility of VREF isolates to the seven antibiotics

tested is shown in Table 1. Resistance to ampicillin, strep-

tomycin, erythromycin, tetracycline and ciprofloxacin was

observed among VREF isolates regardless of their origin.

On the contrary, none of the VREF isolates displayed

resistance to chloramphenicol. Four of the hospital waste-

water isolates, one of the hospitalized human and one of

the urban wastewater isolates exhibited high-level resis-

tance to gentamicin whereas, all isolates from pigs were

susceptible to gentamicin. The results of the resistance

profile analysis (Table 3) showed that 95% of the VREF

isolates displayed resistance to one or more of the antimi-

crobial agents besides vancomycin. Fourteen distinct resis-

tance patterns were observed and VREF strains isolated

from different sources exhibited variant resistance pro-

files. In total, 22 of 63 (35%) of the VREF strains analy-

sed exhibited the predominant multiple antimicrobial

Table 1 Antibiotics tested and percentages of resistant VREF

Antibiotic*

No. (%) of resistant isolates from each source

Human

(%)

Urban

wastewater

(%)

Hospital

wastewater

(%)

Pig

faeces

c(%)

Ampicillin (AMP) 4 (40) 22 (100) 13 (93) 3 (18)

Chloramphenicol (CLH) 0 0 0 0

Ciprofloxacin (CIP) 10 (100) 21 (95) 12 (86) 9 (53)

Erythromycin (ERY) 10 (100) 22 (100) 13 (93) 2 (12)

Gentamicin (high-level

resistance, HLG)

1 (10) 1 (5) 4 (29) 0

Streptomycin(high-level

resistance, HLS)

9 (90) 20 (91) 11 (79) 2 (12)

Tetracycline (TET) 6 (60) 3 (14) 2 (14) 12 (71)

*Antibiotic breakpoints (lg ml)1): AMP ‡32; CLH ‡32; CIP ‡4; ERY

‡8; HLG ‡500; HLS, streptomycin ‡2000; TET ‡16.

Table 2 Prevalence of VREF in different samples from Greece

Samples

No of

samples

analysed

No of

samples

with VRE

Prevalence

of VRE %

Urban wastewater

Raw 30 20 67

Treated 12 2 17

Hospital wastewater 16 14 87

Pig faeces 20 17 85

Human 10
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resistance pattern that comprised resistance to vancomy-

cin, ampicillin, erythromycin, streptomycin and ciproflox-

acin. The majority of the VREF isolates originating from

urban (72%) and hospital (36%) wastewater exhibited the

predominant resistance pattern. However, the majority of

the strains isolated from pig faeces and hospitalized

humans exhibited different resistance patterns (Table 3).

PFGE analysis of VRE strains

For further genotypic characterization the 63 VREF iso-

lates from different ecological origins were subjected to

PFGE analysis. The reproducibility between different

digests and electrophoretic runs of individual strains was

‡97% and restriction patterns with genetic homology

above this percentage were considered identical. Forty-

nine distinct genome restriction patterns were identified

that comprised 14–22 DNA fragments with sizes ranging

from approx. 20–200 kb (Fig. 1). At a similarity level of

51% or above, 76% of the VREF strains were grouped

into five main clusters. Cluster A and D mainly consisted

of strains isolated from hospitalized humans (five of six)

and wastewater (four of five), respectively. Cluster C

(n = 13) included strains only from wastewater sources

while cluster E (n = 8) comprised exclusively strains from

pig faeces. In addition, cluster B contained strains

(n = 16) isolated from both wastewater (69%) and pig

faeces (31%). Furthermore, cluster analysis of the PFGE

macrorestriction patterns revealed that within cluster E,

subclusters E1 and E2 were distinguished, each one con-

taining genetically identical strains isolated from piggeries

located at different geographic regions.

Cluster and discriminant analyses

Cluster analysis of the VREF isolates belonging to PFGE

group B as well as discriminant analysis of the different

VREF sources included in this study was based on the

patterns of resistance to the six antibiotics tested. Chl-

oramphenicol was excluded since all strains tested pos-

sessed sensitivity to this antibiotic (Table 1). To examine

the relationships among isolates belonging to PFGE clus-

ter B, we used cluster analysis based on their antibiotic

resistance patterns. This analysis revealed that at a simi-

larity level of 76% or above, the majority (81%) of the

PFGE group B genotypes was classified into the same

cluster (Fig. 2). This cluster contained all multi-resistant

isolates originating from wastewater and two of the five

pig isolates. The three nonclustered pig isolates exhibited

sensitivity to five or all of the six antibiotics tested. Dis-

criminant analysis was carried out by pooling isolates

from urban and hospital wastewater sources (Table 4).

When the four sources were analysed, the ARCC of the

analysis was 65Æ4% and the correct classification rate for

human and hospital wastewater isolates was low (50%

and 42Æ9%, respectively). However, when the urban and

hospital wastewater isolates were pooled in one group,

the ARCC increased to 83Æ2% (Table 4) and the correct

classification rates for human, pig and wastewater isolates

were 70Æ0%, 82Æ4% and 97Æ2%, respectively.

Discussion

Within the last few years, cases of clinical infections with

VRE have emerged in Greece (Maniatis et al. 2001;

Table 3 Distribution of antibiotic resistance

profiles of VREF from different sources

Antibiotic resistance profile

No (%) of isolates

Urban

wastewater

(%)

Hospital

wastewater

(%)

Human

(%)

Pig

faeces

(%)

VAN 3 (18)

VAN, HLS 1 (7)

VAN, TET 5 (29)

VAN, ERY, CIP 1 (10)

VAN, AMP, ERY 1 (5)

VAN, TET, CIP 6 (35)

VAN, ERY, HLS, CIP 3 (30)

VAN, HLS, ERY, AMP 1 (7)

VAN, AMP, ERY, CIP 1 (5) 3 (22) 1 (6)

VAN, TET, ERY, HLS, CIP 2 (20)

VAN, AMP, ERY, HLS, CIP 16 (72) 5 (36) 1 (6)

VAN, AMP, ERY, HLS, CIP, HLG 1 (5) 2 (14)

VAN, AMP, ERY, HLS, CIP, TET 3 (13) 2 (14) 3 (30) 1 (6)

VAN, AMP, ERY, HLS, CIP, TET, HLG 1 (10)

AMP, ampicillin; CIP, ciprofloxacin; ERY, erythromycin; HLG, gentamicin (high-level resistance);

HLS, streptomycin (high-level resistance); TET, tetracycline; VAN, vancomycin.
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Figure 1 Dendrogram of the genetic similar-

ity between SmaI-digested DNA patterns of

VREF strains isolated from urban wastewater

(UW), hospital wastewater (HW), pig faeces

(P) and hospitalized humans (HH).
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Christidou et al. 2004; Kalocheretis et al. 2004; Sofianou

et al. 2004) and the epidemiological characteristics of the

isolates recovered from clinical samples have been deter-

mined. However, to the best of our knowledge, the occur-

rence and diversity of VRE in community reservoirs in

Greece has never been evaluated. In accordance with pre-

vious studies from other European countries (Blanch

et al. 2003; Kuhn et al. 2005), we reported high preva-

lence of VREF in urban and hospital wastewater. How-

ever, despite previous reports from Europe (Garcia-

Migura et al. 2005; Kuhn et al. 2005; Manero et al. 2006),

our study showed (Table 2) a remarkable increase in

VREF prevalence (85%) in pig reservoir. The majority of

VREF isolates from pigs (71%) also displayed resistance

to tetracycline (Table 1) that is widely used for pig health

treatment (Aarestrup et al. 2000). As it has been previ-

ously suggested (Hammerum et al. 2004; Lauderdale et al.

2007), it is likely that there is co-selection of vancomycin

and tetracycline resistance taking place in pigs and that

the observed high prevalence of VREF in food animal res-

ervoir is due to the extensive veterinary use of antibiotics

in Greece (Teuber 2001).

Gentamicin, although commonly used for the treat-

ment of human VRE infections, has only been limited

used in pigs. Isolates from sources with some level of

human influence exhibited high-level resistance to genta-

micin whereas none was found among pig isolates

(Table 1). Absence of high-level resistance to gentamicin

among pig isolates may reflect the limited usage of this

agent in pigs and indicates that there is no co-selection of

vancomycin and gentamicin resistance taking place in

animals.

The fact that all of the vancomycin-resistant isolates

were identified as E. faecium carrying vanA gene is in

agreement with the reported occurrence and spread of

this species into different environmental habitats in Eur-

ope (Klare et al. 2003; Biavasco et al. 2007), as well as the

emergence of clinical isolates of VREF in Greek hospitals

(Maniatis et al. 2001; Christidou et al. 2004). From the

medical point of view, vanA type of glycopeptide resis-

tance is the most clinically important and its environmen-

tal spread is of great concern. Even though the

glycopeptide usage as growth promoter in animals was

banned in EU since 2000, the extensive use of other anti-

biotics in veterinary as well as in human medicine could

explain via co-selection the high prevalence of VRE

(Aarestrup et al. 2000; Hasman and Aarestrup 2005). The

emergence of clinical infections with multi-antibiotic

resistant vanA E. faecium strains in Greece has been

attributed to the extensive use of glycopeptides in hospi-

tals for treating methicillin-resistant Staphylococcus aureus

(Sofianou et al. 2004).

Secondary treatment and disinfection of Thessaloniki

city urban or hospital wastewater significantly reduced

but not totally eliminated the VREF strains (Table 2) sug-

gesting their potential release in Thermaikos Gulf which

is the final receptor of municipal secondary-treated waste-

water from the city of Thessaloniki. However, in a recent

study we did not isolate any vanA VRE in Thermaikos

Gulf seawater (Zdragas et al. 2008). Thus, it is difficult to

estimate the impact to the public health of the release of

VREF into the above habitat.

In accordance with previous studies in EU (Aarestrup

et al. 2000; Blanch et al. 2003) our data obtained after

antibiotic resistance analysis showed that the percentages

of isolates resistant to specific antibiotics depend on

their origin (Table 1). VREF strains from the same

source exhibited variant resistance phenotypes (Table 3),

which may reflect the broad spectrum of selection pres-

sure in the niches of the same environment. The hospi-

tal and urban wastewater strains vs hospitalized humans

and pig strains exhibited high prevalence to the antimi-

crobial resistance VanAmpEryStrCip phenotype suggest-

ing that certain clones carrying antibiotic resistance

indicative of the hospital environment could pass to

Table 4 Discriminant analysis of antibiotic resistance profiles of VREF

isolated from humans, pork and waste waters*

Source

No. (%) of isolates classified as

Humans

(n = 10)

Pigs

(n = 17)

Wastewater

(n = 36)

Human source 7 (70Æ0)

Pig source 14 (82Æ4) 1 (2Æ8)

Wastewater 3 (30Æ0) 3 (17Æ6) 35 (97Æ2)

*The average rate of correct classification (ARCC) for this analysis was

83Æ2%.
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Figure 2 Dendrogram based on the patterns of resistance of VREF

isolates belonging to PFGE cluster B, using average linkage method

for clustering. UW, urban wastewater isolates; HW, hospital waste-

water isolates; P, pig faecal isolates.
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urban wastewater system (Blanch et al. 2003; Vilanova

et al. 2004).

PFGE analysis showed that there is a high-level genetic

diversity among VREF in the sources included in this

study that is demonstrated by the separation of each of

the five main clusters at a low similarity level. The pres-

ence of such a genotypic diverse reservoir of VREF in dif-

ferent habitats suggests that the persistence of

vancomycin resistance is mainly due to horizontal spread

of genetic elements among nonrelated strains rather than

the circulation of VREF strains in the different habitats.

PFGE clustering of VREF genotypes indicated their

association with the particular habitat of origin. Four dis-

tinct genotype groups related to hospitalized humans

(cluster A), wastewater (cluster C, D) and pigs (cluster E)

were revealed by PFGE analysis (Fig. 1). On the other

hand, cluster B of PFGE comprised VREF genotypes from

urban and hospital wastewater and pigs. In addition, clus-

ter analysis based on antibiotic resistance patterns (Fig. 2)

within PFGE cluster B isolates, revealed that at a high

similarity level (76%) the majority of isolates (81%) were

grouped in the same antibiotic resistance cluster, suggest-

ing low diversity in resistance patterns. PFGE cluster B

comprised multi-resistant genotypes of different origin

which were not associated with their source and exhibited

low diversity in resistance patterns. This might indicate

the presence of a distinct enterococcal population that

possesses specificity for several habitats.

Additionally, genotyping by PFGE (Fig. 1) showed that

strains isolated from hospitalized humans were genetically

distinct from VREF strains originating from other sources,

since 50% of them were grouped into the main cluster A

while none of the other clusters comprised any human

strain genotype. The above data are further supported by

previous studies showing that strains isolated from differ-

ent human or animal sources were grouped separately by

genotypic and phenotypic analyses (Lemcke and Bulte

2000; Willems et al. 2000; Brisse et al. 2002; Homan et al.

2002; Kuhn et al. 2005). Two indistinguishable pig-spe-

cific PFGE profile genotypes were found among pigs from

farms located at distant geographical regions (cluster E).

These data suggest the spread of epidemic VREF strains

or the existence of VREF strains highly adapted to the pig

intestinal tract since the above habitat might be extremely

selective for certain VREF genotypes.

Although antibiotic resistance of bacteria is not stable

since it is often carried on plasmids, multiple antibiotic

resistance analysis by statistical classification methods

such as discriminant analysis has been previously carried

out to discriminate between animal, human and environ-

mental isolates (Wiggins 1996; Hagedorn et al. 1999;

Harwood et al. 2000; Guan et al. 2002; Choi et al. 2003;

Vantarakis et al. 2006). To determine the links between

VREF isolates from different ecological origins such as

urban and hospital wastewater, hospitalized humans and

pigs we combined the results of the discriminant analysis

of antibiotic resistance patterns with molecular typing by

PFGE. Discriminant analysis data of antibiotic resistance

patterns (ARPs) supported PFGE data for source associa-

tion of VREF isolates. The high ARCC of the discrimi-

nant analysis as well as the high levels of correct

classification rates of isolates from each source (Table 4)

revealed differentiation between hospitalized humans,

wastewater and pig VREF isolates.

There is still much debate on the persistence of VRE in

different environments and the spread of glycopeptide

resistance between different hosts via clonal dissemination

(Jensen et al. 1999; Bertrand et al. 2000; Manero et al.

2006) or horizontal transfer of resistance genes (Deschee-

maeker et al. 1999; Garcia-Migura et al. 2005; Kuhn et al.

2005). Understanding the origin and the mechanism of

circulation of vancomycin resistance in wastewater

treatment plants is essential for minimizing the risk of

transmission of VRE into human population.
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