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Abstract We investigated phylogenetic affiliation,

occurrence of virulence genes and quinolone resis-

tance in 109 integron-containing strains of Esche-

richia coli isolated from a wastewater treatment

plant. Selection for integron-bearing strains caused a

shift toward phylogroup D, which was most numer-

ous, followed by A, B1 and B2. Phylogroups D and

B2, both of which are reported to include virulent

extraintestinal pathotypes, made up 50.5% of all

isolates and were present in every stage of wastewater

treatment, including final effluent. Diarrheagenic

pathotypes made up 21% of the strains. The average

virulence factor genes score was low (1.40) and the

range was from 0 to 5. Quinolone and fluoroquino-

lone resistance was observed in 56.0% and 50.4% of

the strains, respectively; however, it was not associ-

ated with virulence factor score. Although the

average virulence factor score was low, 17.4% of

strains had three and more virulence genes. They

were isolated mostly from raw sewage, but 30% of

them were cultured from final effluent. Release of

multiresistant integron-bearing E. coli strains with

virulence traits into the environment may create

potential threat and be of public health concern.
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Introduction

Escherichia coli is a well recognized etiological

agent of community-acquired and nosocomial

infections. Clinical categories of E. coli include

commensal, intestinal pathogenic and extraintestinal

pathogenic (ExPEC) strains. Intestinal pathogenic

isolates comprise enterohemorrhagic (EHEC), enter-

opathogenic (EPEC), enteroaggregative (EAEC),

enterotoxigenic (ETEC), enteroinvasive (EIEC) and

diffusely adherent E. coli (DAEC). ExPEC strains,

which are responsible for several infectious diseases,

including urinary tract (uropathogenic strains,

UPEC), bacteremia and neonatal meningitis (MNEC,

meningitidis-associated E. coli), possess virulence

factors like adhesins, toxins, iron acquisition systems,

polysaccharide coats and invasins (Kaper et al. 2004).

The virulence genes in both diarrheagenic and

extraintestinal strains are often located within mobile

genome elements, e.g. plasmids, transposons, bacte-

riophages, and pathogenicity islands (Kaper 2005).

This phenomenon may contribute to spreading of

virulence traits among related bacterial species. It has

been shown that pathogenic E. coli may be derived

from commensal strains by acquisition of chromo-

somal or extra-chromosomal virulence operons

(Ochman et al. 2000). Phylogenetically, E. coli
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strains are divided upon amplification of genes chuA

coding for the heme transport protein, yjaA, initially

identified in the complete genome sequence of E. coli

K-12 encoding a hypothetical protein, and a non-

coding region TSPE4.C2 (Clermont et al. 2000). The

patterns of amplicons creates four groups A, B1, B2

and D. ExPEC strains are derived from group B2 and

to a lesser extent D, commensal from A and B1, and

diarrheagenic from A, B1 and D (Johnson and Stell

2000; Hamelin et al. 2007). However, the relative

predominance of different phylogroups may vary due

to geographical location, the site of infection and the

level of antibiotic resistance (Duriez et al. 2001;

Bukh et al. 2009). Several studies on clinical E. coli

have demonstrated relationship between antibiotic

resistance and low prevalence of virulence factors

and suggested that quinolone resistance may be

directly associated with the loss of virulence

(Horcajada et al. 2005; Takahashi et al. 2009;

Kawamura-Sato et al. 2010). The mechanism under-

lying this correlation is not clear, yet, but probably a

particular genetic background is required for mutations

leading to quinolones resistance (Kawamura-Sato et al.

2010). Soto et al. (2006) have shown that quinolones

can induce in vitro partial or total loss of a

pathogenicity island containing hemolysin and cyto-

toxic necrotizing factor genes, but other studies have

not confirmed that phenomenon (Sabaté et al. 2008).

Wastewater treatment plant creates excellent con-

ditions for dissemination of resistance genes through

horizontal gene transfer facilitated by plasmids and

transposons (Schlüter et al. 2007). From wastewater

treatment plants bacteria can return to aquatic and land

habitats, and affect human and animals. Resistance

genes are often assembled in integrons, which are

natural systems mediating the capture of gene cassettes

coding for antibiotic resistance. Integrons are fre-

quently embedded in mobile DNA elements such as

transposons and conjugative plasmids that enable them

to spread horizontally through bacterial populations

(Fluit and Schmitz 2004). Recently, it has occurred that

resistance due to slow reversibility can persist long in

bacterial communities even if the selective pressure

imposed by antibiotic usage is reduced (Andersson and

Hughes 2010). Moreover, the integron-mediated resis-

tance, can be silenced in bacterial population at no

biological cost (Guerin et al. 2009). Multidrug resis-

tance of Enterobacteriaceae strains is associated with

the presence of integrons (Leverstein-van Hall et al.

2003). As the economic and clinical impact of E. coli

infections is considerable, monitoring of non-clinical

reservoirs of these bacteria with virulence and resistance

determinants has become a serious concern worldwide.

The aim of the study was to analyze the distribu-

tion of phylogenetic groups and occurrence of

virulence genes in relation to quinolone resistance

in integron-bearing strains of E. coli isolated from the

sewage in wastewater treatment plant of a city with

population of about 550 thousand.

Materials and methods

Sampling and E. coli isolation

Sewage samples were taken from a municipal

wastewater treatment plant three times: in December

2008, April 2009 and July 2009. The samples were

taken from (i) raw sewage in primary sedimentation

tank, (ii) aeration tank and (iii) final effluent. The

sewage was collected to sterile containers at the depth

of 0.3 m and the distance of one meter from the side

of the respective sampling sites. Serial decimal

dilutions of the samples were prepared in 0.9%

NaCl, inoculated onto BrillianceTM E. coli/coliform

Selective Agar (Oxoid) and incubated overnight at

44�C. Purple colonies were picked from the medium

and used in further experiments. Identification was

done with API 20E (bioMérieux).

ERIC PCR typing

The ERIC PCR was done according to Versalovic

et al. (1991) with primers ERIC 1 and ERIC 2. The

PCR products were separated in 1.5% agarose gel,

stained with ethidium bromide and digitalized with

Bio-Print v. 99 gel documentation system (Vilbert-

Lourmat). The electrophoretic patterns were analyzed

by using GelCompar II 3.5 software (Applied Maths).

Similarity between fingerprints was calculated with

the Dice coefficient. Cluster analysis was performed

using the unweighted pair-group method with aver-

age linkages (UPGMA).

Identification of integrase genes

Genomic DNA was isolated by the boiling lysate

method. Integron classes were determined by
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multiplex PCR. The sequences of primers targeting

intI1, intI2 and intI3 integrase genes were recom-

mended by Dillon et al. (2005). Amplification

involved an initial denaturation (94�C, 5 min) fol-

lowed by 30 cycles of denaturation (94�C, 1 min),

annealing (59�C, 1 min) and extension (72�C, 1 min)

with a final extension step (72�C, 8 min). Negative

control contained sterile deionized water instead of

template DNA. To exclude false positive results, the

PCR products of the expected sizes (160 bp for intI1,

788 bp for intI2 and 979 bp for intI3) were sequenced

in a 3130xl Genetic Analyzer (Applied Biosystems).

The amplicon sequences were compared against

GenBank database by using BLAST (Basic Local

Alignment Search Tool).

Phylogenetic analysis

A, B1, B2 and D phylogenetic groups were deter-

mined in triplex PCR method (Clermont et al. 2000)

with primers ChuA.1, ChuA.2, YjaA.1, YjaA.2,

TspE4C2.1, and TspE4C2.2. The PCR reaction

consisted of initial denaturation for 5 min at 94�C

and 30 cycles of 30 s at 94�C, 30 s at 55�C and 30 s

at 72�C followed by a final extension step of 7 min at

72�C.

Detection of genes characteristic of diarrheagenic

pathotypes of E. coli

Multiplex PCR assays according to Aranda et al.

(2004) were done to detect typical and atypical

enteropathogenic E. coli (EPEC), enteroaggregative

E. coli (EAEC) enterotoxigenic E. coli (ETEC),

enteroinvasive E. coli (EIEC), and Shiga toxin-

producing E. coli (STEC) isolates. The targeted

genes were: eae and bfpA for EPEC, CVD432 for

EAEC, heat-labile (LT) and heat-stable (ST) entero-

toxin genes for ETEC, ipaH for EIEC, and stx1 and

stx2 for STEC.

Identification of virulence genes

Virulence genes characteristic for extraintestinal

E. coli were detected by PCR assays. The following

genes were targeted using primers and PCR condi-

tions recommended by Johnson and Stell (2000):

fyuA (encoding yersiniabactin receptor), iutA (aerob-

actin receptor gene), hlyA (haemolysin A gene), papA

(P fimbriae subunit gene), sfaS (S fimbriae subunit

gene), focG (F1C fimbriae subunit gene), and cnf1

(cytotoxic necrotizing factor gene). VF (virulence

factor) gene score was determined as a total number

of virulence genes per strain.

Determination of antimicrobial susceptibility

including quinolone and fluoroquinolone

resistance

Antibiotic resistance patterns were determined by

disc diffusion method according to Clinical and

Laboratory Standards Institute guidelines (CLSI,

2009). Isolates were tested for susceptibility to

antibiotics representing aminoglycosides, ampheni-

cols, carbapenems, penicillins, cephalosphorins,

quinolones, fluoroquinolones, sulphonamides, and

tetracyclines. Quinolones were represented by nali-

dixic acid and fluoroquinolones by norfloxacin and

ciprofloxacin.

Statistical analysis

Occurrence of virulence factors among phylogenetic

groups were compared by using Fisher’s exact test.

VF scores were compared with the Mann–Whitney

U test (Statistica 9.1, StatSoft). P \ 0.05 was

considered to indicate statistical significance.

Results and discussion

E. coli isolation and identification of the integrase

genes

Altogether, 973 isolates of E. coli were recovered

from the wastewater; 109 of them harboured integ-

rons in their genomes and were used in further

experiments.

PCR amplification of the integrase genes repre-

sentative for three classes of integrons revealed the

presence of intI1 in 105 strains (10.8%). Two strains

(0.2%) had intI2 gene and two isolates (0.2%)

harboured both intI1 and intI2. No integron of class

3 was found. Integrons of class 2 were present in

strains belonging to phylogroup A (2 strains) and D

(2 strains). Seventy-five percent of intI-positive

strains originated from raw sewage, 10% from

aeration tank and 15% from final effluent. They
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made 11% of the total number of E. coli strains

isolated from the wastewater samples.

Similar values have been reported by da Silva

et al. (2007), who noted 10% frequency of occurrence

of class 1 integrons among E. coli strains isolated

from an urban wastewater treatment plant in Portugal.

On the other hand, Moura et al. (2007) have noticed

higher incidences of integron carriage among Enter-

obacteriaceae and Aeromonadaceae originated from

a slaughterhouse wastewater treatment plant. The

mean percentage of integrase-positive strains reached

35%, with intI1 gene present in 30.7% of strains,

intI2 gene in 4.5% and both genes in one isolate

(0.3%). Integrons have been also detected in multi-

resistant E. coli isolated from raw and treated

municipal wastewaters used for irrigation in agricul-

ture (Pignato et al. 2009).

The frequencies of integron-positive strains in our

study are comparable to those obtained previously for

E. coli strains isolated from healthy subjects without

recent antibiotic exposure: 11% for class 1 integrase,

3% for class 2 integrase and 0.6% for both class 1 and

2 integrases (Skurnik et al. 2005). Our results are also

similar to the incidencies of intI-positive strains

isolated from Seine estuary, which reached 11%

(Laroche et al. 2009).

The frequencies of integron-carrying E. coli iso-

lated from clinical specimens are noticeably higher

and reach as much as 27.6% in bloodstream infec-

tions (Daikos et al. 2007) and 44.8% in urine and

stool strains (Japoni et al. 2007).

Clonal relatedness of E. coli strains

To exclude the possibility of analyzing strains

clonally identical, we performed ERIC PCR typing.

The fingerprints of E. coli isolates consisted of 1–21

bands ranging in size from 110 to 3500 bp. None of

the strains shared identical ERIC PCR pattern.

Phylogenetic analysis

The most abundant phylogroup among intI-positive

E. coli strains was D (36.7%), followed by A

(30.3%), B1 (19.3%), and B2 (13.8%) (Table 1). A

set of 150 E. coli strains randomly picked from the

total pool of isolates (973) showed noticeably differ-

ent pattern of phylogenetic group distribution: 47.0%

of strains belonged to group A, whereas groups D, B2

and B1 were represented by 24.7, 23.3 and 10.0%,

respectively. We observed that the selection for

integron-harbouring strains caused a shift toward

group D and B1 isolates (P \ 0.05).

The frequencies of phylogroups were different

than those reported previously for human, environ-

mental and animal samples. Analysing integron-

Table 1 Distribution of genes coding for virulence factors and quinolone resistance among phylogenetic groups of intI-positive E.
coli strains isolated from a wastewater treatment plant

Virulence factor gene Virulence factor Prevalence in phylogenetic groups

A (n = 33) B1 (n = 21) B2 (n = 15) D (n = 40) Total (n = 109)

eae Intimin 0 1 (4.8%) 1 (6.7%) 1 (2.5) 3 (2.8%)

ST gene* Heat-stable toxin 2 (6.1%) 7 (33.3%) 0 3 (7.5%) 12 (11.0%)

stx1, stx2 Shiga toxin 3 (9.1%) 1 (4.8%) 2 (13.3%) 1 (4.8%) 7 (6.4%)

fyuA Yersiniabactin 9 (27.3%) 3 (14.3%) 7 (46.7%) 10 (25%) 29 (26.6%)

iutA* Aerobactin 10 (30.3%) 8 (38.0%) 10 (66.7%) 17 (52.5%) 45 (41.3%)

hlyA Haemolysin A 1 (3.0%) 1 (4.8%) 1 (6.7%) 1 (2.5%) 4 (3.7%)

papA P fimbriae 5 (15.2%) 3 (14.3%) 2 (13.3%) 8 (20.0%) 18 (16.5%)

sfaS S fimbriae 9 (27.2%) 4 (19.0%) 2 (13.3%) 3 (7.5%) 18 (16.5%)

focG F1C fimbriae 2 (6.1%) 2 (9.5%) 2 (13.3%) 4 (7.5%) 10 (9.2%)

cnf1 CNF 1 (3.0%) 1 (4.8%) 1 (6.7%) 2 (2.5%) 5 (4.6%)

VF score (mean) 0–4 (1.24) 0–4 (1.52) 0–5 (1.87) 0–4 (1.28) 0–5 (1.40)

Quinolone resistance 19 (57.6%) 13 (61.9%) 9 (60.0%) 20 (50.0%) 61 (56.0%)

Fluoroquinolone resistance 14 (42.2%) 9 (42.9%) 9 (60.0%) 23 (57.5%) 55 (50.4%)

* Statistically significant differences among phylogenetic groups (P \ 0.05)
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bearing intestinal E. coli isolates from healthy

subjects without antibiotic exposure, Skurnik et al.

(2005) have found phylogroup A as the most

numerous (44.4%), followed by equal numbers of

B1 and D (25.9%) and the least abundant group B2

(3.7%). In our research the intI-positive B2 strains

were the least frequent as well, but their frequency

was noticeably higher (13.8%).

When it comes to phylogrouping of E. coli strains

isolated from wastewater without an a priori integron

selection, the proportions were also different. Sabaté

et al. (2008) have shown that phylogroup D was the

least abundant in human wastewater isolates of E. coli

(8%) and not frequent among chicken sewage strains

(12%). Majority of the strains belonged to group A

(52% of human and 51% of chicken wastewater

strains), followed by B1 (20% of human and 5% of

chicken wastewater strains) and B2 (20% of human and

33% of chicken wastewater strains). Our results are

also in contrast to those observed in random environ-

mental and animal samples of E. coli in the study of

Higgins et al. (2007), in which phylogroup B1 was

most abundant (31%), followed by A (26%), D (25%)

and B2 (17%). Duriez et al. (2001) in an a set of 168

human commensal E. coli strains isolated from the

stools of three geographically distinct human popula-

tions (France, Croatia, and Mali) have found phyloge-

netic groups A (40%) and B1 (34%) the most common,

followed by group D (15%) and B2 (11%).

Members of group B2 and D possess the chuA

gene—these groups are supposed to encompass most

of pathogenic E. coli strains and in our research they

made up 50.5% of intI-positive strains. It has been

suggested that the protein coded by chuA is involved in

human host colonization and thus can have impact on

pathogenicity (Hoffmann et al. 2001). In our study, the

frequency of chuA is higher than that reported by

Hoffmann et al. (2001) for strains isolated from

environmental samples (30%) and lower than those

isolated from human sources (70%).

Diarrheagenic pathotypes of E. coli

Twenty-two strains (20.2%) were classified as diarrhea-

genic pathotypes: 12 ETEC strains, seven STEC and

three EPEC. No EAEC and EIEC strains were found.

Diarrheagenic E. coli were found mostly in B1 phylo-

genetic group (42.9%), but this was due to high number

of ETEC isolates. All ETEC strains had only the heat-

stable toxin gene. It was identified in 33.3% of strains

belonging to B1 group, and in groups D (three strains)

and A (two strains). The presence of ST toxin gene was

associated with the phylogenetic group affiliation

(P \ 0.05) (Table 1). Seven STEC isolates harboured

stx2 gene, one of them additionally had stx1 gene. Shiga

toxin genes stx1 and stx2 were present in 0.9 and 6.4%

strains, respectively. The enteropathogenic E. coli

isolates were determined as atypical EPEC, as they

lacked bfpA gene encoding the bundle-forming pilus

subunit. They belonged to groups B2, B1 and D.

Atypical EPEC are considered less virulent than typical

EPEC. Still, the strains can cause infection among

children (Gomes et al. 2004) and both animals and

humans can be their reservoirs (Trabulsi et al. 2002).

Distribution of virulence genes characteristic

for ExPEC isolates

Genes iutA and fyuA coding for aerobactin and

yersiniabactin receptor protein, respectively, are a

part of siderophore-mediated systems of iron acqui-

sition. Both aerobactin and yersiniabactin are recog-

nized virulence factors in Enterobacteriaceae. The

iutA gene was present in 41.3% of E. coli strains,

whereas 26.6% possessed fyuA (Table 1). The cnf1

gene located within PAI II and coding for cytotoxic

necrotizing factor was found in five strains (4.6%)

belonging to all four phylogroups. Haemolysin A

gene, hlyA, associated with pathogenicity islands PAI

I and II of uropathogenic E. coli, was present in four

(3.7%) strains. P fimbriae subunit gene, papA, also

embedded in pathogenicity islands, was observed in

18 strains (16.5%). Similarly, S fimbriae subunit

gene, sfaS, located within PAI III, was found in

16.5% strains. Fimbrial F1C subunit gene, focG, was

present in 9.2% of the strains.

Only presence of iutA was associated with phylo-

genetic group affiliation. It was significantly higher

among isolates from group B2 (compared versus group

A, B1, and groups A, B1 and D taken together). It was

also higher among group D strains compared with

those from group A and B1 (P \ 0.05) (Table 1).

Antimicrobial susceptibility and distribution

of quinolone resistance

All of the strains were multiresistant, i.e. resistant to

three unrelated antimicrobials. The highest percent of
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resistance was noted for sulfamethoxazole, ticarcillin,

tetracycline and trimethoprim. The lowest frequen-

cies of resistant strains were noted for imipenem,

ceftazidime and netilmicin (Fig. 1).

Resistance to nalidixic acid was observed in 56%

of E. coli strains; 50.4% were resistant to fluoroquin-

olones: ciprofloxacin or norfloxacin (Table 1). The

distribution of Q (quinolone) and FQ (fluoroquino-

lones) resistance within phylogenetic groups was as

follow: A: 69.7 and 42.4%, B1: 61.9 and 42.9%, B2:

60 and 60%, and D: 50 and 57.5%, respectively

(Table 1). The resistance to quinolones and fluoro-

quinolones was not associated with phylogenetic

group. The frequency of resistance to quinolones was

higher in comparison with that reported by Sabaté

et al. (2008) for E. coli strains from human waste-

water, which were in 24% resistant to quinolones and

in 20% to ciprofloxacin. None of their B2 strains has

shown quinolone resistance, which is in contrast with

the high frequency of Q and FQ resistance in B2

strains in our research.

Association of quinolone resistance

with virulence genes

Although integron-positive strains are often multire-

sistant, only resistance to quinolones has been

reported to be associated with decrease in pathogenic

potential of E. coli strains (Kawamura-Sato et al.

2010). There is little information about virulence

potential of integron-bearing E. coli isolated from

wastewater. In our study, the average number of

genes associated with diarrheagenic pathotypes and

ExPEC per strain was low and reached 1.40. The

highest average VF score was found in phylogroup

B2 (1.87), whereas the lowest (1.24) was observed in

group A; however, the differences in VF scores

among phylogenetic groups were not statistically

significant (Table 1). In clinical strains of E. coli

causing bacteraemia it ranges from 1.9 to 4.5,

depending on resistance profiles, and is lower in

multiresistant strains (2.8) and in ciprofloxacin-resis-

tant (1.9) (Rijavec et al. 2008). In our study, at low

Fig. 1 Frequency of antibiotic resistance in integron-positive E. coli strains isolated from wastewater treatment plant

822 Antonie van Leeuwenhoek (2011) 99:817–824

123



level of VF score, phenotypic resistance to quino-

lones and fluoroquinolones was not associated with

VF score (P [ 0.05). Nevertheless, we noticed sig-

nificantly higher presence of iutA gene in quinolone

and fluoroquinolone resistant isolates and lower

presence of sfaS gene in fluoroquinolone resistant

strains (P \ 0.05) (Table 2).

In conclusion, integron-positive E. coli strains orig-

inating from wastewater treatment plant belong mostly

to phylogenetic group D, usually connected with

extraintestinal pathotypes. Although the average VF

score was low, more than one-sixth of the multiresistant

strains had three or more virulence genes. They were

isolated mostly from raw sewage, but 30% of them were

cultured from final effluent which is released to the

corresponding river. This may create potential threat of

spreading multiresistant, integron-bearing E. coli strains

with virulence traits into the environment and be of

public health concern. Moreover, some virulence genes

are embedded in pathogenicity islands and together with

potentially mobile resistance integrons located in plas-

mids they may be disseminated in the environment via

horizontal gene transfer.
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(2008) Virulence factors and biofilm production among

Escherichia coli strains causing bacteraemia of urinary

tract origin. J Med Microbiol 57:1329–1334
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