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Comparison of ubiquitous antibiotic-resistant
Enterobacteriaceae populations isolated from
wastewaters, surface waters and drinking waters
Vânia Figueira, Elizabete A. Serra, Ivone Vaz-Moreira,
Teresa R. S. Brandão and Célia M. Manaia

ABSTRACT
This study aimed at assessing the role of ubiquitous (non-Escherichia coli) Enterobacteriaceae in the
dissemination of antimicrobial resistance through the urban water cycle. Enterobacteriaceae isolated
from a municipal wastewater treatment plant (111 isolates), urban water streams (33 isolates) and
drinking water (123 isolates) were compared in terms of: (i) genera distribution, (ii) resistance to 12
antibiotics, and (iii) class 1 and class 2 integrons. The predominant bacterial genera were the same in
the different types of water, although with a distinct pattern of species. The most prevalent
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resistance phenotypes were observed for amoxicillin, ticarcillin, cephalothin and sulphamethoxazole
(24–59% in the three types of water). No resistance against ceftazidime or meropenem was
observed. Resistance to cephalothin, amoxicillin and sulphamethoxazole was signiﬁcantly more
prevalent in drinking water, water streams and wastewater, respectively, than in the other types of
water. It was possible to recognize antibiotic-resistance associations, namely for the pairs
streptomycin–tetracycline (positive) and ticarcillin–cephalotin (negative). Class 1 and/or class 2
integrons with similar gene cassettes were detected in the three types of water. This study
demonstrated that Enterobacteriaceae are important vehicles of antibiotic resistance, namely in
drinking water.
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INTRODUCTION
Over the last years the epidemiology of antibiotic-resistant

environment, for example in aquatic systems, have been

Enterobacteriaceae had a signiﬁcant change (Denton ).

regarded as important vectors of antibiotic-resistance disse-

Antibiotic-resistance prevalence has increased and new

mination (Houndt & Ochman ; Baquero et al. ;

resistance genotypes, mainly against beta-lactams, have

Martinez ). In particular, any source of human-derived

emerged. Frequently, such resistance genotypes rapidly dis-

fecal contamination, which may include antibiotic-resistant

seminate to the community (Livermore & Woodford ;

organisms and/or substances with antimicrobial activity, is

Paterson ; Denton ; Gould ). In part, such

considered an important reservoir of antibiotic resistance

changes may be due to the ability that bacteria have to

(Baquero et al. ; Kümmerer a, b).

move between different environmental niches and to pro-

The family Enterobacteriaceae comprises different

mote horizontal gene transfer processes (Baquero et al.

genera and species, which according to their ecology and

; Martinez ). In this respect, bacteria that can colo-

preferential habitats were tentatively divided into different

nize humans and other animals and survive in the

groups – fecal (e.g. Escherichia coli), ubiquitous (e.g.

doi: 10.2166/wh.2011.002
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Citrobacter, Klebsiella or Enterobacter) and environmental

environment, it was intended to assess the role of non-

(e.g. Raoultella or Buttiauxella) (Leclerc et al. ).

E. Coli Enterobacteriaceae. With this objective, Enterobac-

Among these, E. Coli members are considered the most

teriaceae isolated from: (i) wastewaters of municipal

reliable indicators of fecal contamination and are used to

wastewater treatment plant, (ii) urban water streams with

assess microbiological water quality and safety (Council

point sources discharges, and (iii) drinking water, were

Directive //EC ; Edberg et al. ; Leclerc et al.

characterized. The hypothesis of this study was that ubiqui-

; WHO ). Mainly for that reason, the majority of

tous Enterobacteriaceae, which can colonize different types

the studies and reviews focusing antibiotic resistance in

of water, could represent a vehicle of resistance dissemina-

environmental Enterobacteriaceae give special emphasis to

tion. The aim of the current study was, thus, to compare

E. Coli (Goñi-Urriza et al. ; Ferreira da Silva et al.

the three types of water in terms of: (i) Enterobacteriaceae

; Watkinson et al. ; Laroche et al. ;

genera distribution, (ii) occurrence of resistance to 12 anti-

Kümmerer b; Martinez ). Nevertheless, if the ecol-

biotics, and (iii) occurrence and characteristics of the

ogy and physiology of Enterobacteriaceae is taken into

variable regions of class 1 and 2 integrons.

account, it becomes evident that not only E. Coli, but
many other members of the same family, can be important
vehicles of antibiotic-resistance dissemination. For example,

METHODS

clinically relevant antibiotic-resistance phenotypes have
been observed in members of the genera Enterobacter, Citro-

Sample collection

bacter, Klebsiella or Kluyvera, which comprise recognized
opportunistic pathogens species (Sader et al. ; Paterson

Water samples (1 L) were collected over the period of January

; Denton ; Hoban et al. ). Non-E. Coli Entero-

2004 to November 2006 in the region of Porto in northern

bacteriaceae are bacteria with widespread environmental

Portugal. The bacterial strains examined in this study were

distribution, which presence can be equally expected in

recovered through different sampling dates – eight for waste-

habitats either with or without fecal contamination. Entero-

water (WW), four for water streams (WS) and 15 for drinking

bacteriaceae excreted via animal fecal sources and those

water (DW). Samples of raw (RWW) and treated (TWW)

occurring naturally are supposed to cohabit, at least in

wastewater were collected from a municipal treatment facil-

some parts of the urban water cycle (raw water–drinking

ity serving 85,000 inhabitant equivalents (Ferreira da Silva

water–wastewater) (Leclerc et al. ). For instance, strains

et al. ; Novo & Manaia ). Surface water samples

of the genera Citrobacter, Enterobacter or Klebsiella are able

were collected from urban water streams near the bank at a

to proliferate in sewage, becoming predominant members of

depth of 10–50 cm. Some of these streams are supposed to

the culturable microbiota in these environments. Simul-

receive inadvertent and illegal sewage discharge by houses

taneously,

of the

not connected to the municipal sewage collector. Both

drinking water bacterial ﬂora (Brenner ; Leclerc et al.

types of water were positive for the presence of E. coli

; Blanch et al. ; Kampfer et al. ). Allegedly, ubi-

(>1 CFU/100 mL), (Ferreira da Silva et al. ; Figueira

these

bacteria

are representatives

quitous Enterobacteriaceae can move freely between

et al. ). Drinking water samples, in which E. coli was

different compartments of the urban water cycle, for

below the allowed value (<0 CFU/100 mL), comprised a

example from sewage and wastewater to surface water or,

drinking water distribution system with 33 independent

somehow, gain access into drinking water distribution sys-

sampling sites (Faria et al. ) and 10 private wells (these

tems. Although it is plausible to admit that such paths of

are natural waters not submitted to any disinfection process).

propagation

make

these

Enterobacteriaceae

relevant

vehicles for antimicrobial resistance dissemination, to our

Bacterial enumeration and isolation

knowledge, this issue has never been addressed in literature.
In a study which aims at investigating the paths and extent

For drinking water and water streams samples, volumes of

of

100 mL or 1/10/100 mL, respectively, were examined for

antimicrobial

resistance

dissemination
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the presence of fecal contamination, according to the inter-

using the API 20E system (bioMérieux). In total, the analysis

national standard method (International Standard ISO

of the 16S rRNA gene sequence was applied to 65% and the

9308-1 ). The isolates included in this study correspond

API 20E system to 10% of the isolates.

to samples conform to the legal recommendations for drinking water quality (Council directive 98/83/EC ; DL306-

Antibiotic-resistance phenotypes

2007 ). Drinking water and water streams strains were
isolated on tergitol-7 agar (10.0 g/L peptone, 6.0 g/L yeast

The antibiotic-susceptibility phenotypes were determined

extract, 5.0 g/L meat extract, 20.0 g/L lactose, 0.05 g/L bro-

according to the standard disc diffusion method, as rec-

mothymol blue, 0.1 g/L tergitol-7, 13.0 g/L agar, Oxoid;

ommended by the Clinical and Laboratory Standards

supplemented with triphenyltetrazolium chloride 0.125%,

Institute (CLSI ). Twelve antibiotics were tested: amox-

Oxoid) at 36 ± 2 C. Wastewater strains were isolated on

icillin (AML, 25 μg); ticarcillin (TIC, 75 μg); cephalothin

W

m-endo-agar-LES (1.2 g/L yeast extract, 3.7 g/L casitone,

(CP, 30 μg); ceftazidime (CEF, 30 μg); meropenem (MER,

3.7 g/L thiopeptone, 7.5 g/L tryptose, 9.4 g/L lactose,

10 μg); colistin sulphate (CT, 50 μg); sulphamethoxazole

3.3 g/L dipotassium phosphate, 1.0 g/L monopotassium

(SUL,

phosphate, 3.7 g/L sodium chloride, 0.1 g/L sodium desoxy-

23.75/1.25 μg); ciproﬂoxacin (CIP, 5 μg); tetracycline (TET,

25 μg);

sulphamethoxazole/trimethoprim

(SXT,

cholate, 0.05 g/L sodium lauryl sulphate, 1.6 g/L sodium

30 μg); gentamicin (GEN, 10 μg) and streptomycin (STR,

sulphite, 0.8 g/L basic fuchsin, 15.0 g/L agar, Difco) at

10 μg). The reference strains E. Coli ATCC 25922 and Pseu-

W

35 C and Plate Count Agar (5.0 g/L tryptone, 1.0 g/L glu-

domonas aeruginosa DSM 1117 (¼ATCC 27853) were

cose, 2.5 g/L yeast extract and 15.0 g/L agar; Pronadisa) at

included in each experimental set as quality controls.

30 C for 24 h (Ferreira da Silva et al. ). After puriﬁ-

Antibiotic-resistance prevalence values were compared

cation, presumable Enterobacteriaceae were cryopreserved

among the groups of isolates from the different types of

at 80 C in nutrient broth with 15% (v/v) of glycerol for

water, using the chi-squared test (SPSS, version, 17.0 for

W

W

further identiﬁcation and characterization. A total of 267

Microsoft Windows). A signiﬁcance value of p < 0.05 was

isolates of ubiquitous Enterobacteriaceae, 123 from drinking

used.

water (102 from a drinking water network and 21 from
water wells), 33 from water streams, and 111 from waste-

Detection and characterization of the variable regions

water (42 from RWW and 69 from TWW) were analysed

of class 1 and 2 integrons

in this comparative study.
Detection of class 1 and class 2 integrons was performed by
Bacterial identiﬁcation

PCR using crude-cell lysates. The variable region of class 1
integrons was screened using primers to target the con-

All isolates were identiﬁed according to the protocol

served sequences CS3–CS5, ﬂanking the integron variable

described by Ferreira da Silva et al. (). Brieﬂy, after a

regions, as described before (Lévesque et al. ; Ferreira

preliminary characterization (Gram-staining, catalase and

da Silva et al. ). In isolates yielding CS3–CS5 amplicons,

oxidase tests) bacteria were genotyped, using random ampli-

the presence of the integrase gene was used as a conﬁr-

0

ﬁed polymorphic DNA (RAPD), with primers M13 (5 -GAG

mation of the class 1 integron presence (Henriques et al.

GGT GGC GGT TCT-30 ) and T3B (50 -AGG TCG CGG GTT

). Mapping analyses and sequencing of CS3–CS5

0

CGA ATC C-3 ). This procedure led to the organization of

ﬂanked regions involved the primers CS5 and aadA1 rv

the isolates into resemblance groups. About 25% of the

(ant(3″)-Ia in Lévesque et al. ), aadA1 fw (ant(3″)-I-30

representatives

all

in Lévesque et al. ) and dhfrI (Lévesque et al. ; Fer-

ungrouped isolates were identiﬁed through the analysis of

reira da Silva et al. ). Class 2 integrons were screened

16S rRNA gene sequence (800–1,200 bp), as described

using primers targeting the integrase and aadA1 genes, as

of

each

resemblance

group

and

before (Ferreira da Silva et al. ). As an additional conﬁr-

described before (Laroche et al. ). The primers aadA1

mation, members of different groups were also identiﬁed

fw/TnsE-Tn7 and aadA1 rv/IntI2 fw (Skurnik et al. ;
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Henriques et al. ) were used to detect both the presence

members of the genera Klebsiella, Enterobacter and Raoul-

of a class 2 integron and screen the gene cassettes contained

tella

within the variable region. For sequencing analysis, PCR

respectively). In water streams, most of the isolates belonged

products of the variable regions of the integrons were

to the genera Klebsiella and Citrobacter (57.6 and 24.2%,

cloned and the cloned DNA was extracted, ampliﬁed and

respectively) and in wastewater most of the isolates were

sequenced. The commercial cloning system pGEM®-T easy

members of the genera Citrobacter, Kluyvera, Raoultella

®

were

predominant

(24.4,

21.1

and

22.0%,

vector (pGEM -T Easy Vector System, Promega) was used

and Klebsiella (21.6, 21.6, 18.0 and 15.3%, respectively).

according to the manufacturer instructions.

Different species of the genera Klebsiella and Raoultella
prevailed in each type of water (Table 1). The species K. oxytoca prevailed in drinking water, K. pneumoniae in water

RESULTS

streams and approximate proportions of K. oxytoca and K.
pneumoniae were observed in wastewater. The species R.

Distribution of genera and species

planticola and R. terrigena were predominant in drinking

The isolates examined in this study corresponded to the

in wastewater (Table 1).

water, whereas R. terrigena and R. ornithinolytica prevailed
most abundant culturable non-E. Coli Enterobacteriaceae
present in each type of water. On average, the bacterial

Antibiotic-resistance patterns

1

counts corresponded to 1 CFU/mL in drinking water, 10 –
102 CFU/mL in water streams samples, 103 CFU/mL in trea5

One of the objectives of this study was to compare the preva-

ted wastewater and 10 CFU/mL in raw wastewater. The

lence of antibiotic resistance in different types of water.

genera Citrobacter, Enterobacter and Klebsiella were

Irrespective of the type of water, most of the isolates were

observed in the three types of water, and Kluyvera and

susceptible to more recent antibiotics and/or those with

Raoultella were observed both in drinking water and waste-

lower consumption rates. Resistance against the antibiotics

water, but not in water streams (Figure 1). In drinking water,

ceftazidime and meropenem was not observed in any type
of water and against the antibiotics colistin sulphate, gentamicin, ciproﬂoxacin, tetracycline and sulphamethoxazole/
trimethoprim

low

prevalence

values

were

observed

(Table 1). The most prevalent resistance phenotypes were
observed for amoxicillin, ticarcillin, cephalothin and sulphamethoxazole. Among these, sulphamethoxazole resistance
was observed to be present in every genera, with prevalence
values above 25%. Resistance against the beta-lactams
amoxicillin and ticarcillin presented the highest prevalence
values among members of the genera Klebsiella and Raoultella. Cephalothin resistance was most prevalent among the
genus Enterobacter, followed by Citrobacter.
Whenever a representative number of isolates of each
genus or species was available, antibiotic-resistance prevaFigure 1

|

Distribution of genera isolated from drinking water (DW, light bars), water
streams (WS, gray bars) and wastewater (WW, dark bars) isolates examined in
this study. Others include: Erwinia carotovora (1); Serratia fonticola (1); suspected new species (3); Buttiauxella agrestis (4); Pantoea agglomerans (3) and
Hafnia alvei (1), in DW; Pantoea agglomerans (3) in WS; Buttiauxella agrestis (2);

lence values were compared for drinking water, water
streams and wastewater. Signiﬁcant differences were
observed for amoxicillin, cephalothin and sulphamethoxa-

Pantoea agglomerans (2); Providencia rettgeri (1); Providencia vermicola (1);

zole (Table 1). These differences could be associated with

Serratia spp. (1); Serratia marcescens (2), Serratia fonticola (1); Serratia liquefaciens (1); Erwinia soli (1); Leclercia adecarboxylata (1) and Morganella

a particular taxonomic group. For the antibiotic amoxicil-

morganii (1), in WW.

lin, with signiﬁcantly higher resistance rates in water
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Prevalence (%) of the different bacterial groups in drinking water (DW), surface water (WS) and wastewater (WW), and respective percentages of antibiotic resistance
phenotypes

Underlined, signiﬁcantly different prevalence values.
AML, amoxicillin; TIC, ticarcillin; CP, cephalothin; CT, colistin; SUL, sulphamethoxazole; SXT, sulphamethoxazole/trimethoprim; CIP, ciproﬂoxacin; TET, tetracycline; GEN, gentamicin; STR, streptomycin.
No resistance against ceftazidime or meropenem was observed.

•

spp. includes: Citrobacter gillenii and non-identiﬁed Citrobacter species; Enterobacter cloacae, E. asburiae, E. aerogenes, E. hormaechei and non-identiﬁed Enterobacter

•

Others include: Erwinia carotovora (1); Serratia fonticola (1); suspected new species (3); Buttiauxella agrestis (4); Pantoea agglomerans (3) and Hafnia alvei (1), in DW; Pantoea
agglomerans (3) in WS; Buttiauxella agrestis (2); Pantoea agglomerans (2); Providencia rettgeri (1); Providencia vermicola (1); Serratia spp. (1); Serratia marcescens (2), Serratia

species; Kluyvera cryocrescens and non-identiﬁed Kluyvera species.

fonticola (1); Serratia liquefaciens (1); Erwinia soli (1); Leclercia adecarboxylata (1) and Morganella morganii (1), in WW.
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Table 2

percentage of cephalothin resistance in drinking water

Water type

R/S (n)

AML

AML

DW

R (55)
S (68)
R (18)
S (15)
R (44)
S (67)

100
0
100
0
100
0

51
22
56
0
59
6

31
37
17
33
23
24

13
7
17
0
11
10

2
3
6
0
7
4

R (43)
S (80)
R (10)
S (23)
R (30)
S (81)

65
34
100
35
87
22

100
0
100
0
100
0

9
48
10
30
10
28

9
10
20
4
13
10

0
4
10
0
10
4

R (42)
S (81)
R (8)
S (25)
R (26)
S (85)

40
46
38
60
38
34

10
47
13
36
12
28

100
0
100
0
100
0

12
9
13
8
19
8

5
1
0
4
0
7

R (12)
S (111)
R (3)
S (30)
R (13)
S (98)

58
43
100
50
38
40

33
35
67
27
31
27

42
33
33
23
38
20

100
0
100
0
100
0

25
0
33
0
8
5

WS

less, while in drinking water, 85% of the Enterobacter spp.

WW

isolates were resistant to cephalothin, in wastewater only
TIC

Such a difference was not observed in Citrobacter spp. isowater or

wastewater,

as

DW
WS

both

populations showed similar cephalothin resistance rates

WW

(42 and 46%, respectively). Sulphamethoxazole resistance
rates could be ranked as water streams < drinking water <

CP

wastewater, with signiﬁcant differences between these

DW
WS

groups. Members of the genera Citrobacter, Raoultella,
WW

Klebsiella, and Kluyvera, prevailing in drinking water
and/or in wastewater, were observed to be the most important harbors of sulphamethoxazole resistance in these

2012

Antibiotic

abundance of Enterobacter in that type of water. Neverthe-

lated from drinking

|

Patterns of association between antibiotic-resistance phenotypes in isolates of

than in the other types of water, was mainly due to the

50% of the Enterobacter isolates had such a phenotype.

10.1

drinking water (DW), water streams (WS) and wastewater (WW)

to the high prevalence of members of the species K. pneumoniae in that type of water. In the same way, the higher

|

|

STR

waters.

DW
WS

Another aim of this study was to compare the patterns of

WW

antibiotic resistance in bacteria isolated from different types

TIC

CP

STR

TET

of water. In order to accomplish this objective, the possible
associations of resistance phenotypes in the different types

Signiﬁcant differences of antibiotic resistance prevalence between resistant (R) and susceptible (S) are indicated in shadowed cells.

of water were assessed (Table 2). This analysis consisted of
the comparison of resistance rates to one antibiotic among
the resistant and susceptible bacteria to another antibiotic.

these was resistant to tetracycline, whereas three out of

Such comparisons were restricted to antibiotic-resistance

the 12 resistant bacteria were tetracycline resistant.

phenotypes observed in a representative number of isolates
and only pairs of antibiotics in which signiﬁcant associ-

Distribution and characteristics of class 1 and class 2

ations were detected are presented in Table 2. Three

integrons

signiﬁcant associations were detected. Resistance to the
penicillins, amoxicillin and ticarcillin, was associated in

Class 1 integrons presented similar prevalence in drinking

the three types of water, suggesting common resistance

water and wastewater (1.6% in both types of water) and

mechanisms. In contrast, in drinking water and in waste-

were not detected among the water streams isolates

water, a negative association between the penicillin

(Table 3). Class 2 integrons were less prevalent in drinking

ticarcillin and the cephalosporin cephalothin was observed.

water than in the other types of water (1.6% in DW, 5.4%

In other words, signiﬁcantly lower rates of cephalothin

in WW, 6.1% in WS). In drinking water, two, out of the

resistance were observed among the ticarcillin resistant

four integrons, were found in K. oxytoca, whereas in waste-

than among the ticarcillin susceptible bacteria (and vice-

water were mainly detected in Kluyvera intermedia (5 out of

versa). The third association was observed between strepto-

7). Among the four class 1 integrons analysed, three,

mycin and tetracycline, in drinking water and water streams,

detected in isolates of wastewater and drinking water, had

but not in wastewater. It is noteworthy that among the 111

the aadA1 gene and another one, detected in a Citrobacter

drinking water isolates susceptible to streptomycin none of

gillenii isolated from drinking water, contained the cassette

Downloaded from https://iwaponline.com/jwh/article-pdf/10/1/1/395170/1.pdf
by guest
on 18 October 2018

7

V. Figueira et al.

Table 3

|

|

Antibiotic resistance of aquatic ubiquitous Enterobacteriaceae

Journal of Water and Health

|

10.1

|

2012

Class 1 and class 2 integrons: isolates origin, size, gene cassette and resistance phenotype

Identiﬁcation

Class

Size and gene cassette

Resistance phenotype

DW

Citrobacter gillenii
Klebsiella oxytoca
Klebsiella oxytoca
Kluyvera intermedia

1
2
2
1

1.9 kb
1.5 kb
1.5 kb
1.0 kb

CIP, SXT, TET, CP, SUL, STR
AML, TIC, STR
AML, TIC, SUL, STR
TIC, SUL, STRa

WS

Citrobacter freundii
Klebsiella pneumoniae

2
2

2.0 kb (dfrA1, sat2, aadA1)
2.0 kb (dfrA1, sat2, aadA1)

AML, TET, TIC, STR
AML, GEN, CIP, CP, TIC, SUL, STR

WW

Klebsiella oxytoca

1
2
2
2
2
2
2
1

1.0 kb
1.5 kb
1.5 kb
2.0 kb
2.0 kb
2.0 kb
1.5 kb
1.0 kb

AML, SUL, STRa

Kluyvera intermedia
Kluyvera intermedia
Kluyvera intermedia
Kluyvera intermedia
Kluyvera intermedia
Erwinia soli

(dfrA12, aadA2)
(sat2, aadA1)
(sat2, aadA1)
(aadA1)

(aadA1)
(sat2, aadA1)
(sat2, aadA1)
(dfrA1, sat2, aadA1)
(unidentiﬁed, £)
(unidentiﬁed, £)
(sat2, aadA1)
(aadA1)

CIP, STR
TET, SUL, STRa
SUL
SUL
AML, TIC, SUL
SUL, STR

a

intermediate phenotype.
£, highest nucleotide similarity with a hypothetical protein of Klebsiella pneumoniae (acc. n. AP006725.1).

dfrA12, aadA2. This strain was resistant to sulphamethoxa-

reported in drinking water worldwide. For instance, as in

zole/trimethoprim, presumably due to the presence and

the current study, Blanch et al. () reported the occur-

expression of the dfrA12 gene. The gene cassette sat2/

rence of K. oxytoca as one of the predominant coliforms

aadA1 was detected in eight out of the 10 class 2 integrons

in a drinking water distribution system in Spain. Other iso-

analysed, distributed by the three types of water. The gene

lates identiﬁed by those authors were members of the

dfrA1, encoding for trimethoprim resistance, was detected

genera Enterobacter, Citrobacter or Pantoea, also identiﬁed

in class 2 integrons of the water streams isolates and in a

in the current work. Kampfer et al. (), analyzing

K. intermedia isolated from wastewater.

drinking water reservoirs in Germany, observed the predominance of members of the genera Enterobacter and
Serratia, and low percentages of isolates of the groups

DISCUSSION

Klebsiella and Citrobacter. Also these genera were identiﬁed in the present study.

Ubiquitous and environmental Enterobacteriaceae com-

Waters with fecal contamination, particularly human-

prise, respectively, bacteria that can be found in feces

derived wastewater, have been regarded as relevant reser-

and which can be easily dispersed by air and water, or psy-

voirs for antibiotic resistance in the environment (Baquero

chotrophic bacteria that can proliferate in pristine or

et al. ; Martinez ; Kümmerer a). In contrast,

polluted waters (Leclerc et al. ). The isolates identiﬁed

drinking water, pumped in clean areas and/or disinfected

in this study could be allocated to both categories, empha-

(Council directive 98/83/EC ; DL306-2007 ) is sup-

sizing the capacity of Enterobacteriaceae to colonize

posed to have low numbers of microorganisms and, thus, of

different types of water. Different species were observed

antibiotic-resistant bacteria. However, the observation of the

to prevail in each type of water, probably due to the

same species in waste-, surface and drinking water raised the

sources of these bacteria and/or to the properties of the

hypothesis that coliforms can serve as a vehicle for anti-

water (organic load, disinfection, etc.). Nevertheless, most

biotic-resistance propagation.

of the species detected in wastewater were also found in

This hypothesis led to the analysis and comparison of

drinking water. The presence of coliforms in drinking

the antibiotic resistance phenotypes. The Enterobacteriaceae

water has been regarded as an important marker of water

examined in this study exhibited mainly resistance against

safety (Leclerc et al. ). Even though, coliforms are

antibiotics belonging to the classes with higher consumption
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rates in outpatients (amoxicillin, ticarcillin, sulphamethoxa-

more frequent among ticarcillin susceptible isolates than

zole and cephalothin) (ESAC ). Other resistance

among those resistant to that penicillin, hinting the involve-

phenotypes (colistin sulphate, gentamicin, ciproﬂoxacin,

ment of distinct resistance mechanisms. In drinking water

tetracycline and sulphamethoxazole/trimethoprim) were

and water streams, tetracycline and streptomycin resistance

rare, irrespective of the type of water. Among these, some

were associated, suggesting that the combination of both

of the cases of colistin resistance phenotypes, in Proteus

phenotypes may improve the bacterial ﬁtness in the environ-

spp. and Serratia spp., are probably intrinsic (Denton ).

ment, namely in drinking water. These patterns of

Among the most common resistance phenotypes were

association may hint the complex network of factors that

also some presumable situations of intrinsic resistance. For

rule the ecology of antibiotic resistance (Andersson &

instance, members of the genera Klebsiella and Raoultella

Hughes ).

are described as intrinsically resistant to beta-lactam anti-

Supposedly, bacteria thriving in habitats rich in anti-

biotics (Stock & Wiedemann ), explaining the high

biotic-resistant bacteria and/or antimicrobial residues,

rates of amoxicillin and ticarcillin resistance observed.

capable of imposing selective pressures, represent important

Another situation is related to cephalothin resistance, sig-

vehicles for antibiotic-resistance dissemination (Baquero

niﬁcantly more prevalent in drinking water than in waste-

et al. ; Martinez ; Kümmerer a, b). In this

or surface water, mainly due to the predominance of Enter-

respect, the most important drivers for antibiotic-resistance

obacter spp. and Citrobacter spp. in these types of water. This

propagation include genetic elements associated with pro-

resistance phenotype is considered to be intrinsic in clinical

cesses of horizontal gene transfer. These genetic elements

isolates of the genera Citrobacter and Enterobacter (CLSI

contain the components for site-speciﬁc recombination,

). However, for Enterobacter spp. cephalothin resistance

which facilitate the capture and expression of mobile gene

rates were lower in wastewater than in drinking water. Such

cassettes (Hall & Collis ). Thus, although not being

results lead to the hypothesis that cephalosporin resistance

mobile elements, integrons are frequently associated with

favors the tolerance to the water disinfection processes. In

antibiotic resistance acquisition (Partridge et al. ). For

addition, it suggests that environmental Enterobacter spp.

this reason, these genetic elements are regarded as impor-

may still be considered not intrinsically resistant to ﬁrst gen-

tant markers to assess the capacity of a bacterium to

eration cephalosporins.

acquire antibiotic-resistance genes through horizontal gene

Except for sulphonamides, the antibiotic-resistance rates

transfer processes (Partridge et al. ). One of the objec-

in drinking water were not signiﬁcantly lower than in waste-

tives of the current work was to assess if class 1 and class 2

water, where fecal contamination is supposed to supply

integrons were more prevalent and/or if different gene cas-

antibiotic-resistant bacteria (Kümmerer a). Sulphona-

settes were detected in wastewater than in the other types

mides have a widespread distribution in surface and

of water. Although class 1 integrons presented similar preva-

wastewaters and it is possible that these micro-pollutants

lence values in the three types of water, class 2 integrons

impose

wastewaters

were more frequent in wastewater than in drinking water.

selective

pressures,

mainly

in

(Kümmerer a, b). According to the data obtained,

Nevertheless, both types of integrons were detected in drink-

wastewater treatment had a limited capacity to remove sul-

ing water, and with similar gene cassettes. The composition

phonamides resistance, as it reached the highest resistance

of the integrons in Enterobacteriaceae from waste- and sur-

rate in the treated efﬂuent (62%, data not shown). The

face water seems to be very stable. In fact, similar gene

high rates of sulphonamides resistance prevalence in drink-

cassettes have been reported worldwide (Tennstedt et al.

ing water suggest that this resistance phenotype can spread

; Henriques et al. ; Ferreira da Silva et al. ;

easily throughout the urban water cycle.

Laroche et al. ). As observed by other authors, these

Different patterns of association were observed in each

gene cassettes hardly can explain the observed antibiotic-

type of water, suggesting that different sources of coloniza-

resistance phenotypes (Henriques et al. ; Ferreira da

tion or paths of resistance acquisition may be involved. In

Silva et al. ; Laroche et al. ). Nevertheless, inte-

waste- and drinking water, cephalothin resistance was

grons are regarded as gene capture systems, which under
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appropriate conditions, may represent a selective advantage
for antibiotic-resistance acquisition. In this respect, it is relevant to show that drinking water Enterobacteriaceae are
equipped with the same gene capture structures that are
found in waste- and surface water or in clinical isolates.
The three types of water examined in this study were
sampled from areas which are not inter-connected, so a
direct contamination is excluded. In particular, the area
for water pumping, treatment and production of drinking
water is situated several kilometres upstream from points
of discharge of wastewater treatment plants. Given the ubiquity and ability that bacteria have to survive and spread
in the environment, a remote contamination of drinking
water from waters with fecal contamination cannot be
totally discarded. The observation of antibiotic-resistant bacteria in drinking water can be explained either due to the
entrance of antibiotic-resistant bacteria in some part of the
water distribution system or to other unknown mechanisms
of resistance emergence and/or selection, within the system.
Further studies based on molecular epidemiology of these
bacteria

may contribute

to

elucidate these

aspects.

Altogether the data presented in this work shows that Enterobacteriaceae, given their ubiquity and plasticity, are
important vehicles of antibiotic resistance, which under
favorable conditions may colonize drinking water.

ACKNOWLEDGEMENTS
The authors gratefully acknowledge the senior scientists of
the water supplying enterprise for their support and
helpful discussion. This study was ﬁnanced by Fundação
para a Ciência e a Tecnologia (projects PTDC/AMB/
70825/2006; PTDC/AMB/71236/2006 and IVM grant
SFRH/BD/27978/2006).

REFERENCES
Andersson, D. I. & Hughes, D.  Antibiotic resistance and its
cost: is it possible to reverse resistance? Nat. Rev. Microbiol.
8 (4), 260–271.
Baquero, F., Martinez, J. L. & Canto, R.  Antibiotics and
antibiotic resistance in water environments. Curr. Opin.
Biotechnol. 19, 260–265.

Downloaded from https://iwaponline.com/jwh/article-pdf/10/1/1/395170/1.pdf
by guest
on 18 October 2018

Journal of Water and Health

|

10.1

|

2012

Blanch, A. R., Galofre, B., Lucena, F., Terradillos, A., Vilanova, X. &
Riba, F.  Characterization of bacterial coliform
occurrences in different zones of a drinking water
distribution system. J. Appl. Microbiol. 102, 711–721.
Brenner, D. J.  Introduction to the family Enterobacteriaceae.
In: The Prokaryotes, a Handbook on the Biology,
Ecophysiology, Isolation, Identiﬁcation, Applications (A.
Balows, H. G. Trüper, M. Dworkin, W. Harder & K. H.
Schleifer, eds.), vol. 3, 2nd edition. Springer-Verlag,
New York, USA, pp. 2673–2695.
Clinical Laboratory Standards Institute  Performance
Standards for Antimicrobial Susceptibility Testing M100-S15,
Fifteenth Informational Supplement. Clinical Laboratory
Standards Institute, Wayne, PA, USA.
Council Directive 98/83/EC, of 3 November  On the Quality
of Water Intended for Human Consumption as Amended by
Regulation 1882/2003/EC. Available from: http://eur-lex.
europa.eu/LexUriServ/LexUriServ.do?uri=OJ:
L:1998:330:0032:0054:EN:PDF. Accessed 1 June 2010.
Decreto-Lei 306-2007, of 27 August  On the Quality of Water
Intended for Human Consumption as Amended by
Regulation 1882/2003/EC. Diário da República, Portugal.
Available from: http://dre.pt/pdf1s/2007/08/16400/
0574705765.pdf. Accessed 1 June 2010.
Denton, M.  Enterobacteriaceae. Int. J. Antimicrob. Agents 29,
S9–S22.
Edberg, S. C., Rice, E. W., Karlin, R. J. & Allen, M. J. 
Escherichia coli: the best biological drinking water indicator
for public health protection. J. Appl. Microbiol. 88, 106S–116S.
ESAC Yearbook  European Surveillance of Antimicrobial
Consumption. Available from: http://www.esac.ua.ac.be/
main.aspx?c=*ESAC2&n=50036. Accessed 1 June 2010
Faria, C., Vaz-Moreira, I., Serapicos, E., Nunes, O. C. & Manaia,
C. M.  Antibiotic resistance in coagulase negative
staphylococci isolated from wastewater and drinking water.
Sci. Tot. Environ. 407, 3876–3882.
Ferreira da Silva, M., Tiago, I., Veríssimo, A., Boaventura, A. R.,
Nunes, O. C. & Manaia, C. M.  Antibiotic resistance of
enterococci and related bacteria in an urban wastewater
treatment plant. FEMS Microbiol. Ecol. 55, 322–329.
Ferreira da Silva, M., Vaz-Moreira, I., Gonzalez-Pajuelo, M.,
Nunes, O. C. & Manaia, C. M.  Antimicrobial resistance
patterns in Enterobacteriaceae isolated from an urban
wastewater treatment plant. FEMS Microbiol. Ecol. 60,
166–176.
Figueira, V., Serra, E. & Manaia, C. M.  Differential patterns of
antimicrobial resistance in population subsets of Escherichia
coli isolated from waste- and surface waters. Sci. Tot.
Environ. 409 (6), 1017–1023.
Goñi-Urriza, M., Capdepuy, M., Arpin, C., Raymond, N.,
Caumette, P. & Quentin, C.  Impact of an urban efﬂuent
on antibiotic resistance of riverine Enterobacteriaceae and
Aeromonas spp. Appl. Environ. Microb. 66, 125–132.
Gould, I. M.  The epidemiology of antibiotic resistance. Int. J.
Antimicrob. Agents 32S, S2–S9.

10

V. Figueira et al.

|

Antibiotic resistance of aquatic ubiquitous Enterobacteriaceae

Hall, R. M. & Collis, C. M.  Mobile gene cassettes and
integrons: capture and spread of genes by site-speciﬁc
recombination. Mol. Microbiol. 15, 593–600.
Henriques, I. S., Fonseca, F., Alves, A., Saavedra, M. J. & Correia,
A.  Occurrence and diversity of integrons and βlactamase genes among ampicillin-resistant isolates from
estuarine waters. Res. Microbiol. 157, 938–947.
Hoban, D. J., Bouchillon, S. K., Hawser, S. P. & Badal, R. E. 
Trends in the frequency of multiple drug-resistant
Enterobacteriaceae and their susceptibility to ertapenem,
imipenem, and other antimicrobial agents: data from the
Study for Monitoring Antimicrobial Resistance Trends 2002
to 2007. Diagn. Microbiol. Infect. Dis. 66, 78–86.
Houndt, T. & Ochman, H.  Long-term shifts in patterns of
antibiotic resistance in enteric bacteria. Appl. Environ.
Microbiol. 66, 5406–5409.
ISO 9308-1:2000  International Organization for
Standardization (ISO) 9308-1:2000. Water Quality –
Detection and Enumeration of Escherichia coli and Coliform
Bacteria – Part 1: Membrane Filtration Method. International
Organization for Standardization, Geneva, Switzerland.
Kampfer, P., Nienhuser, A., Packroff, G., Wernicke, F., Mehling,
A., Nixdorf, K., Fiedler, S., Kolauch, C. & Esser, M. 
Molecular identiﬁcation of coliform bacteria isolated from
drinking water reservoirs with traditional methods and the
Colilert-18 system. Int. J. Hyg. Environ. Health 211, 374–384.
Kümmerer, K. a Antibiotics in the aquatic environment –
a review – part II. Chemosphere 75, 435–441.
Kümmerer, K. b Antibiotics in the aquatic environment –
a review – part I. Chemosphere 75, 417–434.
Laroche, E., Pawlak, B., Berthe, T., Skurnik, D. & Petit, F. 
Occurrence of antibiotic resistance and class 1, 2 and 3
integrons in Escherichia coli isolated from a densely populated
estuary (Seine, France). FEMS Microbiol. Ecol. 68 (1), 118–130.
Leclerc, H., Mossel, D. A. A., Edberg, S. C. & Struijk, C. B. 
Advances in the bacteriology of the coliform group: their
suitability as markers of microbial water safety. Annu. Rev.
Microbiol. 55, 201–234.
Lévesque, C., Piché, L., Larose, C. & Roy, P. H.  PCR mapping
of integrons reveals several novel combinations of resistance
genes. Antimicrob. Agents Chemother. 3, 185–191.

Journal of Water and Health

10.1

|

2012

Livermore, D. M. & Woodford, N.  The beta-lactamase threat
in Enterobacteriaceae, Pseudomonas and Acinetobacter.
Trends Microbiol. 14 (9), 413–420.
Martinez, J. L.  Environmental pollution by antibiotics and by
antibiotic resistance determinants. Environ. Pollut. 157,
2893–2902.
Novo, A. & Manaia, C. M.  Factors inﬂuencing antibiotic
resistance burden in municipal wastewater treatment plants.
Appl. Microbiol. Biotechnol. 87, 1157–1166.
Partridge, S. R., Tsafnat, G., Coiera, E. & Iredell, J. R.  Gene
cassettes and cassette arrays in mobile resistance integrons.
FEMS Microbiol. Rev. 33, 757–784.
Paterson, D. L.  Resistance in Gram-negative bacteria:
Enterobacteriaceae. Am. J. Infect. Control 34 (5;1), S20–S28;
discussion S64–S73.
Sader, H. S., Biedenbach, D. J. & Jones, R. N. . Global
patterns of susceptibility for 21 commonly utilized
antimicrobial agents tested against 48,440 Enterobacteriaceae
in the SENTRY Antimicrobial Surveillance Program (1997–
2001). Diagn. Microbiol. Infect. Dis. 47 (1), 361–364.
Skurnik, D., Le Menac’h, A., Zurakowski, D., Mazel, D.,
Courvalin, P., Denamur, E., Andremont, A. & Ruimy, R. 
Integron-associated antibiotic resistance and phylogenetic
grouping of Escherichia coli isolates from healthy subjects
free of recent antibiotic exposure. Antimicrob. Agents Chem.
49 (7), 3062–3065.
Stock, I. & Wiedemann, B.  Natural antibiotic susceptibility of
Klebsiella pneumoniae, K. oxytoca, K. planticola,
K. ornithinolytica and K. terrigena strains. J. Med. Microbiol.
50, 396–406.
Tennstedt, T., Szczepanowski, R., Braun, S., Pühler, A. & Schlüter,
A.  Occurrence of integron-associated resistance gene
cassettes located on antibiotic resistance plasmids isolated
from a wastewater treatment plant. FEMS Microbiol. Ecol. 45
(3), 239–252.
Watkinson, A. J., Micalizzi, G. B., Graham, G. M., Bates, J. B. &
Costanzo, S. D.  Antibiotic-resistant Escherichia coli in
wastewaters, surface waters, and oysters from an urban
riverine system. Appl. Environ. Microbiol. 17, 5667–5670.
World Health Organization  Guidelines for Drinking Water,
3rd edition. WHO, Geneva, Switzerland.

First received 23 December 2010; accepted in revised form 26 July 2011. Available online 14 October 2011

Downloaded from https://iwaponline.com/jwh/article-pdf/10/1/1/395170/1.pdf
by guest
on 18 October 2018

|

