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ISO 16266:2006 provides a standardized procedure for the isolation and identification of Pseudomonas

aeruginosa in waters. In some cases the method described in this ISO is not conclusive enough to confirm or

discard the presence of this opportunistic human pathogen. In this study the capacity of the procedure

described in ISO 16266:2006 to identify presumptive P. aeruginosa isolates was evaluated.

Forty-one presumptive P. aeruginosa strains, previously isolated from water-bottling plants following ISO

16266:2006, were submitted to all the tests recommended by ISO 16266:2006 (Cetrimide agar with nalidixic

acid, King B agar, Acetamide broth and Oxidase test). Additional tests that have been widely used for the

identification of P. aeruginosawere also performed (Asparagine broth and King A agar). Furthermore, we also

conducted the non-compulsory ISO 16266:2006 assay to study the capacity of the strains to grow at 4 °C and

42 °C. Finally, all the strains were biochemically phenotyped with PhP-48 plates (Bactus AB, Sweden) and API

20NE galleries (Biomérieux, France), and their 16 rRNA gene was sequenced.

ISO 16266:2006 correctly identified 27 out of 29 genotypically confirmed P. aeruginosa isolates, although two

false negative identifications were obtained.

Growth in Asparagine broth should be discarded as a confirmative test as it showed false negatives and false

positives. In contrast, API 20NE galleries correctly identified all the confirmed isolates.

King A medium and growth tests at 4 °C and 42 °C correctly discriminated all the studied strains, even the

two that were not identified with the basic ISO 16266:2006 tests.

Given that King A medium and growth tests at 4 °C and 42 °C are straightforward, rapid, and inexpensive, it

is strongly recommended that they be used for routine confirmation of P. aeruginosa when applying ISO

16266:2006.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Pseudomonas aeruginosa is an opportunistic human pathogen that

is associated with food- and water-borne diseases (Warburton, 1993;

Römling et al., 1994). This species can grow in low-nutrient water

(González et al., 1987; Moreira et al., 1994) and survive for long

starvation periods (Van Der Kooij et al., 1982; Legnani et al., 1999),

which are often related to biofilm formation (Boyle et al., 1991). In

addition to being a primary infectious agent, P. aeruginosa is an

indicator of other opportunistic pathogens (Geldreich, 1992; Clesceri

et al., 1998) and also even promotes these microorganisms (Hunter,

1993). Therefore, bottled mineral waters must be free from P.

aeruginosa as its presence constitutes a health risk to the general

public.

Natural mineral waters and bottling procedures in the European

Union are governed by Council Directives 80/777/EC, 96/70/EC and

98/83/EC. Under the above directives natural mineral water must be

free of parasites, pathogenic organisms and indicator organisms. In

particular, water for human consumptionmust be free of P. aeruginosa

in any 250 ml sample.

ISO 16266:2006 provides a standardized procedure to isolate and

quantify P. aeruginosa in water. This procedure is performed by mem-

brane filtration on Cetrimide agar medium with nalidixic acid, a

highly selective mediumwhich enhances the production of pyocyanin

and pyoverdin, two characteristic pigments of P. aeruginosa (Brown

and Lowbury, 1965). After this presumptive identification, the isolates

are tested on two media: acetamide broth, to evaluate its capacity to

produce ammonium from acetamide; and King B agar, which

improves the production of pyoverdin. Moreover, the Oxidase test is

also performed. In addition, ISO 16266:2006 recommends comple-

mentary assays at distinct growing temperatures (4 °C and 42 °C) in

order to confirm presumptive P. aeruginosa isolates.

The presence of presumptive P. aeruginosa strains in water-

bottling plants might be observed when performing routine analysis.
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The basic tests recommended in ISO 16266:2006 might not be

conclusive enough to confirm the presence of this pathogen. Some

environmental P. aeruginosa strains may produce non-pigmented

colonies (Havelaar et al., 1985) and several Pseudomonadaceae may

grow on Cetrimide agar with nalidixic acid with similar characteristics

to those of P. aeruginosa (Elomari et al., 1995; Morais et al., 1997).

Thus, it is essential to confirm the results in order to facilitate deci-

sions regarding water quality management.

Here we evaluated the procedure described in ISO 16266:2006 to

confirm presumptive P. aeruginosa strains isolated in routine micro-

bial analysis in water-bottling plants.

2. Materials and methods

2.1. Sample collection

Water samples (250 ml) were taken at several points in a water-

bottling plant by laboratory staff of the factory itself. Samples were

filtered through 0.44 μm nitrocellulose membranes (Millipore, USA).

Filters were incubated on Cetrimide agar plates supplemented with

15 mg/l of nalidixic acid at (36±2)°C for (44±2)h. Colonies that

showed a bluish/greenish pigmentation or that were fluorescent

when examined under (360±20)nm ultraviolet radiation were

selected as presumptive P. aeruginosa strains. Pure cultures were

obtained on Nutrient agar plates at (36±2)°C for (22±2)h of

incubation.

Fresh cultures of each strain were sent to our laboratory on Nutrient

agar plates. Pure culture was confirmed by subculturing them on

Nutrient agar plates at (36±2)°C for (22±2)h (Oxoid, England) and

Gram staining. P. aeruginosa NCTC 10332T was used as a reference

control in all the assays performed in this study.

2.2. Assays performed and included in ISO 16266:2006

2.2.1. Cetrimide agar

All the strains were cultured on Cetrimide agar plates (Scharlau,

Spain) supplementedwith 15 mg/l of nalidixic acid (Sigma, Germany)

and incubated at (36±2)°C for (44±2)h in humid containers to

prevent drying. After (22±2)h and (44±2)h, the plates were

examined. Strains showing either bluish/greenish or reddish brown

pigmentation, caused by pyocyanin or pyorubin production respec-

tively, were considered positive for this assay. In addition, the plates

were examined under (360±20)nm ultraviolet radiation and all the

strains showing fluorescence as the result of the production of

pyoverdin were also considered positive for the assay.

2.2.2. Acetamide broth

All the strains were inoculated in Acetamide broth tubes (Scharlau,

Spain) and incubated at (36±2)°C for (22±2)h. Then, 1 or 2 drops of

Nessler Reagent (Hech, USA) was added and all the tubes showing a

yellow to brick red color, caused by ammonium production, were

considered positive for the assay.

2.2.3. King B agar

Strains were subcultured on King B plates (Scharlau, Spain) at

(36±2)°C for five days in humid containers to prevent drying. The

plates were examined daily under (360±20)nm ultraviolet radia-

tion. The presence of fluorescence during the five days of observation

was considered a positive reaction.

2.2.4. Oxidase test

Two or three drops of Oxidase reagent (Scharlau, Spain)was added

to some colonies of each isolated strain. The reaction was considered

positive when an intense purple developed after 10s.

2.3. Additional assays

Furthermore, additional assays which have been widely used for

the detection of P. aeruginosa (growth on King A plates (King et al.,

1954) and in Asparagine broth (Anonymous, 1975)) were also

performed for all the strains. Two growing temperatures, 4 °C and

42 °C, were tested on Nutrient agar for all the strains, following

recommendations in complementary information in ISO 16266:2006.

2.3.1. Asparagine broth

All the strains were inoculated in Asparagine broth tubes

(Scharlau, Spain) and incubated at (36±2)°C for (44±2)h. Growth

with or without fluorescent pigmentation was estimated as presump-

tive evidence of the presence of P. aeruginosa.

2.3.2. King A agar

All the strains were subcultured on King A plates (Scharlau, Spain)

at (36±2)°C for five days in humid containers to prevent drying.

Observation of bluish/greenish pigmentation, caused by pyocyanin

production, was considered presumptive evidence of the presence of

P. aeruginosa.

2.3.3. Growth at 4 °C and 42 °C

As stated in a complementary information included in ISO

16266:2006, most P. aeruginosa strains can grow at 42 °C but not at

4 °C (Palleroni, 2005). To test growth at these temperatures, all the

strains were subcultured on Nutrient agar plates (Oxoid, England) at

42 °C and 4 °C and incubated for (22±2)h and 5 days respectively in

humid containers to prevent drying.

2.4. Biochemical characterization

Two commercial biochemical characterization kits were used for

the phenotypic identification of isolated strains.

2.4.1. API 20 NE

The API 20 NE system (Biomérieux, France) was applied following

the manufacturer's instructions. The API 20 NE profiles obtained were

identified with the APIWEBTM database.

2.4.2. Phene-Plate 48

All isolates were also biochemically phenotyped using PhP-48

microplates of the Phene-Plate System (Bactus AB, Sweden), following

the manufacturer's instructions. The PhP-48 plates consist of 96-well

microplates with dehydrated reagents, which have been selected to

provide a high level of discrimination among species. Each plate allows

the biochemical fingerprinting of two distinct isolates (48 biochemical

tests per isolate). The biochemical fingerprinting procedure has been

previously described (Kühn, 1985). Overnight cultures on Nutrient

agar (Oxoid, England) were prepared at 37 °C. Cell suspensions were

prepared by harvesting overnight cultures in a solution of distilled

water at 0.1% w/v proteose peptone (Difco, France) and 0.011% w/v

bromothymol blue (Merck, Germany). Aliquots of 150 μl of bacterial

suspension were added to all the wells. The inoculated microplates

were incubated at 37 °C. Growth in the wells was measured in a

spectrophotometer at 620 nm with the iEMS Reader MF (Labsystems,

Finland) at 16 h, 40 h and 64 h. The biochemical profiles were cal-

culated as described previously (Kühn et al., 1991). Simpson's

diversity index (Di) of each population was calculated, as previously

described (Hunter andGaston, 1988; Kühn et al., 1991). On the basis of

the results of the biochemical tests, isolates for each population were

pooled to determine the main biochemical PhP phenotypes (main

clusters) of bacterial populations. Clusters were defined by isolates

showing a similarity index equal to or higher than 0.975. Isolates

showing the highest minimum and the highest mean similarity to all

other isolates belonging to the same PhP phenotype were selected as

2 A. Casanovas-Massana et al. / Journal of Microbiological Methods 81 (2010) 1–5
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representative strains (Kühn et al., 1991) of phenotypic clusters for

further identification by sequencing the gene of 16S rRNA.

2.5. Genotypic identification based on 16S rRNA

Representative strains of each defined phenotypic group were

selected on the basis of the previous results and using the PhPWin®

program (Bactus AB, Sweden). DNA extraction of each representative

strain was performed by suspending several colonies in 200 μl of Tris–

EDTA buffer (Tris 10 mM, pH 8.0, EDTA 1 mM) and centrifuging at

14,000 rpm for 5 min. Two washing steps with Tris–EDTA buffer were

then carried out. Finally, the cell suspensionwas boiled for 10 min and

centrifuged for 5 min.

Next, an amplification PCR for the codifying gene for 16S rRNA was

performed using the universal 16S rRNA primers 27f (5′-AGAGTTT-

GATCMTGGCTCAG-3′) and 1492r (5′-TACGGYTACCTTGTTACGACTT-3′)

(Weisburg et al., 1991). PCR reactionswere performed in a total volume

of 50 μl using a final concentration of 1× PCR Buffer, 2.5 U Taq

polymerase, 200 μM of each deoxynucleoside triphosphate, 0.4 μM of

universal bacterial primers, and 2 μl of template DNA. PCR conditions

were: 94 °C for 5 min, 35 cycles of 94 °C for 1 min, 55 °C for 1 min and

72 °C for 1.5 min. A final extension phase of 72 °C for 7 min was used.

The products of these amplifications were purified with the QIAquic®

PCR Purification Kit (Qiagen Inc, USA) and 2 μL of the purified DNAwas

used as a template for the sequencing reaction with the Big Dye

Terminator Cycle Sequencing Ready Reaction Kit 3.1 (Applied Biosys-

tems, USA) and an ABI PRISM 3700 DNA Sequencer (Applied

Biosystems, USA), following the manufacturer's instructions. The

sequences obtained were aligned and corrected with the BioEdit®

program and compared to the sequences available in the international

databases such as Blast (NCBI, USA) and the Ribosomal Database Project

(Michigan State University, USA).

3. Results and discussion

Forty-one presumptive P. aeruginosa strains were isolated from

water-bottling plants during this study. Twenty-seven of the 41

strains were identified as P. aeruginosa by the following assays, which

are included in the ISO 16266:2006: production of pyocyanin,

pyoverdin or pyorubin on Cetrimide agar–nalidixic acid, production

of ammonium from acetamide, production of pyoverdin on King B

agar and positive Oxidase reaction. In addition, the strains presented

growth in Asparagine broth (apart from strain 24) and on Nutrient

agar at 42 °C, and absence of growth on Nutrient agar at 4 °C. They also

produced pyocyanin on King A plates. The rest of the strains were not

identified as P. aeruginosa by the ISO 16266:2006 procedure (Table 1).

The API 20NE system identified 29 of the 41 strains as P. aeruginosa

with a percentage of identification between 67.9 and 99.9%. Twenty-

seven of these 29 strains were also identified by the procedures

included in ISO 16266:2006. However, 2 strains identified as P.

aeruginosa by the API 20NE system (strains 30 and 31) were not so

classified by ISO 16266:2006 (Table 1).

Four phenotypic groups (A, B, C and D) and 11 single strains (not

grouped) were obtained after the analysis of the PhP-48 microplates

with the PhPWin® program. Groups A and D included 21 and 4 strains

respectively, all of them identified as P. aeruginosa by the ISO assays

and API 20NE system. Two strains (3 and 37), which were pheno-

typically close to group A, were also identified as P. aeruginosa by

these two methods (Fig. 1). Group B (strains 30 and 31), which had

been identified as P. aeruginosa by API 20NE system, but not by ISO

criteria, was phenotypically related to group A.

The 16S rRNA sequencing analysis of representative strains for

each population defined by PhPWin® confirmed populations A, B

and D as P. aeruginosa. Strains 3 and 37 were also identified as P.

aeruginosa. Consequently, 29 isolates were confirmed as P. aeruginosa

by their 16S rRNA gene sequence. The other strains were identified as

belonging to other species or genera such as Pseudomonas, Delftia,

Acinetobater, Rhizobium and Pseudoxanthomonas (Table 1).

Consequently, the tests proposed in ISO 16266:2006 provided

adequate identification of 27 out of 29 genotypically confirmed P.

aeruginosa isolates. However, two false negative identifications were

detected, strains 30 and 31. ISO tests are mainly based on the ability of

P. aeruginosa to produce certain pigments. Atypical non-pigmented

strains have been isolated in other studies (Havelaar et al., 1985). The

use of pigmentation for the identification of this organism can there-

fore be erroneous in some cases.

Concerning the additional assays tested, growth in Asparagine

broth showed false negatives and false positives. Consequently, this

procedure should be discarded as a confirmative test.

In contrast, the API 20NE system proved a powerful tool as it

correctly identified all the confirmed isolates. This commercial system

could be used by qualified laboratories when dealing with isolates of

dubious identification.

Fig. 1. Three phenotypical groups were identified as P. aeruginosa by the 16S rRNA

sequence of their representative strain: group A (black circles), group B (black squares)

and group D (white circles). Strains 3 and 37 (black X-shapes), which were also

identified as P. Aeruginosa, are close to groups A and B.
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King A medium and growth tests at 4 °C/42 °C can provide useful

information, as they correctly discriminated all the strains studied,

even strains 30 and 31, which were not identified with some of the

basic and routine identification tests (Cetrimide agar with nalidixic

acid, King B agar and Acetamide broth). Although King A medium and

growth assays at 4 °C/42 °C are not considered essential tests in ISO

16266:2006, they could be highly appropriate for confirmative iden-

tification in some cases. Given that these tests are straightforward,

rapid, and inexpensive, we recommend they be used for routine

confirmation of P. aeruginosa when applying ISO 16266:2006.
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In the recent years the consumption of natural mineral waters has risen all over the world, becoming a usual

alternative for tap water and other beverages. Natural mineral waters are complex environments containing

a high diversity of autochthonous microbiota. The identification and characterization of this indigenous

microbiota may help to detect changes occurring in the different steps of the bottling process and take pre-

ventive measures before the bottled water arrives to the consumer.

The aims of this study were to describe the bacterial heterotrophic populations in natural mineral waters

with a cultivation-dependent method and determine whether their autochthonous microbiota were specific

enough to be clearly distinguished from that of other natural mineral waters with a phenotypic-based method.

For this purpose, water from three independent Spanish springs was sampled in two seasons (winter and sum-

mer) and heterotrophic aerobic bacterial strains were isolated at two temperatures (22±2 °C and 36±2 °C) on

R2A agar. Isolates were phenotyped biochemically with Php-48 plates (Bactus AB, Sweden), and the indexes of

diversity and similarity between populations were calculated. The 16S rRNA gene of the most representative

strains of each biochemical cluster was sequenced for its identification. Finally, a ten-fold cross-validationmeth-

od was assayed for the identification of the origin of a natural mineral water when phenotyping a set of isolates.

High levels of diversity were found at all sites. One of the sources was found to present less diversity due to a

confirmed contamination with Pseudomonas aeruginosa. The study of the similarities showed that growing tem-

peratures and seasons caused significant differences in structures and composition at the sources. In addition,

several bacterial species were isolated and identified, some of them rarely isolated in natural mineral waters,

revealing the complexity and lack of knowledge of these ecosystems.

Consequently, the applied phenotypic methodology was found to be feasible for differential identification of

microbiota in these environments. Moreover, the experimental model assayed was strong enough to identify

the origin of a natural mineral water. It may thus be possible to confirm that the evaluation of diversity of het-

erotrophic aerobic bacterial populations could be applied to identify bottled water sources.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The estimated per capita consumption of bottled water in the Eu-

ropean Union rose from 43 l in 2003 to 105 l in 2008 (European

Federation of Bottled Water (EFBW), 2010; Venieri et al., 2006). Var-

ious factors may have contributed to this increase: dissatisfaction

with the odor and taste of tap water due to chlorine, greater consum-

er concern about the safety of tap water, or the use of bottled water as

a substitute for other beverages (Abrahams et al., 2000; Doria, 2006;

Papapetropoulou, 1998; Warburton, 2000). In addition, the successful

promotion of bottled water as clean, pure, safe and especially suitable

for infants may also have increased its consumption (Bharath et al.,

2003; Misund et al., 1999).

Most bottledwaters are taken from springs or groundwaters. Natural

mineral waters are not sterile environments, but complex ecosystems

with a high phenotypic and genetic diversity of autochthonous bacteria

(Rosenberg, 2003). The number of bacteria at the source point is gen-

erally low, although a wide range of genera have been reported, such

as fluorescent and non-fluorescent Pseudomonas, Acinetobacter, Ste-

notrophomonas, Alcaligenes, Comamonas, Acidovorax, Paucimonas,

Brevundimonas, Cytophaga, Flavobacterium, Flexibacter, Arthrobacter

and Corynebacterium, among others (Bischofberger et al., 1990;

Guillot and Leclerc, 1993; Manaia et al., 1990; Mavridou, 1992;

Shwaller and Schmidt-Lorenz, 1980; Vachee et al., 1997).

The European Union directive states that natural mineral waters

cannot be subjected to any disinfection treatment, including steriliza-

tion, pasteurization, or any other procedure to remove or destroy mi-

croorganisms. Therefore, natural mineral waters contain the original

microbiota of the source (Anonymous, 2009). Furthermore, experimen-

tal and epidemiological data show that the indigenous bacteria found in

natural mineral waters according to European standards have not been
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associated with any detectable human disease (Bohmer and Resch,

2000; Leclerc and Moreau, 2002; Payment et al., 1997).

Natural mineral waters complying with the European directive

must not be contaminated with allochthonous organisms such as par-

asites, pathogens or indicators of fecal pollution. However, several

studies have reported the occurrence of E. coli, protozoa, enteric vi-

ruses, Staphylococcus aureus, Pseudomonas aeruginosa, Campylobacter

and even Vibrio cholerae in bottled natural mineral waters (Beuret

et al., 2002; Bharath et al., 2003; Blake et al., 1977; Evans et al.,

2003; Gassilloud et al., 2003; Legnani et al., 1999; Mavridou et al.,

1994; Obiri-Danso et al., 2003; Salazar et al., 1982; Schindler et al.,

1995). In most cases, the source of these contaminants has been attrib-

uted to the bottling plant: pumps, pipes, caps and bottles (Warburton

et al., 1986; Warburton, 1993). Nevertheless, the potential contami-

nation of the sources with pathogenic microorganisms should not

be underestimated. As a result, both water bottling plants and natu-

ral mineral waters have to be strictly controlled and monitored to

prevent any contamination that may result in a health risk (Hrudey

et al., 2006).

The identification and characterization of the indigenousmicrobiota

may help operators to detect changes occurring in the source, during

the bottling process, or in transportation or storage. They could then

take preventive measures before the bottled water is released to sale.

Moreover, the knowledge of the microbial composition and structure

of the water before bottling could be used as a basis to track the water

after bottling.

Various research groups have characterized the autochthonous

microbiota of natural mineral waters under different approaches

(Bischofberger et al., 1990; Gonzalez et al., 1987; Guillot and Leclerc,

1993; Guyard et al., 1999; Loy et al., 2005; Mavridou, 1992;

Papapetropoulou, 1998; Shwaller and Schmidt-Lorenz, 1980; Venieri

et al., 2006). It is widely known that cultivation-dependentmethods re-

cover only a fraction of the total heterotrophic bacteria present in a

sample (Allen et al., 2004; Loy et al., 2005;Wang et al., 2009). Neverthe-

less, as new molecular methods are expensive, complex and they also

suffer from certain biases (Jofre and Blanch, 2010), this study was

based on an usual cultivation method using R2A agar, a specifically

designed medium to isolate water-based bacteria (Reasoner and

Geldreich, 1985) which is routinely used in water-bottling plants. This

medium provides higher productivity and diversity than other media

when using low incubation temperatures (20–28°) and long incubation

times (5–7 days) (Massa et al., 1998).

Therefore, the aims of this study were to describe the bacterial

heterotrophic populations in natural mineral waters with a cultivation-

dependent method and determine whether their autochthonous micro-

biota were specific enough to be clearly distinguished from that of other

natural mineral waters with a phenotypic-based method.

For this purpose, natural mineral waters from three Spanish springs

used in different water-bottling plants were examined using five ap-

proaches: (1) the heterotrophic bacteria were isolated at two tempera-

tures (22±2 °C and 36±2 °C) and seasons (winter and summer) and

characterized phenotypically; (2) phenotypic groups of isolates were

identified genetically, (3) phenotypical comparisons among popula-

tions and subpopulations were carried out; (4) when P. aeruginosa iso-

lates were found, they were confirmed following standard procedures

(Anonymous, 2006); and (5) a ten-fold cross-validation model was

assayed to track the origin of the water.

2. Materials and methods

2.1. Sampling

Three geographically and climatically independent Spanish springs

(sources A, B and C) were selected for this study. Eight water samples

were taken at each source just before just before its entry into the bottling

plant, four of them in summer and the other four in winter. The recorded

temperatures in the spring waters differed less than 1 °C between sea-

sons. All samples were collected with aseptic techniques, kept at 4 °C,

and analyzed within 24 h.

Volumes of water between 20 mL and 100 mLwere filtered through

0.44 μm nitrocellulose membranes (Millipore, USA). Half the filters

were incubated on R2A plates (Oxoid, CM0906, England) at 22±2 °C

for 144±2 h. The other half were incubated on R2A plates (Oxoid,

CM0906, England) at 36±2 °C for 144±2 h. After incubation, a maxi-

mum of 50 strains from each spring and growing temperature were

randomly isolated from the plates and subcultured on R2A plates

(Oxoid, CM0906, England). This procedure was performed for each

source and growing temperature in two seasons: winter and summer.

Pure culture was confirmed by streak-plate technique on R2A plates

(Oxoid, CM0906, England) at 22±2 °C or 36±2 °C for 144±2 h and

Gram staining. The number of strains isolatedwas assumed to be repre-

sentative of the natural heterotrophic bacterial populations isolated

(Bianchi and Bianchi, 1982). In parallel, all samples were tested for

the presence of parasites, Escherichia coli and other coliforms, fecal

streptococci, sporulated sulphite-reducing anaerobes and Pseudomonas

aeruginosa as stated in the European Union directive (Anonymous,

2009).

2.2. Biochemical characterization

All isolates were phenotyped biochemically using PhP-48 micro-

plates of the Phene-Plate System (Bactus AB, Sweden), following the

manufacturer's instructions. The PhP-48 plates consist of 96-well

microplates with dehydrated reagents, which were chosen to provide

a high level of discrimination among species. Each plate allows the

biochemical fingerprinting of two distinct isolates (48 biochemical

tests per isolate). The biochemical fingerprinting procedure is de-

scribed elsewhere (Kühn, 1985).

Cultures were prepared on R2A plates (Oxoid, CM0906, England) for

96±2 h at 22±2 °C or 36±2 °C depending on the isolation tempera-

ture. Cell suspensions were prepared by harvesting the cultures in a so-

lution of distilled water at 0.1% w/v proteose peptone (Difco, 211677,

France) and 0.011% w/v bromothymol blue (Merck, 1030260005, Ger-

many). Aliquots of 150 μl of bacterial suspension were added to each

well. The inoculated microplates were incubated at 22±2 °C or 36±

2 °C respectively. Pseudomonas aeruginosa NCTC 10332T was used as an

internal control in all the experiments to confirm reproducibility. Growth

in the wells was measured in a spectrophotometer at 620 nm with the

iEMS Reader MF (Labsystems, Finland) at 16 h, 40 h and 64 h for the

strains growing at 36±2 °C, and at 16 h, 40 h, 64 h, 88 h and 122 h for

the strains growing at 22±2 °C. The biochemical profileswere calculated

as described elsewhere (Kühn et al., 1991) using the software PhPWin®

(Bactus AB, Sweden).

2.3. Phenotypic characterization and indexes of population diversity and

similarity

The structure and composition of the populations were analyzed

for each sample by cluster analysis on the basis of the biochemical

PhP phenotypes of the isolates using the unweighted pair group

method analysis (UPGMA). Isolates for each population were pooled

to determine the main biochemical PhP phenotypes (main clusters)

of bacterial populations. Clusters were defined by isolates showing a

similarity index equal to or higher than 0.965. Isolates showing the

highest minimum and the highest mean similarity to all other isolates

belonging to the same PhP phenotype were selected as representative

strains (Kühn et al., 1991) of phenotypic clusters for further identifi-

cation by sequencing the gene of 16S rRNA.

Simpson's diversity index (Di) was used to calculate the diversity of

bacterial populations and subpopulations (Hunter and Gaston, 1988).

The Sp, a similarity population coefficient that measures the proportion

of isolates that are identical in two samples was also calculated for each
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natural mineral water and its subpopulations, as previously described

(Hunter and Gaston, 1988; Kühn et al., 1991).

2.4. Genotypic characterization

Representative strains of each defined phenotypic group were se-

lected using the PhPWin® program (Bactus AB, Sweden). DNA extrac-

tion, amplification and 16S rRNA sequencing of each representative

strain was performed as previously described (Casanovas-Massana

et al., 2010). Sequences were submitted for homology searches to the

National Center for Biotechnology Information (http://www.ncbi.nlm.

nih.gov/Blast/) and deposited in GenBank under the accession numbers

reported in Table 3.

2.5. Pseudomonas aeruginosa confirmation

Representative isolates identified as P. aeruginosa by their 16S rRNA

sequencewere subjected to the tests recommended by ISO 16266:2006

for the identification of P. aeruginosa in water samples: Cetrimide agar-

nalidixic acid, King B agar, Acetamide broth and Oxidase test. Additional

tests (King A agar and growing at 4 °C/42 °C) were also performed

(Casanovas-Massana et al., 2010).

2.6. Ten-fold cross-validation modeling

Training an algorithm and evaluating its statistical performance on

the same data yields an overoptimistic result. However, testing the al-

gorithm on new data can yield a good estimate of its performance. In

our case, only a limited amount of data was available, so we split the

data: part of it (the training sample) was used to train the algorithm,

and the rest (the validation sample) was used to evaluate the perfor-

mance of the algorithm. The validation sample can be considered

“new data” as long as the data are independent and identically dis-

tributed. A single data split yields a validation estimate of the risk,

and averaging over several splits yields a cross-validation estimate

(Geisser, 1975).

Therefore, for each source, ten independent sets of 25 isolates

were randomly selected within all strains (including summer, winter,

22 °C and 37 °C isolates). Then, each set was compared to the rest of the

isolates from the source, calculating the Simpson similarity index (Sp)

between populations. The arithmetic mean and standard deviation of

Sp values were calculated for the ten-fold cross-validation sets assayed.

3. Results

Water coming from sources A and B fulfilled the European health

criteria for microbiological analysis at source and were appropriate

for human consumption (Anonymous, 2009). However, a contamina-

tion with Pseudomonas aeruginosa was detected when analyzing

water samples from source C showing that it could not be considered

a natural mineral water, and thus be suitable for bottling.

The counts of aerobic heterotrophic bacteria on R2A in all sources

were lower than 100 CFU per ml at 22±2 °C or 20 CFU per ml at 36±

2 °C in all cases (data not shown). In total 517 strains were isolated

and subjected to biochemical fingerprinting: 161 from source A, 159

from source B, and 197 from source C (Table 1). The correlations be-

tween the biochemical profiles of Pseudomonas aeruginosa NCTC

10332T used as internal control were always higher than 0.975, proving

that the method and its application was reproducible.

Sources A and B showed high levels of diversity (Di≥0.92), for the

whole population and its subpopulations (summer/winter and 22 °C/

36 °C). Consequently, in sources A and B therewas no dominant pheno-

type among the isolated strains, but a range of different biochemical

profiles. In contrast, source C showed slightly lower diversity indexes,

particularly at 36±2 °C and in winter subpopulations (Dib0.8),

showing that a few prevailing phenotypes accounted for the majority

of the population (Tables 1 and 2).

Growing temperatures and seasons were responsible for differ-

ences in the structures and composition of populations in sources A

and B, as the Sp between subpopulations were found to be low

(Table 2). Source C showed different behavior, as all its subpopula-

tions were similar. Almost half of the isolated strains at source C

were identified as Pseudomonas aeruginosa, as discussed above and

below.

Considering the three sources overall, the extremely low levels of

pairwise Sp values between the three populations studied (Spb0.02)

(Table 1 and Fig. 1) showed that the structure and composition of the

heterotrophic bacterial populations were significantly different. Fur-

thermore, the ten-fold cross-validation model assayed showed high

levels of similarity between each set of strains and its original source

(A: 0.27±0.06; B: 0.23±0.04; C: 0.46±0.05) (Fig. 2).

Ten strains from source A, eight strains from source B and nine

strains from source C—which were representative of 100, 58 and

162 isolates (62%, 36% and 82% of the whole population, respective-

ly)—were selected and identified by their 16S rRNA gene sequencing.

Table 3 shows the identification of each strain based on the closest

relative strain at the NCBI database.

The genus Pseudomonas was found to be the main group in all

sources, representing up to 56% of all isolates in source C. Different

species of this genus were identified, such as P. alcaligenes, P. mandelii/

P. fluorescens in source A, and both P. putida and P. aeruginosa in source

C, although other Pseudomonas remained unidentified, especially in

sources B and C. In source C, 90 isolates belonging to 3 phenotypic clus-

ters were identified as P. aeruginosa by the sequencing of their most

representative strain. These representative strains were confirmed as

P. aeruginosa by all the assays included in ISO 16266:2006: production

of pyocyanin, pyoverdin or pyorubin on Cetrimide agar-nalidixic acid,

production of ammonium from acetamide, production of pyoverdin

on King B agar and positive Oxidase reaction. In addition, the strains

Table 1

Number of strains isolated from each source, diversity indexes for each population and

similarity between populations.

Population Number of isolates Diversity (Di) Similarity between

populations (Sp)

Source B Source C

Source A 161 0.970 0.016 0.002

Source B 159 0.971 – 0.014

Source C 197 0.879 – –

Table 2

Number of strains isolated from each source and subpopulation; diversity indexes (Di)

for each subpopulation; and similarity between subpopulations (Sp).

Subpopulation Number of isolates Diversity (Di) Similarity (Sp)

Source A

Winter 72 0.936
0

Summer 89 0.943

22 °C 91 0.935
0

37 °C 70 0.950

Source B

Winter 64 0.945
0.006

Summer 95 0.944

22 °C 94 0.920
0.007

37 °C 65 0.996

Source C

Winter 99 0.867
0.286

Summer 98 0.810

22 °C 98 0.908
0.294

37 °C 98 0.732
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presented growth on Nutrient agar at 42 °C, absence of growth on Nu-

trient agar at 4 °C and produced pyocyanin on King A plates.

In source A, Pseudomonas spp. accounted for 20% of all the isolates.

Moreover, three betaproteobacteria (Acidovorax spp., Delftia spp. and

Herminiimonas spp.) genera represented together a third of the total

isolates. Sphingomonas spp. and Rhizobium spp., two alphaproteobac-

teria, formed around 25% of the population.

In source B, Pseudomonas spp. represented 15% of all the isolates.

Remarkably, strains of the genusMycobacterium accounted for almost

25% of the population. Moreover, three more isolates were found to

be Janthinobacterium lividum.

In source C, besides Pseudomonas spp., 25 strains were identified

as Delftia spp., and 16 as Stenotrophomonas spp. Five strains isolated

in source C were identified as Aeromonas hydrophila. Finally, a cluster

represented by strain C18 might be considered new bacterial species

as its sequence similarity to its closest relative is 93%. This is below

the cut-off of 97%, which is recommended to delineate new bacterial

species (Stackebrandt and Goebel, 1994).

4. Discussion

High diversity levels were found in all natural mineral waters and

a high number of genera were identified confirming the complexity of

these ecosystems.

Pseudomonas spp. was found to be the main group at all sources.

Several studies have reported the species of this genus as being the

most commonly isolated in natural mineral waters (Bischofberger

et al., 1990; Guillot and Leclerc, 1993; Morais et al., 1997; Shwaller

and Schmidt-Lorenz, 1980; Vachee et al., 1997). Their ability to grow

supported by a wide range of organic substrates without any specific

nutritional requirements, explain their ubiquity and the high number

of strains isolated. However, the presence of 90 P. aeruginosa isolates

in source C revealed that this natural mineral water was contaminated.

According to European regulations (Anonymous, 2009), P. aeruginosa is

a humanopportunistic pathogenwhich should not be present in 250 ml

drinkingwater. Consequently, our data revealed thatwater from source

C was contaminated and could not be considered a natural mineral

water. The bottling plantwas advised to detect the origin of the contam-

ination and properly disinfect the bottling plant to prevent any further

health risks.

Two Comamonadaceae genera, Delftia spp. and Acidovorax spp.,

were isolated in sources A and C, and formed around 15% of the

total isolates from each source. Some authors have pointed out the

presence of Acidovorax spp. in natural mineral water and other drink-

ing water, accounting for up to 10% of the populations (Bischofberger

et al., 1990; Lee et al., 2010; Shwaller and Schmidt-Lorenz, 1980;

Fig. 1. Clustering of the population similarity indexes (Sp) between the three sources

by the UPGMA method.

Fig. 2. Clustering of the arithmetic mean of similarity values calculated for the ten-fold

cross-validation model by the UPGMA method.

Table 3

Identification of most representative strains and percentage of similarity to the closest

relative strain at the NCBI database.

Strain Accession no. Closest relative and

its accession no.

Number of strains

in the cluster

A11 HQ332147 Acidovorax facilis 99% 19

EU730927.1

A13 HQ332148 Herminiimonas glaciei 100% 7

EU489741.1

A66 HQ332149 Pseudomonas sp. 100% 10

AY689025.1

A80 HQ332152 Pseudomonas alcaligenes 100%

EU240201.1

16

A115 HQ332150 Pseudomonas mandelii 100% 7

FN811901.1

Pseudomonas fluorescens 100%

AY538263.1

A119 HQ332151 Pseudomonas sp. 100% 6

AY689025.1

A134 HQ849070 Delftia sp. 100% 10

GQ375787.1

A159 HQ332157 Sphingomonas sp. 100% 8

EU828524.1

A163 HQ332156 Sphingomonas sp. 100% 7

EU828524.1

A182 HQ332154 Rhizobium sp. 99% 10

HM486521.1

B22 HQ674991 Mycobacterium sp. 99% 18

HM107174.1

B87 HQ674994 Pseudomonas sp. 100% 4

GU979228.1

B104 HQ674995 Mycobacterium sacrum 99% 3

AY235429.1

B133 HQ674996 Mycobacterium sp. 99% 3

EU167967.1

B144 HQ674997 Mycobacterium sp. 99% 2

HM107174.1

B148 HQ674998 Mycobacterium sp. 99% 2

FJ172310.1

B186 HQ675000 Janthinobacterium lividum 100% 3

NR_026365.1

B198 HQ675001 Pseudomonas sp. 99% 23

AM913961.1

C3 HQ674983 Pseudomonas putida 99% 10

HQ259593.1

C11 HQ849069 Aeromonas hydrophila 99% 5

HQ259695.1

C18 HQ674984 Ochrobactrum intermedium 93% 5

FJ887929.1

C30 HQ674986 Pseudomonas aeruginosa 99% 23

HQ283487.1

C69 HQ674988 Pseudomonas aeruginosa 99% 62

FJ972538.1

C111 HQ674985 Pseudomonas sp. 100% 11

EU043321.1

C129 HQ674987 Delftia sp. 100% 25

GQ375787.1

C175 HQ674989 Pseudomonas aeruginosa 99% 5

HQ283487.1

C198 HQ674990 Stenotrophomonas maltophilia 100% 16

FJ405363.1
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Zheng and Kellogg, 1994). However, to our knowledge no paper has

reported the presence of Delftia spp. in natural mineral waters, al-

though it has been detected in soils and other aquatic systems such

as wastewater, snow, lake water and tap water (De Gusseme et al.,

2011; Humrighouse et al., 2006; Jorgensen et al., 2009; Mayer et al.,

2006; Willems et al., 1991; Zhang et al., 2010). Therefore, these spe-

cies are well adapted to various aquatic environments and then po-

tentially to groundwaters.

Remarkably, strains of the genus Mycobacterium genus in source B

accounted for almost 25% of the total isolates. Environmental nontu-

berculous mycobacteria have been isolated from samples from various

sources, including water distributions systems and bottled water (Le

Dantec et al., 2002; Papapetropoulou et al., 1997). Many environmental

mycobacteria are considered nonpathogenic, but others have been pro-

posed as human opportunistic pathogens (Primm et al., 2004). Because

of the low infectivity of environmentalmycobacteria and the uncertain-

ty surrounding their epidemiological status, no measures should yet be

implemented to remove them from drinking-water (Szewzyk et al.,

2000).

Stenotrophomonas spp. was isolated in source C. This genus has

been isolated from drinking water in many studies (Guillot and

Leclerc, 1993; Vachee et al., 1997; Wilkinson and Kerr, 1998). As

well as the genera reported above, some species are considered oppor-

tunistic pathogens. However,many of the species described have been

recovered from natural environments, especially from soil (Heylen

et al., 2007;Wolf et al., 2002; Yoon et al., 2006) andmay be autochtho-

nous in natural mineral waters.

Moreover, Aeromonas hydrophila was isolated in source C. A.

hydrophila has been related to human diseases (Merino et al., 1995)

and it has been suggested as an indicator of hygienic quality of water

(Massa et al., 2001). Nevertheless, some studies pointed out that it

may occur naturally in natural mineral waters (Croci et al., 2001;

Gonzalez et al., 1987; Quevedo-Sarmiento et al., 1986). Further research

on the ecology of A. hydrophila is needed as the epidemiological signif-

icance of its presence in natural environments remains to be

established.

An isolate representing 15 strains in source Awere identified as Sphin-

gomonas spp. Sphingomonas species arewidely distributed in nature. They

have been recovered from river water (Tabata et al., 1999), natural min-

eral water (Ferreira et al., 1996; Vachee et al., 1997) and drinking water

(Gauthier et al., 1999). The presence of Sphingomonas spp. in drinking

water may be much more common than has been reported so far, as

they grow slowly and are easily masked by other bacteria in routine mi-

crobiological analysis: this deserves further study (Koskinen et al., 2000).

Ten isolates at source Abelonged to Rhizobium spp. To our knowledge

this genus has not previously been isolated from natural mineral waters,

and it is mainly found in root and soil samples. However, some

molecular-based studies in aquatic environments have pointed out the

presence of significant fractions of genes and proteins that are highly

similar to known proteins observed in Rhizobium spp. (Schmeisser

et al., 2003; Takai and Sako, 1999). As a result, we cannot rule out the

presence of this genus in natural mineral waters, and this should be ex-

amined in further studies.

Two Oxalobacteraceae species were isolated in sources A and B. In

source A, a cluster of seven isolates were identified as Heminiimonas

glaciei. This species, isolated from Greenland glacial ice, was recently

proposed as a new species (Loveland-Curtze et al., 2009). The genus

contains other species isolated from mineral and spring waters

(Fernandes et al., 2005; Kämpfer et al., 2006). More complete knowl-

edge of the distribution and ecology of this genus is required to assess

its presence in drinking water. In source B, a cluster of three isolates

was found to be Janthinobacterium lividum, another oxalobacteraceae

species which has been widely isolated from soil and aquatic environ-

ments (Pantanella et al., 2007).

This extensive characterization reveals that many isolated genera

had already been described in natural mineral waters and, therefore,

are widely accepted as part of the indigenous microbiota. However,

others have been detected for the first time in our study. We could

even detect the presence of a potential new species in source C, con-

firming that there is still a lack of knowledge about the composition of

the indigenous microbiota of natural mineral waters and their dy-

namics. Although culture-dependent methods can only retrieve a part

of the total taxa present in an environment, they have the potential to

retrieve rare taxa as well as abundant ones, instead of PCR-dependent

techniques which focus only in the abundant taxa (Casamayor et al.,

2000; Muyzer et al., 1993; Pedrós-Alió, 2006). As a result, both

culture-dependent andmolecular-basedmethods may help to improve

our understanding of the diversity and ecological and epidemiological

significance of the autochthonousmicrobiota in natural mineral waters.

The results obtained with the similarity indexes revealed, as

expected, that the structure and composition of populations isolated

at different temperatures were different, since temperature plays a

major role in the selection of microbiota. On the other hand, the dif-

ferences observed between seasons were surprisingly high, as natural

mineral waters are believed to be conservative ecosystems, with little

variation in their physical and chemical properties. As a result, the as-

sociated microbial populations were assumed to be relatively constant.

However, studies performed in other aquatic environments indicate

that slight changes in water temperature could alter the composition

and prevalence of the microbial populations (Skirnisdottir et al.,

2000). This is because temperature is one of the environmental factors

involved in the induction of viable but nonculturable states of bacteria

(Oliver, 1993). Therefore, a first hypothesis would be that the slight

temperature variations due to the season may affect the structure and

diversity of the heterotrophic microbial populations. Another would

be that the variable suction force by the bottling plant mobilizes differ-

ent environments within the aquifer.

To our knowledge no study has compared natural mineral water

bacterial populations isolated in different seasons. Further efforts in-

volving a large number of springs are required to confirm these re-

sults. Nevertheless, some isolates occurred in both seasons, which

indicate that the autochthonous population structure varies depend-

ing on the temperature and other characteristics of the water.

The differences observed in the structure and composition of the

three sources overall were strong enough to be clearly distinguished

by the phenotypical-based system showing that the biochemical fin-

gerprinting applied is a feasible methodology for differential identifi-

cation of microbiota in these environments. These differences are

especially interesting in sources A and B, which are natural mineral

waters valid for bottling and human consumption. No conclusions re-

garding similarities to the other sources can be drawn in source C, due

to the contamination detected. Notwithstanding, this contamination

could explain the low diversity observed in source C, considering

that P. aeruginosa would compete with autochthonous bacteria and

hide the natural diversity. Moreover, the strong similarities between

subpopulations, unlike sources A and B, are reasonable as P. aeruginosa

phenotype is clearly dominant over the others.

Furthermore, the experimental ten-fold cross-validation model

was strong enough to identify the origin of a natural mineral water

performing the biochemical fingerprinting of 25 representative

strains.

Concluding, the findings of the current study highlight the need

for further efforts to analyze a greater number of natural mineral wa-

ters. It may thus be possible to confirm that the evaluation of diversity

of heterotrophic aerobic bacterial populations could be applied to

identify bottledwater sources and as a basis for tracking naturalmineral

waters during their lifetime.
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a  b  s t r a  c t

Natural swimming  pools  are artificially created  bodies  of  water  that are intended  for  human  recreational

bathing and  have  no chemical  disinfection  treatment. The  microbial  populations  in four  private natural

swimming pools  were analysed  to assess the  typical microbiological  parameters,  establish  the  origin of

faecal contamination in  the water, and predict  the behaviour of larger  systems  that  are open  to the  public.

For this purpose,  faecal  coliforms,  E. coli, enterococci, aerobic  heterotrophic bacteria  and Pseudomonas

aeruginosa  were  enumerated  in  summer and winter.  Moreover,  faecal  coliforms  and enterococci popula-

tions  were  biochemically  phenotyped  with  the  Phene-Plate  System, the diversity  and similarity  indexes

were calculated  and the  isolates  were  identified.  Three of  the  four  natural  pools  exceeded the E. coli or

enterococci limits  stated  in  the  recommendations  for  natural  swimming pools. The concentrations  of  P.

aeruginosa and aerobic  heterotrophic  bacteria  were  acceptable. The  results  suggest that  wildlife  was an

important  source of  faecal  pollution  in  the pools.  Since  there is  a  lack of regulations  on  these  systems, and

the health risks  are  higher  than  in  conventional  swimming  pools, further  research  is  needed  to  establish

the parameters  for ensuring safe bathing in  private and public natural  swimming pools.

© 2012 Elsevier GmbH. All rights reserved.

Introduction

Natural swimming pools are artificially created bodies of water

that are separated from surface water and groundwater and have

no  chemical disinfection or sterilization system. Water treatment

is carried out through mechanical techniques, biological filters and

plants growing in  the system (The Landscaping and  Landscape

Development Research Society, 2006). Since the  first natural swim-

ming pool was built in Austria  in  the early 1980s, the market

has  spread throughout central Europe. By 2010, more than 20,000

swimming pools had been constructed (Littlewood, 2005),  a  hun-

dred  of which are open to the public. The demand for natural

swimming pools is increasing all over the  continent, particularly

in  Mediterranean countries. This increase may  be due to different

factors: concerns about the use of chlorine or other chemicals to

disinfect  swimming pools, which can cause eye and skin irritation;

the  formation of  toxic by-products; the  aesthetic appeal of natural

pools that resemble ponds; attractive designs and  low construc-

tion costs; and low maintenance costs, among others. Despite the

growing market, little is  known about the  capacity of the  natu-

ral  depuration system to maintain an  appropriate quality  of water.

∗ Corresponding author at: Departament de Microbiologia, Avinguda Diagonal,

643,  E-08028 Barcelona, Catalonia, Spain. Tel.: +34 934039044; fax:  +34 934039047.

E-mail  address: arnaucasanovas@ub.edu (A. Casanovas-Massana).

Considering the lack of regulations on  natural swimming pools,

there is  a  need to describe its typical microbial content.

Faecal  contamination of the  water is the main microbiological

risk of bathing in  swimming pools, and recreational waters in gen-

eral.  Faecal contamination may  be due  to faeces directly released

by  bathers, a  contaminated source of water or indirect animal con-

tamination. Non-faecal human shedding (e.g. from vomit, mucus,

saliva or  skin) is also a  potential source of  non-faecal pathogenic

microorganisms (WHO, 2006). Several studies have reported out-

breaks related with Shigella spp.,  E. coli  O157:H7, Pseudomonas

aeruginosa,  Leptospira sp., Giardia lamblia,  Crypstosporidium parvum,

adenoviruses, and Norwalk-like viruses, among others, in  swim-

ming  pools and recreational waters (CDC, 2001b, 2004; Craun et al.,

1997;  Fiorillo et al., 2001;  Galmes et al., 2003; Hildebrand et al.,

1996;  Kramer et al., 1996; Levy et  al., 1998;  Schets et al., 2010;

Sinclair et al., 2009; Tirodimos et al., 2010; Yoder et al., 2004).  In

most cases, the  outbreak was caused by inadequate disinfection

treatments that could not eliminate the  pathogens, and would have

been  prevented if the water had been well managed. Disinfection

treatments and their reliability are thus critical to  the microbio-

logical quality and safety of bathing waters. The absence of these

treatments in  natural swimming pools is of great concern in  terms

of  health risk levels.

Although human recreational bathing is the main purpose of

both  natural and conventional swimming pools, they are totally

different systems from a  microbiological, sanitary, regulatory,

chemical and management point of view.  Conventional swimming

1438-4639/$ – see front matter ©  2012 Elsevier GmbH. All rights reserved.
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Fig.  1. Scheme of a  natural swimming pool, its zones and water  recirculation system.

pools are  governed under national regulations, which generally

state that the water must not contain faecal coliforms, Staphylo-

coccus aureus, Pseudomonas aeruginosa or other pathogens (Anon.,

2000). The use of potable water to fill  the vessel, proper disinfec-

tion  treatments and good management procedures does not  always

ensure the elimination of these microorganisms (Kamihama et  al.,

1997;  Lutz and Lee, 2011).  Because of frequent faecal and non-faecal

contamination and the inability of chlorine disinfection to rapidly

inactivate several microorganisms, the transmission of pathogens

can  occur even in well-maintained pools (CDC, 2001a).

There is  still no European directive regulating the  construction,

management and sanitation of natural swimming pools. Direc-

tive 2006/7/EC on the management of coastal and  inland bathing

water quality has been  used as a  reference for natural swimming

pools, which are more similar to these waters than to conven-

tional  swimming pools. Therefore, the microbiological parameters

of inland recreational waters and natural swimming pools might

be related (Marion et al., 2010).  Notwithstanding, the Directive

explicitly excludes artificially created confined waters that are sep-

arated from surface water and groundwater, and thus, it does not

cover natural swimming pools. Due to the  lack of regulation in

this field, the countries in  which natural pools are most com-

mon  (Germany, Switzerland, Austria  and France) have published

construction and maintenance recommendations, which adapt the

parameters of the European Directive to  closed systems (French

Agency for Environmental and  Occupational Health Safety, 2009;

Ofice Fédéral de la  Santé Publique, 2004; The Landscaping and

Landscape Development Research Society, 2006).  According to

these  documents, the guideline values for adequate water qual-

ity  are less than 100 CFU  of E. coli per 100 ml,  less than 40–50 CFU

of  enterococci per 100 ml,  and less than 10 CFU of Pseudomonas

aeruginosa per 100 ml.

Most  natural swimming pools are small private systems for  fam-

ily  use, with low number of bathers. To  the best of our knowledge,

no  outbreaks have been reported so far  in  these systems. However,

the  increase in the construction of public natural swimming pools

may  change the situation, as there are concerns about the safety

of  these systems and their capacity to maintain sanitary quality for

the  public. The aims of the present study were to characterize the

microbial populations in  several private natural swimming pools in

north-eastern Spain, assess the typical microbiological parameters

and  establish the origin of faecal contamination in the water. The

study was planned as a  preliminary step  in order to form hypothe-

ses  to predict the behaviour of larger public systems.

Materials and methods

Description of the natural swimming pools

Four natural private swimming pools (A–D) were selected for

this  study. Pools A and  D  were in residential urban areas, while

pools B and C were near woodlands. The capacity of the  pools was

75 m3, 200 m3,  120 m3 and 170 m3, respectively and they were all

supplied with tap drinking water. The average number of bathers

of pools A, B and  D was  2 bathers per day in  the summer. Pool

C  was  occupied by 6 bathers (specifically children) per day in  the

summer.  There was no bathing activity in the winter in any pool.

The  systems were  divided into two different areas: the  swimming

zone (80% of the volume), where the bathing activity was  car-

ried out, and the regeneration zone (20% of the volume) where

the  water treatment process took place. The regeneration zone

consisted of a  pool filled with gravel (2–4 mm) and  plants rooted

in  it (Phragmites australis,  Sparganium erectum, Iris pseudacorus,

Schoenoplectus lacustris, Carex acutiformis and Stratiotes aloides).

Briefly, water flowed by gravity from the swimming zone to a  skim-

mer  that physically removed organic compounds from the water.

Then  part of the water (1–1.5 m3/h) was pumped to the regenera-

tion zone where the plants and  the microorganisms inhabiting the

substrate biofilm consumed the nutrients and substances dissolved

in  the water. Finally, water returned to the  swimming zone (Fig. 1).

Water temperatures ranged from 24 ◦C and 28 ◦C in  summer, and

8 ◦C and 10 ◦C in winter.

Sampling

Water samples were collected with aseptic techniques from

each swimming pool at 30 cm depth and at about 40 cm from the

pool edge between 10 am  and 12 pm.  Samples were  transferred to

sterile  bottles and immediately refrigerated at 4 ◦C for up to 6  h

before being processed. All  samplings were  performed following

standardized procedures (Anon. 1998; ISO, 1994).  Pools A  and D

were sampled twice in  summer and twice in winter.  Pools B  and C

were sampled twice in  the summer only, since they were emptied

during  the winter period.

Enumeration of bacterial populations

Faecal coliforms, E. coli, and enterococci were  measured by

membrane filtration technique using standardized protocols (ISO,

1984,  2000). Briefly, water samples were filtrated through 0.45 �m

membranes (Millipore, Molsheim, France). Filters were then  incu-

bated on mFC agar plates (Difco, Sparks, MD,  USA) at 44.5 ◦C for

24  h to enumerate faecal  coliforms; on Chromocult® agar (Merck,

Darmstadt, Germany) at 44.5 ◦C for 24 h  to enumerate E. coli or

on m-Enterococcus agar plates (Difco, Sparks, MD,  USA) at 37 ◦C

for  48 h  followed by Bile Esculin Agar (Scharlau, Barcelona, Spain)

for 3 h  at 44 ◦C to confirm the enteroccoci colonies, based on  the

hydrolysis of esculin.

Aerobic heterotrophic bacteria were enumerated by inoculating

0.1 ml  of the  water samples and 0.1 ml  of 10−1 and  10−2 dilu-

tions prepared in sterile  phosphate buffered saline on R2A agar

(Pronadisa, Barcelona, Spain), spread  with a  sterile glass rod. Plates

were incubated at 22 ◦C for 72 h.
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The presence of Pseudomonas aeruginosa was  analysed follow-

ing  the standardized protocols (ISO, 2006). Samples of 100  ml

were  filtrated through 0.45 �m membranes (Millipore, Molsheim,

France)  and filters were  incubated on Cetrimide agar (Sharlau,

Spain)  supplemented with nalidixic acid  (Sigma, Germany). Pre-

sumably  positive samples were then confirmed with Acetamide

broth  (Sharlau, Spain), King B  agar (Sharlau, Spain) and the  oxidase

test.

Biochemical fingerprinting

Faecal coliforms and enterococci were biochemically phe-

notyped with the Phene-Plate System (Bactus AB, Sweden). A

maximum of 25 representative colonies from each sample and

bacterial group (faecal coliforms and  enterococci) were randomly

isolated from the enumeration media. Each set of colonies was pre-

sumed  to be representative of the  whole population associated with

each sample, as  previously described (Bianchi and  Bianchi, 1982;

Kühn  et  al., 1997).  Overnight cultures of faecal coliform and ente-

rococci isolates were prepared on nutrient agar (Oxoid, England)

at  37 ◦C. Cell suspensions were prepared by harvesting these cul-

tures in a suspending medium (w/v): 0.1% proteose peptone and

0.011% bromothymol blue for faecal coliforms and  0.2% proteose

peptone (Difco), 0.05% yeast extract (Pronadisa, Spain), 0.5% NaCl

and 0.011% bromothymol blue (Panreac, Spain) for enterococci.

These  suspensions were used to inoculate the  first  well of each

row  of the PhP-RF and  PhP-RE microplates (Bactus AB, Sweden),

respectively, by picking up and resuspending a  loopful of culture

in  300 �l  of the suspending medium. Aliquots (25 �l)  of the  bac-

terial  suspension of this  well were then transferred to the other

wells in the same row after half an hour of incubation, following

the  manufacturer’s instructions and  as  described previously (Kühn

and  Möllby, 1993).

The PhP-RF and  PhP-RE plates consist of 96-well plates con-

taining dehydrated reagents selected to  provide a  high level of

discrimination of populations within enterococci or  faecal col-

iforms, respectively (Kühn et  al., 1991). The  inoculated plates were

incubated at 37 ◦C for both bacterial groups. Growth in  the  different

wells was measured at 620 nm with the  iEMS Reader MF  (Labsys-

tems, Finland). Readings were performed at 7  h,  24 h  and  48 h  for

faecal coliforms, and  16 h,  40 h and 64  h for enterococci. The bio-

chemical profile of each isolate was  calculated as the average of the

absorbance values for each well over all three readings (Kühn et al.,

1991).

Isolates of each population were  pooled to determine the main

biochemical PhP phenotypes (main clusters) of bacterial popula-

tions.  Clusters were defined by isolates with a  similarity index  equal

to or higher than 0.975. Isolates with the highest minimum and the

highest mean similarity to all other isolates belonging to the  same

PhP  phenotype were  selected as representative strains (Kühn et al.,

1991).

Diversity and similarity indexes

Simpson’s diversity index  (Di) was used to  calculate the  diver-

sity  of the bacterial populations in each group (Hunter and Gaston,

1988; Kühn et al., 1991). This index measures the  probability of two

random isolates being assigned different phenotypes. The structure

and  composition of the  populations was  analysed for each sample

by  cluster analysis on  the basis of the PhP-profiles of the isolates,

using  the unweighted pair group  method (UPGMA). The population

similarity indexes (Sp), a similarity coefficient that measures the

proportion of isolates that are identical in  two compared samples

(Kühn et  al., 1991), were calculated between summer and winter

populations and between swimming pools. The UPGMA using aver-

age linkages was used to cluster Sp coefficients. The optical  readings

and statistical analyses were  performed using PhPWin® software

(Bactus AB, Sweden).

Identification of isolates

Faecal coliforms were identified by comparing the biochemi-

cal PhP-profiles obtained in the present study with those of 110

representatives of the 595 faecal coliform isolates identified previ-

ously (Vilanova et al., 2004), with a  correlation coefficient higher

than 0.975. To identify enterococcal isolates, we compared the bio-

chemical PhP-profiles with those of 178 representatives of around

20,000 enterococcal isolates identified in  an international research

project (Kühn et  al., 2000) with a  correlation coefficient higher than

0.975. The percentage of enterococci species for  each sample was

obtained by counting the isolates included in  the clusters belonging

to a species. Enterococcus hirae and Enterococcus durans (H–D group)

and  Enterococcus gallinarum, Enterococcus casseliflavus and Entero-

coccus flavescens (C–G–F group) were treated as a  single group (Behr

et  al., 2000; Vilanova et al., 2004).

Clusters representing more than 5% of the total popula-

tion  that could not be identified by  the above procedure were

genotypically identified. DNA extraction, amplification and 16S

rRNA sequencing of the representative strain of these clus-

ters was performed as previously described (Casanovas-Massana

et al., 2010). Then, the sequences were submitted for homology

searches to the National Center for  Biotechnology Information

(http://www.ncbi.nlm.nih.gov/Blast/).

Database  comparison

Finally, the  populations of faecal  coliforms and enterococci were

compared to a  database of populations associated with slaughter-

house wastewater (faecal contamination of animal origin), artificial

naturalized ponds (influenced by the surrounding wildlife) and oth-

ers  associated with human sewage (where the contamination was

mostly of human origin), which were available from previous stud-

ies (Blanch et al., 2003; Kühn et al.,  2005; Manero et al., 2006;

Vilanova et al., 2004).  Overall, the database consisted of 1381 fae-

cal coliform isolates and 1277 enterococci. Similarity indexes were

calculated and clustering analyses were performed between the

database populations and  those isolated from the swimming pools.

Results and  discussion

Enumeration of  bacterial populations

The  concentrations of E. coli and enterococci in  the natural

swimming pools in  summer, when number of bathers was the high-

est, were found to meet the microbiological criteria for excellence,

in  line  with European inland recreational water quality standards

(Table 1). Enterococci were below 200  CFU/100 ml and E. coli below

500  CFU/100 ml in  all cases (Anon., 2006),  but, as discussed above,

these standards are not strictly applicable to  natural pool sys-

tems. According to  different European countries’ recommendations

for natural swimming pools (French Agency for  Environmental

and  Occupational Health Safety, 2009; Ofice Fédéral de la Santé

Publique, 2004; The Landscaping and Landscape Development

Research Society, 2006), they all met  the guideline values for  E. coli,

except for Pool C in  the  second sample. However, all pools exceeded

the  enterococci limit in at least one of the  two  samples, with the

exception of Pool A. Therefore, none of the systems apart from Pool

A  were suitable for safe bathing, as the  concentrations of faecal

indicators were higher than the  recommended values.

Tap drinking water was  used to fill the pools. It was  assumed that

it  complied with the corresponding national regulations (Anon.,
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Table  1

Concentrations of faecal coliforms, E. coli and enterococci in the natural swimming pools in  the summer and  winter in  CFU/100 ml.

Faecal coliforms E. coli  Enterococci

Sampling 1 Sampling 2  Sampling 1 Sampling 2 Sampling 1  Sampling 2

Summer

Pool A  8.50E+01 2.25E+01 2.60E+01 1.70E+01 1.30E+01 8.00E+00

Pool  B  1.95E+02 1.13E+02 1.75E+01 8.50E+00 5.00E+01 3.26E+01

Pool  C 2.10E+02 6.25E+02 6.90E+01 2.05E+02 7.30E+01 1.68E+02

Pool  D 3.65E+02 8.00E+01 5.50E+00 <0.5 2.50E+01 8.30E+01

Winter

Pool  A  <0.1 <0.1 <0.1 <0.1 4.00E−01 6.55E+01

Pool  D 1.90E+00 4.00E-01 <0.1 <0.1 1.48E+01 <0.1

Table 2

Concentrations of aerobic heterotrophic bacteria and P.  aeruginosa in  the natural

swimming pools in the summer and winter in  CFU/100 ml.

Aerobic heterotrophic bacteria P. aeruginosa

Sampling 1  Sampling 2 Sampling 1  Sampling 2

Summer

Pool A  1.08E+05 n.d. 1.00E+00 2.00E+00

Pool  B  1.69E+05 2.40E+05 1.00E+00 3.00E+00

Pool  C 6.65E+04 4.00E+05 3.00E+00 2.00E+00

Pool  D 6.65E+04 2.70E+05 1.00E+00 1.00E+00

Winter

Pool  A  2.25E+05 1.50E+05 1.00E+00 2.00E+00

Pool  D 2.38E+05 6.30E+04 2.00E+00 1.00E+00

2003) and, accordingly, presented no E. coli per 100 ml and no ente-

rococci  per  100 ml. Therefore, the faecal bacterial indicators that

were  detected must have originated in  the  dynamics of the  pools.

Consequently, these microorganisms must be  related to contribu-

tions of faecal matter introduced into the water when a  bather

accidentally releases faecal  matter or  when residual  faecal  material

on  the swimmer  is washed into the pool. Faecal material may  also

enter  the pools as a  result of diffuse faecal pollution from wildlife or

pets  in the surrounding area. In the winter samples, the  concentra-

tions of enterococci were at the  recommended limit (Pool A) or over

this limit (Pool D). Given that the swimming pools were not used for

human  bathing in winter and  sanitary sewers were located away

from  the pool area, all the faecal indicators detected during this

season must be  related mainly to wildlife or pets. This underlines

the  importance of this kind of contribution to the faecal contamina-

tion  of pools. As  these pools are not  treated with chemicals and  try

to  imitate natural environments, it is likely that animals inhabiting

surrounding areas use  them for drinking and  bathing. Therefore,

the hypothesis of a  significant contribution of faecal material from

animals seems consistent.

The concentrations of aerobic heterotrophic bacteria were

around 104 to  105 CFU/100 ml  and stable during all samplings, both

in  summer and winter (Table 2).  These bacteria are not used as

an  indicator of disease, but are an important indicator of disin-

fection performance and  are useful for measuring changes during

water treatment and  distribution. Aerobic heterotrophic bacte-

ria  are not considered a compulsory control parameter in natural

swimming pool recommendations. Nevertheless, some conven-

tional swimming pool standards (BSI,  2003; DIN, 1984; GHR,

1973)  include threshold limits of around 104 CFU/100 ml for aer-

obic  heterotrophic bacteria incubated at 22 ◦C. Water from natural

swimming pools is not  disinfected, so the concentrations that were

found, which were slightly higher than the limits intended for

chemically treated pools, were expectable.

Pseudomonas aeruginosa was present in all the  samples,

although the concentrations reported were  within the  limits

specified in the recommendations for natural swimming pools

(<10  CFU/100 ml)  (Table 2).  However, conventional swimming pool

standards state that no P. aeruginosa isolates must be detected in

Table 3

Percentage of faecal coliforms in  the pools based on a comparison of the PhP-profiles

obtained  and the 16S rRNA gene sequencing.

E. coli Citrobacter Klebsiella Unidentified

Pool A 33% 16% 18%  33%

Pool  B 38% 38% 0% 24%

Pool  C 66% 8% 0% 26%

Pool  D 5% 72% 0% 23%

250  ml  water sample. Shedding from infected humans is  the  pre-

dominant  source of P. aeruginosa in  conventional swimming pools.

It tends to accumulate in  biofilms, in filters that are poorly main-

tained or in areas where  the  circulation of water is poor: i.e. under

movable floors, benches, decks and drains, where bathers are likely

to  pick up the microorganism on their hands or feet and transfer

them  to the  water (WHO,  2006). Nevertheless, P. aeruginosa is  a

ubiquitous microorganism that is  present in  water,  vegetation and

soil  (Allen et  al., 2004).  Remarkably, it was present throughout the

year in all the studied natural pools,  even though number of bathers

was  low  in the summer and even  inexistent in  winter. This rein-

forces the idea that it is  a natural occurring microorganism in  these

systems and thus, its presence might not be related to human shed-

ding. The behaviour of this  opportunistic pathogen must be further

investigated in larger natural swimming pools, as  concentrations

may  be higher when there is  more bathing activity (Martins et al.,

1995).

Biochemical fingerprinting and identification of  isolates

A  total of 249 enterococci (199 in the summer and 50 in the

winter) and 184 faecal coliforms (all in  the summer) were  isolated

and biochemically phenotyped using the PhP-RF and PhP-RE plates,

respectively. Pools A, B  and D had high diversity values for both  indi-

cators  in  the summer, while the diversity was more moderate in

pool C. Since pool C had more bathing activity in  the  summer, with

child  users in particular, a  higher input of human faecal material

was  expected. In fact, the  concentration of E. coli was the  high-

est  among the pools. Therefore, it is reasonable to assume that a

decrease in  the diversity of faecal indicators is  related to the discrete

entrance of faecal pollution, as other authors have suggested (Kühn

et  al.,  1997). In  the winter, pool D, which  was the  only pool that

could be phenotyped in  that season, had high enterococci diversity,

as  in  the summer.

The analysis of the  similarity indexes showed that faecal col-

iforms and enterococci populations were more similar between

the  natural swimming pools than with populations from slaughter-

houses (swine, poultry  and cattle) or human sewage. This reinforces

the idea that there was a  source of pollution in  the pools not related

to  human faeces or at least not related exclusively to it.  Moreover,

enterococci populations from an artificial naturalized pond  influ-

enced by  the surrounding wildlife (mostly migrating birds) were

found  to be close to those from the  swimming pools (Fig. 2).
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Table  4

Percentage of enterococci in the pools based on a comparison of the PhP-profiles obtained and the 16S rRNA gene sequencing.

Ent.  faecalis Ent. faecium Ent. mundtii H–Da group C–G–Fa group Unidentified

Pool A 8% 28% 12% 4%  36% 12%

Pool  B 34% 12% 18% 0% 26% 10%

Pool  C 50% 8% 12% 4%  10% 16%

Pool  D summer 0% 14% 33% 0% 43% 10%

Pool  D winter 0% 60%  0% 12% 8% 20%

a H–D group: Enterococcus hirae and Enterococcus durans group; C–G–F group: Enterococcus casseliflavus, Enterococcus gallinarum and Enterococcus flavescens group.

Fig. 2. Clustering of the similarity indexes (Sp) of the faecal coliforms and ente-

rococci  populations isolated at the pools and other populations associated with

slaughterhouse wastewater, human sewage and naturalized ponds, using the

UPGMA  method. (a)  Enterococci and (b) faecal coliforms.

The taxonomic classification of faecal  coliforms was not robust

enough  to  differentiate the structure and composition between the

pools (Table 3).  Furthermore, almost a quarter of the  isolates could

not  be  identified. Nevertheless, the compositions of enterococci

in  the pools showed that A, B and  D presented a significant pro-

portion of the Ent. casseliflavus, Ent. gallinarum and Ent. flavescens

group, which has been related to animal faeces (Kühn et al.,  2003).

Pool  C  presented a  lower proportion of this  group, and Ent. faecalis

was predominant (Table 4).  This reinforces the  idea that the animal

contribution was considerable in  the pools.

Conclusions

To  sum up, this  study showed that three of the four  natural

pools did not meet the  recommended criteria for natural swim-

ming  pools as they had higher concentrations of faecal  indicators

than  advisable (French Agency for Environmental and  Occupational

Health  Safety, 2009; Ofice Fédéral de la Santé Publique, 2004; The

Landscaping and Landscape Development Research Society, 2006).

Some studies on inland  recreational waters have shown significant

trends between increased gastrointestinal illnesses and E. coli or

enterococci (Marion et al., 2010; Wade et al., 2006). In  contrast, other

authors have reported correlations between gastrointestinal ill-

nesses and the number of swimmers, and  no correlations between

illnesses and faecal bacterial indicators, highlighting the impor-

tance of swimmer-to-swimmer transmission (Calderon et al.,  1991;

Colford et al., 2007). Therefore, the relationship between health

risks and faecal indicator concentrations is still under discussion.

Furthermore, we gained sufficient evidence that the  microorgan-

isms are not exclusively from human faecal material. The  results

indicate that wildlife might be an  important contributor of fae-

cal  pollution in  the private natural swimming pools under study

in  agreement with other studies in recreational waters (Edge and

Hill, 2007;  Grant et al., 2001; Wither et al., 2005; Wright et al.,

2009).  Birds and other wildlife are a  source of emerging and

reemerging waterborne zoonotic pathogens such as  Salmonella and

Campylobacter (Craven et al.,  2000), although the epidemiologi-

cal risks of faecal contamination from wildlife remain uncertain

(Field and Samadpour, 2007). Therefore, all of these factors should

be  considered in  the new regulations for natural swimming pools,

particularly  in  relation to the  microbiological control parameters.

The  obtained results may  be useful to estimate the microbiologi-

cal sanitary risks in  public natural swimming pools. In this scenario,

bather density would presumably be higher and, thus, the contribu-

tion  of faecal pollution and other pathogens by  the  bathers would

also be higher (Martins et al., 1995). In addition, the sanitary condi-

tion  of the bathers would be more difficult to control. Consequently,

the  natural filtration and inactivation system could be insufficient

to reduce pathogens and faecal contamination. The fact that  elderly

people, children, pregnant women  and immunocompromised indi-

viduals  could use  the pool represents an additional challenge for the

natural water treatment system.

In  conclusion, our study highlights the  importance of the faecal

contribution of wildlife in  natural swimming pools. As the  sani-

tary  risks are higher than in  conventional swimming pools, or at

least less controlled, further research on natural swimming pools

is  recommended to assess the optimal parameters for  safe bathing.
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