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« Le savant n'étudie pas la nature parce que
cela est utile; il I'étudie parce qu'il y prend
plaisir et il y prend plaisir parce qu'elle est
belle. Si la nature n'était pas belle, elle ne
vaudrait pas la peine d'étre connue, la vie ne
vaudrait pas la peine d'étre vécue. Je ne parle
pas ici, bien entendu, de cette beauté qui
frappe les sens, de la beauté des qualités et
des apparences; non que j'en fasse fi, loin de
la, mais elle n'a rien a faire avec la science; je
veux parler de cette beauté plus intime qui
vient de l'ordre harmonieux des parties, et

qu'une intelligence pure peut saisir. »

Hénri Poincare. Science et méthode (1908).
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1. Introduccid i objectius
1.1 l’aiguai la microbiologia

L'aigua és un element indispensable per al desenvolupament de les societats humanes,
essent necessaria per a |'agricultura, la industria, la produccié d’energia, I'Gs de boca, el
sanejament, els usos recreatius, etc. De fet, I'increment de la qualitat de vida a tots els
paisos ha anat sempre acompanyat d’un augment del consum d’aigua. Tanmateix,
I'aigua és un recurs finit, i diversos factors com ara l'augment de la poblacio, la
contaminacié quimica i microbiologica de les aiglies superficials, la sobreexplotacid i
salinitzacid dels aqifers, I'expansid de les activitats industrials, la implantacié
d’agricultura intensiva i també el canvi climatic, comencen a provocar escassetat
d’aigua en condicions adequades per al seu Us en moltes zones geografiques (80, 115).
En aquesta situacid és indispensable que es treballi per aconseguir un Us sostenible i
més racional dels recursos hidrics.

La microbiologia de l'aigua és un dels camps cientifics que ha contribuit més
intensament a la millora de la qualitat i el control dels d’aquests recursos. De fet, des
que I'any 1854 John Snow va demostrar que les epidemies de colera que assolaven la
ciutat de Londres estaven relacionades amb el consum d’aigua contaminada amb
material fecal, el trinomi aigua, salut i microbiologia ha estat present constantment en
la recerca basica i avancada arreu del mdén. Els avencos i aplicacions que se n’han
derivat, com per exemple la cloracié de I'aigua, han estat fonamentals en la millora de
I’estat sanitari de la poblacid i la disminucid de les malalties de transmissié hidrica.

En aquest sentit, la caracteritzacio i estudi de la diversitat microbiana a I'aigua és cabdal
per tal de garantir la seva seguretat, més quan els estandards de qualitat sén cada cop
més exigents. La gran heterogeneitat dels ambients aquatics i els seus diferents usos, fa
necessari I'estudi individualitzat de les poblacions microbianes segons els seus reptes i
necessitats. El proposit d’aquesta tesi doctoral és estudiar diferents poblacions
microbianes d’interés (indicadors de la contaminacié fecal, patogens i poblacions
autoctones) relacionades amb diferents tipus d’ambients aquatics: aiglies minerals
naturals, aiglies recreatives i aiglies regenerades.
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1.2 Aigiies minerals naturals
1.2.1 Context historic

La utilitzacié d’aiglies minerals amb funcio terapéutica en forma de banys o per via oral
es remunta als origens de la historia humana. Es té constancia de I'Us dels banys
termals i les aiglies minerals des de temps immemorial a I’Extrem Orient (india i Xina) i
a les civilitzacions mesopotamiques, des d’on va passar a I'antiga Grécia i a la cultura
romana. De fet, durant I'edat antiga, la relacié entre aigua, salut i religio és freqient.
Fins i tot, alguns grans santuaris, com per exemple Epidaure i Delfos, estan situats en
deus a les quals eren atribuides propietats curatives. Hipocrates (460-377 a.C.),
considerat pare de la medicina occidental, és el primer en descriure I'Gs de certes
aiglies minerals com a cura per a certes afeccions. Posteriorment, grans escriptors i
filosofs grecs com Socrates, Platd i Aristotil, i romans com Vitruvi, Seneca i Plini donen
testimoni de I'efecte curatiu de les aiglies minerals i els banys termals (33).

La civilitzacidé arab va continuar utilitzant les aiglies minerals amb finalitats meédiques i
curatives. De fet, molts metges i estudiosos arabs il-lustres com Avicena i Averroes les
recomanaven per diferents malalties. També els metges jueus les incloien en els seus
tractaments (109). Durant el segle Xlll metges i pensadors cristians famosos com Arnau
de Vilanova i Ramon Llull van escriure sobre les aiglies minerals i els banys en sengles
obres.

Els descobridors d’Ameérica van observar que les civilitzacions precolombines feien Us
de les aiglies minerals per recuperar la salut, i existeixen forga dades que suggereixen
que els maies i també els pobladors de la conca de I'Orinoco ja les utilitzaven cinc
segles a.C. (11). Durant els segles XVI i XVII la noblesa va adquirir un gran interes per les
aiglies minerals i escriptors castellans il-lustres com Santa Teresa de Jesus, Francisco de
Queevedo i, fins i tot, Cervantes, hi fan referéncia i les elogien. A finals del segle XVII,
Alfonso Limén Montero, catedratic de medicina de la Universitat d’Alcald de Henares,
publica “Espejo cristalino de las aguas minerales de Espafia”, considerat el primer
tractat d’hidrologia peninsular. En aquesta obra es descriu la situacid geografica, les
caracteristiques fisiques i quimiques i els efectes sobre la salut de diferents aiglies
minerals. De fet és durant els segles XVII i XVIIl en qué es comencen i es sistematitzen
els estudis sobre la composicié de les aiglies minerals (45, 104).

Durant el segle XIX I'empirisme esdevé ciencia, gracies als avengos en la quimica
analitica. Es durant aquesta época en qué comenca el gran auge de I'activitat dels
centres termals i quan les aiglies minerals envasades comencen a comercialitzar-se i a
arribar a casa dels consumidors per tal de poder prolongar els seus beneficis més enlla
de les estades als balnearis. A finals del segle XIX hi havia actius més de 300 balnearis a
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I'estat espanyol i més de 1693 deus formaven part del “Censo General de las Aguas de
Espafia”, on es detallava les seves composicions quimiques i propietats.

En aquesta época, i lligat al desenvolupament de la microbiologia, es demostra
I'existencia d’una gran varietat de microorganismes en les aiglies minerals i es
comencen a realitzar estudis microbiologics de diferents aiglies, que inclouen
observacions microscopiques, enumeracions i identificacié de bacteris, algues i fongs.
També sorgeix el debat medic al voltant de si les aiglies minerals podien ser I'origen o
facilitar el contagi de certes malalties com el colera, la tuberculosi, la febre tifoide o el
paludisme. En aquest sentit és interessant la contribucié del doctor Santiago Garcia que
escriu sobre la necessitat de realitzar analisis microbiologiques d’aquestes aiglies per
comprovar I'absencia de microorganismes patogens (101).

A principis del segle XX, amb I'aparicié dels farmacs de sintesi, I'Us de les aiglies
minerals pateix un decreixement important, malgrat el suport actiu a les seves
propietats terapeutiques per part de Santiago Ramén y Cajal, i Gregorio Maranén. La
situacio politica i economica europea arran de les dues guerres mundials, també va
afavorir la disminucié del seu Us (33). A partir dels anys 60, pero, I'aparicié d’un sector
industrial envasador potent que va implantar noves estrategies comercials, aixi com la

|Il

valoritzacié del concepte “natural” pel que fa a I'alimentacid i a I'estil de vida, va
comportar un canvi d’ubicacié de les aiglies minerals, que van passar de ser venudes
exclusivament en farmacies amb la denominacié d’aiglies mineromedicinals, a trobar-
se en botigues d’alimentacié i supermercats, comercialitzades com a aliments amb
beneficis per a la salut (12). Com a conseqiiéncia, les aiglies minerals envasades van

passar a ser un producte d’amplia distribucid i de consum habitual per al gran public.
1.2.2 Situacio actual

El consum d’aiglies envasades ha anat augmentant progressivament en les darreres
decades a la Unié Europea. L’any 2009 el consum mitja per capita es va estimar en uns
105 litres. A I'estat espanyol el consum fou de 123 litres, essent el tercer consumidor
per capita per darrere d’ltalia i Alemanya, contrastant amb paisos amb consums molt
menors, com ara Finlandia, els Paisos Baixos o el Regne Unit (Figura 1).

Globalment les aiglies envasades suposen a |'estat espanyol la meitat del mercat de
begudes no alcoholiques, malgrat que el seu valor economic representa un percentatge
menor, pel fet que el preu d’'una ampolla d’aigua és més baix que el d’altres tipus de
begudes no alcoholiques envasades. En concordanga amb 'augment de la demanda, la
produccié d’aiglies embotellades s’ha anat incrementant gradualment. Actualment,
I'estat espanyol és el quart productor europeu per darrere d’Alemanya i Italia, amb un
total de 5.165 milions de litres el 2010 destinats majoritariament al consum intern. El
96% de la produccio correspon a aigiies minerals naturals, el 2% a les aiglies de deu, i la
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resta a aiglies potables preparades. D’altra banda, les aiglies sense gas representen el
96% del volum de ventes, mentre que les aiglies amb gas son només el 4% restant.
Aqguesta proporcié preponderant de les aiglies sense gas, contrasta amb el conjunt de
la Unid Europea, on les ventes dels dos tipus d’aigua sén practicament equilibrades (12,

39).
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Figura 1. Consum mitja per capita d’aigua envasada a la Unié Europea I'any 2009.

Aquest augment generalitzat del consum d’aiglies envasades esta relacionat amb
diversos factors que inclouen d’una banda la seva promocid exitosa per part dels
productors com a lliures d’'impureses, segures, netes, i que provenen de fonts
escrupolosament protegides i no alterades per I'home. A més, a les campanyes
publicitaries I'aigua envasada es proposa com una alternativa saludable a les begudes
ensucrades, amb cafeina o alcoholiques (118). D’altra banda, diversos estudis apunten
també que les millors caracteristiques organoléptiques de |'aigua envasada respecte
I'aigua de I'aixeta, aixi com una percepcio creixent que |'aigua envasada és més segura
des del punt de vista sanitari, son factors claus per explicar aquest augment (1, 35).

1.2.3 Marc normatiu europeu

Les aiglies minerals naturals, els seus processos d’embotellament i el seu mercat s’han
anat regulant mitjangant diverses normatives en |'ambit europeu. La Directiva
777/80/CE (3), de 15 de juliol de 1980 sobre I'aproximacié de les legislacions dels estats
membres relatives a 'explotacié i comercialitzacié d'aiglies minerals naturals, va iniciar
la regulacié comunitaria d’aquest sector. Les Directives 70/96/CE (4) i 83/98/CE (5),
aprovades posteriorment, van modificar alguns dels seus articles i annexos. La Directiva
54/2009/CE (10), de 18 de juny de 2009 sobre explotacid i comercialitzacié d’aiglies
minerals naturals, va refondre les anteriors normatives i va actualitzar-ne el contingut,
essent la Unica normativa comunitaria vigent actualment en aquest ambit. Aquesta
directiva determina que el concepte “aigua mineral natural” fa referencia a aquelles
aiglies microbioldogicament completes originades en aqlifers subterranis que brollen de
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manera natural en un o diversos punts. En el seu punt de surgéncia, les aiglies minerals
naturals han de contenir menys de 100 UFC a 20°C en 72 hores i menys de 20 UFC a
37°C en 24 hores. La Directiva 54/2009/CE també estipula que les aiglies minerals
naturals no poden ser sotmeses a cap tipus de tractament que modifiqui o alteri les
propietats originals de I'aigua en el seu punt de surgéncia, llevat d’algunes excepcions
particulars com la separaciéd de compostos sulfurosos, ferro, manganes o arseni, o la
introduccié o reintroduccié de manera controlada de dioxid de carboni. En qualsevol
cas, els tractaments de desinfeccid, I'addicié d’agents bacteriostatics o qualsevol altre
tractament que pugui modificar la composicid microbiologica de I'aigua queden
totalment prohibits. Aixi, a la Unid Europea, les aiglies minerals naturals han de
contenir la microbiota original de la font, i per aquest motiu els aquifers i les zones de
captacid han d’estar estrictament controlats, a fi d’evitar que cap tipus de contaminacié
pugui arribar a l'aigua i esdevenir un risc sanitari. Les aiglies minerals naturals
posseeixen, per tant, una elevada puresa microbiologica intrinseca, i han d’estar lliures
de:

e parasits i d’altres microorganismes patogens;

e  Escherichia coli i d’altres coliforms i estreptococs fecals en 250 ml de mostra

examinada;
e microorganismes anaerobis esporulats reductors del sulfit en 50 ml de mostra
examinada;
e  Pseudomonas aeruginosa en 250 ml de mostra examinada.

1.2.4 Riscos microbiologics i estandarditzacié

Malgrat les mesures higieniques i de seguretat que es prenen en les plantes
envasadores, alguns estudis han posat de manifest diversos casos de contaminacions
amb parasits, patogens o indicadors de contaminacié fecal com ara coliforms fecals, E.
coli, protozous, virus enterics, Staphylococcus aureus, Campylobacter spp., Vibro
cholerae, i P. aeruginosa (14, 15, 17, 40, 48, 79, 92, 107, 110). Per tant, la preséncia
d’aquests microorganismes és un risc real i les conseqiiéncies sanitaries derivades de la
seva arribada al consumidor no s’han de menystenir. Generalment, aquests casos de
contaminacid haurien pogut ser detectats i pal-liats, si s’"hagués procedit a una deteccié
acurada dels parametres anteriors.

En aquest sentit, és essencial disposar de protocols solvents per poder dur a terme la
deteccié i enumeracié dels diferents microorganismes establerts per Directiva
54/2009/CE. La Organitzacié Internacional de Normalitzacié (ISO) ha desenvolupat un
seguit de normes de per tal d’estandarditzar i harmonitzar els diferents protocols
existents per aquests microorganismes:
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e ISO 6461-1:1986 Deteccié i recompte de les espores de microorganismes
anaerobis sulfit-reductors (clostridis) — Part 1: Métode d’enriquiment en medi

liquid.

e ISO 6461-2:1986 Deteccié i recompte de les espores de microorganismes
anaerobis sulfit-reductors (clostridis) — Part 2: Meétode de filtracié per
membrana.

e |SO 7899-2:2000 Deteccidé i enumeracio d’estreptococs intestinals — Part 2:
Metode de filtracié per membrana.

e SO 9308-1:2001 Deteccié i enumeracié de coliforms termotolerants i
presumptes E. coli — Part 1: Metode de filtracié per membrana.

e |SO 9308-2:1990 Deteccid i enumeracié de coliforms termotolerants i
presumptes E. coli — Part 2: Métode del nimero més probable.

e ISO 16266:2006 Deteccid i enumeracié de Pseudomonas aeruginosa —
Metode de filtracié per membrana.

Tots aquests metodes han estat ampliament utilitzats, no només amb aiglies minerals,
sind també en altres tipus de matrius, i s’"han anat actualitzant periodicament per
incorporar les noves tecniques disponibles, atés que tota millora en el sistema de
deteccié d’aquests microorganismes patogens i/o indicadors de contaminacid, reverteix
directament en una major qualitat i seguretat de les aiglies envasades. Tanmateix,
aquests protocols presenten encara certes limitacions, i, per tant, son susceptibles de
ser millorats.

1.2.5 Limitacions de la norma ISO 16266:2006

La norma ISO 16266:2006 detalla un procediment de deteccié i identificacié per a P.
aeruginosa basat fonamentalment en I'aillament del bacteri a través de la filtracié per
membrana, el seu creixement en un medi altament selectiu (agar de cetrimida
suplementat amb acid nalidixic) i la seva identificacié a partir de I'afavoriment de la
produccié de pigments caracteristics com son la piocinanina, la pioverdina i la piorubina
amb diferents medis de cultiu (22, 69, 81, 84). Diversos estudis revelen I'existéncia de
soques ambientals de P. aeruginosa no productores d’algun o de cap d’aquests
pigments (55), i també que certes espécies bacterianes de la familia de les
Pseudomonadacies poden créixer en agar de cetrimida amb caracteristiques molt
similars a les de P. aeruginosa (38, 94). Com a resultat, I'aillament de soques amb
identificacions confuses se succeeix habitualment quan es duen a terme les analisis
rutinaries d’aiglies minerals naturals en plantes envasadores. Les repercussions que
se’n deriven sén importants des d’un punt de vista sanitari i economic. En el primer cas,
els falsos negatius del procediment estandarditzat podrien suposar que aiglies minerals
naturals que superin els limits de P. aeruginosa establerts a la Directiva 54/2009/CE,
fossin autoritzades per al seu envasat, esdevenint un risc per als consumidors. D’altra
banda, els falsos positius comportarien procediments de neteja i desinfeccié de les
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plantes envasadores, o, fins i tot, obligarien a descartar completament una font per a la
seva explotacid comercial, amb els conseqlients perjudicis economics. Per tant, la
confirmacio dels resultats obtinguts és essencial per tal de millorar la presa de decisions
en relacié a la gestié de les aiglies minerals naturals.

1.2.6 Diversitat microbiana

Les aiglies minerals naturals sén ecosistemes molt complexos que contenen una gran
diversitat de microorganismes autoctons, malgrat que en concentracions, que solen ser
molt baixes en els punts de surgéncia (105). Diversos autors han estudiat abastament la
microbiota de diferents aiglies minerals naturals, posant de manifest la preséncia d'un
gran nombre de generes bacterians. Els microorganismes aillats més habitualment es
descriuen a la Taula 1.

Les dades epidemiologiques i experimentals demostren que les poblacions microbianes
autoctones de les aiglies minerals naturals no han estat mai la causa de cap patologia
detectable en humans ni animals, i que en cultius in vitro no produeixen danys als
teixits humans (77, 100). De fet, des de I'entrada en vigor de la primera directiva
europea sobre aiglies minerals naturals (3), no s’ha detectat cap cas de malaltia
relacionada amb una aigua que complis els criteris normatius.

Taula 1: Grups majoritaris de bacteris aillats d’aigiies minerals naturals. +, menys del 10% dels aillats; ++,
entre el 10% i el 50%. Adaptacié de Leclerc i Moureau, 2002 (77).

Classificacié Schwaller et al.(111)  Bischofbergeretal.(16) Manaiaetal (87) Leclerc et al.(54, 116)

y-Proteobacteris

Pseudomonas fluorescents ++ ++ ++ ++
Pseudomonas no fluorescents ++ + ++ +
Acinetobacter ++ + + +
Stenotrophomonas maltophilia - + + +

B-Proteobacteris

Alcaligenes + + ++ +
Comamonas + + ++ +
Adidovorax + + - _
Paucimonas - ++ - -

a-Proteobacteris

Brevundimonas - - - +
Cytophaga-Flavobacterium ++ ++ ++ +
Arthrobacter, Corynebacterium + ++ - +

L'augment del coneixement sobre la microbiota autoctona de les aiglies minerals
naturals utilitzades comercialment pot ser d’utilitat de cara a detectar canvis que
poguessin ocorrer en les fonts i els aquifers, durant els processos d’embotellament, el
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transport i 'emmagatzematge, de manera que es puguin prendre mesures preventives
abans que l'aigua arribi als consumidors. A més, el coneixement de les poblacions
microbianes de I'aigua mineral natural abans del seu envasat pot ser utilitzat com a
base per al seguiment de 'aigua després de I'envasat.
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1.2.7 Objectius

En conseqliéncia, els objectius que es van plantejar per a I'ambit de les aiglies minerals
naturals van ser d’una banda:

e Avaluar el procediment descrit a la ISO 16266:2006 per confirmar soques
presumptament aillades i identificades com a Pseudomonas aeruginosa durant
analisis rutinaries en diferents plantes embotelladores d’aiglies minerals naturals.

e Determinar les proves no incloses en el protocol estandarditzat que poden proveir
informacio util en la identificacié de les soques presumptament aillades com a P.
aeruginosa

Aquests objectius constitueixen el punt de partida de l'article 1: “ldentificacié de
Pseudomonas aeruginosa en plantes embotelladores d’aigua en base als procediments
inclosos a la I1SO 16266:2006”.

D’altra banda, es van plantejar els seglients objectius:

e Aillar les poblacions bacterianes heterotrofes aerobies de tres aiglies minerals
naturals a 22 °Ci a 37 °C durant I'estiu i I'hivern, i caracteritzar-les fenotipicament
mitjancant el sistema miniaturitzat “Phene-Plate System-48”.

e Calcular i comparar els indexs de diversitat i similitud poblacional per cada poblacid
aillada i per cadascuna de les subpoblacions (22 °C, 37 °C, estiu i hivern).

e |dentificar les soques majoritaries i representatives a cadascuna de les tres aigles
minerals naturals seqiienciant-ne el gen del 16S ARNr.

e Determinar si les poblacions de cada aigua mineral natural sén prou especifiques
per poder ser discriminades entre si a partir de la comparacié dels seus indexs de
similitud poblacional.

Aquests objectius constitueixen el punt de partida de l'article 2: “Diversitat de les
poblacions microbianes heterotrofes per a la diferenciacié d’aiglies minerals naturals”

23



24

Introduccid i objectius

1.3 Aigiies recreatives
1.3.1 Les piscines naturalitzades

Les piscines naturalitzades sén basses d’aigua construides artificialment, separades
d’altres aiglies superficials o subterranies i destinades al bany huma. En aquests
sistemes no hi ha cap tipus de desinfeccié de I'aigua per procediments quimics o per
llum ultraviolada, sind que el
tractament es basa en
I'autodepuracio biologica,
emulant d’aquesta manera, els
sistemes aquatics naturals (114).
La construcci6 de piscines
naturalitzades va comengar als
anys 80 a Austria, concebudes des
d’un punt de vista paisatgistic, per
tal d’integrar estéticament les
basses d’aigua en jardins privats.

Paulatinament van comengar a
utilitzar-se  també com una
alternativa a les piscines convencionals com a resultat de la preocupacié pels efectes
nocius del clor i de la resta de productes quimics utilitzats per a la desinfeccié de les
piscines i dels productes derivats de la seva aplicacié, que poden provocar irritacié als
ulls, a la pell i a les mucoses. Els relativament baixos costos de construccid i
manteniment, aixi com una major sensibilitat ambiental de la poblacid, expliquen
també el creixement d’aquest mercat. De fet, es calcula que a Europa s’han dissenyat i
construit més de 20.000 piscines naturalitzades (82), la major part als paisos
centreeuropeus. Majoritariament, aquests sistemes sén de dimensions petites o
mitjanes i destinats a habitatges particulars, tot i que es calcula que existeixen unes 100
piscines naturalitzades obertes al public. Darrerament, la demanda de construccid de
piscines naturalitzades ha augmentat considerablement a I'estat espanyol i també a
tota I'area mediterrania.

Pel que fa als seu tractament, les piscines naturalitzades estan dividides en dues zones:
la zona de bany i la zona de regeneracié. La zona de bany pot tenir mides, profunditats i
formes molt variades, i és on es desenvolupa I'activitat de bany huma i, per tant, pot
assemblar-se més o menys a una piscina convencional o a un sistema aquatic natural,
en funcié del seu disseny. La zona de regeneracid, en canvi, consisteix en un espai que
conté un substrat pords sobre el qual s’hi fan créixer plantes destinades a la
regeneracido de l'aigua com ara Nymphea alba, Phragmites australis, Sparganium
erectum, Iris pseudacorus, Schoenoplectus lacustres, Carex acutiformis o Stratiotes
aloides. Aquestes plantes consumeixen els nutrients dissolts a |'aigua, especialment els



Introduccio i objectius

nitrats i el fosfor i ajuden a oxigenar-la. D’altra banda, els microorganismes que
colonitzen el substrat utilitzen i transformen les substancies organiques dissoltes a
I'aigua.

Generalment I'aigua de la zona de bany circula per gravetat cap a un colador de flotants
o “skimmer”, que elimina fisicament els compostos organics suspesos i de mida gran.
Després, és dirigida cap a la zona de regeneracié on es realitza el procés de depuracid
natural a través de I'accid conjunta de les plantes i els microorganismes. Finalment,
I"aigua retorna cap a la zona de bany.

1.3.2 Riscos microbiologics de les aigiies recreatives

A les aiglies de les piscines convencionals i, en general, a totes les aiglies recreatives
s’hi poden trobar un gran nombre i varietat de microorganismes que hi arriben per
diferents vies. D’una banda, la contaminacié fecal és una de les fonts més importants
de microorganismes i té una gran importancia des del punt de vista sanitari. Aquesta
contaminacid pot ser deguda a material fecal directament introduit pels banyistes ja
sigui per deposicions involuntaries de femtes, o pel rentat de les restes de material
fecal dels cossos dels usuaris. L'origen de la contaminacié fecal pot estar també
relacionat amb una aigua contaminada utilitzada per emplenar la piscina, o, en el cas
de les piscines situades a I'exterior, amb I'entrada de material fecal animal (ocells,
rosegadors, animals domestics, etc.). D’altra banda, molts microorganismes arriben a
I'aigua a través de vies humanes no fecals, com ara vomits, mocs, saliva, o pell, i poden
acumular-se formant biofilms en diferents superficies. Finalment, en aquests sistemes
també s’hi poden trobar alguns microorganismes de vida lliure propis de I’aigua (120).

A la bibliografia es recullen molts casos de brots originats en diferents tipus de piscines
i aiglies recreatives relacionats amb diversos patogens:

. Origen fecal:
o  Virus: norovirus (122), adenovirus (99), enterovirus (68) i Hepatitis A (86).
o  Bacteris: Shigella spp., (25) i E. coli 0157 (57).
o  Protozous: Giardia lamblia (53) i Cryptosporidium spp. (47).

. Origen no fecal:
o  Virus: mulluscipoxvirus (24) i papillomavirus (64).
o  Bacteris: Legionella spp. (21), Pseudomonas aeruginosa (44),
Mycobacterium spp.(85) i Staphylococcus aureus (103).
o  Protozous: Naegleria fowleri (26) i Acanthamoeba spp. (108).
o  Fongs: Trychophyton spp. i Epidermophyton floccosum (66).
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En molts dels casos anteriors es va poder determinar que el brot estava relacionat
d’alguna manera amb un tractament inadequat de l'aigua de bany. Aixi doncs, el
control de la qualitat microbiologica de les aiglies recreatives és un factor clau per
garantir la seguretat dels usuaris.

1.3.3 Marc normatiu

En l'actualitat no existeix cap normativa vigent que reguli ni la construccié ni els
parametres de control microbiologic de les piscines naturalitzades. En aquest context,
hom pot prendre com a referéncia, d’una banda, les normatives referents a les piscines
convencionals, i de I'altra, les referents a les aigiies de bany.

Les piscines convencionals estan regulades arreu de la Unié Europea per normatives
nacionals. En el cas de Catalunya, és el Decret 95/2000 (6), de 22 de febrer de 2000, el
que estableix les normes sanitaries per a les piscines d’Us public. D’acord amb el decret,
les piscines han d’estar absents de coliforms fecals, Staphylococcus aureus i
Pseudomonas aeruginosa, en 250 ml de mostra analitzada. Alguns paisos inclouen
altres parametres microbiologics en les seves respectives normatives, com ara el
recompte d’heterotrofs totals, la preséncia de Legionella pneumophila o d’enterococs
fecals, entre d’altres (Taula 2).

Taula 2. Requeriments microbiologics en piscines convencionals en diferents paisos europeus.

Alemanya (34) Regne Unit (23) Grécia (50)
Heterotrofs totals a 22°C <100 ufc/ml - 500 ufc/ml
Heterotrofs totals a 37°C <100 ufc/ml <10 ufc/ml <200 ufc/ml

Escherichia coli

Coliforms totals
Coliforms fecals
Pseudomonas aeruginosa
Legionella pneumophila
Enterococs fecals
Staphylococcus spp.
Mycobacterium spp.

Fongs patogens

Abséncia en 100 ml
Abséncia en 100 ml
Abséncia en 100 ml

Abséncia en 100 ml

Abséncia en 100 ml
<10 ufc/ml
Abséncia en 100 ml

Abséncia en 100 ml

<15 ufc/100 ml
Abséencia en 100 ml
Abséncia en 100 ml
Absencia en 100 ml
Abséncia en 100 ml
Abséncia en 1000 ml

Abséncia en 100 ml

Les piscines convencionals inclouen tractaments de desinfeccid, generalment cloracio,
que virtualment asseguren Ieliminacié d’aquests microorganismes indicadors i/o
patogens i, per tant, asseguren la seguretat i la qualitat de I'aigua. Tanmateix, les
piscines convencionals son sistemes totalment diferents de les piscines naturalitzades,
que per definicié no poden ser sotmeses a processos de desinfeccié quimica. Per aixo,
també es pot pensar en utilitzar com a referéncia la Directiva 7/2006/CE (8), de 15 de
febrer de 2006, relativa a la gestié de la qualitat de les aiglies de bany costeres i
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continentals. Aquest tipus d’aiglies son molt més similars a les piscines naturalitzades
des d’un punt de vista microbiologic i ecologic i, per tant, poden proveir parametres
més adequats que la normativa de piscines convencionals. Segons aquesta directiva les
aiglies continentals destinades al bany huma poden classificar-se en tres categories de
qualitat en funcié de les seves concentracions d’E. coli i d’enterococs fecals (Taula 3).
No obstant aixo, el text de la Directiva 7/2006/CE exclou explicitament els cossos
d’aigua artificialment construits i aillats de les aiglies superficials o subterranies, i, per
tant, no és aplicable formalment a les piscines naturalitzades.

Taula 3: Parametres per a la classificacio de les aigiies de bany continentals segons la Directiva 7/2006/CE.
Valors en UFC per 100 ml.

Qualitat excel-lent Qualitat bona Qualitat suficient

Escherichia coli 200* 400* 330%*
Enterococs fecals 500* 1000* 900**

* Conforme a I'avaluacié del percentil 95.

** Conforme a I’avaluacié del percentil 90.

En aquest context de manca de regulacid, alguns paisos (Austria, Franca, Suissa i
Alemanya) han publicat algunes recomanacions sobre la construccié i el manteniment
de les piscines naturalitzades que adapten els parametres de la Directiva 7/2006/CE a
les caracteristiques d’un sistema tancat i aillat (13, 46, 96, 114) (Taula 4). Tal com es pot
observar, aquests parametres son més restrictius pel que fa a I'E. coli i als enterococs
fecals que els de la directiva, ja que els sistemes tancats poden presentar uns riscos
més elevats atenent a la menor renovacié de l'aigua. Addicionalment, tots aquests
documents incorporen P. aeruginosa com un parametre important a valorar.

Taula 4. Valors llindar en UFC per 100 ml.

Valors llindar

Escherichia coli 100
Enterococs fecals 40-50
Pseudomonas aeruginosa 10

Segons aquestes recomanacions, aquelles piscines naturalitzades que compleixin
aquests parametres es poden considerar segures des d’un punt de vista microbiologic i,
per tant, son aptes per al bany huma.
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1.3.4 Objectius

L'augment en la construccidé de piscines naturalitzades destinades a I'is public suposa
alguns dubtes sobre la capacitat d’aquests sistemes de mantenir una qualitat
microbiologica adequada quan el nombre de banyistes s’incrementa, tenint en compte
que, per definicio, no tenen cap tipus de tractament de desinfeccié. En conseqiiéncia,
els objectius que es van plantejar per a I'ambit de les aiglies recreatives van ser:

® Enumerar les poblacions de coliforms fecals, E. coli, enterococs fecals i bacteris
aerobis heterotrofics, i determinar la preséncia de Pseudomonas aeruginosa en
quatre piscines naturalitzades privades en periodes d’alta activitat de bany (estiu) i
de baixa activitat (hivern).

e |dentificar l'origen de la contaminacié fecal en l'aigua de les quatre piscines
naturalitzades a partir del fenotipatge bioquimic d’aillats de coliforms fecals i
enterococs fecals amb les microplaques “Phene-Plate System-RE” i “Phene-Plate
System-RF”, respectivament.

e Augmentar el coneixement sobre aquests sistemes per poder ajudar a establir els
parametres que assegurin un Us segur en piscines naturalitzades privades i
publiques.

Aquests objectius constitueixen el punt de partida de I'article 3: “Caracteritzacié de les
poblacions microbianes associades a piscines naturalitzades”
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1.4 Aigiies regenerades
1.4.1 Usos de l'aigua regenerada

Les aiglies regenerades son aiglies residuals depurades que se sotmeten a tractaments
addicionals i complementaris per tal que assoleixin una qualitat adequada que permeti
la seva reutilitzacid en usos per als quals no és estrictament necessaria I'aigua potable.
Aixi, mitjancant els tractaments de regeneracio, les aiglies residuals depurades deixen
de ser un residu i esdevenen un nou recurs que contribueix a una gestié més racional i
integrada de l'aigua. En general, la regeneracié de les aiglies residuals depurades ha
augmentat en els darrers anys com a conseqiencia de diversos factors:

e L’increment de la demanda d’aigua, especialment en periodes d’estiu

e L’'increment del nombre de depuradores d’aigua residual

e Les noves politiques ambientals

e El deteriorament de la qualitat de les aiglies superficials i subterranies

e La preocupacid per reduir els riscos sanitaris i ambientals associats als
abocaments d’aiglies residuals depurades

Jal’any 1958, el Consell Econdmic i Social de les Nacions Unides va propugnar la politica
de no utilitzacié de recursos de alta qualitat per als usos que puguin tolerar qualitats
més baixes. Aquesta politica implicava el desenvolupament del concepte de
reutilitzacido de I'aigua. Des de llavors, cada cop sén més els paisos que consideren
I'aigua regenerada com un element basic en les seves politiques hidriques. Els Estats
Units, Australia, el Japé o Israel sén exemples d’avantguarda en I'aprofitament i gestid
de I'aigua regenerada.

A Catalunya, I'any 2008 es tractava anualment un volum de 665 hm® a les estacions
depuradores d’aiglies residuals urbanes, dels quals només un 7,6%, és a dir, uns 51 hm?®
eren reutilitzats de forma planificada. La resta de I'aigua era retornada a la llera
publica. Aquestes dades posen de manifest que la reutilitzacié presenta encara un gran
potencial de creixement. En aquest sentit, I'any 2009 I'’Agencia Catalana de I’Aigua va
desenvolupar el Programa de Reutilitzacié d’Aigua a Catalunya, que preveia una serie
d’actuacions per tal que I'any 2015 s’arribés a tractar un 31% de les aigles residuals
depurades, tot generant un cabal aprofitable de 204 hm?® d’aigua regenerada.

L'Us principal de I'aigua regenerada ha estat, tradicionalment, la irrigacié de camps de
conreu, tot i que progressivament, s’han anat desenvolupant altres usos (Taula 5).
Darrerament, un dels usos que esta tenint més creixement és el rec de camps de golf.
Aquestes instal-lacions esportives tenen necessitats minimes de rec forga constants al
llarg de I'any, les quals s’incrementen especialment en temporada d’estiu o de sequera,
justament quan les restriccions d’aigua potable sovintegen més. L’aigua regenerada pot

29



30

Introduccid i objectius

ser, per tant, una alternativa interessant, tenint en compte que els camps de golf no
necessiten la qualitat d’'una aigua potable per al rec de la gespa. A més a més, I'aigua
regenerada pot aportar un benefici addicional en forma de nutrients dissolts, sobretot
nitrogen, que poden arribar a cobrir el 30% de les necessitats (95) i, per tant,
representar un estalvi important en fertilitzants.

Taula 5. Principals usos de 'aigua regenerada

Aplicacions

Us urba Neteja de carrers, rentat de vehicles, cisternes de lavabos,
i extincio d'incendis

Us agricola i forestal  Rec de productes destinats al consum huma, pastures, i silvicultura

Usos recreatius Rec de zones verdes (parcs, camps de golf, camps esportius, jardins), fonts i llacs
ornamentals, i produccié de neu artificial

Usos ambientals Recarrega d'aquifers, recuperacié d'aiguamolls, cabals ecologics de rius i rieres,
i barrera contra la intrusié salina

Usos industrials Processos de refrigeracid, aiglies de procés i aigiies de rentat

Us potable Utilitzacié com a aigua potable

1.4.2 Marc normatiu i riscos microbiologics

A l'estat espanyol els processos de regeneracid de l'aigua estan regulats pel Reial
Decret 1620/2007 (9), de 7 de desembre, que determina els criteris de qualitat per a la
reutilitzacio de I'aigua en funcid dels seus usos. Des del punt de vista microbiologic, el
parametre de control utilitzat és Escherichia coli per al qual es determina que les seves
concentracions en |'aigua regenerada poden situar-se entre 0 UFC/100 ml fins a 10"
UFC/100 ml. En el rang restrictiu hi trobariem usos com ara el rec de jardins privats, I'ts
en torres de refrigeracié o la recarrega d’aqlifer per injeccié directa. En canvi, I'Gs en
masses d’aigua ornamental amb accés restringit al public o el rec de cultius llenyosos
sense contacte amb fruits serien exemples del rang menys restrictiu. En aquells casos
en que I'Us de I'aigua regenerada pot implicar la formacié d’aerosols, s’estableix també
un limit de 100 UFC/L de Legionella spp.

En qualsevol cas, es considera que l'aigua regenerada que compleix els criteris
especificats a la normativa presenta uns riscos acceptables des del punt de vista sanitari
i, per tant, pot ser utilitzada per a I'Gs concret. Tanmateix, els processos de regeneracio
i reutilitzacié de I'aigua segueixen generant certa inquietud pel fet que determinats
microorganismes patogens presents a les aiglies residuals sén capacos de resistir alguns
dels tractaments i, fins i tot, recréixer en els sistemes de distribucié i emmagatzematge
de l'aigua regenerada (29, 43, 63, 106). Aquest fenomen de deteriorament de la
qualitat de I'aigua un cop finalitzat el procés de regeneracié no esta contemplat a la
normativa, pero suposa un risc que no s’ha de menystenir.
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En aquest sentit, és interessant augmentar el coneixement sobre els microorganismes
patogens i els indicadors de contaminacid fecal presents en els sistemes d’aiglies
regenerades. D’altra banda, disposar d’eines que ajudin a determinar I'origen d’aquests
microorganismes, ha de permetre assegurar la qualitat i seguretat de les aiglies
regenerades, aixi com determinar les mesures correctores que, si s'escau, calgui aplicar.

En els darrers anys, s’han desenvolupat un gran nombre de métodes per discriminar
I'origen de la contaminacié fecal a I'ambient (42). Aix0 no obstant, molts d’aquests
meétodes han demostrat ser poc aplicables en aquells casos en queé les concentracions
d’indicadors de la contaminacié fecal sén baixos. Per tant, es fa necessari desenvolupar
noves eines que puguin ser Utils en aquests casos.
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1.4.3 Objectius

Recentment, els responsables del control microbiolodgic de I'aigua de rec d’'un camp de
golf van detectar nivells elevats de coliforms fecals i enterococs fecals en I'aigua de
dues basses naturalitzades d’aigua utilitzades com a reservori. Les dues basses,
connectades en série, s’emplenaven amb aigua regenerada que provenia d’una estacié
depuradora d’aiglies residuals urbanes. En conseqliencia, els objectius que es van
plantejar per a 'ambit de les aiglies regenerades van ser:

e Avaluar si el fenotipatge bioquimic de coliforms fecals i enterococs amb les
microplaques “Phene-Plate System-RE” i “Phene-Plate System-RF” era una eina util
per determinar l'origen de la contaminacié fecal en ambients amb baixes
contenctracions d’indicadors, com ara les basses d’aigua regenerada.

e Determinar si la presencia d’indicadors de la contaminacié fecal en bases d’aigua
regenerada era deguda al recreixement de les poblacions romanents en I'aigua
després de la desinfeccidé o tenien un altre origen (huma o animal) relacionat amb
les activitats del propi camp de golf.

Aquests objectius constitueixen el punt de partida de l'article 4: “Determinacié de
I'origen de la contaminacid fecal en reservoris a I'aire lliure d’aigua regenerada
mitjancant el fenotipage bioquimic d’enterococs i coliforms fecals”.
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1.5 El Phene-Plate System™

El Phene-Plate System™ és un sistema miniaturitzat que permet fer fenotipatges
bioquimics d’una manera simple i rapida a un nombre elevat de soques bacterianes en
estudis epidemiologics, nosocomials o ecologics. El sistema es fonamenta en I'avaluacié
de la cinetica de diferents reaccions bioquimiques realitzades en microplaques de 96
pouets, a partir de la lectura dels resultats de cadascuna de les proves en diferents
moments. Aquestes microplaques (plaques PhP) contenen de 2 a 8 sets de reactius
deshidratats, seleccionats en funcié del grup de microorganismes objectiu. Les plaques
PhP-RE (per a coliforms fecals) i PhP-RF (per a enterococs) sén plaques de cribratge
rapid on cada aillat se sotmet a 11 proves bioquimiques. Aquestes plagues soén
especialment indicades per a estudis ecologics on es treballa amb un gran nombre
d’aillats i on la informacié de la poblacié global és més important que no pas la de cada
aillat individual. A la taula 6a hi ha la relacié de substrats inclosos en cadascuna de les
plagques.

Taula 6a. Reactius deshidratats a les plaques PhP-RE i PhP-RF.

Pouet PhP-RE PhP-RF
1 Pou d'inoculacié Pou d'inoculacié
2 Cel-lobiosa L-Arabinosa
3 Lactosa Lactosa
4 Ramnosa Melibiosa
5 Desoxiribosa Melicitosa
6 Sacarosa Rafinosa
7 Sorbosa Inositol
8 Tagatosa Sorbitol
9 D-Arabitol Manitol
10 Rafinosa Acid D-galacturonic
11 Acid D-galacturonic  Amigdalina
12 Ortintina* Gluconat

*Pouets que presenten un pH inicial acid, i on la reaccié positiva
implica I'alcalinitzacié del medi.

D’altra banda, les plaques PhP-48 sén plaques d’alta resolucio, on cada aillat se sotmet
a 48 proves bioquimiques, obtenint un fenotipat molt acurat. Aquestes plaques es
poden utilitzar amb qualsevol bacteri metabolicament actiu. La taula 6b conté la relacio
de tots els reactius de les plagues PhP-48.
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Taula 6b. Reactius deshidratats a les plaques PhP-48.

Pouet  Substrat Pouet  Substrat
1 Acid manonic-y-lactona 25 Sorbosa
2 L-arabinosa 26 Deoxiglucosa
3 D-xilosa 27 Deoxiribosa
4 Galactosa 28 Ramnosa
5 Maltosa 29 D-fucosa
6 Cel-lobiosa 30 L-fucosa
7 Trehalosa 31 Tagatosa
8 Palatinosa 32 Amigdalina
9 Sacarosa 33 Arbutina
10 Lactosa 34 b-metil-glucosid
11 Melibiosa 35 5-ceto-gluconat
12 Lactulosa 36 Gluconat
13 Gentobiosa 37 Melbionat
14 Melicitosa 38 Acid D-galacturonic
15 Rafinosa 39 Salicina
16 Inosina 40 Control de pH 5,5*
17 Adonitol 41 Citrat*
18 Inositol 42 Fumarat*
19 D-arabitol 43 Malinat*
20 Glicerol 44 Malonat*
21 Maltitol 45 Piruvat*
22 Sorbitol 46 L-tartrat*
23 Galactitol 47 Urea*
24 Control de pH 7,4 48 Ornitina*

*Pouets que presenten un pH inicial acid, i on la reaccio positiva
implica I'alcalinitzacié del medi.

1.5.1 Procediment de fenotipatge

Els bacteris que han de ser fenotipats es cultiven en plaques d’'un medi adequat per al
seu creixement (TSA per als coliforms fecals , enterococs o P. aeruginosa, i R2A per als
bacteris autoctons de I'aigua mineral natural, per exemple). Es important utilitzar les
mateixes condicions de creixement (temperatura i temps d’incubacid) per a totes les
soques d’un mateix estudi, per tal de poder comparar els resultats obtinguts.

Abans de comengar els assaigs, es prepara el medi de resuspensié normal (0,2% de
peptona i 0,011% de blau de bromotimol) per a les plaques PhP-RE i PhP-48; i el medi
de resuspensio ric (0,2% de peptona; 0,05% d’extracte de llevat; 0,5 de clorur de sodi i
0,011% de blau de bromotimol).

En el cas de les microplagues PhP-RE i PhP-RF, es dispensen 375 ul del medi de
suspensio corresponent als pouets d’inoculacié (primera columna), i 150 ul a la resta de
pouets, mitjangant una pipeta multicanal. Un cop les microplaques estan emplenades,
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es pren una mica de creixement de les plaques amb el cultiu i es resuspen al primer
pouet d’inoculacid. Amb un altre hisop esteéril es pren creixement d’un altre aillat i es
resuspen al pouet d’inoculacio segiient, i aixi es procedeix fins que tots els pouets hagin
estat inoculats amb els diferents aillats. Seguidament, es continua amb la resta de
microplaques de I'assaig. La quantitat de bacteri inoculada ha de ser sempre similar
(normalment entre 0,1 mg i 1 mg). Les microplaques es deixen una hora a temperatura
ambient i després, a partir de la suspensid cel-lular dels pouets d’inoculacid, es
dispensen aliquotes de 25 pl a tots els pouets de la mateixa fila. Les microplaques
s'incuben a la temperatura adient (generalment 37°C). El creixement als diferents
pouets es mesura utilitzant un lector de microplaques que mesura I'absorbancia a 620
nm a diferents temps (7h, 24h i 48 pels coliforms fecals, i 16h, 40h i 64h pels
enterococs).

Per a les plaques PhP-48, es preparen vials amb 12 mL de medi de suspensid, als quals
s’hi va inoculant una mica de creixement de les plagues amb el cultiu, amb hisops
esterils. Les suspensions es deixen entre 30 minuts i 1 hora a temperatura ambient, i
després s’inoculen les microplaques dispensant 150 ul a cada pouet mitjancant una
pipeta multicanal. Les microplaques s’incuben a la temperatura adient (22°C o0 37°C), i
es mesura el creixement de la mateixa manera que per a les microplaques PhP-RE i
PhP-RF a temps variables en funcié del tipus de bacteris estudiats.

1.5.2 Calculs dels perfils bioquimics

Els valors de les lectures d’absorbancia obtingudes a cada pouet es multipliquen per 10,
donant valors d’entre 0 i 30 per a cada reaccié. Després de la darrera lectura, es calcula
per a cada soca la mitjana de les lectures de cada pouet, donant lloc a un perfil
bioquimic que consisteix en 11 valors, en el cas de les plaques PhP-RE i PhP-RF, o en 48
valors, en el cas de les plaques PhP-48. Cadascun d’aquests valors oscil-la entre 0 (color
groc, reaccio acidica) i 30 (color blau, reaccié alcalina) (72).

Els perfils bioquimics de cada soca es comparen dos a dos, i la seva similitud es calcula
com el coeficient de correlacid (r). A partir dels coeficients de correlacié de totes les
soques, s’obté una matriu de similitud a partir del qual es construeix el dendrograma
més ajustat als coeficients de correlacié mitjancant el métode UPGMA amb relacions de
mitjanes seguits de I'agrupacié de correlacions i coeficients Sp. El dendrograma agrupa
primerament les soques amb els coeficients Sp més elevats, i, posteriorment,
construeix una nova matriu de similitud, en qué les soques agrupades en el primer pas,
es consideren com una sola. Aquest procediment es va repetint fins que totes les
soques estan agrupades. El coeficient de correlacidé a partir del qual es considera que
dues soques presenten el mateix perfil bioquimic és variable, tot i que se sol situar a
0,975 (71, 75).
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1.5.3 Analisi estadistica

La diversitat fenotipica d’'una poblacié bacteriana es mesura amb I'index de diversitat
de Simpson (Di) segons la formula:

D =1— [NV; X (N; — 1)]
! [N x (N —1)]

on N; és el nombre d’aillats del grup fenotipic i, i N és el nombre total de soques
assajades. Aquest index depéen de la distribucid dels aillats en els diferents grups
fenotipics. Si una poblacié esta formada per aillats distribuits en molts grups fenotipics,
la Di sera elevada, amb un maxim de 1,0, en el cas que tots els aillats siguin diferents
entre si. En canvi, si la poblacio presenta alguns grups dominants, la Di sera baixa, amb
un minim de 0, si tots els aillats presenten el mateix perfil bioquimic.

La similitud fenotipica entre poblacions bacterianes es mesura amb el coeficient de
similitud poblacional (Sp) segons la férmula:

5.+,

s
p 2

on S, és la similitud de la poblacié x a la poblacid y, i S, és la similitud de la poblacié y a
la poblacio x.

S, es calcula segons les formules:

Sy = Z% Qxi = pXi/pyi
on N, és el nombre total d’aillats de la poblacid x; i és I'ordinal de la soca dins la
poblacié x (de 1 fins a N,); p, és la proporcié d’aillats pertanyents al mateix grup
fenotipics que la soca i (incloent la soca i) a la poblacié x; i py; és la proporcié d’aillats
pertanyents al mateix grup fenotipic que la soca i (incloent la soca i) a la poblacid y. El
coeficient g, ha de ser sempre inferior a 1, en cas contrari gq,; = 1/qxi . S, es calcula de

la mateixa manera.

Per tant Sp, depén de la proporcié d’aillats que siguin iguals entre les dues poblacions
comparades. Quan dues poblacions no comparteixen grups fenotipics, la Sp presentara
valors baixos (el valor minim és 0). En canvi, quan es comparen poblacions que
comparteixen alguns grups feonotipics el valor sera major, amb un maxim de 1,0.

Es important comentar que per interpretar els valors de Sp, cal tenir en compte la
diversitat i el nombre de soques analitzades. Quan I'index Di és proper a 0,9 i
s’analitzen poblacions de més de 20 soques, la Sp no superara mai 0,5, ja que en
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repliques d’una mateixa mostra s’obtenen valors de Sp propers a 0,5. De fet, es
considera que dues poblacions sén identiques des d’un punt de vista fenotipic, quan
s’obtenen coeficients Sp iguals o superiors a 0,2, quan es treballa amb un gran nombre
d’aillats.

A partir de la matriu de coeficients de similitud entre poblacions es pot representar
graficament la seva relacié seguint el métode UPGMA descrit anteriorment obtenint
dendrogrames que millor representin la similitud entre totes les poblacions
seleccionades.
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2.1 Article 1

Identificacié de Pseudomonas aeruginosa en plantes embotelladores d’aigua
en base als procediments inclosos a la ISO 16266:2006

Journal of Microbiological Methods, 81 (2010) 1-5
Arnau Casanovas-Massana, Francisco Lucena i Anicet R. Blanch

La norma ISO 16266:2006 descriu un procediment estandarditzat per a I'aillament i la
identificacié de Pseudomonas aeruginosa en diferents tipus d’aiglies, entre d’altres, les
aiglies embotellades. En alguns casos el procediment descrit no és prou conclusiu per
confirmar o descartar la preséncia d’aquest patogen oportunista huma, fet que pot
representar un problema ates que la normativa actual determina que les aigles
embotellades han d’estar lliures d’aquest microorganisme en 250ml de mostra. En
aquest estudi es va avaluar la capacitat del procediment descrit a la ISO 16266:2006 per

identificar confirmativament presumptes aillats de P. aeruginosa.

Un total de 41 soques previament aillades en plantes embotelladores d’aigua i
presumptament identificades com a P. aeruginosa seguint la ISO 16266:2006, van ser
sotmeses una altra vegada a totes les proves incloses a la norma internacional (agar de
cetrimida suplementat amb acid nalidixic, agar King B, brou d’acetamida i test de la
oxidasa). Addicionalment es van assajar altres proves que han estat tradicionalment
utilitzades per a la identificacié de P. aeruginosa (brou d’asparagina i agar King A).
També es van dur a terme les proves no obligatories incloses a la ISO 16266:2006 per
comprovar el creixement de les soques a 4 °C i a 42 °C. Finalment, es va realitzar un
fenotipatge bioquimic a totes les soques utilitzant les microplaques PhP-48 (Bactus AB,
Sueécia) i les galeries API® 20NE (Biomérieux, Franca). A partir dels grups fenotipics
obtinguts amb les microplaques PhP-48, es van seleccionar les soques més

representatives de cada grup i es va procedir a seqiienciar el gen del 16S ARNr.

El procediment de la ISO 16266:2006 va permetre identificar correctament 27 de les 29
soques confirmades genotipicament i, per tant, es van obtenir dos falsos negatius. El
creixement en brou d’asparagina ha de descartar-se com a test confirmatiu perque va
mostrar falsos positius i falsos negatius. Contrariament, les galeries API® 20NE van

identificar correctament tots els aillats. L’agar King A i la prova de creixementa 4 °Cia
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42 °C va discriminar correctament totes les soques estudiades, incloent les dues que no

es van poder identificar amb les proves basiques de la ISO 16266:2006.

Ates que l'agar King A i el test de creixement a 4 °C i a 42 °C sén proves senzilles,
rapides i economiques es recomana el seu Us en la confirmacié rutinaria de P.

aeruginosa seguint la norma 1SO 16266:2006.
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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. aeruginosa were 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 APl
20NE galleries (Biomérieux, France), and their 16 rRNA gene was sequenced.

1SO 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 1SO
16266:2006.
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1. Introduction Natural mineral waters and bottling procedures in the European

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

Pseudomonas aeruginosa is an opportunistic human pathogen that
is associated with food- and water-borne diseases (Warburton, 1993;
Romling et al., 1994). This species can grow in low-nutrient water
(Gonzalez 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.

* Corresponding author. Mailing address: Departament de Microbiologia, Avinguda
Diagonal, 645. 08028. Barcelona, Catalonia, Spain. Tel.: +34 934039044; fax: +34
934039047.

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

0167-7012/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.mimet.2009.12.013

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 consumption must be free of P. aeruginosa
in any 250 ml sample.

1SO 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 medium which 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 um 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 (3642)°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 (224 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) supplemented with 15 mg/I of nalidixic acid (Sigma, Germany)
and incubated at (36+2)°C for (4442)h in humid containers to
prevent drying. After (2242)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 (3604 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 4 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
(3642)°C for five days in humid containers to prevent drying. The
plates were examined daily under (3604 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 4-2) °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 (Scharlay, 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 °Cand 4 °C and incubated for (2242)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. AP 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 APIWEB™ 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 (Kiihn, 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 pl 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 (Kithn et al, 1991). Simpson's
diversity index (Di) of each population was calculated, as previously
described (Hunter and Gaston, 1988; Kithn 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
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representative strains (Kiithn 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 PAPWin®
program (Bactus AB, Sweden). DNA extraction of each representative
strain was performed by suspending several colonies in 200 pl 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 suspension was 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 reactions were performed in a total volume
of 50l using a final concentration of 1x PCR Buffer, 2.5U Taq
polymerase, 200 uM of each deoxynucleoside triphosphate, 0.4 pM of
universal bacterial primers, and 2 pl 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 pL of the purified DNA was
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 I1SO 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 PhAPWin® 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

0,5 0.6 07 0.8 0.9

od41
2B
27

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.

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.



A. Casanovas-Massana et al. / Journal of Microbiological Methods 81 (2010) 1-5 5

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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2.2 Article 2

Diversitat de les poblacions microbianes heterotrofes per a la diferenciacié
d’aiglies minerals naturals

International Journal of Food Microbiology, 153 (2012) 38-44
Arnau Casanovas-Massana i Anicet R. Blanch

Les aiglies minerals naturals sén ecosistemes molt complexos des d’un punt de vista
fenotipic i genotipic i contenen una elevada diversitat de bacteris autoctons. La
caracteritzacido d’aquestes poblacions autoctones pot ser util per tal de detectar
alteracions en el procés d’embotellament i permetre prendre les mesures correctives
adequades abans que I'aigua embotellada arribi al consumidor. Els objectius d’aquest
estudi van ser: (1) descriure les poblacions bacterianes heterotrofes aerobies en
diferents aiglies minerals naturals mitjangant métodes dependents del cultiu , i (2)
determinar si aquestes poblacions eren prou especifiques per ser discriminades de les

d’altres aiglies minerals naturals, mitjangcant un meétode de caracteritzacio fenotipica.

Per aix0 es van seleccionar tres fonts (A, B i C) situades en diferents zones de I'estat
espanyol. Es van prendre vuit mostres de cada font just abans de I’entrada a la planta
embotelladora, quatre a l'estiu i quatre a I'hivern, i es va procedir a I'aillament de
soques bacterianes heterotrofes aerobies en dues temperatures diferents (22 + 2 °C i
36 + 2 °C). Els aillats es van fenotipar bioquimicament amb les microplaques PhP-48
(Bactus AB, Suécia), i es van calcular els indexs de diversitat de Simpson (Di) i de
similitud entre poblacions (Sp). Posteriorment, es va procedir a la seqlienciacié del gen
del 16S ARNr de les soques més representatives de cadascun dels clisters bioquimics
calculats per tal de ser identificades. Finalment, es va assajar un metode “ten-fold
cross-validation” per a la identificacid de I'origen d’una aigua mineral natural a partir

del fenotipatge bioquimic d’'un determinat nombre de soques aillades.

Les fonts A i B presentaven diversitats poblacionals elevades, metre que a la font C era
menor, a causa d’'una contaminacié confirmada de Pseudomonas aeruginosa. L'estudi
de les similituds va indicar que la composicié de les poblacions bacterianes heterotrofes
eren significativament diferents entre les aiglies. A més, la temperatura de creixement,
aixi com I'estacioé de mostreig modificaven I'estructura i composicid de les fonts A i B. Es
van poder aillar un total de 517 soques i es van identificar diversos generes bacterians,

alguns rarament aillats en aquests ecosistemes.
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En conseqliencia, la metodologia fenotipica aplicada va demostrar ser valida per a la
identificacié diferencial de la microbiota en aquests ambients. A més, el model
experimental assajat va ser prou robust per permetre identificar I'origen d’una aigua
mineral natural. Per tant, I'avaluacié de la diversitat de bacteris heterotrofs aerobis pot

ser util com a base per al seguiment de les aiglies minerals naturals durant la seva vida.
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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

Keywords: . . . . . . .
Natural mineral water with a cultivation-dependent method and determine whether their autochthonous microbiota were specific
Diversity 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 (2242 °Cand 3642 °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-validation meth-
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.

Heterotrophic bacteria
Autochthonous microbiota
Microbial water quality

1. Introduction Most bottled waters are taken from springs or ground waters. Natural

mineral waters are not sterile environments, but complex ecosystems

The estimated per capita consumption of bottled water in the Eu-
ropean Union rose from 431 in 2003 to 1051 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).

* Corresponding author at: Departament de Microbiologia, Avinguda Diagonal, 645.
E-08028, Barcelona, Catalonia, Spain. Tel.: +34 934039044; fax: +34 934039047.
E-mail address: arnaucasanovas@ub.edu (A. Casanovas-Massana).

0168-1605/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijfoodmicro.2011.10.012

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
etal., 2006).

The identification and characterization of the indigenous microbiota
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
etal, 2006). It is widely known that cultivation-dependent methods 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 (2242 °C and 3642 °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 mL were filtered through
0.44 um nitrocellulose membranes (Millipore, USA). Half the filters
were incubated on R2A plates (Oxoid, CM0906, England) at 22+ 2 °C
for 14442 h. The other half were incubated on R2A plates (Oxoid,
CMO0906, England) at 36 +2 °C for 144 4 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 2242 °C or 36 +2 °C for 14442 h and
Gram staining. The number of strains isolated was 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 (Kiihn, 1985).

Cultures were prepared on R2A plates (Oxoid, CM0906, England) for
9642 h at 2242 °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 pl 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 4- 2 °C. The biochemical profiles were calculated
as described elsewhere (Kiihn et al., 1991) using the software PhAPWin®
(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 (Kiihn 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; Kiihn et al,, 1991).

2.4. Genotypic characterization

Representative strains of each defined phenotypic group were se-
lected using the PhAPWin® 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
sequence were 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 °Cand 37 °Cisolates). 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 2242 °C or 20 CFU per ml at 36 4
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 there was 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 364+2°C and in winter subpopulations (Di<0.8),

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 - -

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 (Sp<0.02)
(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: 0.2740.06; B: 0.23 4 0.04; C: 0.4640.05) (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 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 o
37°C 70 0.950

Source B

Winter 64 0.945

Summer 95 0.944 0.006
22°C 94 0.920

37°C 65 0.996 0.007
Source C

Winter 99 0.867

Summer 98 0.810 0.286
22°C 98 0.908

37°C 98 0.732 0.294
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Fig. 1. Clustering of the population similarity indexes (Sp) between the three sources
by the UPGMA method.

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 genus Mycobacterium 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.

0 02 04 0g 08
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SOURCE B

| SET SOURCE B

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 Number of strains
its accession no. in the cluster

All 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% 16
EU240201.1

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

a HQ674983 Pseudomonas putida 99% 10
HQ259593.1

C11 HQ849069 Aeromonas hydrophila 99% 5
HQ259695.1

c18 HQ674984 Ochrobactrum intermedium 93% 5
FJ887929.1

c30 HQG674986 Pseudomonas aeruginosa 99% 23
HQ283487.1

C69 HQ674988 Pseudomonas aeruginosa 99% 62
F]972538.1

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

According to European regulations (Anonymous, 2009), P. aeruginosa is
a human opportunistic pathogen which should not be present in 250 ml
drinking water. Consequently, our data revealed that water from source
C was contaminated and could not be considered a natural mineral
water. The bottling plant was 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;
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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 environmental mycobacteria 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
etal.,, 2007; Wolfetal.,2002; Yoon et al., 2006) and may 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.

Anisolate representing 15 strains in source A were identified as Sphin-
gomonas spp. Sphingomonas species are widely 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 A belonged 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; Kampfer 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; Pedrés-Alid, 2006). As a result, both
culture-dependent and molecular-based methods may help to improve
our understanding of the diversity and ecological and epidemiological
significance of the autochthonous microbiota 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 bottled water sources and as a basis for tracking natural mineral
waters during their lifetime.
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Caracteritzaci6 de les poblacions microbianes associades a piscines
naturalitzades

International Journal of Hygiene and Environmental Health (In Press)
Arnau Casanovas-Massana i Anicet R. Blanch

Les piscines naturalitzades sén cossos d’aigua artificials destinats al bany recreatiu
huma que, a diferencia de les piscines convencionals, no es troben sotmeses a cap tipus
de tractament quimic de desinfeccio. El tractament de |'aigua s’aconsegueix mitjancant
meétodes mecanics, filtres biologics i plantes arrelades en diferents punts del sistema.
Actualment no existeix cap normativa que inclogui les piscines naturalitzades, i els
parametres microbioldgics de control que s’utilitzen provenen de recomanacions
d’altres paisos. L'increment en la construccid d’aquest tipus de sistemes, concretament
les piscines naturalitzades d’us public, pot comportar un augment dels riscos, atés que
hi ha dubtes que aquestes piscines puguin garantir una qualitat sanitaria adequada. Els
objectius d’aquest estudi van ser caracteritzar les poblacions microbianes de diferents
piscines naturalitzades d’Us privat per tal d’obtenir els seus parametres microbiologics
habituals, i determinar I'origen de la contaminacid fecal en I'aigua. Aquest estudi es
plantejava com un pas preliminar alhora de fer hipotesis que permetessin predir el

comportament de sistemes més grans i d’'us public.

Amb aquest objectiu es van enumerar les poblacions de coliforms fecals, E. coli,
enterococs fecals, bacteris aerobis heterotrofics i Pseudomonas aeruginosa en quatre
piscines naturalitzades privades a I'hivern i a I'estiu. En paral-lel es van aillar poblacions
de coliforms fecals i d’enterococs fecals i es van sotmetre a un fenotipatge bioquimic
amb les microplaques PhP-RE i PhP-RF, respectivament. Es van calcular els indexs de
diversitat i similitud poblacional, i es va procedir a la identificacié dels aillats i a la

comparacio dels perfils obtinguts amb una base de dades propia.

Els resultats obtinguts van revelar que tres de les quatre piscines estudiades superaven
els limits microbiologics recomanats per a les piscines naturalitzades, ja fos per un
excés d’E.coli o d’enterococs fecals. D’altra banda, les concentracions de bacteris
heterotrofics aerobis i de P. aeruginosa van resultar ser acceptables. Les analisis dels
indexs de diversitat i de similitud poblacional suggerien que la font principal de
contaminaciod fecal a 'aigua de les piscines estava més relacionada amb la fauna del

sistema, que no pas amb les aportacions de material fecal huma. El fet que les piscines
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presentaven valors elevats d’indicadors de la contaminacié fecal també a I'hivern,

periode on no hi havia bany huma, reforca aquesta hipotesi.

Atesa la manca de regulacid d’aquest tipus de sistemes, i tenint en compte que els
riscos potencials sén més grans que no pas en les piscines convencionals, és necessari
ampliar la recerca per tal d’establir els parametres que assegurin un bany segur en les

piscines naturalitzades privades i, especialment, les publiques.



GModel
IJHEH-12594; No.of Pages6

International Journal of Hygiene and Environmental Health xxx (2012) XXX-XXX

International Journal of Hygiene and

B . . . . = imternational Journal
Contents lists available at SciVerse ScienceDirect Hygiree

Environmestal Health

Environmental Health

journal homepage: www.elsevier.de/ijheh

Characterization of microbial populations associated with natural

swimming pools

Arnau Casanovas-Massana*, Anicet R. Blanch

Departament de Microbiologia, Universitat de Barcelona, Catalonia, Spain

ARTICLE INFO

ABSTRACT

Article history:

Received 2 November 2011

Received in revised form 22 March 2012
Accepted 10 April 2012

Keywords:

Natural swimming pool
Microbial source tracking
Pseudomonas aeruginosa
Wildlife pollution
Bacterial indicators

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).

1438-4639/$ - see front matter © 2012 Elsevier GmbH. All rights reserved.
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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 0157: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

Please cite this article in press as: Casanovas-Massana, A., Blanch, A.R., Characterization of microbial populations associated with natural
swimming pools. Int. J. Hyg. Environ. Health (2012), http://dx.doi.org/10.1016/j.ijheh.2012.04.002
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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; Lutzand 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 100ml, 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

75m3, 200m3, 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°Cand 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 10am and 12 pm. Samples were transferred to
sterile bottles and immediately refrigerated at 4°C for up to 6h
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 pm
membranes (Millipore, Molsheim, France). Filters were then incu-
bated on mFC agar plates (Difco, Sparks, MD, USA) at 44.5°C for
24 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 3h at 44°C to confirm the enteroccoci colonies, based on the
hydrolysis of esculin.

Aerobic heterotrophic bacteria were enumerated by inoculating
0.1ml of the water samples and 0.1 ml of 10-! and 102 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;
Kiithn 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 ! of the suspending medium. Aliquots (25 pl) 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 (Kithn
and Mollby, 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 (Kiithn 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 (Kiihn 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 (Kiithn 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; Kithn etal., 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
(Kiithn 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 (Kithn 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 aspecies. 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; Kiihn 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 Cin 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 Table 3

Concentrations of aerobic heterotrophic bacteria and P. aeruginosa in the natural
swimming pools in the summer and winter in CFU/100 ml.

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

Aerobic heterotrophic bacteria P. aeruginosa E. coli Citrobacter Klebsiella Unidentified
Sampling 1 Sampling 2 Sampling 1 Sampling 2 Pool A 33% 16% 18% 33%
Pool B 38% 38% 0% 24%
Summer Pool C 66% 8% 0% 26%
Pool A 1.08E+05 nd. 1.00E+00 2.00E+00 Pool D 5% 72% 0% 53%
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 250 ml water sample. Shedding from infected humans is the pre-
Pool A 225E+05 1.50E+05 1.00E+G0 2.00E+00 dominant source of P. aeruginosa in conventional swimming pools.
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 10% to 10° 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 10* 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
(<10CFU/100 ml) (Table 2). However, conventional swimming pool
standards state that no P. aeruginosa isolates must be detected in

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
yearin 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, Band 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 (Kithn
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).

Please cite this article in press as: Casanovas-Massana, A., Blanch, A.R., Characterization of microbial populations associated with natural
swimming pools. Int. J. Hyg. Environ. Health (2012), http://dx.doi.org/10.1016/j.ijheh.2012.04.002




GModel
IJHEH-12594; No.of Pages6

A. Casanovas-Massana, A.R. Blanch / International Journal of Hygiene and Environmental Health xxx (2012) Xxx-XXx 5
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-D? group C-G-F* 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%

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

(a) Enterococci
0 02 04 06 08
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I— Pool D summer

Poal B

Artificial pond

Pool C

Pool D winter

Urban sewage reference

| Treated sewage reference

Swine reference
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Cattle tew reference
(b) Faecal coliforms
o 0.2 0.4 0.6 08
Pool A
Pool B
] Pool D
Pool C
Urban sewage reference
,—1 Cattle reference
| Swine wastew: reference
l Poultry reference
Treated sewage reference
I Artificial pond 1
; Artificial pond 2

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 (Kiihn 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(Marionetal.,2010; Wade etal.,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 (Calderonetal., 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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Determination of the fecal contamination origin in reclaimed water open-air
reservoirs using biochemical fingerprinting of enterococci and fecal coliforms

Sotmés a: Environmental Science and Pollution Research
Arnau Casanovas-Massana i Anicet R. Blanch

La irrigacié de camps de golf és un dels sectors en qué la demanda d’aigua regenerada
ha augmentat més en els darrers anys a causa sobretot de I'impuls legislatiu i la
disponibilitat d’aquest recurs inclds en epoques de sequera. La construccidé de basses a
mode de reservori per I'aigua regenerada és una practica habitual entre els gestors dels
camps de golf. Tanmateix, la possibilitat d’'un recreixement de les poblacions
microbianes fecals presents a 'aigua després de la desinfeccié i/o de la recontaminacié
de I'aigua amb I'entrada de nou material fecal, posa en dubte la seguretat d’aquests
reservoris. Per tant, disposar d’eines que permetin determinar |'‘origen de Ia
contaminacid fecal en aquest tipus d’ambients és clau per garantir la qualitat de I'aigua

regenerada.

Recentment, es van detectar baixes contentracions d’indicadors bacterians de
contaminacio fecal en I'aigua de dues basses utilitzades com a reservori per a l'irrigacio
d’'un camp de golf, malgrat que la qualitat de I'aigua regenerada utilitzada per omplir
les basses complia els criteris especificats a la normativa d’aiglies regenerades. El
primer objectiu d’aquest estudi va ser avaluar si el Phene-Plate System era una eina
adequada per tracar l'origen de la contaminacié fecal en aiglies amb baixes
concentracions d’indicadors, com ara la de les basses. El segon objectiu va ser
determinar si els indicadors detectats provenien d’un recreixement de les poblacions
microbianes presents a I'aigua regenerada o bé, tenien un altre origen (huma o animal)

relacionat amb les activitats del propi camp de golf.

Per aixo, es va procedir a enumerar i aillar un nombre representatiu de coliforms fecals
i d’enterococs fecals de les dues basses i de l'efluent secundari de la planta de
tractament i se’ls va sotmetre a un fenotipatge bioquimic amb les microplaques PhP-RE
i PhP-RF, respectivament. Posteriorment, es van calcular els indexs de diversitat i
similitud poblacional. Paral-lelament, per tal de descartar un recreixement de les
poblacions microbianes, es va estudiar la inactivacid de diversos microorganismes
(coliforms fecals, bifidobacteris totals, bifidobacteris fermendadors del sorbitol,
bacteriofags somatics i bacteriofags de Bacteroides thetaiotaomicron) a les basses

utilitzant un mesocosmos in situ.
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Els resultats de la caracteritzacié de les poblacions de coliforms fecals i enterococs
fecals amb el Phene-Plate System van indicar que I'origen de la contaminacid fecal a les
basses no estava relacionat amb aportacions fecals humanes. D’altra banda, els assajos
d’innactivacié demostraven que cap dels microorganismes era capa¢ de recréixer a les
basses. Per tant, es descartava que la contaminacio fecal detectada a les basses tingués
relacié amb l'aigua regenerada. De fet, tot apuntava que les aportacions de material

fecal de les aus podien ser I'origen de la contaminacié detectada.

En conclusid, el Phene-Plate System es confirmava com una eina interessant per
determinar l'origen de la contaminacié fecal en aiglies amb baixes concentracions
d’indicadors. D’altra banda, es feia palés que cal monitoritzar I'aigua regenerada durant
tota la seva utilitzacid, atés que els processos de deteriorament poden incrementar els

riscos associats a la seva utilitzacio.



Determination of the fecal contamination origin in reclaimed
water open-air reservoirs using biochemical fingerprinting of
enterococci and fecal coliforms

Arnau Casanovas-Massana* and Anicet R. Blanch

Departament de Microbiologia, Universitat de Barcelona, Catalonia, Spain

ABSTRACT

Low concentrations of fecal bacterial indicators were recently detected in two
reclaimed-water open-air ponds used to irrigate a golf course. The aim of this study was
to evaluate the feasibility of a biochemical fingerprinting method to track the origin of
the fecal contamination in waters with low levels of fecal bacterial indicators, such as
those in the ponds. Moreover, it was also pursued to determine if the presence of
these fecal bacterial indicators was due to a regrowth of the reclaimed-water
populations or to a contribution of fecal matter originated in the golf facility. Three-
hundred and fifty enterococcal strains and 308 fecal coliform strains were isolated from
the ponds and reclamation plant, and were biochemically phenotyped. Additionaly, the
inactivation of several microbial fecal pollution indicators (fecal coliforms, total
bifidobacteria, sorbitol-fermenting bifidobacteria, somatic bacteriophages and
bacteriophages infecting Bacteroides thetaiotaomicron) was studied using a mesocosm
in situ in order to analyse the decay or regrowth of these microbial indicators. Although
the concentration of fecal bacterial indicators was low, the biochemical fingerprinting
provided evidence that the origin of the fecal contamination in the ponds was not
related to the reclaimed water. Therefore, biochemical fingerprinting showed to be a
successful approach considering that other microbial source tracking methods perform
poorly when dealing with low fecal load matrices. Furthermore, the mesocosms assays
indicated that none of the microbial fecal indicators were able to regrow in the ponds.
Finally, the study highlighted that reclaimed water may be recontaminated in open-air
reservoirs and thus, the microbial quality should be monitored throughout its use.
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INTRODUCTION

The optimization and proper management of water resources is a growing concern for
most societies due to the generalized shortage of water suitable for human uses (UNO-
Water 2007). In this context, water reclamation may be a beneficial activity, since
reclaimed water is a sound alternative to drinking water in numerous areas: agricultural
irrigation, some industrial activities, aquifer recharge, cleaning of urban streets,
watering gardens and ecological purposes (Levine and Asano 2004). As a result, the use
of reclaimed water is expected to rise in many areas of the world, and more
prominently in coastal areas (Angelakis and Durham 2008). Golf-course irrigation is one
of the sectors where the demand for reclaimed water is expected to increase the most
considering the regulatory requirements to replace the conventional water sources
with reclaimed water. The need for a consistent water supply even during drought
periods, the affordable costs of this resource and the additional benefits related to the
nutrient content of the water are other relevant factors which may explain this increase
(Mujeriego 2007).

In general, the reclamation technologies available ensure reclaimed water effluents
whose microbial quality is in line with the regulations for golf-course irrigation.
However, several studies have reported the occurrence of microbial pathogens such as
Cryptosporidium, Giardia, enteroviruses, enteropathogenic E. coli, Legionella,
Mycobacterium, Aeromonas and Pseudomonas and the potential regrowth of some of
them in reclaimed-water distribution and storage systems (Costan-Longares et al. 2008;
Gennaccaro et al. 2003; Jjemba et al. 2010; Ryu et al. 2005). These situations raise
certain concern on the common strategy of constructing ornamental open-air ponds as
a mid or long term reclaimed water reservoirs, since the regrowth of the fecal bacteria
still present in the reclaimed water after the disinfection treatment cannot be
discarded. Moreover, recontamination with fecal bacteria from wildlife and/or
domestic animal defecation (Nemec and Massengale 2010; Vogel et al. 2007), urban
runoff (Sauer et al. 2011) or septic system failure (Ahmed et al. 2005a) must not be
discarded. Thus, the original microbial quality of the reclaimed water cannot be
guaranteed during the storage.

Hence, the determination of the origin of the fecal microbial populations in these
reservoirs would enhance the maintenance operations and help to guarantee their
sanitary quality. In recent years, many fecal source tracking approaches have been
proposed to distinguish the sources of animal and human fecal pollution in the
environment including ribotyping, repetitive DNA sequences, amplified fragment length
polymorphism, denaturing-gradient gel electrophoresis, pulsed-filed electrophoresis,
host-specific 16S rDNA genetic markers and antibiotic resistance analysis. The
advantages and disadvantages of each method have been widely discussed (Meays et
al. 2004; Scott et al. 2002). Particularly, one of the critical issues is the generalized poor



performance of these techniques when dealing with low fecal load matrices (Hadegorn
et al. 2011).

The Phene-Plate System™ (Bactus AB, Sweden) is a rapid biochemical fingerprinting
method which has been used to type enterococci and fecal coliforms in several
epidemiological and ecological studies, showing high discrimination and reproducibility
degrees (Ahmed et al. 2005a; Ahmed et al. 2005b; Kihn et al. 2003; Kihn et al. 2005;
Manero et al. 2006; Vilanova et al. 2004). This system is suitable in studies involving
large numbers of isolates, and potentially, in waters with low levels of fecal bacterial
indicators.

Recently, low concentrations of fecal bacterial indicators were detected in two
reclaimed-water ponds used as a reservoir for the irrigation of a golf facility. The first
aim of this study was to evaluate the feasibility of the Phene-Plate System™
biochemical fingerprinting method to track the origin of the fecal contamination in
waters with low levels of fecal bacterial indicators, such as those in the ponds. The
second aim was to discern if the presence of fecal bacterial indicators in these ponds
was due to a regrowth of the bacteria still present in the reclaimed water after the
disinfection treatment or had another origin (e.g. human or animal) related to the
activities of the golf facility. For this purpose, the Phene-Plate System™ was used to
characterize the enterococci and fecal coliforms populations associated with the water
of the ponds to provide evidence of the origin of such low concentration of fecal
contamination. Furthermore, several inactivation assays were performed using a
mesocosm in situ to discard the regrowth of the fecal bacterial indicators in the ponds.

MATERIALS AND METHODS

Description of the system

The system studied consisted of a water reclamation plant which treated an average
flow of 800,000 m* per year, mostly produced in summer. The reclamation process
involved sand filtration followed by disinfection with a combination of chlorination and
ultraviolet light. The average dose of ultraviolet light was 25-30 m)J cm”? and the
chlorine concentration-time was 55 min at 2 mg Cl L™. These treatments ensured that
the concentration of E. coli remained below 200 CFU/100 ml, which is the limit stated in
the Spanish reclamation water The historical series available showed that the
concentrations at the end of the treatment were around 20 CFU/100ml as a 9o
percentile of the annual set of data.

A portion of the reclaimed water was pumped to two outdoor artificial storage ponds
connected in series (pond A and pond B) which were used to irrigate a golf course. The
capacity of pond A was 21,000 m?® and that of pond B was 13,000 m>. The water stored
in both ponds was regularly used in the golf-course irrigation sprinklers. The volume of
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reclaimed water used for irrigation varied depending on the climatic conditions and the
needs of the golf course in the different seasons. In summer, irrigation was quite
intensive, which resulted in a pond-water residence time of around two weeks. In
contrast, the pond water was scarcely used in winter.

Sampling

Six water samples were taken at three points of the system: the inflow of the
reclamation plant, pond A and pond B. Three of the samples were taken in summer and
another three in winter. All samples were collected with aseptic techniques and were
refrigerated at 4 °C for up to 6 h before being processed in accordance to standardized
protocols (APHA 1998; ISO 1994).

Enumeration of bacterial populations

Different volumes of water samples were filtrated through 0.45 pum pore-size
membranes (Millipore, Molsheim, France). Filters were cultured on mFC agar plates
(Difco, USA) at 44.5 °C for 24 h to enumerate fecal coliforms by counting the blue
colonies (Grabow 1990). In addition, to enumerate the enterococci, another set of
filters was incubated on m-Enterococcus agar plates at 37 °C for 48 h. They were then
transferred to Bile Esculin Agar (Difco, Detroit, MI, USA) for 3 h at 44 °C to confirm the
enterococci colonies on the basis of the hydrolysis of esculine (Figueras et al. 1998;
Manero and Blanch 1999).

Biochemical fingerprinting

Fecal coliforms and enterococci populations were biochemically phenotyped using the
PhP-RE and PhP-RF plates of the Phene-Plate System™ (Bactus AB, Sweden),
respectively. Biochemical fingerprinting is based on the kinetics of several
discriminating biochemical reactions, performed in 96-well microplates with
dehydrated reagents (Kihn et al. 1991). Each isolate to be phenotyped is submitted to
eleven tests. Tests used in the PhP-RE microplates for fecal coliforms are
acidification/alkalization of cellobiose, lactose, rhamnose, desoxyribose, sucrose,
sorbose, tagatose, D-arabitol, melbionate, D-galacturonic acid y-lactone and ornithine.
Tests used in the PhP-RF microplates for enterococci are acidification/alkalization of L-
arabinose, lactose, melibiose, melezitose, raffinose, inositol, sorbitol, mannose, D-
galacturonic acid y-lactone, amygdaline and gluconate.

A maximum of 25 well isolated colonies were randomly selected from the enumeration
plates for each sample and bacterial indicator (fecal coliform and enterococci). Each set
of colonies was assumed to be representative of the whole population associated with
each sample (Bianchi and Bianchi 1982; Kihn et al. 1997). Overnight cultures of fecal
coliform isolates and enterococci were prepared on Trypticasein Soy Agar (Pronadisa,
Spain) at 37 °C. Cell suspensions were prepared by harvesting these cultures in a
suspending medium (w/v): 0.1% proteose peptone (Difco, USA) and 0.011%



bromothymol blue (Panreac, Spain) for fecal coliforms, and 0.2% proteose peptone,
0.05% yeast extract (Pronadisa, Spain), 0.5% NaCl and 0.011% bromothymol blue for
enterococci. These suspensions were used to inoculate the first well of each row of the
PhP-RE and PhP-RF microplates respectively, by picking up and resuspending a loopful
of culture in 300 pl of the suspending medium. Aliquots (25 ul) of the bacterial
suspension of this well were then transferred to the other wells of the same row after
half an hour of incubation, following the manufacturer’s instructions and as described
previously (Kiihn and Mollby 1993). The inoculated microplates were incubated at 37 °C
for both bacterial groups in a humid chamber to prevent dehydration. To obtain the
biochemical fingerprint for each isolate, acidification/alkalization in the different wells
is measured by the absorbance reading at 620 nm with the iEMS Reader MF
(Labsystems, Finland). Several readings during the incubation period are used to
evaluate the kinetics for the fermentation of each substrate. Absorbance is measured
at and 7 h, 24 h and 48 h after inoculation for fecal coliforms, and at 16 h, 40 h and 64 h
for enterococci. After the final reading, the average value of the three readings is
calculated providing eleven different numbers for each strain (its biochemical PhP
phenotype) (Kiihn et al. 1991). Similarities between strains are calculated as correlation
coeficients (r) as described before (Kihn 1985) and clustered according to unweighted-
pair group method with arithmetic averages (UPGMA).

E. coli ATCC 700609 and E. coli ATCCC 23724 were used as internal controls in PhP-RE
plates to confirm reproducibility. Strains GL-17, FSM4 and FS1 isolated previously (Kihn
et al. 2003; Kuhn et al. 2005) were used similarly in PhP-RF plates.

Diversity indexes, similarity coefficients and clustering analysis

The diversity of biochemical profiles in each sample was calculated from Simpson's
diversity index (Di) (Hunter and Gaston 1988; Kihn et al. 1991). Di measures the
distribution of isolates in different phenotypic groups. The Sp, a similarity coefficient
that measures the proportion of isolates that are identical in two compared samples
(Kihn et al. 1991) was calculated between all the populations. Then, similarity
coefficients were clustered using the unweighted pair group method analysis (UPGMA).
Furthermore, on the basis of the results of the biochemical tests, isolates for each
sampling site 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 representative strains (Kiihn et al. 1991).

Comparison to other populations

The populations of both fecal indicators at the three sampling points were compared to
a database of populations associated with slaughterhouse wastewater (fecal
contamination of animal origin) and others associated with human sewage (where the
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contamination was mostly of human origin) available from previous studies (Blanch et
al. 2003; Kuhn et al. 2005; Manero et al. 2006; Vilanova et al. 2004). In total, the
database consisted of 3556 fecal coliform isolates and 1127 enterococci. The similarity
coefficients obtained between all the populations were clustered using the unweighted
pair group method analysis (UPGMA).AIl statistical analyses described above were
performed using the software PhP-Win® (Bactus AB, Sweden).

Inactivation of fecal microbial indicators in the ponds

A water sample from pond B was spiked with a 1:50 dilution of sewage water from the
treatment plant. This matrix was used to fill dialysis tubes with a porosity cut-off of 14
Kd (Medicell Dialysis Tubing Visking, London, UK). Dialysis tubes were desalted
following the manufacturer’s instructions. Several dialysis tubes were prepared for the
matrix to allow for sampling at various time intervals. The sampling period was two
weeks in winter and one week in summer, due to the degradation of dialysis
membranes at higher temperatures. The dialysis tubes filled with 50 ml of the water
matrix were placed at a depth of 20-25 cm from the surface of pond B. Independent
assays were performed three times during the summer and four times during the
winter in which five parameters were enumerated: fecal coliforms (FC), total
bifidobacteria (TBIF), sorbitol-fermenting bifidobacteria (SBIF), somatic bacteriophages
(SOM) and bacteriophages infecting Bacteroides thetaiotaomicron (BACT). FC were
enumerated as described above. TBIF were counted on HBSA (Human Bifido Sorbitol
Agar) as described previously (Mara and Oragui 1983). Yellow colonies on HBSA were
counted as SBIF (Bonjoch et al. 2005). SOM were counted by the double-agar-layer
technique using Escherichia coli strain WG5 following the standardized procedure (I1SO
2000). BACT were enumerated as described elsewhere previously (Payan et al. 2005)
according to ISO standard 10705-4 (ISO 2001). Moreover, the physical and chemical
characteristics of pond-water (temperature, pH, electrical conductivity, dissolved
oxygen concentration and oxidation-reduction potential (ORP)) were recorded during
the assays and seasonal differences were also measured.

Enumeration results were used to calculate the inactivation kinetics of the culturable
populations. Individual measurements of the concentrations at day 0 (t;) and then daily
until the end of the assay were logy transformed. The daily reduction was used to
perform regression studies (Bonjoch et al. 2009; Balleste and Blanch 2010). The
regression lines of the inactivation value were calculated for the different populations
and the different assays (summer and winter). The following equations were used to
calculate the decay rates (K;) and the time required for 90 percent of the initial
population to decay (Tqq values (h)):

logo(N¢/Ng) = =K - t
Ty = —1/_KS



where the N, value is the cell concentration per ml at time t, and the Ny value is the
initial cell concentration per ml (at time t,) (Balleste and Blanch 2010).

Analysis of variance tests (ANOVA) and the F-test were performed using the software
Statgraphics Plus (version 5.1; Rockville, MD, USA) to make comparisons between (i) all
the indicators, and (ii) the seasonal differences. Regression analyses were carried out to
determine the possible effects of physical and of physical and chemical pond-water
characteristics, such as temperature, pH, electrical conductivity, dissolved oxygen
concentration, oxidation-reduction potential (ORP), and inactivation kinetics.

RESULTS AND DISCUSSION

The water reclamation treatment achieved the microbiological standards for golf
course irrigation, reducing up to 4.5 log,, the fecal coliforms concentrations in the
secondary-treated sewage. The seasonal variation of the fecal load in the secondary-
treated sewage did not affect the performance of the reclamation treatment. As a
result, the concentrations of fecal indicator bacteria that entered the ponds through
the reclaimed water did not present significant variations throughout the year.
Regarding the ponds, in winter they presented very low concentrations of both fecal
indicator bacteria (<0.10 log,, CFU/100 ml), even lower than those in the reclaimed
water. In contrast, in summer the concentrations reported were much higher than in
winter or in the reclaimed water (Tab. 1). Hence, the reclaimed water used to fill the
ponds was confirmed to meet the standards established in Spanish regulations for golf-
course irrigation (Anonymous 2007). However, in summer, the concentrations of fecal
indicator bacteria in the ponds were higher than in the reclaimed water, indicating that
during the storage in the ponds, the microbial quality of the water gets somehow
deteriorated. The increased concentrations reported in summer may be related to
either a regrowth of the fecal indicator bacteria that entered the ponds through the
reclaimed water, or to a contribution of fecal matter originated in the golf facility
(diffuse pollution, birds or other wildlife, etc.). In contrast, the low concentrations
detected in the ponds in winter suggested that the regrowth effect or the alternative
source of fecal contamination might be insignificant or non-existent in this season.

A total of 308 enterococci (225 in summer and 83 in winter) and 315 fecal coliforms
(225 in summer and 90 in winter) were isolated and biochemically phenotyped using
the PhP-RF and PhP-RE plates, respectively. High diversity values were found for both
populations at the secondary-treated sewage in summer and in winter (Di>0.94) in line
with previous studies (Blanch et al. 2003; Vilanova et al. 2004). The diversity index was
more moderate in the ponds in summer and was especially low for the enterococci in
pond A. In general, low fecal bacterial indicator diversities have been related to inputs
of fecal pollution associated with few individuals (Kiihn et al. 1997). In winter, the
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diversity indices in the ponds could not be compared to those in summer because of
the low number of enterococci and fecal coliforms isolated (Tab. 1).

The analysis of the similarity coefficients in summer indicated that enterococci
populations in pond A and pond B were strongly similar (Sp>0.2), and thus, they shared
the same biochemical profiles structure for this bacterial population. The similarity
coefficients obtained for fecal coliforms supported this strong similarity between ponds
(Sp>0.2). On the other hand, the populations of fecal indicator bacteria in the
secondary-treated sewage were different from those isolated in ponds A and B
(Sp<0.2). The analysis performed in winter showed that there was no similarity
between the fecal coliform or enterococci populations of the secondary-treated
sewage, pond A and pond B. However, the coefficients in winter were not as consistent
as those in summer, since the number of isolates was low (Tab. 2).

The results of the comparison between the populations of both fecal indicators at the
three sampling points against a previously developed database of populations (Blanch
et al. 2003; Kihn et al. 2005; Manero et al. 2006; Vilanova et al. 2004) showed that the
enterococci and fecal coliforms from the secondary-treated sewage were significantly
associated with those from the human sewage isolated in other wastewater-treatment
plants. In contrast, the enterococci and fecal coliforms from both ponds were not
correlated with those from human sewages or animal (swine, poultry and cattle)
wastewaters (Fig. 1). As a result, the biochemical fingerprinting suggested that the
source of fecal pollution in the ponds in summer was not related to contributions
associated to the reclaimed water treatment plant.

Considering the inactivation experiments in mesocosms, none of the fecal microbial
indicators analyzed was able to regrow or even persist into the pond for a long time. On
the contrary, they all presented a clear inactivation kinetic, which was significantly
different between microorganisms (p<0.0086 in summer and p<0.0032 in winter). The
inactivation rate of the fecal microbial indicators ranged from SBIF > TBIF > FC > BACT >
SOM both in summer and in winter, with the lowest and highest Tqq by bifidobacteria
and somatic coliphages, respectively (Tab. 2). This results are consistent with results
reported previously (Chung and Sobsey 1993; Duran et al. 2002; Moce-Llivina et al.
2005; Sinton et al. 1999), in which somatic bacteriophages and bacteriophages infecting
B. thetaiotaomicron were more persistent than fecal coliforms and other indicators in
sewage, seawater and freshwater. Additionally, the low persistence regarding
bifidobacteria confirmed the results previously obtained in river water (Bonjoch et al.
2009). Several parameters are involved in the inactivation of fecal microbial indicators
in aquatic environments; these include temperature, solar radiation, predation, pH,
salinity, organic matter and dissolved oxygen (Pote et al. 2009). In this study, only water
temperature was found to be significantly higher in summer (24.3 °C1.6) than winter
(7.1 °C £0.9) and thus, it may be an important factor to explain the faster inactivation of



the fecal microbial indicators in that season (Tab.2). The higher persistence of microbial
populations in winter has been reported in other studies on in situ microbial
inactivation (Duran et al. 2002; Schaper et al. 2002; Yukselen et al. 2003; Whitman et al.
2004). Overall, these results provided evidence that the fecal microbial indicators that
entered the ponds through the reclaimed water could not regrow in that natural
environment and consequently, the reclaimed water could not be the source of the
increased levels of fecal indicator bacteria.

Another issue to consider is the low fecal coliform/enterococci ratio (FC/E) reported in
the ponds in summer. As several authors have previously observed (Feachem 1975;
Geldreich and Kenner 1969;), low FC/E ratios are often related to fecal contamination
of animal origin. Although the validity of this ratio has been questioned (Jagals and
Grabow 1996; Sinton et al. 1998), it may serve as a preliminary indicator. The
reclamation plant processed exclusively human sewages and presented higher FC/E
ratios. Therefore, it is unlikely to be the source of the pollution in the ponds.

Overall, all data suggested that there was a source of fecal matter in the ponds other
than the reclaimed water. Furthermore, large numbers of birds, particularly Anas
platyrhynchos and Anser anser, were observed in and around the ponds in summer. In
winter, these birds were hardly ever seen, a finding which suggested that the high
pollution levels detected in summer might be related to their droppings. Though the
relation to such wildlife fecal contribution was not the scope of this study, this fecal
origin should not be discarded, since other authors have recently indicated that bird
feces may be a significant source of fecal indicator bacteria in recreational waters (Edge
and Hill 2007; Grant et al. 2001; Wither et al. 2005; Wright et al. 2009).

CONCLUSIONS

To sum up, the biochemical fingerprinting and the inactivation assay provided evidence
that the source of fecal pollution in the ponds was not related to the reclaimed water.
An input from animal fecal matter generated by the ponds’ own dynamics was
hypothesized as the main contributor. Therefore, although the reclaimed water
complied with sanitary regulations, the microbial quality of the water deteriorated
during the residence time in the ponds, probably due to wildlife activity. From a general
point of view, these results point out an important limitation in the current reclaimed-
water regulation which does not foresee the potential recontamination of properly
disinfected waters and its consequences (Anonymous 2007). As a result, the legal
interpretation of recontaminations is complex and therefore its health implications
should be studied to achieve a better understanding of the associated risks.
Nevertheless, the results suggest that a disinfection treatment achieving
concentrations of E. coli around 1 log unit at a percentile 90 ensures that the ponds do
not exceed the regulatory limit of 200 CFU/100 ml considering the input of fecal matter
by diffuse pollution, birds or other wildlife, etc.
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The biochemical fingerprinting of both enterococci and fecal coliforms was useful to
discard the human origin of the fecal pollution in the ponds, although the
concentration of fecal indicator bacteria was low (around 10® CFU fecal coliforms/100
ml). This application may be relevant considering that other culture-dependent and
culture-independent microbial source tracking methods proposed over the last years
have shown great limitations when implemented in waters with low concentrations of
fecal indicator bacteria (Hagedorn et al. 2011).

Finally, the study highlights that the microbial quality of reclaimed water should be
monitored after leaving the treatment plant to ensure the safety of the water
throughout the duration of its use.
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TABLES

Table 1. Average of concentration in log;, units (CFU/100 ml) and population diversity of the
bacterial groups analyzed in the secondary-treated sewage (TS), reclaimed water (RW), pond A
(PA) and pond B (PB) in summer and winter. Values of standard deviation for colony counts and

number of isolates analyzed for diversity are indicated in brackets.

Fecal coliforms Enterococci
Concentration Di Concentration Di
TS 5.94 (+0.08) 0.96 (75) 4.44 (+0.15) 0.98 (75)
g RW 1.36 (+0.51) - - -
E pa 2.73 (+0.31) 0.89 (75) 3.27 (+0.67) 0.41 (75)
? PB 2.78 (+0.16) 0.89 (75) 2.27 (+0.62) 0.91 (75)
TS 4.07 (+0.01) 0.99 (45) 3.39 (+0.58) 0.94 (32)
5 RW 1.17 (+0.40) - - -
i)
'§ PA 0 0.94 (9) 0 0.95 (11)
PB 0.06 (+0.10) 0.50 (36) 0.10 (+0.17) 0.84 (42)



Table 2. Similarity coefficients between the fecal coliforms or enterococci populations in the

secondary-treated sewage (TS), reclaimed water (RW), pond A (PA) and pond B (PB) in summer

and winter
Enterococci Fecal coliforms
Summer Winter Summer Winter
TS PA TS PA TS PA TS PA
PA 0.094 - 0 - 0.102 - 0.026 -
PB 0.194 0.204 0 0.013  0.189 0.420 0.053 0

Table 3. Average Ty values (h) obtained from the regression lines of the inactivation models of
culturable fecal coliforms (FC), total bifidobacteria (TBIF), sorbitol-fermenting bifidobacteria
(SBIF), somatic bacteriophages (SOM) and Human-Bacteroides bacteriophages (BACT). P-values

were calculated using the ANOVA test. Values of standard deviation are indicated in brackets.

Summer Winter P-value between seasons
FC 73.7 (£1.7) 198.8 (£62.8) 0.020
TBIF 67.9 (£1.2) 158.9 (£6.5) 0.000
SBIF 46.8 (£11.3) 144.6 (+43.9) 0.020
SOM 102.3 (+28.5) 387.1(+126.9) 0.019
BACT 75.2 351.6 (+98.6) 0.083

FIGURES

Figure 1. Clustering of the similarity indexes (Sp) of the enterococci and fecal coliform
populations isolated in the treated sewage, pond A, pond B and other populations associated
with slaughterhouse wastewater and human sewage by the UPGMA method.

Fig. 1A Enterococci
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Fig. 1B Fecal coliforms
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3. Discussio i conclusions

3.1 Article 1: Identificaci6 de Pseudomonas aeruginosa en plantes
embotelladores d’aigua en base als procediments inclosos a la ISO
16266:2006

Durant el periode d’estudi, els laboratoris de les plantes embotelladores
col-laboradores van prendre regularment mostres d’aigua en diferents punts del
sistema d’envasat i van aillar un total de 41 soques, que van identificar de manera
presumptiva com a Pseudomonas aeruginosa. Aquesta primera identificacio es basava a
la pigmentacié que produien les colonies que creixien en el medi d’aillament (agar de
cetrimida suplementat amb acid nalidixic). Totes aquelles colonies que presentaven una
coloracié verdosa, blavosa o que eren fluorescents quan se les il-luminava amb Ilum
ultraviolada, eren seleccionades com a presumptes P. aeruginosa.

Després de comprovar la puresa dels cultius i que la seva morfologia cel-lular fos de
bacil gram negatiu, totes les soques aillades van ser sotmeses a les proves incloses a la
ISO 16266:2006 (capacitat de creixement i pigmentacid en agar de cetrimida
suplementat amb acid nalidixic, creixement en brou d’acetamida, pigmentacié en agar
King B i test de la oxidasa). La combinacié dels resultats d’aquestes proves determinava
si una soca s’identificava o no com a P. aeruginosa. Addicionalment, es van assajar
altres proves que s’han utilitzat ampliament per a la identificacié de P. aeruginosa, pero
que no estan incloses a la ISO 16266:2006. Aquestes proves van ser: el creixement en
brou d’asparagina, la pigmentacié en agar King A i la capacitat de creixement a 4°Ci a
42°C. Aquesta darrera prova apareix en la definicié de P. aeruginosa en el text de la I1ISO
16266:2006, de manera que es pot considerar un assaig complementari. Finalment, es
van utilitzar dos sistemes de fenotipatge bioquimic disponibles comercialment: API
20®NE (Biomérieux, Franca) i PhP-48 de Phene-Plate System™ (Bactus AB, Suécia), per
caracteritzar totes les soques aillades; i es va seqlenciar el gen del 16S ARNr de les
soques més representatives de cadascun dels grups fenotipics definits.

Els assajos inclosos a la ISO 16266:2006 van permetre identificar 27 de les 41 soques
aillades com a P. aeruginosa. De fet, els resultats de totes les proves eren coincidents:
totes produien piocianina, pioverdina o piorubina en agar de cetrimida suplementat
amb acid nalidixic, podien créixer produint amoni en el brou d’acetamida, produien
pioverdina en agar King B i presentaven |'enzim citocrom C oxidasa. A banda de les
proves basiques, també totes produien piocianina en agar King A i podien créixer a 42°C
en agar nutritiu, perdo no a 4°C. La restants soques aillades no complien els criteris
establerts a la norma i, per tant, quedaven descartades com a P. aeruginosa. De fet, cap
d’aquestes soques descartades produia piocianina, piorubina o pioverdina en agar de
cetrimida suplementat amb acid nalidixic, que és el primer assaig a qué s’han de
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sotmetre les soques segons el procediment estandarditzat. Aixo indicaria que els
laboratoris de les plantes envasadores no realitzaven correctament la identificacid
presumptiva de les soques. En aquest sentit seria recomanable proveir els laboratoris
de les plantes envasadores de material de referéncia, especialment controls positius i
negatius, per tal que apliquessin correctament la norma ISO 16266:2006, i
minimitzessin les soques mal identificades.

En un altre ordre de coses, les galeries API®20NE identificaven 29 de les soques aillades
com a P. aeruginosa. Aquestes 29 soques presentaven 7 perfils bioquimics diferents
(Taula 6), la variabilitat dels quals es deu a una variabilitat en els resultats d’algunes de
les proves de la galeria i, per tant, a un fenotip diferent entre les soques. Les proves
amb resultats variables van ser: I'arginina dihidrolasa (90% de soques positives), la
ureasa (24% de positives), la B-glucosidasa (17% de positives), la B-galactosidasa (14%
de positives), 'assimilacié de I’'N-acetil-glucosamina (93% de positives), I'assimilacié de
I'acid adipic (97% de positives) i I'assimilacié de I'acid fenilacétic (3% de positives). Els 7
perfils bioquimics tenien percentatges d’identificacié entre el 67,9% i el 99,9%, tot i que
la gran majoria de soques tenien percentatges d’identificacid superiors al 98%.

Taula 7. Perfils API®20 NE obtinguts per a les soques identificades com a P. aeruginosa i percentatge
d’identificacio

Perfil API®20NE Nombre de soques % identificacio

1154575 17 99,50%
1354575 5 99,90%
1354577 1 98,10%
1474575 3 67,90%
1554475 1 99,90%
1574475 1 99,90%
1354555 1 99,90%

De les 29 soques identificades amb aquest sistema, 27 coincidien amb els resultats de
la ISO 16266:2006. Hi havia, tanmateix, dues soques (soca 30 i soca 31) que no es
consideraven P. aeruginosa segons la 1ISO 16266:2006, pero que si que s’identificaven
com a tal amb el sistema API®20NE.

El fenotipatge bioquimic en base a les microplaques PhP-48 va permetre discriminar
quatre grups fenotipics (A, B, Ci D) i 11 soques no agrupades (Figura 2). Els grups Ai B
contenien 25 soques en total, totes elles identificades com a P. aeruginosa tant pel
procediment estandarditzat com per les galeries API® 20NE. També s’identificaven com
a P. aeruginosa amb tots dos metodes, dues soques sense agrupar (3 i 27) properes als
grups A i D. Finalment, el grup B, molt proper al grup A, estava format per les dues
soques identificades com a P. aeruginosa amb el sistema API® 20NE, pero no segons la
ISO 16266:2006.
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La seqlienciacio del gen que codifica el 16S ARNr de les soques més representatives de
cada grup fenotipic i de les soques sense agrupar, va confirmar que els grups fenotipics
A, B i D eren P. aeruginosa. Per tant, 29 soques quedaven definitivament confirmades
com a P. aeruginosa, incloent les soques 30 i 31 (grup B) que presentaven resultats
contradictoris entre el procediment de la ISO 16266:2006 i I'’API®20NE. Per tant, la
norma ISO 16266:2006 identificava correctament 27 de les 29 soques finalment
confirmades com a P. aeruginosa, pero hi havia dos falsos negatius (soques 30 i 31).
Aquestes dues soques no produien pigments en I'agar de cetrimida suplementat amb
acid nalidixic ni en I'agar King B, de manera que el procediment de la ISO 16266:2006,
basat fonamentalment en la capacitat de P. aeruginosa de produir pigments
caracteristics, no les podia detectar. De fet, no totes les soques de P. aeruginosa son
productores d’aquests pigments, com demostren estudis previs que han aillat soques
ambientals no pigmentades (55). En conseqiiéncia, es fa palés que la ISO 16266:2006
presenta limitacions a I’hora d’identificar aquest tipus de soques, fet que cal tenir en
compte en futures revisions de la norma. En tot cas, caldria aprofundir en I'estudi de la
prevalenca i distribucié de les soques no pigmentades, per tal d’establir quina és la seva
significacio des d’un punt de vista sanitari.

La resta de grups i soques sense agrupar es classificaven com a altres espécies de
Pseudomonas sp. (P. putida, P. stutzeri, i d’altres sense identificar) o d’altres géneres
(Delftia, Acinetobacter, Rhizobium i Pseudoxanthomonas).

A la llum dels resultats obtinguts amb la seqliéncia del 16S ARNr, el sistema API®20NE
es confirmava com una eina capa¢ de proveir una identificacid correcta a totes les
soques de P. aeruginosa, sense presentar ni falsos positius ni falsos negatius. Aixi
doncs, aquest sistema pot ser d’interés en aquelles situacions on es treballi amb soques
amb identificacions dubtoses.

Pel que fa a les proves addicionals assajades, el creixement en brou d’asparagina no va
resultar ser un assaig fiable. Les soques 2 i 4 presentaven creixement en aquest medi,
malgrat que es van identificar posteriorment com a P. putida i, per tant, la capacitat de
créixer en brou d’asparagina no seria exclusiva de P. aeruginosa. A més, la soca 24
confirmada com a P. aeruginosa no era capag de créixer-hi, essent un fals negatiu.

En canvi, el creixement en agar King A i a 4°Ci 42°C si que eren capagos de discriminar
correctament totes les soques, incloent les soques 30 i 31, falsos negatius de la ISO
16266:2006. Atés que soOn proves barates, senzilles, rapides el seu Us pot ser
recomanable en la confirmacié de P. aeruginosa, seguint els procediments de la ISO
16266:2006.
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Figura 2. Dendograma dels perfils bioquimics obtinguts per a les 41 soques estudiades amb el sistema PhP-
48. Tres grups fenotipics s’identifiquen com a P. aeruginosa: grup A (cercles vermells), grup B (cercles grocs) i
grup D (cercles blaus). Les soques 3 i 37 sense agrupar (creus verdes) també es van identificar com a P.

aeruginosa.
CONCLUSIONS:

e El procediment descrit a la ISO 16266:2006 identifica adequadament la major
part dels aillats de P. aeruginosa, llevat dels casos de soques no pigmentades.

e (Cal disposar de soques tipus a mode de control positius i negatiu per a
cadascun dels assaigs inclosos a la ISO 16266:2006, per tal de minimitzar els
errors d’identificacio als laboratoris de les plantes envasadores.

e Esrecomana la incorporacié dels assaigs de creixement en agar King Aia 4°Ci
42°C en les analisis rutinaries d’aiglies envasades.

e Les galeries API®20NE poden ser d’ajuda en la confirmacié d’aquells aillats que
generin dubtes en base als criteris de la ISO 16266:2006.



Discussid i conclusions

3.2 Article 2: Diversitat de les poblacions microbianes heterotrofes per a la
diferenciacioé d’aigiies minerals naturals

Es van seleccionar tres fonts d’aigua mineral natural destinades a I'embotellament
situades en diferents zones climatiques i geografiques de I’estat espanyol (fonts A, B, i
C). Durant un any es van prendre vuit mostres d’aigua en cadascuna de les fonts, la
meitat de les quals a l'estiu i I'altra meitat a I'hivern, seguint els procediments
estandarditzats per evitar qualsevol contaminacio o alteracié de la mostra (59). Un cop
recollides les mostres, es procedia a I'enumeracié dels microorganismes heterotrofs
aerobis, filtrant diferents volums de mostra a través de membranes de nitrocel-lulosa
amb un diametre de porus de 0,44 um. La meitat dels filtres s’incubaven a 22°C i I'altra
meitat a 37°C, ambdds durant sis dies en R2A. Passat aquest temps, es va realitzar el
recompte de les colonies i es va procedir a aillar un maxim de 50 soques per a
cadascuna de les temperatures d’incubacié i cadascuna de les estacions a les tres fonts.
Després de comprovar la puresa dels cultius, tots els aillats es van fenotipar mitjancant
les microplaques Php-48 (Bactus AB, Suécia). Amb els perfils bioquimics obtinguts per a
cada soca, es van calcular els index de diversitat de cada poblacid i subpoblacié, aixi
com els indexs de similitud entre poblacions i entre subpoblacions. També es va
calcular la matriu de correlacions entre tots els perfils bioquimics de cada font, i es van
definir els seus grups fenotipics majoritaris. La soca més representativa de cadascun
d’aquests grups es va identificar seqlienciant el seu 16S ARNr. Finalment, es va assajar
un model “ten-fold cross-validation” en base als perfils bioquimics de sets de 25 soques
seleccionades a I'atzar de cada font, per tal de comprovar si el fenotipatge bioquimic de
les poblacions microbianes permetia identificar I'origen de I'aigua mineral natural.

3.2.1 Recomptes i diversitat poblacional

El recompte de bacteris heterotrofs aerobis en R2A va resultar ser menor de 100
UFC/ml a 22°C i menor de 20 UFC/ml a 37°C en les tres aiglies minerals naturals, per
tant, totes les fonts complien la Directiva 54/2009/CE en aquest sentit. D’altra banda,
les aiglies A i B també complien la resta de parametres microbiologics establerts a la
Directiva (abséncia d’E. coli i altres coliforms fecals, abséncia de parasits, abséncia
d’espores de clostridis reductors del sulfit i abséncia de P. aeruginosa). Es confirmava,
doncs, que aquestes dues aiglies eren aptes per a I'embotellament i el consum huma.
Tanmateix, I'aigua de la font C va presentar fins a 90 aillats de P. aeruginosa en els
diversos mostrejos efectuats, tots ells confirmats pel procediment descrit a la ISO
16266:2006, i comentat abastament en el punt anterior. Aixi doncs, aquesta aigua no es
podia considerar una aigua mineral natural, ni ser apta per al consum huma. En
conseqliéncia, es va procedir a alertar 'empresa envasadora per tal que detectés i
eliminés el focus d’aquesta contaminacié i desinfectés apropiadament tot el sistema
d’embotellament, per evitar els riscos sanitaris derivats.
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A partir de les plaques d’R2A utilitzades per a I'enumeracié de bacteris heterotrofs
aerobis, es van aillar un total de 517 soques, les quals van ser sotmeses al fenotipatge
bioguimic. D’aquests 517 aillats, 161 provenien de la font A, 159 de la font Bi 197 de la
font C, distribuits entre temperatures (Taula 7).

Taula 8. Nombre de soques aillades a cada font per cada estacié i temperatura.

Estaci6 Nombre d'aillats || Temperatura Nombre d'aillats
Hivern 72 22°C 91
Font A
Estiu 89 37°C 70
Hivern 64 22°C 94
Font B
Estiu 95 37°C 65
Hivern 99 22°C 98
Font C
Estiu 98 37°C 98

Les fonts A i B van obtenir valors de diversitat poblacional elevats (Di>0,970) fet que
indicava que no hi havia cap fenotip majoritari en aquestes aiglies, sind que hi havia
una gran varietat de perfils bioquimics diferents. En canvi, la font C presentava una
diversitat menor (Di=0,879), cosa que suggeria que existia un o uns pocs fenotips
dominants sobre el conjunt de la poblacié. En el cas de les subpoblacions, els resultats
eren forga similars. Les subpoblacions de les fonts A i B, tan les aillades diferencialment
a I'hivern i a I'estiu, com les de 22°C i37°C, eren altament diverses (Di>0,920), mentre
que les de les de la font C tenien diversitats forga inferiors, especialment a I'hivern
(Di=0,867) i a 37°C (Di=0,732). Aquest és un resultat coherent tenint en compte que
gairebé la meitat dels aillats de la font C es van identificar posteriorment com a P.
aeruginosa. Tots aquests aillats s’agrupaven en només tres grups fenotipics (Taula 7),
de manera que la presumible diversitat original de I'aigua de la font C, quedava molt
disminuida a causa de la proliferacié de P. aeruginosa.

3.2.2 Similituds poblacionals

A a les fonts A i B, es va poder observar que entre les subpoblacions aillades a 22°Ci a
37°C, i entre les aillades a I’hivern i a I'estiu hi havia indexs de similitud molt baixos
(Sp<0.007). Per tant, la composicid i I'estructura dels diferents perfils bioquimics i,
conseqlientment, de les subpoblacions bacterianes eren diferents. La diferéncia
detectada entre diferents temperatures d’aillament era esperable, atés que es coneix
que les temperatures d’aillament sén un factor de selecci6 molt important dels
microorganismes. Tanmateix, les diferéncies detectades entre les estacions de mostreig
van ser sorprenents. Les aiglies minerals naturals per definicié no han de presentar
variacions significatives en les seves propietats fisicoquimiques, de manera que els
ecosistemes microbians associats a una aigua en particular haurien de ser forga
constants. Una hipotesi que podria explicar el fenomen observat seria que les diferents
forces de succié per extreure l'aigua mineral estaven mobilitzant diferents
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microambients dins el mateix |'aquifer. Una altra hipotesi a considerar seria que les
petites variacions en la temperatura de I'aigua entre les diferents estacions estiguessin
seleccionant favorablement algunes poblacions de [l'aqiifer, modificant aixi la
composicié de la microbiota de I'aigua extreta. En tot cas, no tenim constancia de cap
altre estudi que hagi fet el seguiment temporal de la microbiota d’una mateixa aigua
mineral natural abans de ser embotellada, i per tant, cal més recerca en aquest sentit
per poder confirmar les diferéncies observades entre estacions.

D’altra banda, les subpoblacions de la font C, mostraven similituds superiors a 0,2 i, per
tant, es podia considerar que eren homogenies i no sofrien variacions entre estacions ni
temperatures d’aillament. Aquest era un resultat esperable atesa la contaminacié
detectada per P. geruginosa, present de manera tant en els aillats de 22°C i de 37°C,
com els d’hivern i d’estiu.

Els valors de similitud poblacional calculats per a les poblacions globals de les tres fonts
van ser molt baixos (Sp<0,016), posant de manifest que les poblacions bacterianes i la
seva estructura eren totalment diferents entre les fonts. Aquest suggereix que I'estudi
de les poblacions bacterianes de les aiglies minerals naturals pot ser aplicable per a la
discriminacio de les fonts i els seus aqtiifers.

3.2.2 Model «ten-fold cross-validation»

Pel que fa al model assajat, es va determinar que els sets de 25 soques tenien indexs de
similituds mitjans respecte a la poblacié global superiors a 0,2 en totes les aiglies
minerals naturals cosa que significa que aquests sets de soques equivalien en termes
d’estructura i composicié a la poblacié global (Figura 3). Aixi, el fenotipatge de 25
soques representatives del total de la poblacié era suficient per representar tota la seva
variabilitat i diversitat. Aixo demostra la poténcia d’aquest sistema, capag d’identificar
I'origen d’una aigua mineral natural a partir del fenotipatge de 25 soques
representatives.

Set Font A

— |— Font A

FontC

I— Set Font C

| Set Font B

Font B

Figura 3. Dendograma de les mitjanes aritmeétiques dels indexs de similitud calculats per al model «ten-fold
cross-validation» segons el métode UPGMA.

91



92

Discussié i conclusions

3.2.3. Identificacio

A partir de la matriu de correlacions entre els perfils bioquimics de les soques aillades a
cadascuna de les aiglies minerals naturals, es van poder definir un total de 27 grups
fenotipics formats per 4 o més soques. En cadascun d’aquests grups, la soca que tenia
la correlacié minima més alta i la correlacié mitjana més alta respecte la resta de
soques, es va seleccionar com la representant del grup i es va procedir a la seqlienciacié
del seu gen del 16S ARNr per tal d’identificar-la. Aixi, es van seqiienciar els gens del 16S
ARNr de 10 soques de la font A, 8 soques de la font B, i 9 soques de la font C, que
representaven el 62%, el 36% i el 82% del total de la poblacid, respectivament. La taula
8 mostra la identificacié de cada soca seqlienciada en base a la maxima similitud
trobada a la base de dades del NCBI (National Center for Biotechnology Information).

El génere Pseudomonas conformava una quarta part de la poblacié a les fonts A, un
17% de la font B i un 56% de la poblacié de la font C. Aquests resultats concorden amb
altres estudis de diversitat de poblacions microbianes en aiglies minerals naturals que
apunten que aquest és un génere ampliament distribuit en aiglies minerals naturals, i
que acostuma a suposar proporcions importants de les poblacions aillades (16, 54, 94,
111). Tanmateix, encara que aquest sigui un génere propi d’aquests ambients, la
presencia de 90 aillats identificats com a P. aeruginosa a la font C posava de manifest
que aquesta aigua en concret estava contaminada ja que d’acord amb la Directiva
54/2009/CE aquest patogen oportunista huma no ha de ser present en 'aigua de
beguda.

A banda del génere Pseudomonas, a la font A s’hi van aillar 19 soques d’Acidovorax spp.
i 15 soques d’Sphingomonas spp. que han estat descrits en diferents estudis com un
genere habitual en les aiglies minerals naturals (16, 78, 111, 116). També s’hi van
trobar 10 aillats de Delftia spp. que ha estat descrit en sols i altres ambients aquatics
(32, 65, 124). Per tant, sembla que Delftia spp. és un génere adaptat als ambients
aquatics, i és raonable pensar que algunes especies puguin ser propies d’aiglies
minerals naturals. A més, es van identificar 7 aillats d’Herminiimonas glacei, una
especie recentment proposada (83), tot i que genere inclou altres especies, algunes
aillades d’aiglies minerals naturals (67). Finalment, 10 aillats van identificar-se com a
Rhizobium spp., genere que no ha estat mai aillat en aigiies previament, pero si en sols.
Cal, doncs, seguir aprofundint en I'ecologia i distribucié de Delftia spp., Herminiimonas
spp. i Rhizobium spp. per tal d’assegurar que son autoctones de I'aigua mineral natural.

Pel que fa a la font B, és interessant la identificaci6 de Mycobacterium spp., que
suposava un 25% del total de la poblacié. De fet, moltes especies pertanyents a aquest
genere s’han vingut aillant de diferents tipus d’aiglies, incloses les embotellades (76,
98). En general aquestes espécies es consideren d’origen ambiental i, per tant, son part
de la microbiota autoctona de les aiglies minerals naturals. També es van trobar tres
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soques de Janthinobacterium lividum, un oxalobacteri pigmentat que s’ailla sovint en
diferents tipus d’aiglies (97).

Taula 9. Identificacid de la soca representativa de cada grup fenotipic.

Soca Soca més propera Nombre de soques al grup
All Acidovorax facilis 99% 19
Al13 Herminiimonas glaciei 100% 7
A66 Pseudomonas sp. 100% 10
A80 Pseudomonas alcaligenes 100% 16

Al115 Pseudomonas mandelii 100% 7

Al119 Pseudomonas sp. 100% 6

Al34 Delftia sp. 100% 10

A159 Sphingomonas sp. 100%

Al63 Sphingomonas sp. 100%

A182 Rhizobium sp. 99% 10
B22 Mycobacterium sp. 99% 18
B87 Pseudomonas sp. 100% 4
B104 Mycobacterium sacrum 99% 3
B133 Mycobacterium sp. 99% 3
B144 Mycobacterium sp. 99% 2
B148 Mycobacterium sp. 99% 2
B186 Janthinobacterium lividum 100% 3
B198 Pseudomonas sp. 99% 23

Cc3 Pseudomonas putida 99% 10
Cl11 Aeromonas hydrophila 99% 5
C18 Ochrobactrum intermedium 93% 5
C30 Pseudomonas aeruginosa 99% 23
Cc69 Pseudomonas aeruginosa 99% 62

C111 Pseudomonas sp. 100% 11
C129 Delftia sp. 100% 25
C175 Pseudomonas aeruginosa 99% 5
C198 Stenotrophomonas maltophilia 100% 16

Finalment, a la font C s’hi van trobar 25 soques de Delftia spp., que com ja s’ha discutit
per a la font A, és potencialment propia de les aiglies minerals naturals. D’altra banda,
es van aillar soques de Stenotrophomonas spp., génere que inclou especies previament
aillades en sols (56, 123), cosa que fa pensar que pugui ser també autoctona
d’ambients aquatics. Finalment, també es van trobar aillats d’Aeromonas hydrophila,
que es considera un indicador de qualitat higiénica (91), perd que altres autors
proposen com a propia d’aiglies minerals naturals (31, 102). En tot cas, com que es
tracta d’una font clarament contaminada, cal dubtar de l'origen natural d’aquests
bacteris i, per tant, cal seguir investigant per confirmar que siguin realment autoctons.
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CONCLUSIONS:

e Les aiglies minerals naturals sén ecosistemes molt diversos. L'elevat nombre
de generes poc descrits en aquests ambients que es van trobar, i els canvis de
composicié observats entre estacions confirma que es tracta d’ambients
complexos, i que encara hi ha un gran desconeixement sobre la seva
composicid i dinamica.

e (Cada aigua mineral natural conté una microbiota autoctona propia,
I’estructura i composicié de la qual és prou diferent com per poder diferenciar-
la amb metodes de caracteritzacié fenotipica de la de d’altres aigiies minerals
naturals. Les variacions en aquestes poblacions poden indicar canvis en les
poblacions autoctones, perd també la presencia de bacteris al-loctons
(patogénics o no).

e Cal seguir caracteritzant les poblacions autoctones de diferents aiglies
minerals naturals, per tal de comprovar si I'avaluacid de la diversitat pot ser
aplicable per identificar les fonts i com a base per al monitoratge de les aiglies
minerals naturals durant la seva vida.
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3.3 Article 3: Caracteritzacié de les poblacions microbianes associades a
piscines naturalitzades

Es van estudiar les poblacions microbianes de quatre piscines naturalitzades d’Us privat
(A, B, Ci D) amb volums d’entre 75 m>i 200 m>. Es van prendre mostres de cadascuna
de les piscines seguint els protocols estandarditzats (59), dues vegades a I’estiu en totes
les piscines, i dues vegades a I’hivern (piscines A i D).

Posteriorment, es va procedir a I'enumeracié dels coliforms fecals, I'E. coli i els
enterococs mitjancant la filtracié per membrana i el cultiu en medis selectius i
diferencials (58, 60). Els bacteris heterotrofics totals es van enumerar per sembra en
extensid en agar R2A i incubacié a 22°C durant 72h. Finament, la preséncia de P.
aeruginosa es va analitzar seguint els métodes estandarditzats (61). Posteriorment, es
va procedir a realitzar un fenotipatge bioquimic de les poblacions de coliforms fecals i
enterococs préviament aillades, amb les microplaques PhP-RE i PhP-RF del Phene-Plate
System™ (Bactus AB, Suecia). A partir dels perfils bioquimics obtinguts es van calcular
els indexs de diversitat i els coeficients de similitud entre poblacions i es va procedir a
identificar els aillats per comparacié amb una base de dades de perfils bioquimics.
Finalment, es van comparar les poblacions de coliforms fecals i enterococs amb d’altres
poblacions aillades en estudis anteriors en diferents tipus d’aiglies residuals (humanes i
animals) (19, 74, 89, 117).

Els recomptes de les poblacions de bacteris heterotrofics aerobis se situaven entre 10™
10° UFC/100mL en totes les piscines i mostrejos, tant a I’hivern com a I'estiu (Taula 9).
Tot i que aquest parametre no apareix en les recomanacions per a les piscines
naturalitzades, si que ho fa en algunes normatives nacionals de piscines convencionals
(23, 34, 50) amb limits que se situen al voltant de 10" UFC/100mL. Tenint en compte
que les piscines naturalitzades no tenen tractaments de desinfeccid, sembla raonable
pensar que els recomptes de bacteris heterotrofics aerobis puguin ser superiors a els de
les piscines convencionals. Per tant, les concentracions trobades, entre 0,8 i 1,4
logaritmes superiors al limit establert per a piscines convencionals, eren esperables.

Es va poder aillar P. aeruginosa en totes les mostres de totes les piscines naturalitzades,
tant a I'hivern, com a l'estiu, encara que en concentracions per sota dels limits de les
recomanacions per a piscines naturalitzades. P.aeruginosa, és un microorganisme de
distribucio ubiqua que s’ailla de manera habitual en sols, aiglies i vegetals (2) i, per tant,
no sembla estrany que sigui present de forma natural a les piscines, i no associada amb
les aportacions per part banyistes. El fet que en temporada d’hivern, quan no hi havia
bany a les piscines, es detectessin concentracions similars que a les de |’estiu, reforgaria
aquesta hipotesi. Malgrat tot, cal estudiar amb més profunditat la presencia de P.
aeruginosa en aquests sistemes, perqué la seva entrada per via humana no es pot
descartar (120), especialment en sistemes amb densitats de bany més elevades. En
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aquests casos la seva concentracid podria superar els limits recomanables per a
garantir la seguretat de |'aigua de bany.

Taula 10. Concentracions de bacteris heterotrofics aerobis i de P. aeruginosa a les quatre piscines

naturalitzades en UFC/100 ml.

Bacteris heterotrofics aerobis P. aeruginosa
Mostra 1 Mostra 2 Mostral Mostra 2
PiscinaA  1,08-10° n.d. 1,00:10°  2,00-10°
> PiscinaB  1,69-10° 2,40-10° 1,00-10°  3,00-10°
& PpiscinaC  6,6510° 4,00-10° 3,00:10°  2,00-10°
PiscinaD  6,65-10* 2,70-10° 1,00-10°  1,00-10°
£ PiscinaA  2,25:10° 1,50-10° 1,00-10°  2,00-10°
£ piscinaD  2,3810° 6,30-10" 2,00:10°  1,00-10°

D’altra banda, tal com es pot veure a la taula 10 les concentracions d’E. coli eren
adequades segons les recomanacions per a les piscines naturalitzades en totes les
piscines tant a I’hivern com a I'estiu, amb I'excepcidé d’'una de les mostres preses a la
piscina C. En aquest cas concret, la piscina presentava 205 UFC/100 ml d’E.coli, quan la
recomanacié n’estableix 100 com a limit. A més, totes les piscines, excepte la A,
superaven els limits establerts per als enterococs (40-50 UFC/100 ml) en almenys un
dels dos mostrejos efectuats a I'estiu. Aixi doncs, les piscines B, C, i D no presentaven
una qualitat microbiologica suficient per a ser considerades aptes per al bany.

Taula 11. Enumeracid d’E.coli i enterococs a les piscines a I'estiu i a I’hivern en UFC/100 ml.

E. coli Enterococs

Mostra 1 Mostra 2 Mostra 1 Mostra 2
Piscina A 2,60-10" 1,70-10" 1,30-10" 8,00-10°
2 PiscinaB 1,75-10" 8,50-10° 5,00-10" 3,26-10"
& PpiscinaC 6,90-10" 2,05-10° 7,30-10" 1,68-10
Piscina D 5,50-10° <0.5 2,50-10" 8,30-10"
£ PiscinaA <0.1 <0.1 4,00-10" 6,55-10"

£ PiscinaD <0.1 <0.1 1,48-10 <0.1

A I'hivern, les concentracions d’enterococs seguien essent elevades (properes o
superant el limit establert a les recomanacions). Aquest fet és interessant de cara a
poder establir I'origen de la contaminacio fecal a I'aigua de les piscines. D’una banda,
tenint en compte que en aquesta epoca, no hi havia activitat de bany, es descartava
I’'aportacié humana directa a les piscines. Aquesta contaminacié tampoc podia provenir
de l'aigua d’entrada a les piscines, ja que en tots els casos era aigua potable
convenientment tractada (7). Aixi doncs, els indicadors detectats a I'hivern havien
d’estar relacionats amb una entrada de material fecal per part de la fauna salvatge
(ocells, rosegadors, etc.).

Pel que fa al fenotipatge bioquimic, es van poder fenotipar 249 enterococs (199 a
I'estiu i 50 a I’hivern) i 184 coliforms fecals (tots ells a I’estiu). En general, els index de
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diversitat obtinguts van ser elevats tant per als coliforms fecals com per als enterococs.
La piscina C era la que mostrava una diversitat menor a I'estiu. Aquesta piscina tenia
una major activitat durant I'estiu que la resta, i de fet les concentracions d’E. coli també
eren les més grans de totes les piscines. Per tant, aquesta baixada de la diversitat
podria estar relacionada amb una entrada de material fecal puntual (70).

Els coeficients de similitud indicaven que les poblacions de coliforms fecals i
d’enterococs fecals de les quatre piscines s’assemblaven més entre si, que no pas a les
poblacions relacionades amb aigtlies residuals animals o humanes. Aquest fet reforcava
la idea que els indicadors trobats a les piscines no estaven relacionats amb
contaminacid fecal d’origen huma, o si més no, no exclusivament. A més, les poblacions
d’enterococs d’una bassa naturalitzada fortament influenciada per aus migradores
(Anas platyrhynchos i Anser anser), van resultar ser molt properes a les que es van
trobar a les piscines naturalitzades, cosa que apuntaria a un possible origen animal de
la contaminacié (Figura 4).

I Piscina A

Piscina D - Estiu

| Piscina B
- Bassa naturalitzada

Piscina C

Piscina D - Hivern

| Aigua resigual humana
Aigua residual humana tractada
Escorxador porci

| Escorxador de pollastre

Escorxador bovi

Figura 4. Dendograma dels coeficients de similitud entre les poblacions d’enterococs aillades a les piscines i
d’altres poblacions associades a aigua amb contaminacié fecal d’origen huma o animal.

La classificaciéd taxonomica dels coliforms fecals no va aportar gaire informacié que
ajudés a diferenciar les poblacions de les piscines. Tanmateix, pel que fa als enterococs,
les piscines A, B i D, presentaven una proporcié important del grup format per
Enterococcus casseliflavus, Enterococcus gallinarum i Enterococcus flavescens. Aquest
grup ha estat relacionat amb material fecal d’origen animal (73), de manera, que la
seva presencia destacada suggeriria una entrada de material fecal animal a I'estiu.

En resum, aquest estudi posava de manifest que tres de les quatre piscines
naturalitzades estudiades no complien els requisits establerts a les recomanacions per
aquests tipus de sistemes de bany (46, 96, 114). Encara hi ha for¢a controversia a nivell
cientific sobre la relacid entre els indicadors bacterians de contaminacié fecal en aiglies
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recreatives i les malalties gastrointestinals. De fet, alguns estudis epidemiologics
recents en aiglies recreatives continentals han trobat relacions significatives entre E.
coli i lI'augment d’aquests trastorns entre els banyistes (90). En canvi, altres estudis
exposen que lI'increment de les malalties gastrointestinals es correlacionen poc amb les
concentracions d’indicadors bacterians, pero si en canvi amb la densitat de banyistes,
cosa que subratllaria la importancia de la transmissié banyista-banyista. (28). En
qualsevol cas, els resultats suggereixen que la fauna que envoltava les piscines
estudiades era un element clau per explicar la contaminacid fecal a les piscines que, per
tant, no estava relacionada exclusivament amb les aportacions fecals humanes per part
dels banyistes. Aquesta observacid esta d’acord amb les descripcions d’altres autors
que apunten que els ocells i la fauna salvatge poden ser contribuidors importants de
material fecal en aiglies recreatives continentals i costeres (37, 119, 121). Les
implicacions sanitaries derivades d’aquest tipus de contaminacid encara estan poc
estudiades, pero cal no menystenir-les (42), atés que pot ser una font important de
patogens zoonotics com ara Salmonella i Campylobacter (30).

Taula 12. Percentatge d’enterococs a les piscines en base a la comparacid dels perfils de PhP amb a base de
dades i de les sequiencies del 16S ARNr.

Ent. faecalis  Ent. faecium Ent. mundtii Grup H-D*  Grup G-C-F* No identificats

Piscina A 8% 28% 12% 4% 36% 12%
Piscina B 34% 12% 18% 0% 26% 10%
Piscina C 50% 8% 12% 4% 10% 16%
Piscina D 0% 14% 33% 0% 43% 10%
Piscina D hivern 0% 60% 0% 12% 8% 20%

* Grup H-D: Enterococcus hirae i Enterococcus durans; Grup C-G-F: Enterococcus casseliflavus, Enterococcus
gallinarum i Enterococcus flavescens.

Els resultats obtinguts poden ser Utils de cara a estimar els riscos microbiologics en
piscines naturalitzades publiques amb densitats de banyistes superiors. En aquest
escenari, caldria tenir en compte que les condicions higiéniques i sanitaries dels
banyistes estarien menys controlades i que, per tant, I'entrada de material fecal huma
podria ser superior. El risc afegit que suposa que nens petits, gent gran, dones
embarassades o persones immunodeprimides utilitzin aquestes piscines, pot posar en
dubte que el sistema de tractament natural sigui capa¢ de garantir una adequada
qualitat de I'aigua des d’un punt de vista sanitari.
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CONCLUSIONS:

Les piscines B, C i D presentaven concentracions d’E.coli i/o enterococs
superiors als limits establerts a les recomanacions per a piscines naturalitzades
i, per tant, no serien aptes per al bany des d’aquest punt de vista. En canvi, les
concentracions de P. aeruginosa eren adequades.

La contaminacio fecal relacionada amb la fauna s’apunta com un contribuidor
significatiu en les piscines naturalitzades privades. Malgrat que els riscos
relacionats amb aquest tipus de contaminacid estan poc descrits, seria
interessant emprendre mesures correctores que reduissin aquesta font de
contaminacié fecal, per tal que les piscines poguessin complir les
recomanacions microbiologiques.

El sistema de depuracié natural sembla ser forga limitat alhora de disminuir la
contaminacié fecal a les piscines naturalitzades, cosa que posa en dubte la
seva aplicabilitat en piscines de major volum i obertes al public.

Cal aprofundir en la recerca d’aquests sistemes per determinar quins
parametres asseguren una qualitat microbiologica suficient des d’un punt de
vista sanitari, atés que no existeix encara cap normativa reguladora per a les
piscines naturalitzades.

99



100

Discussié i conclusions

3.4 Article 4: Determinacio de I'origen de la contaminacié fecal en reservoris a
'aire lliure d’aigua regenerada mitjancant el fenotipage bioquimic
d’enterococs i coliforms fecals

El sistema estudiat consistia en dues basses naturalitzades (A i B) utilitzades per al rec
per aspersid d’'un camp de golf. Les basses s’emplenaven amb aigua regenerada
provinent d’una estacid regeneradora d’aiglies residuals. Aquesta depuradora tenia un
tractament terciari combinat de cloracid i llum ultraviolada que s’aplicava a l'aigua de
sortida del tractament secundari (llots activats). En les séries historiques
proporcionades pel laboratori de la depuradora no s’observaven canvis significatius en
les concentracions d’E. coli, que es mantenien en tot moment per sota dels limits
establers pel Reial Decret 1620/2007 (<200 UFC/100 ml).

Es van prendre sis mostres d’aigua residual no tractada a la planta de tractament i sis
mostres de I'aigua de cadascuna de les basses. La meitat de les mostres es van prendre
a l'estiu i 'altra meitat a I’hivern. Seguidament, es va procedir a a I'enumeracio de les
poblacions de coliforms fecals i enterococs la tecnica de la filtracié per membrana i la
sembra en els medis selectius i diferencials descrits préviament (43, 51, 88).
Posteriorment, a partir de les plagques d’enumeracié, es van seleccionar un maxim de
25 soques de cadascuna de les mostres i per cadascun dels microoganismes estudiats, i
es va procedir al seu fenotipatge bioquimic amb les microplaques PhP-RE i PhP-RF del
Phene-Plate System™ (Bactus AB, Suecia) per als coliforms fecals i els enterococs,
respectivament. Un cop obtinguts els perfils bioquimics es van calcular els index de
diversitat i els coeficients de similitud entre poblacions. Addicionalment, es van
comparar els perfils bioquimics de les poblacions aillades contra una base de dades
propia desenvolupada en estudis anteriors a partir de 3556 aillats de coliforms fecals i
1127 aillats d’enterococs de diferents tipud d’aiglies residuals (19, 74, 89, 117).

Paral-lament, per tal de descartar un recreixement a I'aigua de les basses es va estudiar
la inactivacid de cinc indicadors microbians de contaminacié fecal a partir d'un
mesocosmos in situ. Els microorganismes seleccionats van ser: coliforms fecals (CF),
bifidobacteris totals (TBIF), bifidobacteris fermentadors del sorbitol (SBIF), bacteriofags
somatics (SOM) i bacteriofags de Bacteroides thetaiotaomicron (BACT). Aixi, es van
preparar bossetes de dialisi (14 Kd de porositat) i es van emplenar amb una dilucié 1:50
d’aigua residual no tractada de I'estacié depuradora. Es van dipositar els tubs en una
malla i es van submergir a la bassa B durant diverses setmanes, durant les quals es van
anar prenent mostres i es van enumerar els parametres seleccionats seguint els
procediments descrits anteriorment (18). Durant els mostrejos es van determinar les
caracteristiques fisicoquimiques de la bassa (temperatura, conductivitat, oxigen dissolt i
potencial redox). Les enumeracions van servir per a determinar la cinética d’inactivacié
de cadascun dels parametres i calcular la seva Tqo. A la vegada, es va realitzar una
analisi de la varianca (ANOVA) per tal de comparar les inactivacions de tots els
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parametres i les diferencies estacionals. Finalment, es van utilitzar analisis de regressio
per a poder determinar l'efecte dels diferents parametres fisicoquimics en les
cinetiques d’inactivacio.

Les concentracions de coliforms fecals i d’enterococs a I'aigua residual eren els esperats
atenent a la poblacid equivalent de la planta de tractament. També les concentracions
observades a 'aigua després del tractament terciari eren les esperables i complien les
regulacions per tal de ser utilitzada per al rec de camps de golf (menys de 200 UFC/100
ml d’E. coli). Tanmateix, a I'estiu, les concentracions dels indicadors estudiats eren forca
superiors que les que es trobaven a I'aigua regenerada (Taula 13). Aix0 indicava que a
I'estiu, a les basses s’hi estava donant o bé un fenomen de recreixement important de
les poblacions provinents de I'aigua regenerada, o bé una entrada de material fecal
relacionat amb la dinamica i activitats del propi camp de golf. En canvi a I'hivern, les
basses presentaven valors molt baixos dels indicadors estudiats, un logaritme per sota
dels que entraven per via de l'aigua regenerada, fet que indicava que en aquesta
estacid el recreixement o I'entrada alternativa de material fecal era inexistent. Amb
aquests resultats també es va poder calcular la proporcié entre coliforms fecals i
enterococs (FC/E), que va donar valors baixos a les basses a I'estiu, contrastant amb els
valors alts que es trobaven a l'aigua residual durant tot I'any. Els valors baixos de la
relacié FC/E s’han relacionat sovint amb la contaminacié fecal d’origen animal, mentre
que els valors alts es relacionen amb la contaminacio fecal humana (41, 49). Tot i que la
validesa d’aquesta proporcié ha estat qiiestionada en molts estudis (49, 62, 112),
especialment quan s’utilitza en casos amb contaminacié fecal antiga, pot servir com un
indicador preliminar. Aixi doncs, atenent a aquesta relacié, la contaminacié fecal
detectada a les basses semblava no estar relacionada amb una aportacié humana.

Taula 13. Mitjana logaritmica i desviaci6 estandard (logio UFC/100 ml), i diversitat de les poblacions en I'aigua
del tractament secundari (TS), I'aigua regenerada (AR), la bassa A (BA) i la bassa B (BB). El nombre de soques
esta indicat entre paréntesi.

Coliforms fecals Enterococs
Carrega Di Carrega Di
TS 5,94 (+0,08) 0,96 (75) 4,44 (+0,15) 0,98 (75)
.f__’, AR 1,36 (+0,51) - - -
ud BA 2,73 (+0,31) 0,89 (75) 3,27 (+0,67) 0,41 (75)
BB 2,78 (+0,16) 0,89 (75) 2,27 (£0,62) 0,91 (75)
TS 4,07 (x0,01) 0,99 (45) 3,39 (+0,58) 0,94 (32)
§ AR 1,17 (+0,40) - - -
T BA 0 0,94 (9) 0 0,95 (11)
BB 0,06 (+0,10) 0,50 (36) 0,10 (x0,17) 0,84 (42)

Pel que fa al fenotipatge bioquimic, es van poder aillar i processar 308 soques
d’enterococs (225 provinents dels mostrejos d’estiu i 83 de I'hivern) i 315 coliforms
fecals (225 de I'estiu i 90 de I'hivern). Es van obtenir valors de diversitat elevats al
tractament secundari per als dos indicadors, mentre que els valors a les basses a I'estiu
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eren més moderats. A I’hivern, el nombre de soques que es van poder aillar a les basses
fou petit i per aixo, les diversitats calculades poden ser esbiaixades i no sén, per tant,
comparables amb les de I'estiu.

L’analisi dels coeficients de similitud indicava que les poblacions d’enterococs i de
coliforms fecals a I'estiu eren molt similars entre les dues basses, i a la vegada eren
diferents de les poblacions aillades del tractament secundari (Figura 5). L’analisi de les
similituds a I’hivern, suggeria que no hi havia similitud entre cap de les poblacions.
Tanmateix, ates que el nombre de soques aillades en aquesta estacio és molt baix, els
resultats obtinguts no sén tan solids com els de I'estiu. En qualsevol cas, el fet que les
poblacions no presentessin similituds importants amb les poblacions del secundari,
estaria indicant que la font de contaminacid fecal a I'aigua no estaria relacionada amb
I’entrada de contaminacié humana via |'aigua regenerada.

Figura 5. Dendrograma dels coeficients de similitud a I'estiu segons el métode UPGMA de les poblacions
d’enterococs i coliforms fecals a les basses i a I'efluent secundari.

a) Enterococs b) Coliforms fecals
0 02 04 06 038 0 02 04 06 08
Efluent secundari Efluent secundari
-] Bassa B Bassa A
Bassa A Bassa B

La comparacié de les poblacions aillades contra la base de dades propia situava els
coliforms fecals i els enterococs de les basses totalment allunyats de les poblacions
amb contaminacié fecal humana, perd també de les poblacions aillades en aigua
residual d’escorxadors (Figura 6).

Figura 6. Dendrograma dels coeficients de similitud a I'estiu segons el métode UPGMA de les poblacions
aillades a I'efluent secundari, les basses (Ai B) i altres poblacions aillades en aiglies residuals humanes o
d’escorxadors.

a) Enterococs
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b) Coliforms fecals
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Pel que fa als assajos d’inactivacié en mesocosmos, cap dels indicadors microbians
estudiats va ser capag de recréixer o de persistir a 'aigua de les basses. De fet, tots
presentaven una clara cinetica d’inactivacid, que, tanmateix, era significativament
diferent per a cadascun dels microorganismes (p<0.0086 a I'estiu i p<0.0032 a I'hivern).
A més a més, tots ells s’inactivaven significativament més rapidament a I'estiu, que no
pas a I'hivern (Taula 14). Els bacteriofags somatics eren els que presentaven una major
persisténcia, seguits dels bacteriofags de B. thetaiotaomicron. Aquesta major
persistencia dels bacteriofags respecte els indicadors bacterians ja ha estat destacada
per d’altres autors en estudis amb aiglies residuals, superficials i marines (27, 36, 93,
113). D’altra banda, la baixa persisténcia dels bifidobacteris, tant totals, com
fermentadors del sorbitol, també ha estat observada anteriorment, tot i que en
ambients d’aigua circulant (20).

Taula 14. Valors de Ty (h) obtinguts a partir de les linies de regressié dels models d’inactivacié per als
diferents parametres microbiologics. La desviacio estandard esta indicada entre paréntesi.

Estiu Hivern P-valor entre estacions
FC 73,7 (£1,7) 198,8 (+62,8) 0,020
TBIF 67,9 (£1,2) 158,9 (16,5) 0,000
SBIF 46,8 (+11,3) 144,6 (+43,9) 0,020
SOM 102,3 (+28,5) 387,1(+126,9) 0,192
BACT 75,2 351,6 (+98,6) 0,083

Aquests resultats posaven de manifest que els microorganismes que entraven a les
basses a través de I'aigua regenerada no podien recréixer en I'aigua de les basses, i, per
tant, I'aigua regenerada no podia ser la font dels indicadors detectats a les basses
durant I'estiu.

Aixi doncs, tot semblava indicar que la contaminacié fecal detectada no tenia relacié
amb l'aigua regenerada que s’utilitzava per emplenar les basses. De fet, durant el
periode d’estudi es va poder observar que a I’estiu, hi havia una colonitzacié important
de les basses i el seu entorn per part d’aus, especialment Anas platyrhynchos i Anser
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anser. A I'hivern, per contra, no es va observar cap d’aquestes aus a la zona de les
basses. Per tant, sembla molt raonable pensar que les deposicions d’aquests animals, ja
fos per via directa a I'aigua, com per escorrentia i contaminacioé difusa, podria ser una
font important de contaminacio fecal. Altres autors han demostrat que les aus sén una
font de contaminacié molt destacable en d’altres tipus de masses d’aigua (37, 52, 63,
121).

CONCLUSIONS:

e Lla caracteritzacié bioquimica i l'estudi d’inactivaci6 van proporcionar
evidéncies que la contaminacié fecal detectada a les piscines a I'estiu no tenia
relacid amb les poblacions que entraven a través de |'aigua regenerada.

e L'origen de la contaminacid fecal a les basses sembla estar relacionat amb una
aportacié de material fecal animal, probablement ocells, generat al propi
sistema.

e Hi ha una limitacié important a la normativa de regeneracié d’aiglies atés que
no contempla la possibilitat de recontaminacid de I’aigua un cop tractada, cosa
complica la interpretacio d’aquestes situacions des d’un punt de vista legal.

e El fenotipatge bioquimic d’enterococs i coliforms fecals és una eina util per a
I’estudi de I'origen de la contaminacié fecal en aquells casos on la carrega fecal
és baixa (<102 UFC/100 ml), fet que és rellevant, tenint en compte que molts
altres metodes presenten problemes en ser aplicats per sota d’aquestes
concentracions.

e La qualitat microbiologica de les aiglies regenerades ha de ser monitoritzada
inclus després de finalitzar el seu tractament, per tal de garantir que segueixen
essent segures en el moment de la seva utilitzacio.
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5. Informes

5.1 Informe del factor d'impacte

Els articles que formen part de la Memoria de la Tesi Doctoral presentada per Arnau
Casanovas i Massana han estat publicats o sotmesos per a la seva publicacié en revistes
internacionals indexades al Journal Citation Reports® tal i com es detalla a continuacio:

Casanovas-Massana, A., Lucena, F. and Blanch, A.R. 2010. Identification of
Pseudomonas aeruginosa in water-bottling plants on the basis of procedures included
in ISO 16266:2006. Journal of Microbiological Methods 81, 1-5.

Aquesta revista es troba inclosa en el tercer quartil de I'area tematica de Microbiologia
(63/107) amb un factor d’impacte per a I’'any 2010 de 2,018.

Casanovas-Massana, A. and Blanch, A.R. 2012. Diversity of the heterotrophic microbial
populations for distinguishing natural mineral waters. International Journal of Food
Microbiology 153, 38-44.

Aquesta revista es troba inclosa en el primer quartil de I'area tematica de Ciéncia i
Tecnologia dels Aliments (7/128) amb un factor d’impacte per a ’any 2010 de 3,143.

Casanovas-Massana, A. and Blanch, A.R. Characterization of microbial populations
associated with natural swimming pools. International Journal of Hygiene and
Environmental Health (In press)

Aquesta revista es troba inclosa en el primer quartil de I'area tematica de Salut Publica,
Ambiental i Ocupacional (28/142) amb un factor d’impacte per a I'any 2010 de 2,886.

Casanovas-Massana, A. and Blanch, A.R. Determination of the fecal contamination
origin in reclaimed water open-air reservoirs using biochemical fingerprinting of
enterococci and fecal coliforms. (Sotmesa a Environmental Science and Pollution
Research)

Aquesta revista es troba inclosa en el segon quartil de I'area tematica de Ciencies
Ambientals (39/193) amb un factor d’impacte per a I’'any 2010 de 2,870.

Dr. Anicet R. Blanch i Gisbert
Barcelona, 14 d’abril de 2012.
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5.2 Informe de coautoria

El doctorand Arnau Casanovas i Massana ha participat en els articles que formen part
de la seva Tesi Doctoral de la manera que es detalla a continuacio:

Casanovas-Massana, A., Lucena, F. and Blanch, A.R. 2010. Identification of
Pseudomonas aeruginosa in water-bottling plants on the basis of procedures included
in ISO 16266:2006. Journal of Microbiological Methods 81, 1-5.

El doctorand va dur a terme la major part de les tasques experimentals, incloent la
caracteritzacié bioquimica, fenotipica i genotipica de les soques estudiades. D’altra
banda, va participar activament en la redaccié del manuscrit i en I'elaboracié de les
taules i figures.

Casanovas-Massana, A. and Blanch, A.R. 2012. Diversity of the heterotrophic microbial
populations for distinguishing natural mineral waters. International Journal of Food
Microbiology 153, 38-44.

El doctorand va dur a terme la major part de les tasques experimentals, incloent el
mostreig, caracteritzacio fenotipica i genotipica de les soques i els calculs estadistics.
També va participar activament en la redaccié del manuscrit i en I'elaboracié de les
taules i figures.

Casanovas-Massana, A. and Blanch, A.R. Characterization of microbial populations
associated with natural swimming pools. International Journal of Hygiene and
Environmental Health (In press).

El doctorand va dur a terme la major part de les tasques experimentals, incloent el
mostreig, processament de les mostres, enumeracié i caracteritzacié de les poblacions
bacterianes i els calculs estadistics. També va participar activament en la redaccié del
manuscrit i en I'elaboracié de les taules i figures.

Casanovas-Massana, A. and Blanch, A.R. Determination of the fecal contamination
origin in reclaimed water open-air reservoirs using biochemical fingerprinting of
enterococci and fecal coliforms. (Sotmesa a Environmental Science and Pollution
Research).

El doctorand va dur a terme la major part de les tasques experimentals, incloent el
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bacterianes, I'estudi d’inactivacié en mesocosmos i els calculs estadistics; i va participar
activament en la redaccié del manuscrit i en I'elaboracié de les taules i figures.

Dr. Anicet R. Blanch i Gisbert
Barcelona, 14 d’abril de 2012.
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