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“The difficult is
what takes a little time.
The impossible is

V4

what takes a little longer.

~ Fridtjof Nansen (Norwegian polar explorer). Listener 14 December 1939
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Vaig comengar la tesi al 2017 amb una mica d’experiéncia com a analista en microbiologia
d’aiglies pero completament inexperta en biologia molecular, bioinformatica, estadistica, o
taxonomia bacteriana, aixi que assumia el repte molt motivada per submergir-me en aquestes
arees i comengar una nova etapa. Ara, cinc anys després, entrego la meva tesi. Malgrat la
muntanya russa que suposa |'etapa predoctoral, aquests Ultims anys m’han obert els ulls a nous
aspectes de la meva vida com a cientifica i també com a persona, i he viscut experiéncies
inoblidables que confio m’aportaran les eines necessaries per continuar creixent en I'ambit

personal i professional.

La tesi és una muntanya amb alt desnivell, i per ascendir, necessites eines i coneixement. No és
una muntanya normal, es variable i el pic s’allunya i s’apropa continuament, perd no puges sola.
| és que al llarg del cami t’acompanyen moltes persones de les qui aprens perqué puguis arribar
a fer el cim i per aix0 tu estas aqui, i gracies a tu, jo també. El cert és que ja estava avisada de la
“muntanya tesi” abans de comencar (mea culpa) pero el que no m’havien dit és que havia de
portar el anillo al Monte del Destino a contrarellotge amb sabates de talé...aixi que com bé

aconsellava el gran Dr. Xavi Fernandez Casi, si estas dubtant en fer una tesi... HUYE! ;)

Per comencar volia agrair als meus directors de tesi i tutora, els responsables que avui estigui
aqui escrivint aquestes linies, m’heu acompanyat fins al cim i ara ja em queden pocs metres per

a la defensa :)

Belén, aquesta era la idea que et rondava pel cap quan vas picar la porta de I’Anicet i la Cristina,
i al final s’ha fet realitat. Gracies per confiar en mi, escoltar-me i el teu suport. Tot aix0 ja va
comengar abans del doctorat quan em vas donar I'oportunitat d’entrar al gran equip de micro, i
fer el TFM i la resta de projectes que han anat sorgint, i durant aquesta etapa m’has ensenyat a
volari algar el vol. Gracies pels teus Belén al rescate, a ensenyar-me a estimar els colorcitos, a la
teva capacitat critica i rigor cientific i als nostres “ 5 minuts” i prou. Haurem de tancar aquesta

etapa com quan vam entregar el TFM!

Anicet, he de dir que em feia vertigen comencar la tesi perque no sabia si podria estar a I'algada
del grup ni quin ambient em trobaria, perd rapidament m’heu fet sentir com a casa perque
MARS és un gran equip. Escoltar-te sempre és una classe magistral! | n’he pogut aprendre molt
durant aquesta etapa. Gracies per tenir la porta sempre oberta, per aconseguir que pogués anar
a fer 'estada amb I’'Owen a Tromsg, per la teva confianca i recolzament durant aquesta etapa i

per ensenyar-me a ser pragmatica quan el temps apreta.
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Cristina, mil gracies per ensenyar-me a fer practicament tot el que no sabia abans de comencgar
la tesi, com tota la part molecular, escriure articles, a barallar-nos amb R i amb les seqléncies...
També per la teva paciencia infinita, per escoltar-me, treballar tantissim i tant bé colze a colze
fins a hores intempestives, per les autoritzacions i estar pendent quan portava les mostres a la
maleta cap Tromsg per si em detenien a I'aeroport! Quina d’experiéncies bones i altres més
complicades hem passat. Sento que hem crescut i evolucionat molt juntes aquests 5 anys,
agafant les dues més confianca en les nostres tasques com a directora i com a doctoranda. Has
estat la meva mentora per poder assolir poc a poc les fites de la tesi, aixi que gracies per sempre
ajudar-me en tot! Moltes gracies també a la resta de caps del grup. No he pogut treballar
directament amb vosaltres, perd m’ha encantat compartir estones divertides. Als veterans, per
ser tant auteéntics i explicar-nos “batallitas” que ens alegren el dia, gracies Francisco i Joan.
Maite, moltes gracies pels teus consells al llarg de la tesi i pel suport a Viena! Em fa molta il-lusié

gue puguis formar part del tribunal de la tesi per tancar aquesta etapa.

També moltes gracies a tots els MARSIT@S, |'’engranatge perqueé el grup funcioni tant bé!! Com
deia abans, hi ha tantes histories rares fent tesis que em feia por caure en un grup i no encaixar.
Quina sort he tingut de caure en aquest grup, sou una petita familia fantastica. Gracies per
escoltar els meus monolegs i fer corrillos per parlar de mil coses. M’he sentit molt a gust amb
vosaltres i el que em sap greu és no haver pogut passar més temps amb vosaltres, perd espero
recuperar aquest temps ara que ja seré més lliure. Aiora tens una capacitat d’organitzacio i
coordinacié admirables. Gracies per ajudar-me amb tot, i no només el material, pressupostos i
coses rares que ens hem trobat amb la meva partida pressupostaria...També per escoltar-me i
aconsellar-me!. Raquel! Pura energia, buen rollo e increible tu capacidad de trabajo! Fuiste mi
guia para dar los primeros pasos en el grupo. Gracias por tus consejos de la vida y cosmética
zero wate y cruelty-free, tus abracitos de animo y sobretodo por tus anécdotas tan divertidas de
tu dia a dia, nadie podria explicarlo con mas gracia! Laura tu vas ser la meva doctora de
referéncia just a I'entrar tot i que ja ens coneixiem del treball amb el RETOS. No sé si ho recordes
perd em vas donar mil consells com en 5 minuts que encara segueixo processant! Quina crack i
quina energia! Gracies per ajudar-me en els meus inicis! Miriam...MIL GRACIES per tots els
consells, ajuda, suport, i aguantar els meu podcast de socorro per whats (aprofito per demanar
disculpes a tots els que llegiu perque segur que heu rebut algun dels meus podcast per
WhatsApp de més de 10 minuts...) i “assistencia tecnica” al llarg de tota la tesi. Ets una gran
persona i gran professional. Julia, gracias por tus consejos técnicos y personales al lo largo de la
tesis, y por compartir juntas todos los virus que han circulado estos afios! Creo que no nos hemos

saltado ni uno jeje. Dani, companiero de fatigas desde que empezamos juntos el master! Muchas
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gracias por todo! Eres un crack con un sentido del humor brutal! Gracias por todos tus consejos,
por existir cuando estabamos en el curso de Python xD, ayudarme a encontrar mi casa de
Hogwarts y por mantenerme tranquila en momentos de caos. Paula, hem coincidit poquet pero
compartim passié por lo polar! Gracies per avisar-nos dels les sessions café con hielo tant
interessants. Molts anims en aquesta recta final! Pedro a ti también te queda bien poquito, creo
que vamos a depositar a la par, asi que te deseo lo mejor, que esto ya casi lo tenemos! Gracias
por los buenos ratos en Viena. Eli moltes gracies per la teva ajuda amb les gPCR quan em sortien
coses rares i per les anécdotes de les teves experiéncies a I’Antartida. Pablo y Lorena, con
vosotros igual hemos coincidido mads en los cafés que en el lab por el tipo de trabajo que he
hecho, pero me encanta vuestro sentido del humory vuestros piques asturianos! Asi que gracias
por vuestros consejos y Lorena, gracias por el apoyo en Viena cuando estaba nervi por la
presentacion. Y no podia olvidarme de Javi Méndez! Muchisimas gracias por tu ayuda con
estadistica y con R!. Por preguntarme como llevo la tesis y por las charlas de micro tan
interesantes donde salen siempre ideas guays! Y al resto de Marsitos con los que no he podido
coincidir mucho o nada, estaréis muy bien en este grupo, estd lleno de buena gente y con mucha

experiencia que os ayudaran muchisimo, asi que mucha suerte en vuestras tesis, TFM y TFG!

Una altra persona molt especial a qui vull agrair I'ajuda (i 'amistat) amb les meves primeres
passes de molecular a la uni és la Maite Falcd. Ets puro nervio, una curranta brutal, amb molt
criteri cientific, i molt resolutiva, sempre disposada a ajudar i infinitament bona explicant
conceptes. Gracies! També volia agrair a la resta de persones estupendes d’altres grups o que
han passat per la uniija han marxat perd amb qui he coincidit al llarg de la tesi: Xavi Fernandez,
Robert, Sandra Martinez, Judith, Laia, Maryuri,... | a totes aquelles persones que quan vinc a la

uni i saludo random em saluden amb el cap o amb un somriure.

A tot el grup de virus enterics, gracies pel vostre suport i ajuda durant els pitjors moments de la
pandemia. Per la barbaritat de coses que he aprés de vosaltres a una velocitat canviant
vertiginosa, pels bons moments i d’altres complicats que hem viscut, gracies Adan, Gemma,

Edu, Albert i Rosa.

| per suposat a tot I'equip de secretaria per ajudar sempre amb tots els tramits administratius,

gracies Moénica, Bea, Manolo...!

Owen Wangensteen y Sandra Garcés, vosotros no podeis faltar aqui. Owen, muchisimas gracias
por darme la oportunidad de hacer la estancia en Noruega, acogerme en la UiT y ensefiarme
todo lo que sé de metabarcoding :) Gracias por tu paciencia y dedicacidn, ha sido maravillosa la

experiencia en el laby en Troms@. Asi que aprovecho para dar las gracias a todo el grupo: Thanks
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Kim Praebel for letting me join your group for a bit more than two months, | really apreciate the
opportunity. It was a great experience on a professional and a personal level. It was also amazing
to hear from you and your team your stories about the Arctic expeditions up towards the North
Pole! Thanks Enrique, Julie, Michael, Shripathi, Kristel, Kamilla, Nathan, Paulina,...it was a
pleasure to meet you all! | per suposat també Sandra, gracies per les converses cientifiques,
consells de tesi i per les excursions i sopars a Tromsg i a Barna. Y Sara gracias por nuestras
maratones con Owen en la uni, también las excursiones de madrugada aprovechando el
midnight sun, y tus consejos de metabarcoding con la tesis. Mucho dnimo con la recta final que

ya te queda bien poco para depositar!

Also | would like to thank to Sophie Cortois, Jean Francgois Loret, Claire Bertelli, Gilbert Greub
and Gertjan Medema, for your valuable advices at the very beginning of the thesis during

RESIST'EAU’ME project.

La major part de la tesi I’he passat al laboratori d’aigiies de Barcelona i per suposat no podien
faltar en aquestes linies. Per comencar, als caps del laboratori. Miquel moltes gracies pel teu
suport, confianca i esforcos perque pogués formar part avui de la familia lab. AB, i també per
preocupar-te sempre com portava la tesi! :) Jordi Martin, ets tota una referéncia! ets un llibre
obert i sempre ens deixes bocabadats amb el teu coneixement. Gracies per ser tant bona
persona i estar sempre disposat a ajudar-nos. Gracies pels teus consells técnics i personals, pels
grans descobriments musicals que ens has anat fent durant la pandémia, per cuidar-nos durant
els moments de confinament total i per les anécdotes. Et desitjo moltissima sort en la teva nova
etapa que segur que gaudiras molt! Et trobarem a faltar. Lluis, gracies per preocupar-te perque
pogués acabar la tesi i animar-me per fer-ho. Ha estat un cop fort, pero et recordarem amb un

somriure...

| per suposat a les meves companyes i companys del lab, la segona familia! En especial la familia
micro, que és meravellosa, som una auténtica pinya (una mica gruyére de vegades jiji), pero
I"'admiracid, el suport i estima que ens tenim ens fa imparables! Sempre unides i colze a colze.
Gracies pel vostre suport i per donar-me un cop de ma amb les mostres de la tesi quan he anat
desbordada, per aguantar-me les hores i hores de “batallites” amb la tesi i altres mil coses, per
la terapia de “corrillo” on arreglem el mén i repassem I'actualitat, pels moments de festa i : lvan
per ser tant divertit, energic, bona gent i preparar les millors decoracions de nadal i calendaris
d’advent! Que visqui el nadal! Eva per ser tant maca sempre i sobretot per ensenyar-me amb
molta paciéncia quan vaig entrar, Marta per tenir aquest sentit de ’"humor i preocupar-te per

mi, Carles per transmetre calma quan les coses es compliquen i pels teus consells tecnics. | com
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no, al equipo Whopper con queso i SARS Team, Gemma i Ane...noies no sé descriure el que sento
per vosaltres! Hem passat moments durs i altres moments bonissims, pero sempre juntes i aixo
no esperava trobar-ho a la feina sincerament, i aqui esteu. MILESKER pel suport sempre, consells
i tot, sempre aprenc molt de vosaltres. Sou molt cracks! Ara que tindré més temps lliure, se’ns
han acumulat plans a tope... Y en este super grupo de micro no podia faltar Conxiti, encara que
estiguis a residuals, i MJo aunque fisicament estés en Alicante, siempre seréis de micro! Conxiti
ets una de les persones més bones que he tingut el plaer de coneixer, i ets molt forta, molt! Per
cuidar-nos amb les teves receptes de pancakes i detallets varis, i per ser tant maca, gracies i
forcal Y MJo, te echo muchisimo de menos y ha sido genial todo este tiempo poder trabajar
contigo y aprender juntas, nuestros bailoteos, nuestros calculos de conversiones y esquemas de
procesos varios en papel que lo entendemos mejor, nuestras busquedas del famoso maletin de

bioterrorismo...nos veremos pronto! un besazo para ti y Ricardo, Martina y Laia!

| al lab esta ple de bona gent, que sempre s’ha preocupat per veure com anaven els avencos de
la tesi com la Nuria, la meva mama del lab i companya runner (m’has de posar les piles!), gracies
per tot! Ets tant enérgica i positiva que es contagia i per aix0 et fas estimar molt. Veronica Gracia
gracies per ser tant maca, preocupar-te de tothom i ajudar-me amb temes administratius moltes
vegades. Meritxell, moltes gracies pel teu suport técnic i per sempre preguntar-me com porto
la tesi, ets un sol! Carmen lo que nos reimos y hablamos no esta escrito! Eres una bellissima
persona y explicas maravillosamente bien! Gracias por tu ayuda técnica y personal siempre que
te he necesitado. Rosa, moltes gracies pels cosells amb la tesi, ja estic gairebé al final! Xavi
Pardo, gracies per tota I'ajuda durant aquests anys, des de quan estava a presa de mostres i em
perdia literalment per la muntanya buscant els diposits, a ajudar-me amb els mostreigs, i per
presentar-me a la Belén per poder fer el TFM! Que et sembla? Aixo en part és culpa teva ;P.
Raul, gracias por ser tan divertido y buena gente, darme consejos de runner, nutricion,
escucharme siempre, y venir ayudarme cuando se me han hecho las tantas trabajando en el lab.
Jorge, gracias por ser tan auténtico y decir las cosas tal cual, por escucharme y animarme en
toda esta etapa. Aleix i Dani, gracies a vosaltres també per ajudar-me a descarregar extractors
o fer fotos de plaques, o guardar-les quan algun dia les havia deixat fora jeje. Al compi Pérez!
Qué etapa mas guay la de recogida de muestras! He aprendido muchisimo de un maestro,
gracias por tu paciencia! A Alejandra por estar siempre tan dispuesta a ayudar y ser tan maja! A
Raquel Cardeiioso por saludarme siempre con un “pero bueno, éique ven mis 0jos?” vy
preocuparte por como llevo mi tesis. A Haki y Juani por cuidarnos siempre tanto y ser tan buenas
con nosotros. Gracias a vosotras y a todas las compafieras que nos ayudais tantisimo en el lab

con todo el material. | no em vull deixar a ningu, aixi que gracies a tot el laboratori de Collblanc!

13



AGRAIMENTS

| també als company@s de I'ETAP, que tant m’han ajudat en aquesta etapa com la Marga, Pau,
David, Sergio i Marta (tot i que esteu a Collblanc), GRACIES! També al Daniel Garrote per la

fotografia de la posta del sol a I'ETAP durant el confinament.

També, com no, als impulsors d’Innovacié dels doctorands industrials a AB i al grup, Ana Reyes

i Ramon Ldpez, gracies! | a la Nuria Roigé amb qui vaig comencar com a doctoranda a la casa.

Als Cetaquos (i ex-Cetaquos) pels bons moments dins i fora del lab, en especial al equipo
Bichotes David i Sonia, gracies per totes les converses megaprofundes cientifiques i siderals, i
molta sort en els vostres projectes! Ens retrobem aviat. Aixi com també a la Claudia, Miquel

Jorba, Ruben, Kata, Susana, Albert,...

| com no podia ser d’'una altra manera en aquesta tesi, estic MOLT agraida a la familia
workshopera MRAMA, en especial al Josep Yuste i la Marta Capellas, perqué per la vostra passio,
dedicacid, i perque no podeu ser més professionals i bona gent a la vegada, em vareu obrir els
ulls a la microbiologia, just acabar la carrera en el moment critic quan et planteges cap a on
seguir, i tota la resta ha anat prenent sentit sobre la marxa. Sou un referent per a mi i sempre
us estaré molt agraida de tot el que he aprés i m’ha servit per endavant. Aprofito també per
agrair als dos grans persones i habituals del workshop, el Jon i el Pascal, per tot el que he aprés
de vosaltres. | no puc parlar del workshop sense recordar al Dr. Fung, a qui vaig tenir la sort de

coneixer any rere any al workshop, i que va ser una persona impressionant!

Per suposat, he de donar les gracies als meus amics, un suport indispensable SEMPRE. Mireia,
amiga de fatigues bio, de “merendoles”, de converses davant del cotxe de “ya me voy” i que
se’ns donin sempre les tantes de la matinada, workshopera habitual i de suport sempre en totes
les etapes. GRACIES pel suport i per ser com ets! Gracies també als meus amics i amigues Santi,
Albeta, Agnes, Lili i Pini perque vam formar una petita familia a la uni a Girona i passats tots
aquests anys, és precids que seguim units. Gracies pel vostre suport, consells i anims per la tesi,
i entendre les meves abséncies dels plans dels Ultims mesos, per estar sempre que us necessito
i per estirar per veure’ns sempre que podem. Us he trobat molt a faltar pero aviat ens veiem! |
no podieu faltar vosaltres, gracies Nina, Oscar, Rosa i Duane per aguantar les “chapas”
escoltant-me parlar del que anava fent a la tesi, els articles, i que sempre tingueu tant interes
en preguntar i preocupar-vos per com va la tesi i com esta I'aigua i les caques de la gent, aixi
com per ser els millors i més guapos Ironman supporters del mén mundial! Kelsey, muchas
gracias por estar siempre, porque cuando vuelves a Barcelona siempre buscas un hueco para

Vernos y es como si no pasara el tiempo.
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Para terminar, he dejado la parte invisible que también “sufre” la tesis y sin embargo es esencial
para llegar hasta aqui: mi familia. Gracias a mi yayita Paquita, por ser tan buena, escucharme
siempre con admiracién, por cantar tan bien y por quererme tanto. Sé que estarias muy
contenta de ver que he podido terminar la tesis... un abrazo muy fuerte! Gracias a mis abuelos
Alicia y Manolo, por todo el carifio y apoyo, y por entender que he estado ausente demasiado
estos ultimos meses. También a todos mis tios y primos que he echado mucho de menos estos
largos meses. Gracias a mis suegros Reme y Pedro por los animos y apoyo, y a mi cuiiada Lau y
mi cufiado Marc. Pero sobre todo gracias a mi hermana Lidia y a mis padres Tere y Pedro por
soportar “mis cosas de la tesis” que han hecho que muchas veces pasen varias semanas sin
vernos por ir demasiado liada. Gracias por ayudarme a llegar hasta aqui, ayudarme a ser quien

soy y por animarme y apoyame en todo el proceso, os quiero!

Y para terminar, esta vez si Victor, no voy a olvidarme de ponerte en los agradecimientos. Ahora
si, éstas son las Ultimas palabras que escribo de la tesis, nuestra tesis, y ahora estds dormido
(como es légico porque estoy escribiendo de madrugada) pero llevas desde que nos conocimos
apoyandome y animandome en todo siempre, y este reto ha sido largo, muy largo, pero tu
también has subido la montafa conmigo vy, sin dudarlo, me has acompafiado hasta la meta.
Formamos un gran equipo, y esta tesis es tan tuya como mia. Gracias por ser tan
extremadamente buena persona, confiar siempre en mi, por aguantar esta montafia rusa y por
crecer cada dia juntos. Por todos los viajes, los conciertos, la furgo, por la locura de los ultimos
meses con hipotecas, traslados...nos merecemos unas buenas vacaciones y por fin, estan mas

cerca que nunca, Aotearoa! Te quiero Victor, gracias por existir :)
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°C Unitats de temperatura, graus centigrads

xg Unitats de forca centrifuga
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CFU
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E. coli (6 EC)
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Acid desoxiribonucleic (de I'anglés, Deoxyribonucleic acid)
Acid ribonucleic (de I'anglés, Ribonucleic acid)
Gen que codifica I’ARN ribosomal procariota 16S

Variant de sequéncia d’amplicons (de I'anglés, Amplicon Sequence

Variants)
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Parell de bases (de I'angles, base pair)
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Filtracié per carbdé (de I'anglés, Carbon Filtration)

Unitats formadores de colonies (de I'anglés, Colony-Forming Unit)
Clostridium perfringens

Cromatografia de gasos d’acids grassos metil ester (de I'angles, Gas

Chromatographic Fatty Acid Methyl Esters)
Unitats de massa atomica, Daltons
Decantacio (de I'anglés, Decantation)

Metode d’ultrafiltraci6 sense sortida (de I'anglés, Dead-end

Ultrafiltration)
Aigua potable (de I'angles, Drinking Water)
Llibreria d’aigua potable (de I'anglés, Drinking Water Library)

Escherichia coli
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Heterotrophic Plate Counts)

Temperatura alta (de I’anglés, High Temperature)

Seqiienciacié d’alt rendiment (de I'anglés, High Troughtput Sequencing)
Enterococs intestinals ( de I'angles, Intestinal Enterococci)
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International Organization for Standardization)
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Logaritme/s
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(TOF) (de I'anglés, Matrix-Assisted Laser Desorption/lonization Time-Of-

Flight Mass Spectrometry)

Unitats de massa, mil-ligram

Unitats de temps, minuts

Cambra de mescla (de I'anglés, Mixing chamber)

Unitats de volum, mil-lilitre

Unitats de longitud, mil-limetre

Perfil d’espectre principal (de I'angles, Main Spectrum Profile)
Relacié massa/carrega

No analitzat

No detectat

Seqlienciacié d’dltima generacié (de I'anglés, Next-Generation

Sequencing)

Analisi d’escalament multidimensional no metric (de I'anglés, Non-

Metric Multidimensional Scaling)

Nombre més probable

Nucleotid aleatori (N)

Unitats de terbolesa (de I'angles, Nephelometric Turbidity Unit)
Organitzacié Mundial de la Salut

Organitzacio de les Nacions Unides

Ozonitzacié (de I'anglés, Ozonization)

Valor de probabilitat de significacié estadistica, p-valor

Reaccié en Cadena de la Polimerasa (de I'anglés, Polimerase Chain

Reaction)

Analisi de la variancia multivariant permutacional (de [I'anglés,

Permutational Multivariate Analysis of Variance)



LLISTAT D’ABREVIATURES

pH
pM
ppm
RO
gPCR

RW

SF
SIMPER
SOMCPH
sp.

spp.

TC

TOC

UPGMA

WPCA (ISO)
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ABSTRACT

ABSTRACT

In recent years, human population growth and the effects of global warming are reducing the
capacity and quality of the available freshwater resources. The challenges we face call for
strategies that allow using alternative water resources together with suitable drinking water
treatment technologies and water quality monitoring tools that guarantee water safety.
Drinking water treatment technologies can currently meet this challenge by providing an
effective barrier to contaminants and pathogenic microorganisms. Although monitoring
microbial indicators of fecal pollution according to the drinking water Directive (EU 2020/2184)
guarantee water safety, indicator microorganisms represent a minor fraction of the water
microbiome. Therefore, complementary methods are needed to detect variations of the whole
bacterial communities that could influence the quality or safety of water.

The aim of this thesis work is the characterization of bacterial communities in water treatment
stages of the drinking water treatment plant (DWTP) of Sant Joan Despi (Barcelona) by means
of two approaches, one culture-dependent (proteomics) and the other culture-independent
(massive sequencing or metabarcoding). The research allowed us to develop a proper method
to identify culturable bacteria from water by MALDI-TOF mass spectrometry, to track the
elimination of microbial fecal indicators throughout the treatments, and to assess diversity and
spatial and temporal dynamics of both culturable and whole bacterial communities by MALDI-
TOF MS and metabarcoding, respectively.

High bacterial diversity was observed in the DWTP and it varied throughout the treatments,
especially in drinking water. The bacterial diversity was influenced by the treatment applied as
well as the ambient temperature. It was also observed an effective reduction of microbial fecal
indicators, as well the detection of sequences of pathogenic and potentially biofilm-forming
bacteria at low proportions but undetectable by conventional regulated methods. The use of
large water volumes concentrated by ultrafiltration improved sample representativity,
especially in advanced treatment stages when indicator concentration is very low.

The strategy to improve the understanding of the DWTP microbiome is to combine different
methodological approaches to assess water quality with a holistic vision for water resources

management and future adaptation to the impacts of global warming.
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RESUM

RESUM

En els darrers anys I'augment poblacional aixi com els efectes d’'un escalfament global estan
minvant la capacitat i la qualitat dels recursos hidrics naturals disponibles. Els reptes als que ens
enfrontem donen pas al desenvolupament d’estratégies que ens permetin |’'Us de recursos
hidrics alternatius que vagin de la ma de tecnologies de tractament d’aigua potable, aixi com a

sistemes de control de la qualitat de I'aigua que garanteixin la seva seguretat a tota la poblacid.

Les tecnologies de tractament d’aigua potable actualment poden assumir aquest repte
constituint una barrera eficag a contaminants i microorganismes patogens. Si bé els parametres
microbiologics de la qualitat de I'aigua legislats segons la Directiva EU2020/2184 asseguren la
seva innocuitat alertant d’'una possible contaminacio fecal en els sistemes d'aigua potable, es
necessiten metodes complementaris que permetin detectar en detall les variacions de les

comunitats bacterianes heterotrofes que podrien influir en la qualitat i/o seguretat de I'aigua.

L'objectiu principal de la present tesi doctoral ha estat la caracteritzacié de les comunitats
bacterianes a les etapes de potabilitzacié de |'estacid de tractament d’aigua potable (ETAP) de
Sant Joan Despi (Barcelona) mitjangant dues aproximacions, una basada en cultiu (proteomica)
i I'altra independent de cultiu (seqlienciacié massiva o metabarcoding). Els estudis realitzats han
permés posar a punt una metodologia per a identificar bacteris cultivables de I'aigua per
espectrometria de masses MALDI-TOF, determinar I'eliminacié dels indicadors de contaminacio
fecal al llarg dels tractaments, i avaluar la diversitat i les dinamiques espacial i temporal de les
comunitats bacterianes tant cultivables com totals per MALDI-TOF MS i metabarcoding,

respectivament.

S’ha observat una gran diversitat bacteriana a I'ETAP que ha anat variant al llarg dels
tractaments, especialment a I'aigua potable, i influenciada per alguns factors com el tipus de
tractament aplicat i I'estacionalitat establerta per la temperatura, aixi com una reduccié eficag
dels indicadors i la deteccié de seqliencies de bacteris patogens i potencials formadors de
biofilms a baixes proporcions pero no detectables pels métodes legislats. La representativitat de
les mostres corresponents a etapes on la concentracié dels indicadors microbians era baixa, s’ha

cobert amb mostres d’un gran volum d’aigua concentrades per ultrafiltracid.

L'estrategia per a millorar el coneixement del microbioma dels processos de tractament de
I'aigua potable consisteix a combinar diverses eines metodologiques per avaluar la qualitat de
I'aigua i aixi disposar d’una visid holistica per a la gestid dels recursos hidrics i la futura adaptacio

als impactes derivats de I'escalfament global.
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1. Aigua, accés a 'aigua potable i microbiologia

L’aigua és imprescindible per entendre la vida al nostre planeta. Es un recurs renovable que
forma part dels diferents ecosistemes i és essencial a per I'evolucié i la preservacié d’aquests.
La hidrosfera representa aproximadament un 71% del nostre planeta. Tot i que per quantitat és
estable, I'aigua presenta un estat fisic variable (solid, liquid i gasés), i distribucid irregular amb
variacions estacionals, podent formar part de I'atmosfera (vapor d’aigua), de la superficie
terrestre (oceans, mars, maresmes, aiguamolls, estanys, rius, llacs i glaciars) o sota la superficie
(aigles subterranies). Del total d’aigua existent, la major part és salina, no obstant I'aigua dolca
liguida que s'utilitza com a subministrament principal d'aigua potable, constitueix una fraccio
molt petita de I'aigua del planeta i amb volum irregular als diferents continents, essent superior
a Asia (3,7 milions km3) i molt inferior a Europa (541 mil km?3), i Australia i Oceania (324 mil km?3)
(UNESCO, 2022). Al llarg dels anys, diversos estudis han estimat el volum global d’aigua dolca.
Segons Shiklomanov i Rodda (2004), iUnicament un 2,5% correspon a aigua dolca, i la major part
no és possible la seva utilitzacié ja que en formen part els casquets polars i les glaceres d’alta
muntanya (68,7%), i el permafrost (0,8%). No obstant, d’aquest petit percentatge, una
important reserva d’aigua dolca es troba als aquifers subterranis (30%) i la resta, molt més
petita, esta disponible com a aigua superficial i atmosférica (0,4%), que conjuntament
representen un 0,7% dels recursos hidrics naturals d’aigua dolga disponibles (10,4 milions de
km?3). Estudis més recents apuntarien a que el volum global d’aigua dol¢a subterrania liquida
seria molt superior al que s’havia estimat fins ara, amb un reservori de 15,9 milions de km3

(Ferguson et al., 2021).

Derivat de la nostra activitat (domestica, industrial, agricola, ramadera...) i a 'augment de la
poblacid, es genera una gran quantitat de productes de rebuig, entre els quals es troben els

excrements humans i animals que sovint acaben contaminant el medi ambient i les aigies.

L'aigua amb contaminacié microbiologica d’origen fecal ha estat historicament font de
transmissioé de malalties infeccioses com la colera, la diarrea, la disenteria, el tifus, I’hepatitis A
o la poliomielitis (WHO, 2018). Els patogens en l'aigua son un reflex de I'estat sanitari de les
poblacions. Afortunadament al llarg dels anys s’han invertit fons publics i privats per
desenvolupar nous sistemes de tractament d’aigua potable, subministrament d’aiglies de
consum, i sanejament ambiental per millorar-ne la qualitat i proveir aigua segura a la poblacid.
Els tractaments d’aigua aplicats a les estacions de tractament d’aigua potable (ETAP), formen
una estratégia multibarrera capac¢ de produir aigua de beguda eliminant tant substancies

contaminants com microorganismes patogens que poden ser perjudicials per la salut humana i
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animal, mentre que a les estacions depuradores d’aiglies residuals (EDAR), es tracta l'aigua
després dels diferents usos (residual, domestica, industrial, etc.) disminuint els microorganismes
patogens abans del seu retorn al medi natural de manera segura, o reutilitzant-la per diferents
finalitats (mediambientals, agricoles, urbanes, industrials, recreatives) (Real Decreto 1620/2007,
2007; Regulation (EU) 2020/741, 2020). Aquests avencgos en els diferents tractaments, com ho
va ser inicialment la cloracié de I'aigua en les ETAP, han provocat una rapida caiguda de les taxes
de mortalitat per malalties de transmissié hidrica i els episodis de contaminacié s’han anat reduit

gradualment millorant la salut de la poblacid.

La microbiologia de I'aigua, mitjancant I’Gs d’indicadors de la contaminacié fecal, ha estat clau
per la millora i el control de la qualitat en I'aigua permetent avaluar el risc de la possible
preséncia de patogens derivada d’una contaminacio fecal. No obstant, en el present es calcula
que a I'any es produeixen a prop de 500.000 morts (WHO, 2022) al mdn conseqliéncia del
consum d’aigua contaminada, i és que 3 de cada 10 persones al mdn encara no tenen accés a
aigua potable. Reduir la contaminacid hidrica és un dels nostres majors reptes. Per aixo, en el
marc dels Objectius de Desenvolupament Sostenible (ODS) de les Nacions Unides, I'objectiu 6
(aigua neta i sanejament) (United Nations, 2020) vetlla per un accés universal a I'aigua potable
perque sigui suficient, segura, assequible i accessible per a I'any 2030. Els esfor¢os per garantir
aigua potable a tot el mdn estan en constant evolucio i requereixen un treball interdisciplinari a

diferents nivells: recerca, politiques i estratégies de gestié integral de I'aigua.

2. Estrés hidric i escalfament global a la regié mediterrania

El desenvolupament socioecondomic de les activitats humanes esta vinculat a un increment del
consum d’aigua. Aquest, per diversos factors com l'augment de la poblacié arrelada a una
expansio industrial i agricola-ramadera, i intensificada amb els efectes d’un escalfament global
de I'atmosfera terrestre directament relacionat amb les millores de benestar de les poblacions
humanes, fan preveure que s’agreujara la disponibilitat dels recursos hidrics en els propers anys
provocant escassetat d’aigua. De fet, segons I'informe de I'Organitzacié de les Nacions Unides
(ONU) del 2022 (UNESCO, 2022), es preveu que el consum d’aigua augmenti un 1% anualment
durant els propers 30 anys a causa de la demanda principalment dels sectors industrial i
domestic que podria induir un estres hidric. Cal entendre I'estrés hidric com un deficit de
disponibilitat d’aigua en dos vessants diferents i que es donen conjuntament: perqué la
demanda és superior als recursos disponibles o perque el seu Us es veu restringit per la baixa

qualitat (FAO and UN Water, 2021).

28



INTRODUCCIO

Alguns indrets son més susceptibles a experimentar estres hidric, com ho és la conca
Mediterrania (Giorgi and Lionello, 2007; MedECC, 2020), caracteritzada pel binomi de forts
periodes de sequera i pluges torrencials que ha donat lloc a grans inundacions (Petrovic et al.,
2010) marcant la vulnerabilitat del subministrament d'aigua fins i tot als paisos industrialitzats

del nord de la Mediterrania (Burak and Margat, 2016; Petrovic et al., 2010).

Les projeccions del canvi climatic preveuen un augment de la temperatura de 2,7°C per I'any
2100 amb les politiques actuals (Stockwell et al., 2021), pero la conca Mediterrania s’estima que
s’esta escalfant un 20% més rapid que la mitjana mundial que podria, per I'lany 2050, augmentar

la temperatura de 2 a 4°C i reduir les precipitacions un 30% (MedECC, 2020).

En un escenari d'escalfament global on s'espera que la temperatura de I'aigua augmenti i en
conseqliencia es produeixi una eutrofitzacio de les aiglies superficials, es podria produir un canvi
potencial en la diversitat microbiana amb I'aparicié d'alguns bacteris oportunistes a l'aigua
potable que podrien comprometre la qualitat de |'aigua o suposar un risc per a la salut publica

(Calero Preciado et al., 2021; Whitehead et al., 2009).

3. One Water : canvis en les percepcions de la qualitat, el valor i la utilitat de les aigiies

Les sequeres, el canvi climatic, 'augment poblacional i la limitacid dels recursos hidrics naturals,
any rere any donen lloc a la necessitat de continuar desenvolupant solucions innovadores per
abordar els reptes als quals ens enfrontem. Un element clau és el canvi d'enfocament dels
recursos hidrics tradicionals de subministrament que sén cada cop més limitats, amb el que cal
trobar recursos hidrics alternatius, com la dessalinitzacio i la reutilitzacid de aiglies residuals
tractades (Gleick, 2018). Les tecnologies actuals de tractament d'aigua ens poden permetre fer
realitat aquesta transicié hidrica produint aigua de qualitat independentment del seu origen.
Tanmateix, I'aigua subterrania, el recurs invisible, és una gran solucid per alleugerir I'estres
hidric i els futurs efectes del canvi climatic ja que és practicament ubiqua i representa una de les
reserves d’aigua dolca més importants del planeta (UNESCO, 2022), amb el que esdevé
necessaria una gestio integral dels recursos hidrics. L’'Us integral dels diferents recursos hidrics
ha donat lloc a una analisi holistica anomenada One Water (una aigua) (Owen, 2015; US Water
Alliance, 2016) que neix de la necessitat d’interconnectar I'aigua per gestionar-la de manera
integrada donant valor a totes les aigiies (potable, residual, industrial, pluvial, regenerada, etc.)

per resoldre els reptes de I'aigua per a una sostenibilitat futura.
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Davant aquest escenari de gran heterogeneitat d’origens hidrics de subministrament, el control
microbiologic de I'aigua resulta de gran importancia per tal de garantir la seguretat de I'aigua a

la poblacid.

La present tesi doctorat s’engloba en el marc del pla de Doctorats Industrials de la Generalitat
de Catalunya en col-laboracié amb el grup de recerca Microbiologia d’aiglies Relacionada amb
la Salut de la Universitat de Barcelona, i Aiglies de Barcelona, empresa metropolitana de gestié
del cicle integral de I’aigua, i té com a objectiu el control microbiologic mitjangant indicadors de
la contaminacid fecal i la caracteritzacié de les comunitats bacterianes dels processos de

potabilitzacié de 'ETAP de Sant Joan Despi (Barcelona).

4. Tractament de 'aigua potable a Barcelona

4.1. L’abastament de I’aigua a Barcelona: Antecedents de la captacio superficial i
subterrania

L’abastament d’aigua potable a Barcelona i I'area metropolitana fins I'any 1955 consistia en la
captaciod d’aigua subterrania dels aquifers del Llobregat i Besds com a Unica font d’abastament.
Amb el creixement demografic i urbanistic a la ciutat Comtal i rodalies, la demanda d’aigua
s’incrementa per sobre dels recursos disponibles als aquifers, i la sobreexplotacié dels pous
genera un gran descens en els seus nivells provocant la salinitzacié de I'aqiifer deltaic del
Llobregat deixant un 30% inutilitzable (Marcé et al.,, 2012). Per tant, esdevé necessari
incrementar la produccié d’aigua potable que no seria possible inicament amb I’explotacié dels
recursos hidrics subterranis. Aixi, el 1955, es posa en funcionament I'ETAP de Sant Joan Despi
per tal d'utilitzar I'aigua superficial de la vall baixa del riu Llobregat com a font principal de
captacié per atendre la demanda d’aigua a la ciutat. Durant la decada del 1970, la capacitat de
tractament de I'ETAP ja s’havia doblat pero no seria suficient per donar servei a la ciutat a les
posteriors decades, amb el que calia obtenir nous recursos hidrics. D’aquesta manera es posa
en marxa una planificacié hidraulica per a derivar cap a I'area metropolitana de Barcelona els
cabals del riu Ter, mitjangant la construccié dels embassaments de Sau, Susqueda i el Pasteral
(Armengol and Dolz, 2009) i un sistema de transvasament d’aigua de 56km de longitud des
d’aquests fins a 'ETAP de Cardedeu (ATL, n.d.), aixi com els cabals del riu Llobregat aiglies amunt

amb I'ETAP d’Abrera (ATL, n.d.).

4.2. Particularitats del riu Llobregat al punt de captacio de 'ETAP de Sant Joan Despi

El riu Llobregat, amb una longitud de 165 km, té origen a Castellar de n’"Hug, als Pirineus catalans,

i desemboca al El Prat de Llobregat, al mar Mediterrani. Des d’un punt de vista hidrologic, és un
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riu tipic mediterrani, amb un cabal caracteritzat per una gran variabilitat influenciada per
periodes de precipitacions intenses i sequeres. Els trets distintius comencen pel seu cabal
d’aigua, que pot passar de llargs periodes per sota de 5m3/s a transicions abruptes que poden
augmentar el cabal per un factor de 50 (~300 m3/s) (Marcé et al., 2012). El cabal mitja és de 22
m3/s (700 hm? anuals) (Petrovic et al., 2010), un curs petit que es veu sobreexplotat per la gran
demanda hidrica d’'una una poblacié de més de 3 milions d’habitants només a Barcelona i
rodalies, sumats a la resta d’habitants de les poblacions establertes a la conca des de Castellar
de N’Hug, aixi com I'agricultura, la ramaderia, la industria i el manteniment del Delta del

Llobregat.

La vall mitja i baixa de la conca del riu Llobregat es veu afectada per diversos factors que
conflueixen a les proximitats del punt de captacid de la planta i riu amunt. El riu esta sotmes a
una gran pressio antropogenica derivada de les activitats industrials, agricoles, la mineria de
potassa de Cardona, Suriai Sallent i les depuradores aiglies amunt que aboquen els seus efluents
al riu i constitueixen una part important del seu flux (de mitjana, 137 hm3/any d’abocaments

dels que un 92 % prové de la depuracio d'aigiies residuals) (Eljarrat and Barcelo, 2012).

El riu Llobregat a prop de la zona de captacié de 'ETAP té molts afluents torrencials, entre ells
la riera de Rubi. El seu cabal (0,75 m3/s de mitjana) és relativament baix en comparacié amb el
riu Llobregat, pero en cas de fortes pluges el seu cabal pot augmentar rapidament. La seva
qualitat és molt baixa ja que condueix principalment aiglies residuals tractades, tant d’origen
urba com industrial, aixi com pluvials. Per tal d'evitar que aquesta riera contaminada alteri la
qualitat de les aiglies superficials del Llobregat al punt de captacio, I'aigua de la riera de Rubi es
desvia a través d’un sistema de bypass que inclou antics canals de reg i infraestructures
construides especificament amb aquest objectiu fins aiglies avall de la captacié de I'ETAP. No
obstant aixo, en episodis de pluja intensa, les aiglies de la riera de Rubi pot desbordar i
s’incorporen al riu Llobregat, impactant negativament la seva qualitat i provocant sovint la

interrupcié del tractament d’aigua superficial a la potabilitzadora.

D’altra banda el riu Llobregat ha estat, des de comencament del s. XX, afectat per una constant
i elevada salinitzacid a causa de I'extraccié industrial de potassa aiglies amunt de les captacions
per abastament a Barcelona per les aportacions d’aiglies extremament salines procedents de
les mines de sal de Cardona, Suria i Sallent (Gorostiza Langa, 2014). Per tal de fer front als
impactes negatius de les activitats mineres sobre els ecosistemes aquatics fluvials i la qualitat
de l'aigua, I'any 1989 entra en funcionament un col-lector de salmorra de 120 km de longitud

que discorre paral-lel al riu Llobregat i condueix les salmorres al mar. Aquest col-lector també
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recull els rebuigs del tractament per membranes (electrodialisi reversible a 'ETAP Abrera i
osmosi inversa a 'ETAP Sant Joan Despi) que ha estat necessari implementar per eliminar les
aportacions salines no derivades per aquest sistema. El col-lector de salmorra ha permés una
clara millora de la qualitat de I'aigua del riu Llobregat (Fernandez-Turiel et al., 2003; Martin-
Alonso, 1994) i, conjuntament amb la necessitat d’instal-lacié dels tractaments d'osmosi inversa
de I'ETAP operatius des del 2007, s’ha aconseguit reduir la salinitat de I'aigua potable produida
a partir d’aquest recurs i, addicionalment, assegurar el compliment técnic de la normativa sobre
Trihalometans (THM) a I'aigua potable, generats a causa tant de la elevada salinitat del recurs
com del seu important contingut en matéria organica. No obstant, el problema de la salinitzacié
del riu actualment persisteix per I'augment de la produccioé de potassa i per tant dels efluents
salins posterior a la construccid del col-lector, que continua salinitzant el riu, a banda que al llarg
dels anys s’han produit nombroses fuites del col-lector i trencaments parcial d’aquest provocant
greus problemes locals per I'abocament de salmorres. Quan aixd succeeix, i per evitar que
aquest vessament impacti la qualitat de I'aigua tractada, I'ETAP atura la captacié superficial fins

que es repara la fuita i el riu es recupera fins a les seves condicions precedents .

El conjunt de tots aquests factors determinen la complexitat dels tractaments de potabilitzacio
de I'ETAP de Sant Joan Despi, que actuaran de barrera als diferents perills que puguin
comprometre la seguretat de I'aigua potable. Per aix0, la planta disposa d’una estacio d’alerta
al punt de captaciéo amb analitzadors en linia que mesuren diversos parametres de la qualitat de
I'aigua del riu (terbolesa, amoni, conductivitat, carboni organic total (TOC), niquel, UV 254 nm)
per detectar possibles anomalies que puguin derivar rapidament en un canvi d’operativa de
planta per evitar situacions de risc. Per exemple, alguns parametres de consigna d’aturada de la
captacié superficial sén I'amoni i la terbolesa, i es dona quan I'amoni al riu és superior a 2,5 ppm
o si la terbolesa és superior a 500 NTU. Davant d’aquest escenari considerat de risc, s’atura la
captacié d’aigua superficial per evitar qualsevol possible impacte en la qualitat de I'aigua
tractada i per evitar I'embrutiment dels processos de tractament. Aquest escenari es pot donar
per diversos motius, principalment climatologics i antropogenics, com fortes pluges que
aixequen els sediments del riu o causen intrusions d’aiglies contaminades al riu per
sobreeiximents dels sistemes de sanejament, o per abocaments irregulars de diferents origens
(industrials, residuals, etc.). La planta perd no atura totalment la seva produccid, siné que
procedeix a tractar temporalment només I'aigua subterrania fins que la qualitat del riu torna als

parametres de normalitat.

Per alleugerir aquestes particularitats que impacten la captaciéd de I'ETAP i que afecten la

qualitat de l'aigua del riu, com ja s’ha comentat anteriorment existeixen diverses
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infraestructures connectades que deriven aquestes aiglies contaminades aiglies per sota del
punt de captacio (Figura 1), tal com el Canal de la Infanta (que deriva les aiglies contaminats de
la riera de Rubi i el riu Anoia cap a usos agricoles), el Tub del Governador (assegura el bypass
aiglies avall de la captacio de I'ETAP de les aiglies contaminades sobrants al sistema de rec del

Canal de la Infanta) o el Col-lector de Salmorres.
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Figura 1. Esquema de les principals captacions (requadre blau), derivacions (requadre gris) i efluents d'aigles
residuals (cercle taronja) de la conca baixa del riu Llobregat. Les fletxes blaves discontinues indiquen la direccié del
flux de I'aigua o bé des dels punts de captacid cap a les corresponents poblacions (requadre blau) o bé dels punts de
derivacid cap al mar. Els nimeros indiquen el cabal en hm3/anuals, i la mida del cercle taronja és proporcional al

volum de I'efluent. Extret de Marcé et al. (2012)
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4.3. Potabilitzacid i distribucio. La ETAP de Sant Joan Despi en I'actualitat

Des de la construccio de I'ETAP de Sant Joan Despi el 1955, la tipologia de tractament de la
planta, aixi com les infraestructures de suport, s’han anat ampliant i evolucionant paral-lelament
als estandards de qualitat legislats per les corresponents directives i regulacions d’aiglies de
consum, la qualitat de I'aigua del riu, les particularitats que influeixen en la localitzacié de la
planta, la demanda hidrica i el context climatic, entre d’altres. Aixi, on en els seus inicis es
disposava Unicament d’un pretractament i cloracio, actualment es tracta d’'una de les ETAP més
complexes i avancades a nivell d’Europa, que esta operada per Aiglies de Barcelona, empresa

metropolitana de gestio del cicle integral de I'aigua.

La captacid de I'aigua superficial del riu Llobregat es realitza mitjancant unes reixes de formigd
de 8 mm de gruix situades al llit del riu que donen pas a una galeria excavada amb comportes

automatiques que dirigeix I'aigua cap a l'interior de la central de tractament Figura 2.

/ ozonitzacié filtracié per
10. CO. PAX-18 carbd |
I ;
“ " b‘ > g > e eCl, CO. H,S0 CaCo . ¢
: i
riu (captacié) coagulacié - decantacié filtracié per T \ .% > / dcabrnbra. aitg‘::
- ebarreja  potable

floculacié sorra
ultrafiltracié osmosi remineralitzacié

inversa

pous (captacid)

Figura 2. Esquema de les etapes del tractament de potabilitzacié de 'ETAP de Sant Joan Despi

La primera etapa consisteix en un desarenat mitjangant I’Us de dragues per a I'eliminacié de
materials de gran mida (ex. graves). A continuacié I'aigua s’eleva mitjangant un bombament cap
a una cambra on es produira la primera fase del pre-tractament: la coagulacié de particules
flotants acompanyada de la primera desinfeccié. Aquesta fase consisteix en la injeccié de gas de
dioxid de carboni (CO;), per regular el pH adient pel procés de floculacid, I'addicié del reactiu
coagulant basat en sals d’alumini (PAX-18) que aglutinara les particules en suspensié formant
agregats, i la pre-oxidacié amb dioxid de clor (ClO3) que actuara doblement com a desinfectant

i oxidant de la matéria organica i certs metalls (ferro i manganes).
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Aqguesta aigua crua amb els reactius es fa circular per uns canals a cel obert paral-lels als
decantadors que vessen cap a la fase de decantacié. Es tracta de tancs en forma de piramide
invertida on la velocitat de I'aigua disminueix en funcié de la seccid que va travessant I'aigua, i
on es produeixen dos processos paral-lels: una sedimentacié de particules coagulades que es
dipositen com a fangs al fons del tanc, i una ascensié de I'aigua clarificada vers els canals de

recollida existents a la part superior.

L’aigua clarificada es dirigeix cap a la fase filtracio per sorra que permet I'eliminacié de petites
particules a I'aigua i restes de flocs no eliminades per la decantacid, aixi com de protozous com
Giardia sp. i Cryptosporidium sp. i alguns bacteris resistents a la desinfeccié com per exemple
els clostridis. En el procés de filtracid es fa circular I'aigua decantada a la superficie dels filtres,
que s’infiltra per gravetat cap a 'interior del llit pords, constituit per sorra de granulometria molt
homogenia. Per recuperar la capacitat filtrant, calen neteges periddiques dels filtres de sorra
per evitar la colmatacié per saturacié de particules, I'afectacié del rendiment del filtre amb
I'augment de terbolesa o la formacié de camins preferencials. D’aquesta manera, es fan rentats
amb aigua a contracorrent cada 20.000-25.000 m3 d’aigua filtrada (variable en funcié de els
parametres d’explotacid), i les aiglies de rentat, conjuntament amb les purgues dels

decantadors, es tracten a una planta de fangs destinada per aquest Us.

L’aigua filtrada per sorra surt clarificada per la part inferior dels filtres i es dirigeix cap a un diposit
obert on es fa confluir amb I'aigua subterrania provinent dels pous de I'aqtiifer de Cornella per
tal d’optimitzar la qualitat de I'aigua tractada. La captacio dels recursos subterranis es regula en
funcié de la qualitat de l'aigua superficial i permet cobrir la demanda d’aigua en cas d’una

aturada de la captacio superficial.

L’aigua resultant és bombejada mitjangant grans cargols d’Arquimedes que I’eleven cap a dues
linies de tractament independents: el tractament convencional (ozonitzacid i filtracié per carbé

actiu granulat), i el tractament avangat (ultrafiltracid, osmosi inversa i remineralitzacid).

El tractament convencional permet una millora de les propietats organoléptiques de |'aigua en
quant l'olor, colori gust. A les cambres d’ozonitzacio, I'0zé es difon en I’aigua que circula (mescla
d’aigua filtrada per sorra i de pous), oxida els compostos organics, i actua com a biocida amb
gran poder desinfectant per a la reduccié dels microorganismes. L'aigua ozonitzada es
distribueix per uns canals tancats que vessen a la part superior dels filtres de carbé amb la
finalitat d’eliminar compostos organics i oxids metal-lics com el ferro i el manganes. L'aigua
circula per gravetat cap a l'interior del filtre, els compostos hi queden retinguts per I'elevada

capacitat d’adsorcié de les particules del carbd i I'aigua clarificada surt per la part inferior del llit
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filtrant. El rendiment dels filtres perd va disminuint amb el seu funcionament i, per tal de
mantenir un bon rendiment i assegurar I’eliminacié dels compostos contaminants, es programen
rentats a contracorrent per evitar la seva saturacié, com succeeix amb els filtres de sorra. Amb
la perdua de la capacitat adsorbent del filtre, detectable per la mesura de I'index de iode, es duu

a terme també una regeneracié del carbé mitjangant forns de regeneracio externs.

Les necessitats d’explotacié defineixen el percentatge d’aigua que es deriva cap al tractament
avancat (20-40%). Aquest s’inicia amb el procés d’ultrafiltracié (UF) on, a I'entrada, hi ha una
dosificacid de clorur férric (FeCls) i CO; a I'aigua provinent de la mescla de filtracié per sorra i
pous. La ultrafiltracioé consta de cambres (trens UF) amb membranes d’ultrafiltracié (0,02 um de
diametre de porus) submergides a I'aigua que aspiren cap al seu interior reduint al minim les
particules en suspensid, i retenint bacteris i alguns virus atenent la mida d’exclusid. L'objectiu
principal d’aquesta etapa, i requisit pel bon funcionament de la osmosi inversa, és retenir
I’alumini residual procedent del coagulant (PAX-18) de la decantacid, que s’aconsegueix amb la
disminucié del pH de l'aigua acidificant-lo (6,6-6,8) amb I’adicié de CO, per dificultar la seva
solubilitzacio i facilitar la retencié a les membranes d’ultrafiltracié, mentre que el FeCls
s’addiciona per realitzar una post-coagulacié de I'alumini residual afavorint la retencié a la UF i
evitant que arribi a les membranes d’osmosi, on I'alumini podria provocar danys estructurals
per obturacid irreversible dels porus. Diariament es realitzen operacions de rentat a
contracorrent dels trens UF per millorar la capacitat de funcionament reduint les particules que

han quedat adherides a |'exterior de les membranes.

L'aigua permeada per ultrafiltraciéo es bombeja cap al tractament d’osmosi inversa (Ol), pero
préviament a I'entrada, se li practica un pretractament per tal de protegir les membranes
d’osmosi. Aquest pretractament consisteix en una desinfeccié per radiacié ultraviolada (UV),
dosificacid d’un agent dispersat, bisulfit sodic i acid sulfdric (H,SO4), filtraciéd per cartutx
(diametre de porus superior a UF) i de nou llum UV. La funcid de I'UV i la filtracio per cartutx és
reduir o eliminar els microorganismes que han resistit els tractaments anteriors per evitar
possibles recreixements al sistema de membranes d’Ol. Respecte els reactius, el dispersant
s’afegeix per reduir la cristal-litzacié de les sals de I'aigua que es concentren al rebuig del
sistema, el H,SO, reajusta el pH de I'aigua per evitar precipitacions i el bisulfit sodic elimina els

agents oxidants residuals.

L’etapa d’osmosi inversa consisteix en un bombament a alta pressié de I'aigua UF pretractada
que travessa les membranes d’osmosi. Es tracta d’una membrana semipermeable que

mitjancant pressié separa els constituents dissolts i deixa circular 'aigua permeada. Aquest
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tractament suposa una gran barrera per bacteris i virus, i elimina de l'aigua les sals i
practicament la totalitat dels compostos organics i inorganics, assolint una conductivitat i
carboni organic total (TOC) amb valors extremadament baixos. Aproximadament un 10% de
l'aigua que entra a la osmosi correspondra al rebuig generat pel funcionament de les
membranes, que genera aigua concentrada en sals (salmorra). Aquest rebuig es descarta al

col-lector de Salmorres de la conca del Llobregat.

L'aigua osmotitzada resultant és agressiva ja que per la seva desmineralitzacié presenta una
concentracié de sals molt baixa i equivalent a I'aigua destil-lada (~100 uS/cm), pel que es
requereix una regulacié del contingut sali. Aixi doncs, I'aigua es dirigeix cap a I'etapa de
remineralitzacid que consisteix en fer circular I'aigua osmotitzada per cambres amb llits de
calcita (CaCOs). En acabat, s’ajusta el pH de I'aigua remineralitzada amb hidroxid de sodi per

assegurar que no sigui agressiva, i amb el pH estable es dirigeix a la cambra de mescla.

A la cambra de mescla hi conflueixen les aiglies tractades de les dues linies de tractament: el
convencional i l'avangat. En aquesta cambra es mesura la concentracié d’amoni amb un
analitzador automatic per determinar la dosificacié de clor que caldra aplicar a les posteriors
etapes per eliminar-lo o reduir-lo per sota de la consigna maxima de sortida (0,5 ppm), donat
gue I'amoni consumeix quantitats significatives de clor. Seguidament I'aigua de la cambra passa
a un primer diposit de desinfeccié (D4: 10.000 m3) on es dosifiquen aproximadament 2 ppm de
clor (~ 0,4 ppm de clor lliure) amb un temps de contacte d’uns 30 minuts, assegurant la
desinfeccié de I'aigua i eliminant I'lamoni. A continuacid, I'aigua es condueix cap a un diposit
d’estabilitzacié (D3: 10.000 m?) on s’efectuara la cloracié final (~ 1 ppm de clor lliure) i
I’estabilitzacid de I'aigua abans de les impulsions a la xarxa de distribucié. El temps de retencié

en el diposit D3 és de 30 minuts.

’aigua potable clorada final s’acumula en dos diposits (D1 i D2: 4.000 m3), i mitjancant dues
centrals de bombament, s’impulsa a quatre cotes d’alcada diferents (cota 10 m, 50 m, 70 m i
100 m) per proporcionar I'abastament a la xarxa de distribucié garantint un minim cost

energetic. La impulsié d’aigua produida és d’entre 3.000 — 3.500 L/s.

Els temps de retencié a cada etapa és relativament rapid, ja que es triguen unes 6 hores a
potabilitzar I'aigua des de la captacid a la impulsid a la xarxa, pero en algunes etapes el temps
de contacte és superior als altres. Des de la captacio del riu fins a I'efluent de la filtracid per sorra
és triga un total 3 de hores (2,5 h de decantacié i 0,5 h a filtracié per sorra). El temps de
tractament convencional és més curt, amb 10 min d'ozonitzacid seguits d'uns 23 min de filtracid

per carbd. El tractament avancgat triga més temps, ja que requereix 42 minuts per la ultrafiltracio
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i 13 minuts per I'osmosi inversa, més uns 36 minuts de remineralitzacid de I'aigua. Des de que
I'aigua convergeix a la cambra de mescla, la posterior desinfeccié amb clor, fins a poder impulsar

I'aigua potable a la xarxa de distribucid, passen aproximadament 2 hores.

5. Gestio integral de I’aigua

5.1. L’us de recursos hidrics alternatius a Barcelona
Dessalinitzacio

A la primavera del 2008, es va produir una forta sequera que va agreujar I'escassetat d’aigua a
la ciutat de Barcelona, i va anar acompanyada de restriccions severes en I’Us de I'aigua i mesures
excepcionals com el transport d’aigua potable des d’altres localitats i paisos en vaixells cap a
Barcelona (ACA, 2019; Petrovic et al., 2010). Davant 'amenaca de I'escassetat d’aigua, I'estres
hidrics i la necessitat de consum (racional) d’aigua, s’adopten mesures alternatives de nous
recursos hidrics. Aixi el 2009 entra en funcionament la dessalinitzadora ITAM al Prat de Llobregat
(ATL, n.d.) que mitjangant osmosi inversa produeix aigua potable tractant aigua del mar, amb

una produccié anual de 60 hm3/any.
Reutilitzacio

A la tardor de 2009, motivat per el periode de sequera de I'any 2007-2008 que va provocar la
promulgacio del Decret de sequera a I’abril del 2.007 i fins a la seva derogacié (segona quinzena
de gener del 2009), des de I’Agéncia Catalana de I’Aigua (ACA), actuant com a administracié
hidraulica, juntament amb I'administracid sanitaria, i amb I’entitat que explotava I'ERA del Prat
(EMSHTR) i Aiglies de Barcelona com a operadora de la ETAP de Sant Joan Despi, es va avaluar
la incidéncia que podia tenir sobre el medi natural el fet de reutilitzar I'aigua regenerada
procedent del tractament terciari de 'EDAR del Baix Llobregat, abocant-la a la llera del riu
Llobregat a I'assut de Molins de Rei. Es va monitoritzar la qualitat de I'aigua regenerada a la
sortida de I'ERA, en el mateix punt d’abocament, i aiglies amunt i aiglies avall del punt
abocament, i es va concloure que la reutilitzacio de l'aigua no generava alteracions importants
en el medi receptor (Pérez et al., 2012; Rubiano et al., 2012). A I’estiu 2019 es va repetir un nou
estudi sobre la qualitat de I'aigua regenerada en les mateixes condicions abocant de nou a I'assut
de Molins de Rei. Els resultats van concloure el mateix: I'abocament aigua regenerada no
deteriora la qualitat del riu en el punt abocament. En ambdues experiéncies es va dur a terme

un extensiu pla de control que incloia tant parametres fisicoquimics, quimics i microbiologics.
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Recarrega artificial d’aqiiifers

Des del 1969 s’injecta aigua potable als pous d’extraccié per a la seva recarrega, amb aigua
potable per I'Us com a font de captacid per potabilitzacid, i amb aigua regenerada per evitar la
intrusid salina. Recentment, es va provar a escala pilot la possibilitat de fer la recarrega artificial
dels pous amb aigua filtrada pel filtre de sorra per potabilitzacié amb bons resultats tant a nivell
operacional com de qualitat fisicoquimica i microbiologica (CETAQUA, 2018). Actualment
mitjangant el projecte Queen (finangament Aiglies de Barcelona) s’esta posant a punt un nou
model d’explotacié de I'aquifer que es preveu que en els propers anys operin injectant aigua
filtrada per sorra per tal d’incrementar la disponibilitat de recursos subterranis de bona qualitat

per cobrir la demanda d'aigua potable davant I'escenari d'estrés hidric.

5.2. Gestio i demanda hidrica a Barcelona

Per I'elevada densitat poblacional i la disponibilitat dels recursos hidrics, la gestié hidrica per
I'abastament d’aigua actual a Barcelona és complexa ja que la xarxa de distribucié rep aigua de
diferents origens. L'ETAP de Sant Joan Despi és la més rellevant en quant a complexitat i volum

de produccié a Barcelona, on es tracten fins a 5,3 m3/s d’aigua d’origen Llobregat.

Segons les dades d’explotacid del 2020 (Aiglies de Barcelona, 2020), I'aigua produida, a I'ETAP
de Sant Joan Despi procedia de la captacid superficial del riu (85 hm3/any) i subterrania (34
hm3/any), i en menor proporcid, de 'ETAP de les Estrelles i del Besds, on es van tractar 6 hm3/any
d’aigua subterrania dels aquifers de Llobregat i Besos, respectivament. Aixi el regim de
produccié de mitjana va ser de 342.000 m3 per dia (~125 hm3/any). Conjuntament amb la
compra de cabals (¥67 hm3/any) de tres origens diferents principalment de la produccié de
I'ETAP d’Abrera (riu Ter) i 'ETAP de Cardedeu (riu Llobregat), i en menor mesura de la planta de
dessalinitzacié ITAM del Prat (aigua del mar Mediterrani) (ATL, n.d.), permet subministrar més
de 192 hm3/any d’aigua potable a més de 3.200.000 habitants de I'area metropolitana de

Barcelona.

La demanda anual d’aigua durant el 2020 a l'area metropolitana de Barcelona va ser
lleugerament inferior (2,6%) en comparacié a I’'any 2019 degut a I'aturada de I'activitat industrial
provocada per la pandémia de la COVID-19. Els volums subministrats van ser de 158,7 hm3/any
dels quals 116,4 hm3/any van correspondre a consum doméstic. El consum mitja diari de les llars

a I'area metropolitana va ser de 108,3 L/habitant.
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6. Context legislatiu de la Qualitat de I’aigua de consum. Directiva EU 2020/2184

La legislacid sobre qualitat de les aiglies de consum es troba en un moment de canvi important:
el desembre de 2020 es va aprovar la nova Directiva Europea (UE) 2020/2814, relativa a la
calidad de las aguas destinadas al consumo humano (Anonymous, 2020), que substitueix
I’anterior Directiva 98/83/CE, adaptant-la al progrés cientific-técnic. En aquests moments,
aquesta Directiva esta en procés de transposicid nacional, fet que suposara la substitucid del
Reial Decret RD 140/2003, por el que se establecen los criterios sanitarios de la calidad del agua
de consumo humano (versién consolidada 2018). El nou RD de transposicié de la Directiva (UE)

2020/2184 ha d’entrar en vigor el gener de 2023.

La nova Directiva europea, amplia el focus de la directiva anterior incorporant tota una séerie
d’objectius globals i requeriments que van més enlla de la qualitat de I’aigua. Els grans objectius

de la nova Directiva (UE) 2020/2184 s6n els seglients:

e Millorar la qualitat i seguretat de les aiglies, a través del control de nous parametres
(addicionals als controlats fins a la data), tant quimics com microbiologics

e Potenciar la gestid preventiva del risc (implantacid de Plans sanitaris de I'aigua),
ampliant-la a tot el cicle d’abastament, des de les captacions fins a les instal-lacions
interiors

e Augmentar la confianga del ciutada en I'aigua de consum i fomentar el seu consum

e Millorar la informacié al ciutada, tant sobre la qualitat de I’aigua consumida com sobre
d’altres aspectes del servei

e Potenciar I'accés universal a I'aigua (Objectiu 6 dels ODS agenda 2030)

e Prevenir la contaminacié en origen i minimitzacid de tractaments

Pel que fa referencia estricta a parametres de qualitat en I'ambit microbiologic, la nova directiva
també suposa un canvi important tant des del punt de vista d’incorporacié de nous parametres
(com Legionella i colifags somatics), com des del punt de vista d’increments en la freqliéncia
d’analisi d’alguns parametres: aixi, el recompte de bacteris aerobis a 22°C (HPC) i els enterococs
passaran a fer-se en totes les analisis de Control i no Unicament en les analisi Completes. A més
a més, s’afegeix una nova mesura de control microbiologic després de cada neteja de diposits,

concretament Clostridium perfringens (C. perfringens).

Actualment el control microbiologic de I'aigua de consum a nivell espanyol (segons RD 140/2003
consolidat) es basa en una verificacié d’abséncia de la contaminacié fecal mitjancant analisis

d’indicadors de contaminacio fecal com son coliforms totals i Escherichia coli (E. coli) en el cas
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d’analisis de Control, o coliforms totals, E. coli, enterococs, C. perfringens, i recompte de bacteris
aerobis heterotrofs a 22°C (HPC) en el cas de les analisis Completes. Des d’aquest punt de vista,
la nova Directiva europea representa un aveng en I'assegurament de la qualitat microbiologica,
en quant incorpora parametres d’interes com Legionella (bacteri patogen en funcié de I'especie
i de la concentracid), i colifags somatics com indicador de contaminacié viral, que permet
ampliar la seguretat en el cas d’aiglies en queé la desinfeccié permeti eliminar la presencia de

tots els indicadors bacterians pero no totalment la presencia d’indicadors virals.

L’actual pla de control del procés de tractament i distribucié d’Aiglies de Barcelona, permet
assegurar el compliment tant de la legislacié vigent com de la nova Directiva (UE) 2020/2184, a
més de disposar ja d’un Pla de Seguretat de I’Aigua (PSA) de tot el sistema (contemplant la
produccié i distribucié de les aiglies de consum), certificat per la norma de seguretat alimentaria

ISO 22000 des de I'any 2009.

Des del punt de vista legislatiu, tot i aquesta obertura a nous parametres microbiologics en el
control de l'aigua de consum, sembla que encara queda lluny la incorporacié de nous
parametres derivats de noves técniques analitiques que ja es poden considerar ben implantades
a nivell metodologic, com les que, entre altres, es proposen a la present tesi doctoral i que no
tenen altre objectiu final que portar a nivell operatiu el coneixement cientific aplicat en altres
ambits i poder ser considerades técniques complementaries a la legislacié vigent oferint una

visié global de la microbiologia del tractament de I'aigua.

6.1. Control microbiologic de la qualitat de I'aigua: indicadors de la contaminacio fecal

La contaminacid microbiologica de I'aigua es deu principalment a I'efecte de les activitats
humanes i animals, suposant una especial preocupacié per la qualitat de l'aigua les
contaminacions microbiologiques d’origen fecal, i és que aquests residus aporten un gran
nombre de microorganismes a I'aigua entre els que es troben els patogens que poden suposar

un risc per la salut.

L’analisi en rutina de la totalitat dels microorganismes patogens presents en I'aigua no és viable
degut, principalment, a la gran variabilitat que presenten, que la seva presencia sol trobar-se en
concentracions baixes, i que les tecniques per recuperar-los sén complexes, laborioses, cares i
de temps elevat. Per aquest motiu, la legislacié vigent es basa en el control de microorganismes
indicadors de contaminacié fecal per garantir la innocuitat del consum de I'aigua. Els bacteris
indicadors de la contaminacio fecal com els coliforms, Escherichia coli (E. coli) i enterococs s’han
utilitzat historicament per avaluar la qualitat microbiana de I’aigua per la seva gran abundancia

en aiglies residuals i femtes.
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Els indicadors microbiologics de contaminacié fecal sén un grup de microorganismes
relacionats amb la microbiota intestinal humana i d’animals de sang calenta. Per tant, la seva
preséncia a I'aigua informa d’una deficiencia de la qualitat per una contaminacio fecal i alerta
de la possible presencia d’un microorganisme patogen. Aixi, els indicadors esdevenen una eina
atil pel control de qualitat microbiologica de I'aigua permetent avaluar I'eficacia dels processos
de potabilitzacid i de depuracié. Un indicador microbiologic ha de complir els seglients requisits

(WHO, 2008):

e Estar relacionat ecologicament amb el patogen (femtes humanes i animals)
e No ser patogen

e Abundancia superior al patogen

e Ser rapid, senzill i economic de detectar pel métode estandarditzat (cultiu)
e Resistencia als processos de desinfeccid i inactivacié similar al patogen

e No present en aiglies no contaminades

Per tal d’assegurar la innocuitat de les aiglies de consum a nivell microbiologic, actualment la
Directiva, com s’ha esmenat a 'apartat 6, contempla |'assaig de 5 indicadors bacterians, 1
patogen bacteria de referencia i 1 indicador viric. A la taula 1 s’indiquen els parametres
microbiologics i els valors parameétrics que han de complir les aiglies destinades al consum

(Anonymous, 2020).

TAULA 1. Parametres microbiologics, valors paramétrics i métodes d’analisi segons la Directiva EU 2020/2184

Parametre Valor parametric Meétode d’analisi

E. coli 0 UFC/100 mL EN ISO 9308-1 6 9308-2
Enterococs intestinals 0 UFC/100 mL EN ISO 7899-2

C. perfringens (incloent espores) 0 UFC/100 mL EN I1SO 14189

Bacteris coliforms 0 UFC/100 mL EN I1SO 9308-1 6 9308-2

Recompte de colonies a 22°C (HPC)

ala sortida de 'ETAP 100 UFC/mL EN ISO 6222
a la xarxa de distribucié Sense canvis anomals
Legionella (distribucié domiciliaria) * 1000 UFC/L EN1SO 11731

EN ISO 10705-2 i
Colifags somatics (a I’aigua crua) 50 PFU/100 mL
EN I1SO 10705-3

* Davant un risc de Legionella per al seguiment de la verificacié complementariament es poden utilitzar métodes
rapids alternatius de cultiu i métodes moleculars (no basat en cultiu) com quantificacié per gPCR(ISO/TS 12869)
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Respecte els indicadors bacterians, els bacteris coliforms informen sobre les condicions
sanitaries de |'aigua pero, ates la seva gran ubiquitat, per si sols no podrien utilitzar-se com a
indicadors de contaminacid fecal. En canvi, E. coli, tot i pertanyer al grup de coliforms, si es troba
estretament relacionada amb la microbiota intestinal i per tant constitueix un bon indicador de
la contaminacid fecal, aixi com permet indicar la possible preséncia de bacteris patogens
enteérics com Salmonella, perd no és un indicador especialment bo dels virus entérics ni
protozous ja que aquests sdn més resistents als tractaments d’inactivacié. Tanmateix, els
enterococs intestinals, tot i trobar-se en menor proporcié a la microbiota intestinal humana, sén
considerats, conjuntament amb E.coli, els parametres nucli per alertar d’una contaminacié fecal.
D’altra banda, C. perfringens, també associat a femtes perd en menor concentracié que E.coli,
representa un bon indicador (anaerobic) de contaminacié fecal i de I'efectivitat dels processos
de tractament, ja que sén formadors d’endospores resistents a I'ambient, pel que la seva
deteccié a l'aigua potable indicaria problemes durant el procés de tractament. Per la seva
resisténcia als processos de desinfeccid es consideren bons indicadors de protozous parasits
com Giardia i Cryptosporidium. També, el recompte d’'HPC és un indicador util que permet
monitoritzar canvis en la qualitat de I'aigua durant la seva potabilitzacié o la seva distribucio a
la xarxa, com l'increment en nombre de les poblacions bacterianes per exemple en casos
d’augment de I'activitat d’un biofilm, o en temps de retencié o estancament prolongats, o

davant una ruptura de la integritat del sistema (Bartram et al., 2003).

Per altra banda, I'aparicié de brots de malalties entériques associades al consum d’aigua, en
ocasions han estat relacionades amb aiglies que presentaven parametres bacteriologics

adequats. En aquest cas, la disposicié d’indicadors virics pel control de qualitat de I'aigua

resulten de maxima importancia com ja recull la nova Directiva. Aixi doncs, I'Us dels colifags
somatics (virus que infecten E. coli i altres coliforms intestinals) permet disposar d’un indicador

de la contaminacié fecal i de la preséncia de virus entérics a I’aigua (Lucena and Jofre, 2014).

7. Comunitats bacterianes a I'aigua

Els ecosistemes d'aigua dolga sén molt variables en quant a I'origen hidric (rius, aquifers, llacs,
etc.) i les condicions disponibles pel creixement microbia. Aquests medis aquatics tenen una
microbiota propia i alberguen una de les majors diversitats de tots els medis naturals (Thompson
et al., 2017; Vitorino and Bessa, 2018; Walters and Martiny, 2020). Malgrat I'origen de I'aigua
sigui diferent, s’han descrit aspectes comuns en quan els taxons majoritaris, que a nivell de

filums en aquests ecosistemes sén principalment Proteobacteria, Bacteroidota,
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Actinobacteriota, Firmicutes i Cyanobacteria (Aizenberg-Gershtein et al., 2012; Atnafu et al.,
2021; Chao et al., 2015; Hou et al., 2018; Pinto et al., 2012; Thom et al., 2022; Vaz-Moreira et
al., 2014; Wolf-Baca and Piekarska, 2020).

No obstant, les activitats antropogéniques poden alterar aquesta microbiota natural amb la
introduccié de microorganismes propis del intesti huma mitjangant la contaminacié d’origen
fecal a les aiglies.

Les aiglies dels processos de potabilitzacid i les aiglies de consum, tot i estar sotmeses a un
tractament, i fins i tot complint els estandards de qualitat microbiologics, sén ecosistemes
complexos que presenten una gran diversitat bacteriana (Hou et al., 2018; Pinto et al., 2012;
Revetta et al., 2010; Wang et al., 2018). Malgrat que les concentracions bacterianes a la sortida
de la planta de tractament solen ser baixes (<10 UFC/mL), es poden produir recreixements

durant la seva distribucid.

L’estudi d’aquesta diversitat pot ser de gran utilitat per millorar la qualitat de I'aigua, no obstant
el seu control queda al marge de la legislacié. Aquestes comunitats no tenen perqué suposar un
risc per la salut pero donades certes condicions, podrien donar lloc a I'aparicié de bacteris que
alterin les propietats organoléptiques de I'aigua i en alguns casos podrien comprometre la seva
seguretat.

La gran majoria de bacteris que es troben als sistemes d’aigua son bacteris heterotrofs que fan
servir com a font d’energia el carboni organic. Alguns dels generes més abundants a rius, llacs,
aigua potable i aiglies residuals son: Acidovorax, Acinetobacter, Aeromonas, Bacillus,
Clostridium, Comamonas, Curvibacter, Enterobacter, Flavobacterium, Mycobacterium,

Legionella, Sphingomonas, Pseudomonas, Rheinheimera, Rhodococcus, entre d’altres (Figura 3).
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Figura 3. Representacid grafica de la diversitat bacteriana (a) Proteobacteria i (b) altres filums observades diferents
tipus d'aigua. Les diferents classes i filums estan representades per colors diferents. A la part externa del cercle esta
representat amb barres les diferents matrius d’aigua (diferents colors) on s’han aillat: : SW (aigles superficials:
aiguamolls, rius i llacs); MW (aigua potable mineral); U-DW (aigua potable no tractada); T-DW (aigua potable

tractada); Ur-WW (aigties residuals urbanes) i A-WW ( aiglies residuals animals). Extret de Vaz-Moreira et al. (2014).
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No obstant també s’ha descrit la presencia de bacteris autotrofs que utilitzen una font d’energia
inorganica com els bacteris nitrificants (ex.: Nitrosomonas) que s’ha observat que recreixen rere
I’Gs de la desinfeccidé per cloramines o clor (Eichler et al., 2006; Regan et al., 2003; Thom et al.,
2022), els oxidants de ferro (ex.: Leptothrix) que alguns géneres estan associats a una acceleracio
de la corrosid de ferro (Sun et al., 2014), o els reductors de sofre (ex.: Desulfovibrio) aquests

ultims produint episodis d’olor i gust a I'aigua potable (Scott and Pepper, 2010).

Els canvis en la qualitat microbioldgica de I'aigua sén el resultat d'interaccions complexes entre
els diversos microorganismes (bacteris, virus, etc.) i la influéncia de diversos factors que regulen
el seu creixement, principalment |'efectivitat dels processos de potabilitzacio, la disponibilitat i

concentracié de nutrients, la temperatura i la preséncia de desinfectants residuals a I'aigua.

Mitjancant els tractaments de potabilitzacid a les ETAP s’aconsegueix reduir significativament la
concentracié de microorganismes a I'aigua final amb I'objectiu de proveir una aigua de qualitat
i segura pel consumidor, no obstant es poden produir canvis durant la seva distribuciod a la xarxa
que alterin I'estabilitat biologica de I'aigua. El concepte “estabilitat biologica” fa referencia a un
canvi minim en la qualitat de I'aigua durant la distribucid respecte la qualitat a la sortida de
'ETAP que no afecti la seguretat o alteri les propietats organoléptiques de l'aigua. Per
aconseguir una aigua estable en el temps i I'espai, i limitar el creixement bacteria durant el
transport, en molts paisos l'aigua potable es distribueix amb desinfectants residuals com el clor,
que permet limitar el recreixement d’aquests a I'aigua potable. Diversos autors han assenyalat
que nivells superiors a 0,2 ppm de clor lliure a la xarxa de distribucié d’aigua potable redueixen
significativament la microbiota i sén adequats per a evitar la proliferacié de microorganismes i
la formacié de biofilms (Fish and Boxall, 2018; Li et al., 2017, 2018). No obstant, els subproductes
de desinfeccid generats per I’Us de clor aixi com I'alteracioé del gust de I'aigua han fet que alguns
paisos optin per distribuir aigua sense desinfectant residual. Aixi, per exemple als Paisos Baixos
on es disposen de sistemes de distribucié d’aigua potable sense cloracid, I'estabilitat es basa en
la propia microbiota de I'aigua que actuaria com a proteccid natural contra la proliferacié de
patogens (Roeselers et al., 2015). Aquest efecte protector dels bacteris que colonitzen de
manera natural el sistema d’aiglies és un concepte que es coneix com a biofilm protector que
tindria un efecte de proteccid envers la presencia de patogens a I'aigua (Wang et al., 2013). No
obstant, als Paisos Baixos, la font principal de captacid per a la produccié d’aigua potable és

I'aigua subterrania que es veu menys alterada a nivell microbiologic (Roeselers et al., 2015).
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Un exemple de recreixement de bacteris en sistemes d’aigua potable amb clor residual es
mostra a la Figura 4. Chao i col-laboradors (2015) van observar una successié de bacteris durant
la formacio de biofilms (60 dies-180 dies) on a més es van observar canvis en funcié del material
de la canonada on creixia el biofilm (plastic (PE) o acer inoxidable (SS)). L’analisi taxonomica va
indicar que l'estructura de la comunitat bacteriana va canviar durant la formacié i
desenvolupament del biofilm, on el biofilm més jove (60 dies) presentava Sphingomonas i
Nevskia com a géneres majoritaris, que van disminuir la seva abundancia relativa en els biofilms
més madurs (180 dies), mentre que el génere Bradyrhizobium va augmentar. També van
observar un efecte significatiu del material de la canonada respecte la composicié bacteriana
del biofilm on la superficie plastica presentava una gran abundancia de Sphingomonas, Nevskia

i Vampirovibrio que contrariament presentaven una baixa abundancia relativa a la superficie de

acer inoxidable.

Figura 4. Representacié grafica dels 10 generes més abundants A) durant la formacié d’un biofilm a diferents dies (60,
120i 180 dies) i B) biofilm desenvolupat sobre superficie plastica (PE) biofilm desenvolupat sobre acer inoxidable (SS).
Extret de (Chao et al., 2015) . Els colors de I'interior de |a grafica representen una mostra o génere diferent, i I'amplada

de les cintes que connecten la mostra i els genere indiquen |'abundancia relativa dels generes.
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D’altra banda, el tipus de nutrients organics i inorganics disponibles i les concentracions
d’aquests a I'aigua potable també estan relacionades amb I'estabilitat biologica, ja que poden
limitar o promoure el creixement bacteria a l'aigua. Els bacteris heterotrofs, que constitueixen
la majoria dels bacteris de |'aigua potable, principalment obtenen energia per |la degradacié dels
compostos de carboni organic. El carboni és el compost que més limita el creixement bacteria,
seguit dels nutrients inorganics com el nitrogen i el fosfor (Prest et al., 2016). Els oligoelements
(ferro, magnesi, coure, etc.), també sdn necessaris per al creixement dels bacteris heterotrofs

pero en concentracions molt menors que el carboni organic (Egli, 2010).

Tanmateix, una altre factor molt important és la temperatura que conjuntament amb la
disponibilitats de nutrients té un efecte directe en el creixement de les poblacions bacterianes.
Diversos autors han observat que davant d’una temperatura elevada i nivells de nutrients
elevats, es produeix un augment de la taxa de creixement de les comunitats bacterianes, mentre
gue en un ambient amb baixes de concentracions nutrients el creixement bacteria disminueix
(Degerman et al.,, 2013; Hou et al., 2018; Pinto et al., 2012). No obstant, la composicié de
nutrients als processos de tractament i a I'aigua potable és complexa, ja que disposa de diversos
nutrients perd a concentracions molt baixes pel que els bacteris que han resistit els tractaments
estan ben adaptats i proliferen en aquest ambients oligotrofics, metabolitzant substrats de
carboni diferents simultaniament per a la seva supervivencia (Egli, 2010; Li et al., 2017; Pinto et

al., 2012).

Aixi doncs, davant la gran heterogeneitat de recursos hidrics disponibles per a la potabilitzaci,
les diferents estratégies de tractament i distribucid de les aiglies, aixi com els diferents factors
que poden influenciar en aquests (aportacié d’efluents residuals i industrials, temperatura,
nutrients, Us de desinfectants, etc.) fa necessaria la caracteritzaci6 de les poblacions

microbianes a I'aigua.

El coneixement sobre la microbiota autdctona pot suposar una eina molt util per a identificar
canvis en els punts de captacid, en les etapes de potabilitzacié aixi com en I'emmagatzematge

de I'aigua en diposits o a la xarxa de distribucid.

En els darrers anys, s’han desenvolupat metodes analitics i moleculars d'alt rendiment que
permeten una caracteritzacié detallada de les comunitats bacterianes a |'aigua. Préviament
pero, es requereix disposar d’una mostra representativa amb el que esdevé necessari disposar

de métodes de concentracio.
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7.1 Meétodes de concentracio de microorganismes

Un parametre critic per I'estudi de les comunitats bacterianes a I'aigua és el procediment de
mostreig que ha de garantir la integritat i la representativitat de la mostra. Per tal de detectar la
microbiota que es troba a I'aigua cal fer una concentracié de la mostra prévia a I'analisi. No
obstant, molts microorganismes com per exemple els patogens, es troben habitualment a baixes
concentracions a les aiglies, amb el que esdevé necessari emprar técniques que permetin

concentrar grans volums d’aigua per tal d’augmentar la sensibilitat en la seva deteccié.

Existeixen diferents métodes de concentracid en mostres ambientals que varien en funcié del

tipus de microorganisme d’interés (bacteris, virus i protozous) (Bridle, 2014; Yates et al., 2016).

Tradicionalment s’han classificat com a métodes de concentracié primaria (redueixen grans
volums d’aigua a un volum final aproximadament de 1L) o secundaria (o de reconcentracio,
permetent una reduccid del volum de la mostra a pocs mil-lilitres) perd a la practica la seva

distincid és complexa ja que un mateix metode pot formar part d’ambdues classificacions.

El més avantatjos és disposar d’'un métode que permeti simultaniament la concentracio de virus,
bacteris i protozous, que proporcioni recuperacions acceptables i consistents, que sigui de
processament rapid i senzill, reproduible, que permeti processar diferents matrius d’aigua, i que

sigui de baix cost.
Entre els diferents métodes de concentracid els més utilitzats es troben:

e Centrifugacié: Emprat independentment per a bacteris, virus o protozous, segons el
protocol, consisteix en compactar els microorganismes presents a la mostra en un pellet per
sedimentacié mitjangant forces gravitatories que poden oscil-lar habitualment entre 1000 i
12.000 x g i temps variable (ex: 1100 x g 15 min per Giardia spp. en concentracié secundaria;
4000 x g 30 min per bacteris en concentracié secundaria després de concentracié primaria
per ultrafiltracié). La principal limitacié d’aquesta metodologia resideix en la dificultat de
concentrar volums relativament grans de mostra (1L) a grans velocitats sind se’n fa Us de la
ultracentrifugacié, necessari per a la concentracié de virus. També es pot emprar per
reconcentracio després d’un concentracio primaria per reduir el volum final de la mostra a

pocs mil-lilitres o microlitres.
o Floculacié-Precipitacié: Emprat per a la concentracid de virus, aquesta técnica consisteix en
I’Gs de floculants (alumini, llet descremada, polietilenglicol (PEG), etc.) en que s’adhereixen

els virus en suspensid per a la posterior precipitacio per sedimentacid, sense la necessitat de
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concentracié secundaria (8-12h), o bé amb centrifugacié posterior (Calgua et al., 2008;
Hjelmsg et al., 2017; Lewis and Metcalf, 1988; Randazzo et al., 2020). El méetode té una
limitacié de volum mostral (10L) ja que es dificulta el seu rendiment en volums grans de

mostra.

Filtracié

Adsorcié-elucié: Emprat per a la concentracid de virus, també conegut com a VIRADEL (viral
adsorption and elution), es tracta de concentrar les particules viriques, que en medi aquds
presenten carrega electronegativa, per adsorcid electrostatica sobre la superficie un filtre
(acetat de cel-lulosa, nitrat de cel-lulosa o llana de vidre) amb que reté el virus i posteriorment
s’elueix amb tampons alcalins (extracte de carn, glicina, etc.) amb filtres que retenen els virus
(Wallis and Melnick, 1967). Permet filtrar volums grans de mostra (10-50L). Hi ha diverses
metodologies com els discs MAF (monolithic afinity filtration), la filtracié amb llana de vidre
(columna amb llana de vidre empaquetada a una determinada densitat que actua
d’absorbent de virus), o el filtre electropositiu NanoCeram (Argonide, US) (combinacio de
microvidre i cel-lulosa que permet I'adsorcid de virus, bacteris i protozous en grans volums
de mostres de diferent terbolesa).

per membrana: Aquesta tecnica permet concentrar bacteris, virus o protozous per separat
(en funcio del tipus de filtre), i consisteix en fer passar un volum de mostra d’aigua (<10L) a
través d’un filtre de membrana (nitrocel-lulosa, policarbonat, acetat de cel-lulosa, etc.)
micropordés amb una determinada mida de diametre de porus (0,22 uM 6 0,45 uM per
bacteris) on hi quedaran retinguts els microorganismes de mida superior. El seu bon
rendiment depén d’una baixa terbolesa a la mostra (adequat per aigua potable). Pot utilitzar-
se en concentracid primaria o secundaria. Actualment pel control de qualitat de 'aigua esta
estandarditzat I'Gs de la filtraci6 membrana mitjancant la concentracié de volums de 100mL

per tots els indicadors bacterians (excepte HPC).

Ultrafiltracié: Es I’Gnic métode de concentracid, a dia d’avui, que permet la recuperacié
simultania de virus, bacteris i protozous basant-se en I'exclusié de mida amb recuperacions
descrites superiors al 50% amb volums grans de mostra (Gunnarsdottir et al., 2020; Hill et al.,
2007; Rhodes et al., 2011). Principalment es classifiquen en:

CeUF: La ultrafiltracié centrifuga (CeUF), que consisteix en una concentracid per
centrifugacié mitjangant un ultrafiltre amb una mida d’exclusié (5-100 KDa en funcié del
dispositiu), permet la concentracié primaria i/o secundaria de tots els microorganismes.

Durant la centrifugacid, l'aigua i les molécules més petites passaran a través del filtre i els
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microorganismes hi quedaran retinguts. A causa de la petita mida dels porus, les mostres
amb elevada terbolesa (ex. riu, aigua residual, etc.) poden obstruir el filtre augmentant el
temps de processament de la mostra. Un exemple és l'ultrafiltre Centricon® Plus-70 (Merck,
Alemanya) (Gunnarsdottir et al., 2020; Medema et al., 2020; Rusifiol et al., 2020) que permet
concentrar de manera rapida (70 mL en 25 min) en el rang de 50X a 200X mitjancant repetits
volums de carrega de 70 mL, arribant a un volum final inferior a 350 pLL.

DEUF: La ultrafiltracié sense sortida (DEUF) és basa en filtracié per I'exclusié de mida (10-
70KDa) amb volums grans de mostra (>100 L) (Gunnarsdottir et al., 2020; Hill et al., 2007;
Rhodes et al., 2011). La tecnica DEUF permet concentrar grans volums d’aigua in-situ
connectant directament a 'aixeta durant el mostreig a diferéncia de la resta de técniques
(excepte NanoCeram) que requereixen del transport de grans volums d'aigua al laboratori
per a l'analisi. La tecnica és senzilla i permet concentrar diferents matrius d’aigua
(regenerades, processos de tractament, riu, aigua potable, etc.). L'analisi de grans volums pot
ser un enfocament eficag per detectar microorganismes a baixes concentracions. Tot i que
mitjancant el metode d’adsorcié-eluci6 amb llana de vidre o NanoCeram permet la
concentracié simultania de bacteris, virus i protozous el primer métode té una
reproductibilitat variable i ambdds presenten una bona recuperacid en virus (<80%) pero
baixa per bacteris i protozous (<12%) en comparacié amb els métodes d’ultrafiltracié DEUF
(>50%) (Francy et al., 2013).

Un exemple de filtre és 'ultrafiltre d’hemodialisi Rexeed-25A (Akahi Kasei Medical, Japd)
(Gunnarsdottir et al., 2020; Pascual-Benito et al., 2020). Es tracta d’un cartutx de filtracié de
fibra buida (Polisulfona) de 185 um i una mida de porus de 30 kDa que es pot connectar
directament a una aixeta per la filtracié in situ (o0 amb bomba peristaltica) permetent una
concentracio de mostra de fins a 100L/hora (depén de la matriu d’aigua) tolerant una pressid
maxima de 66 kPa que si se supera pot danyar les fibres, pel que sempre s'ha d'utilitzar durant
la filtracié un manometre per, un cop regulat el flux, comprovar que no augmenti la pressid.
Permet concentrar volums grans de mostra (>1100 L). Durant la filtracid, les particules i
microorganismes superiors a la mida de tall (30 KDa) queden retingudes a la superficie de
I’entramat de fibres, mentre que I'aigua i particules més petites circulen per I'interior de les
fibres cap a I'exterior del filtre (permeat) (Figura 5).Un cop finalitzada la filtracio, per tal de
recuperar el concentrat, al laboratori es procedeix a fer un rentat a contracorrent amb una
solucid d’elucié mitjangant bomba peristaltica que permet recuperar els microorganismes en

un volum reduit de 500-600 mL que es pot reconcentrar per CeUF.
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Membranes de filtracié de fibra buida
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Figura 5. Esquema del procés de concentracié d’un filtre d’ultrafiltracio DEUF durant el mostreig d’aigua

El métode DEUF per a la concentracid6 de mostres d’aigua potable, aixi com altres matrius
d’aigua, ja és una realitat que progressivament es va incorporant a estudis ambientals
d’indicadors de contaminacié fecal i patogens d’interés que es troben a baixes concentracions,
per la seva alta capacitat de filtracio, i recuperacid simultania de tots els microorganismes
(Cuevas-Ferrando et al., 2020; Ferrari et al., 2019; Gunnarsdottir et al., 2020; Pascual-Benito et
al.,, 2020; Rhodes et al.,, 2011). No obstant, I'Us d’aquesta metodologia no esta actualment
explorada per I'estudi de les comunitats bacterianes per NGS ni per protedmica a processos de
potabilitzacié i distribucié d’aiglies de consum. Per aquest motiu, la present tesi doctoral ha

avaluat I'Gs d’aquesta metodologia per a I’estudi de la diversitat bacteriana.

7.2. Meétodes de deteccio i identificacio de microorganismes

Una de les tasques fonamentals als laboratoris de microbiologia de I'aigua és I'aplicacié d’una
metodologia precisa i robusta que permeti detectar, enumerar i identificar els microorganismes
implicats en processos de deteriorament o contaminacid de I'aigua. Pel que fa a la qualitat de
I'aigua, aquesta metodologia, esta estandarditzadairecollida sota la Directiva europea coms’ha

mencionat a I'anterior apartat 6 i es detalla a continuacio a I'apartat 7.2.1.

Tradicionalment la microbiologia d’aiglies ha emprat metodes manuals basats en cultiu per la
deteccid, recompte, i identificacié de microorganismes d’interes. En I’actualitat els metodes que
s’utilitzen pel control de qualitat microbiologica segueixen basant-se en métodes dependents
de cultiu, que tenen una elevada fiabilitat pero una de les limitacions és el temps de resposta
dels resultats ja que requereixen d’'una incubacié de 24 hores o superior en funcié del

microorganisme.
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En els darrers anys, la microbiologia en I'ambit ambiental i alimentari, ha fet un gran salt cap a
I"'automatitzacid i ha donat lloc a metodes rapids, kits, miniaturitzacions (Fung, 2002), aixi com
tecniques de seqlienciacié d’alt rendiment (McDaniel et al., 2021; Zhang and Liu, 2019) per
I'assegurament de la qualitat i per aprofundir en el coneixement sobre els microorganismes i les
seves funcions fent Us d’aquestes noves eines com a monitoritzacié més enlla del que esta
estrictament legislat. A la Figura 6 es resumeixen els principals metodes d’analisi de

microorganismes que es troben actualment disponibles.

METODES D'ANALISI
DE

MICROORGANISMES

CuLTIU -
DEPENDENT

Figura 6. Diagrama dels principals métodes d’analisi de microorganismes per la seva deteccié, quantificacio i deteccio

segons si es basen en cultiu o si son independents de cultiu

Les diferents técniques permeten l'analisi de les comunitats bacterianes mitjancant dues
estrategies diferents: dependent de cultiu o independent de cultiu. Ambdues aproximacions
presenten diverses metodologies per a la deteccié i/o quantificacié (o semi-quantificacid) dels
microorganisme d’interes, aixi com la identificacid i caracteritzacié d’aquestes comunitats. Per
exemple, per controlar la densitat microbiana a l'aigua potable, depenent del cultiu s’utilitza
majoritariament el recompte de colonies en placa, mentre que pel recompte cel-lular
independent del cultiu, la citometria de flux. En canvi, per caracteritzar les poblacions
bacterianes cultivables, es poden utilitzar aproximacions com la protedmica per espectrometria

de masses MALDI-TOF o per I'analisi de la totalitat de poblacions (cultivables i no cultivables)
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tecniques de sequienciacid d’ultima generacié (NGS) com per exemple la seqiienciaciéo massiva

d’amplicons (metabarcoding).

Addicionalment, les tecniques independents de cultiu també permeten analitzar I'activitat
microbiologica pel que fa a la detecci6 de molecules o gens relacionats amb [’activitat
microbiana, que per exemple mitjangant les tecniques omiques ens permet veure quins
microorganismes es troben, qué poden fer, i quin microorganisme fa qué (metagenomica), o bé
quin microorganisme esta activament fent una funcié determinada (metatranscriptomica), o

quin microorganisme esta produint quins productes metabolits (metabolomica),etc.

A continuacid es detallen les tecniques emprades en la present tesi doctoral per a I'estudi de les

comunitats bacterianes als processos de potabilitzacié i distribucié de les aiglies de consum.

7.2.1. Espectrometria de masses amb desorcié/ionitzacié laser assistida per matriu amb

deteccio de masses per temps de vol (MALDI-TOF MS) per a la identificacio de bacteris

L'espectrometria de masses MALDI-TOF és una técnica emprada originalment al camp de la
guimica organica per I'analisi de biomolécules i polimers sintétics. Per primer cop, I'any 1975
Anhalt i Fenselau van suggerir I'Us de I'espectrometria de masses pel camp de la microbiologia,
concretament per la caracteritzacio bacteriana, mitjancant llargues extraccions amb cloroform-
metanol d’algunes espécies de bacteris patdogens a I'observar que aquests disposaven d’un perfil
de masses uUnic. Més endavant, al 1996 Holland i altres autors aconsegueixen per primer cop
obtenir els espectres directament de cél-lules bacterianes mitjangant I'ds de MALDI-TOF MS. Des
d’aleshores es comenca a introduir en el sector hospitalari i des de fa aproximadament 15 anys,
aquesta tecnologia és ampliament emprada en rutina per diagnostic clinic, i més recentment
s’ha anat implementant de forma progressiva a diverses disciplines del camp de la microbiologia
amb un alt grau d’acceptacid per la seva robustesa, rapidesa, baix cost i facilitat d’Us en la

identificacié bacteriana (Singhal et al., 2015).
Actualment, la técnica MALDI-TOF MS té diverses aplicacions en diferents ambits:

En I'ambit clinic destaquen la deteccid preco¢ de bacteris resistents a antibiotics reduint el
temps d’actuacié per a la terapia antibiotica adequada (Florio et al., 2020), el diagnostic clinic
mitjangant la identificacié de patogens en cultius de sang, orina, femtes, fluid cerebroespinal,
etc. (Tsuchida et al., 2020), aixi com els estudis epidemiologics, per exemple pel seguiment de
I’epidémia causada recentment per la COVID-19 permetent un diagnostic rapid i fiable del virus

SARS-CoV-2 en saliva (Deulofeu et al., 2021; Hernandez et al., 2021).

54



INTRODUCCIO

En I'ambit alimentari, és molt emprat en rutina per garantir la seguretat i la qualitat dels
productes, per exemple identificant els bacteris fermentadors d’aliments (Angelakis et al.,
2011), o els bacteris oportunistes o patogens implicats en el seu deteriorament (Barreiro et al.,
2010), o per a identificar possibles bacteris responsables de brots transmesos per aliments com
el causat I'any 2011 a Alemanya per E.coli productora de toxina Shiga 0104:H4 associada a
germinats vegetals (Christner et al., 2014), etc. Tanmateix el seu Us es recomana com a
confirmacié i identificacié de patdogens transmesos per aliments i aigua com Salmonella spp.,
Campylobacter spp. o Cronobacter spp. com alternativa als metodes de referéncia basats en
proves bioquimiques ja que presenten resultats equivalents i més rapidament en comparacio
amb els procediments de confirmacié especificats per cada metode de referencia (Bastin et al.,

2019).

En el camp de la microbiologia ambiental aquesta técnica s’ha explorat en diversos ambients
com el mari, per exemple determinant els bacteris simbionts de corals, esponges i peixos (Vidal
et al., 2020) o per controlar el transport no desitjat de bacteris patogens a través de I'aigua de
llast (Emami et al., 2012), a la rizosfera per identificar bacteris aillats de sols contaminats
(Christner et al., 2014), o a aqliifers d’aigua dol¢a per determinar les espécies que viuen en

ambients contaminats (Santos et al., 2017), etc.

Per tant, les aplicacions mitjancant I'Us de MALDI-TOF MS permeten monitoritzar diversos
ambients amb el que pot resultar de gran utilitat pel camp de la microbiologia d’aiglies en relacio
al control dels processos de produccidé d’aigua potable i la xarxa de distribucié per una rapida
deteccid dels bacteris que resideixen en aquestes matrius poc explorades actualment per
aquesta tecnologia. Per exemple, davant d’'un esdeveniment de contaminacié microbiologica
d’enterococs a la xarxa, les proves de confirmacid regulades no estarien disponibles fins a 5
hores després d’obtenir el resultat presumptiu. Tot i que majoritariament es respon amb les
corresponents accions correctives davant la notificacié d’un resultat presumptiu, amb MALDI-
TOF MS en pocs minuts es podria confirmar la seva presencia per tal d’actuar immediatament.
Més enlla de la identificacio de la preséncia d’indicadors, permet la identificacié rapida de les
colonies que han crescut a les plaques dels controls de qualitat microbiologics de rutina legislats,
com per exemple els HPC, aportant una informacié complementaria que resultaria molt

laboriosa, lenta i amb un cost més elevat mitjanc¢ant la identificacié amb proves bioquimiques.

55



INTRODUCCIO

Plataformes MALDI-TOF MS i descripcio de la técnica

Actualment hi ha diverses plataformes de MALDI-TOF MS, entre les que destaquen Microflex LT
(Bruker Daltonics, Alemanya), VITEK MS PRIME (BioMérieux, Franga), AXIMA (Schimadzu, EEUU)
i Autof ms1000 (Autobio Diagnostics, Xina).

En la present tesi doctoral s’"ha emprat aquesta tecnologia per a la identificacié bacteriana de
les plaques d’heterotrofs (HPC) mitjancant I'equip Microflex LT MALDI-TOF MS (Bruker

Daltonics, Alemanya).

La tecnica d’espectrometria de masses MALDI-TOF es basa en la deteccié de la relacié massa-
carrega de les proteines majoritaries, principalment ribosomiques (2-20 KDa), dels bacteris que
composen un perfil d’espectre de masses Unic que permet la seva identificacié. L'espectre
adquirit mitjancant aquesta técnica es compara amb una base de dades de col-leccié d’espectres
de masses de soques de referencia, anomenat també llibreria, i en funcié de les similituds amb

aquestes s’aconsegueix una identificacié a nivell de génere, espécie i fins i tot subespécies.

La metodologia requereix I'Us de material biologic de microorganismes cultivables partint d’una
colonia d’un cultiu pur fresc. El procediment de preparacié del material biologic per a la seva
identificacio pot comportar protocols diferents en funcié del tipus de microorganisme en quant
a la composicié i estructura de la membrana o paret cel-lular, estat d’esporulacid, etc. La
preparacido de mostres en general poden englobar-se en dos tipus de métodes: transferencia

directa o extraccid de proteines.

La transferéncia directa és el metode més facil i rapid i permet abordar aproximadament el 90-
95% de les mostres segons el fabricant. Consisteix en dipositar sobre un suport metal-lic (la placa
d’analisi d’acer inoxidable) una colonia aillada (o una porcié d’aquesta) que es cobreix amb una
solucié organica d’acid alfa-ciano-4-hidroxicinamic (matriu HCCA), que penetra dins la paret
cel-lular dels microorganismes i cristal-litza mentre s’asseca rapidament a temperatura ambient,

deixant lliures les proteines intracel-lulars.

El protocol de transferencia directa ampliada amb acid formic és el més emprat per la rapidesa
i efectivitat en I'obtencié de proteines (Theel et al., 2012) ja que, a I'incloure un pas previ afegint
acid formic sobre la colonia abans de posar la matriu HCCA, ofereix una extraccié parcial sobre
la placa d’analisi millorant la lisi cel-lular i el corresponent alliberament de proteines. Abans de

I'analisi requereix d’un rapid assecatge de pocs minuts a temperatura ambient.

El métode d’extraccid de proteines és més exhaustiu pel que fa a la lisi cel-lular i permet

I'extraccié de les proteines de cel-lules bacterianes mitjangant I'Us de dissolvents de diferents
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tipus (Sedo et al.,, 2011). Un dels més emprats es basa en l'extracci6 amb etanol/acid
formic/acetonitril en tub, perd en comparacié amb la transferéncia directa, és un métode més
lent i laborids, i es recomana per a la identificacid de microorganismes amb cel-lules rigides o
parets complexes (llevats, Mycobacterium spp., etc.), o si es requereixen espectres d’alta
qualitat per a la creacié de llibreries. Amb aquesta metodologia, es parteix, com amb les dues
anteriors, d’una colonia aillada que se sotmet a una extraccié en tub i amb passos de
centrifugacidé. L'eluat resultant de la lisi cel-lular es diposita sobre el suport metal-lic i es cobreix
amb la matriu HCCA per iniciar I'analisi després del seu assecatge casi immediat a temperatura

ambient.

Independentment del métode de preparacid de la mostra, el procediment d’analisi que
segueixen és comu (Figura 7). Conjuntament amb les mostres es recomana introduir en una de
les posicions de la placa d’analisi una solucié de calibratge anomenada bacterial test standard
(Bruker Daltonics) que consisteix en una preparacio de proteines d’E. coli DH5 alfa que crea un

perfil proteic per calibrar I'instrument i validar I'experiment.

detector TOF
[ — ]

Escherichia coli (score value: 2,008)

intensitat

/ laser
T analits uwu [
= protonats | A W ”M )

g o = - Lﬂ"

camp electric

suport metal-lic

tibatra+ matril) MALDI-TOF MS Generacio d'analits protonats de la Identificacio de l'espectre per

mostra i acceleraci6 a través de comparacié amb la llibreria
camp eléctric

Figura 7. Esquema del flux de treball per a la identificacié bacteriana mitjangant la técnica MALDI-TOF MS

Una vegada el suport metal-lic disposa de la mostra i la matriu ja cristal-litzada, s’introdueix dins
I’equip de MALDI-TOF MS i es programa amb el software de I'equip la seva lectura i posterior
identificacié amb la llibreria. Primerament se sotmet la mostra al buit, necessari per I'analisi, i
un cop s’assoleixen les condicions optimes, la matriu cristal-litzada, que és capa¢ d’absorbir
energia, s’irradia amb un laser i es generen analits protonats a la mostra. Se sotmet la mostra a
camps electrics que permet separar els analits per la seva massa i carrega. Els analits carregats

es desplacen al llarg d’un tub al buit i s6n detectats per un analitzador de masses (detector TOF,
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Time of flight). En funcidé del temps que triguen en recérrer el tub i arribar al detector TOF es
determina la ratio massa/carrega (m/z) de la mostra donant lloc a un conjunt de pics de masses
que generen un perfil proteic caracteristic de la soca analitzada. La identificacié de la soca es
dona per comparacié de similituds entre el perfil proteic obtingut de la mostra i els perfils
proteics de soques de referéncia de la llibreria de I'equip, i és representada amb una puntuacio
(score) classificada amb tres colors diferents: identificacid no fiable (vermell; score <1,699),
identificacié probable del génere (groc; score 1,700-1,999), identificacid segura de génere i
especie probable (verd; score 2,000-2,299) i la identificacid molt probable d'especie (verd; score

22,300-3,000).

Segons el fabricant (Bruker Daltonics), una classificacié addicional que acompanya a la puntuacid
establerta (score) per avaluar la consisténcia dels resultats en quant a I'assignacié taxonomica,
consisteix en classificar els 10 millors resultats de coincidencies d'identificacié basant-se en 3
categories de consisténcia: A (coheréncia de I'espécie: les 10 millors coincidéncies en verd son
de la mateixa espeécie 6 les 10 millors coincidéncies en groc sdn del mateix genere), B (coheréncia
del génere: els 10 primers coincideixen en el mateix génere pero no en la mateixa espécie), o C
(sense consisténcia: les 10 millors coincidencies no sén del mateix génere). A la figura 8 es

mostra un breu d’informe de resultats a mode d’exemple.

Analyte Analyte Organism Score Organism Score
Name ID (best match) Value (second best match) Value
( +%B ) CR N8 1 Rheinheimera sp. 1.842 not reliable identification .
( +:TI(IB ) CR_N8_11 Aeromonas caviae 2266 Aeromonas hydrophila 2235
( +++[-L;( A) DEC N8 14 Acidovorax temperans 2331 Acidovorax temperans 221
C %}, ) CR_N8_17 not reliable identification not reliable identification

Figura 8. Exemple d’informe breu de resultats amb la consisténcia en negreta i paréntesi (primera columna), score
(quarta columna) i identificacio (tercera columna) per a 3 soques aillades del riu (CR) i 1 soca de la decantacié (DEC)

a la vuitena campanya de mostreig (N8).

A la primera fila de resultats es pot observar com la soca nimero 1 aillada del riu al vuite
mostreig (CR_N8 1), ha estat assignada a nivell de genere amb una consisténcia B i un score de
1,842 que correspon a Rheinheimera sp. A la segona fila, la soca CR_N8 11 ha obtingut una
identificacié a nivell d’espécie amb un score de 2,266 perd amb una consisténcia B atés que la
identificacié de la segona millor coincidéncia (second best match: Aeromonas hydrophyla) no
correspon a la mateixa espécie que la millor identificacidé (best match: Aeromonas caviae). La

tercera fila corresponent a una soca aillada de la decantacié (DEC_N8_14), va assolir una
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identificacié a nivell d’espécie amb un score de 2,331 i consistencia A identificada com a
Acidovorax temperans segons les 10 primeres millors coincidencies. Per ultim, la quarta
columna, corresponent a la soca CR_N8 17 no va ser possible la seva identificacié a I'obtenir un

score de 1,554 i una consisténcia C.

Les similituds entre els organismes i un nombre limitat d'espectres a la llibreria poden provocar
una mala discriminacid entre especies, aixi com identificacions erronies. Aquests errors es
produeixen amb una freqiiéncia relativament mitja o baixa en funcid del camp d’estudi i
normalment es poden superar emprant un metode d’extracci6 més exhaustiu, proves
d’identificacié addicionals o mitjancant la creacié de llibreries. Per exemple, la técnica MALDI-
TOF MS actualment no pot diferenciar E. coli de Shigella, no obstant alguns taxonoms
suggereixen que podrien tractar-se de la mateixa espécie i no de dues espécies diferents (Pupo
et al.,, 2000). Tanmateix, continuant amb I'exemple de la figura 8, per la soca CR_N8 11
corresponent al génere Aeromonas no s’ha pogut determinar I'espéecie atés que aquest génere
conté espécies amb patrons molt similars i per tant la diferenciacid entre espécies és dificil, com

han descrit alguns autors als seus estudis (Parez-Sancho et al., 2018).

Com s’ha dit anteriorment, un altre motiu pel qual s’obté un espectre de bona qualitat pero no
és possible la seva identificacid, és la manca o nombre limitat d’espectres de referéncia a la
llibreria. En aquests casos, és possible obtenir una identificacié incorrecta a nivell d'espécie o

cap identificacio.

Les llibreries que incorpora I'equip sén actualitzades anualment pel fabricant incorporant nous
perfils principals d’espectres (MSP: Main Spectrum Profile) de soques de referencia per millorar
el poder d’identificacié. Ates el gran interes que ha despertat aquesta tecnologia a altres arees
de la microbiologia com I'alimentaria i 'ambiental, poc a poc a s’han anat incorporant soques
d’origen no clinic a les llibreries, amb el que les actualitzacions peridodiques podrien ajudar a
superar aquest problema. No obstant, en funcid del tipus de mostra, sobretot pel que fa a les
aiglies, és frequient que la llibreria no disposi de MSPs suficients relacionats amb aquestes
matrius i per tant podrien no ser adequats per una correcta identificacié de les soques d’intereés.
Es per aquest motiu que les llibreries estan obertes a modificacions i per tant es poden adaptar
a les necessitats de cada laboratori mitjancant la creacid de llibreries especifiques d’interés.
Molts autors han descrit la necessitat de crear llibreries personalitzades incorporant MSP de les
soques d’interés per tal d’aconseguir una correcta identificacié de les soques (De Carolis et al.,

2014; Kopcakova et al., 2014; Santos et al., 2016; Seuylemezian et al., 2018).
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En la present tesi doctoral s’ha creat una llibreria amb MSP de soques aillades de mostres d’aigua
i soques de referencia ambientals per tal de millorar la capacitat d’identificacié dels analisis amb

MALDI-TOF MS a mostres d’aigua de diferents origens.

7.2.2. Caracteritzacié de comunitats bacterianes totals per seqiienciacié massiva del gen

16S ARNr (metabarcoding)

En els dltims anys, I'aparicié de plataformes de seqlienciacié de nova generacié (NGS) d'alt
rendiment (High-Throughtput Sequencing) ha revolucionat I'estudi de comunitats microbianes.
Les diverses aproximacions en funcié de I'objectiu de I'estudi van des d’identificar tots els
membres que conformen la comunitat bacteriana i caracteritzar la seva diversitat per
sequenciacié d'amplicons del gen 16S ARNr (metabarcoding), discernir la capacitat funcional de
la comunitat de microorganismes analitzant la totalitat dels genomes (metagenomica), I'analisi
de I'expressio génica que estan manifestant aquests microorganismes (metatranscriptomica),

etc.

Els estudis de caracteritzacié bacteriana en mostres ambientals mitjangant I'ds de plataformes
NGS tenen un gran potencial per explorar el microbioma de diferents ambients, com el d’aigua
dolca, ja que permeten observar la totalitat de la composicié microbiana i no només aquella
cultivable, que pot contenir patogens oportunistes i una altra diversitat poc explorada. Per tant,
resulten de gran utilitat com enfocaments alternatius i complementaris al control d’indicadors
de contaminacié fecal legislats per a una millor comprensié dels microbiomes als sistemes

d'aigua per millorar la gesti6 de l'aigua.

Tanmateix, I'analisi de les comunitats bacterianes és metodologicament complexa i no esta
estandarditzada, amb el que la varietat de metodologies que es poden utilitzar son molt
diverses. Cada etapa, des del mostreig fins a I'analisi de dades, pot introduir biaixos en la
identificacié o les abundancies relatives que poden afectar la interpretacié de la diversitat de la

comunitat (Pollock et al., 2018).

La majoria dels estudis de la microbiota bacteriana es basen en metabarcoding, que consisteix
en amplificar i sequenciar multiples fragments d’ADN a la vegada de diferents mostres,
proporcionant dades tant qualitatives com semi-quantitatives (proporcions o abundancia

relativa) de les comunitats bacterianes.
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La tecnica de metabarcoding neix de la unié de dos processos: el DNA barcording (Hebert et al.,
2003), que consisteix en la identificacié taxonomica d’individus mitjancant I'Gs d’una seqiiencia

d’ADN curta com a “codi de barres” (barcodes), i la seqlienciacié massiva.

El metabarcoding (o seqiienciacié massiva d’amplicons) permet la caracteritzacié de les
comunitats microbianes obtenint milions de seqliéncies en un mateix experiment i permetent

la seqlienciacio de multiples mostres alhora mitjancant I'ADN extret d'una mostra ambiental.
El processament de les mostres per metabarcoding consta dels seglients passos:

Mostreig i concentracio de la mostra: El mostreig és una de les parts més importants per a la
correcta interpretacid dels resultats finals aixi com el processament de la mostra (punt de
mostreig, temps i temperatura de conservacié de la mostra, etc.). Les mostres d’aigua es poden
concentrar segons la metodologia comentada a I'anterior apartat 7.1., i és rellevant atés que
aquesta pot tenir influéncia en el tipus de microorganisme que es recuperara. Per exemple, en
la concentracio per filtracié hi ha diverses mides de porus que retindran uns microorganismes
pero d’altres no, i en funcié del volum de mostra sera possible o no la deteccié de taxons amb

baixa abundancia.

Extracci6 d’ADN: Existeixen diferents metodes d’extracci6 que poden ser manuals o
automatitzats, basats en kits comercials o en protocols tradicionals (ex: fenol-cloroform) que es
diferencien pel seu tipus de lisi (mecanica, fisica, quimica, enzimatica, etc.), el volum de
processament de mostra (habitualment 100 uL-10 mL), etc. Durant I'extraccié cal tenir en
compte que algunes cél-lules bacterianes poden tenir més resisténcia a la lisicom les endospores
o els bacteris gram positius (Riffiani et al., 2015) i per tant pot afectar a |'eficiencia de I'extraccio
i a ’'ADN que se n’obtindra de tota la mostra. Tanmateix esta descrit que durant I'extraccié
alguns reactius poden romandre a I’extracte d’ADN donant lloc a inhibicions a la posterior PCR,
aixi com la preséncia del propi microbioma dels kits d’extraccié que poden aportar ADN
addicional que no es trobava a la mostra original (Brandt and Albertsen, 2018; Salter et al.,

2014).

Seleccio de primers i amplificacié per PCR: L’ADN extret de les mostres s’amplifica previament
a la sequenciacio per obtenir els amplicons. Aquests estan dirigits a un fragment curt del gen
16S ARNr, que presenta 9 regions hipervariables (V1-V9), que s'utilitzen per inferir la taxonomia
i que presenten una cobertura i resolucié taxonomiques diferents en funcid dels taxons (Baker
et al., 2003; Bukin et al., 2019; Morgan and Huttenhower, 2012). Es important destacar que
I'eleccié de les regions hipervariables i el disseny d'encebadors (primers) de PCR tenen un efecte

en la resolucié filogenética. Tot i que no hi ha un consens respecte quina és la regid "universal”,
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les més comuns sén les regions V2/V3, V3/V4 o V4, ja que contenen la maxima heterogeneitat
de nucleotids i mostren el maxim poder discriminatori. Segons Bukin, la regié V2/V3, presenta
una resolucié més alta per a taxons de rang inferior (generes i espécies), mentre que altres
autors indiquen que la regié V4 representa millor el conjunt diversitat bacteriana (Caporaso et

al., 2012; Liu et al., 2020).

Seleccié de la plataforma de seqiienciacié: Actualment al mercat hi ha disponibles diverses
plataformes de segona generacid (seqlienciacié massiva per sintesi: Illumina, lon Torrent, etc. o
piroseqlenciacio: 454 Roche) i tercera generacid (seqlienciacid per nanopor) que permeten
I'analisi de metabarcoding (D’Amore et al., 2016; Heather and Chain, 2016). A grans trets es
diferencien per la capacitat d’analitzar fragments llargs (fins a 100 Kb) o curts (fins a 400 pb), si
es requereix amplificacié prévia o no, el tipus de reaccié de seqlenciacio, etc. La tercera
generacié d’Oxford Nanopore Technologies (MinlON, GridlON, etc.), que disposa de
seqlienciadors portables a camp com MinlON, permet analitzar fragments llargs en poques
hores sense la necessitat d’amplificacid, pero actualment I'error de seqlienciacid es troba al
voltant d’un 14% (Sahlin et al., 2021). La tecnologia lllumina (principalment el sistema MiSeq)
s'ha convertit en la plataforma de seqiienciacié més comuna pels estudis de metabarcoding del
gen 16S ARNr, ja que és d’alt rendiment, robust i amb una taxa d’error baixa (1%), pero permet

analitzar fragments d’un maxim de 300 pb.

A continuacid, a la figura 9, es detalla el protocol de metabarcoding pel que fa a la seqiienciacio

per lllumina MiSeq (D’Amore et al., 2016).

T Amplificacié per PCR
Concentracié mostra Extraccié ADN amplicons

Preparacio llibreria seqiienciacio
(lligacio adaptadors i index)

ADN bacteria l barcode F primer F rimer R barcode R
- B i ADN arget —— |

index

l adaptador adaptador
pooling
o Ol meee——— nucledtids amb fuorescéncia GATACAGATEATGCAT
o om mo =] . = oy SATACACATGATG
o O - 7N 006 N e
- - i oom Cicles
- - d'amplificacié clisters Clcles de
o N sequenmacm
Llibreria ! @"}/ |£|I|
o ﬁ" .
[ . .| - — ﬂ
X i
\ Processament bioinformatic
| — Seqiienc!aclo massiva Lectura fluorescéncia assignacio taxonomica i
(llumina MiSeq) amplificacio seqlienciacio i obtencié de reads estudi diversitat

Figura 9. Processament de les mostres per seqiienciacié massiva del gen 16S ARNr amb la plataforma lllumina MiSeq
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Partint d’'una prévia concentracié de la mostra i la posterior extraccié de I'ADN contingut en
aquestes, aquest ADN s’amplifica mitjangant una PCR dirigida a la regié genomica d’interés
obtenint els amplicons. Els encebadors (primers) usats en aquesta PCR contenen un codi de
barres Unic (barcode) que permetra la posterior identificaci6 de cada mostra i els seus
corresponents amplicons, ja que per seqiienciar amplicons de diverses mostres al mateix temps,
s’agruparan tots junts en una sola mostra al seqlienciador (multiplexing o pooling). Es recomana
gue per obtenir una bona cobertura de seqiiéncies, el maxim nombre de mostres que es
multiplexin siguin 96, on s’obtindran aproximadament 230.000 seqtiéncies crues/mostra. Si
s’agrupen més mostres, s’obtindran un menor numero de seqliéncies per mostres rere la

seqlienciacio.

A continuacio es prepara la llibreria de seqiienciacié que consisteix en I'agrupament de totes
les mostres (pooling), una purificacioé dels productes de la PCR i la lligacié dels adaptadors de
seqlienciacido amb I'index corresponent. Si a més a més es preparen diferents llibreries per un
mateix experiment (run) de seqlienciacid, I'index de la llibreria ens permetra diferenciar-les. La
llibreria es quantifica per qPCR per tal de carregar la concentracid idonia a la cel-la de flux (flow-
cell), que és el suport fisic on es produiran totes les reaccions durant la seqiienciacié. La cella
de flux conté oligonucleotids fixats a la superficie que son complementaris a les seqiiéncies del
adaptadors que tenen una doble funcid: capturar els adaptadors immobilitzant els amplicons, i
mitjancant una polimerasa, serveixen de primers per |'amplificaci6 en pont de la cadena
complementaria de I'amplicé. Durant els diferents cicles d’amplificacié es produeixen milers de
copies clonals dels amplicons originals que generen clusters. Aquests clusters d’amplificacié
seran seqlienciats mitjancant la sintesi d’ADN amb nucleotids marcats amb un fluorofor que a
I'incorporar-se emeten un color diferent en funcid del tipus de nucleotid que s’hi ha unit (A, C,
G o T). La seqiienciacid per sintesi incorpora 1 sol nucleotid a cada cicle de seqlienciacid.
Després de cada incorporacid, els clisters son monitoritzats mitjangant la lectura de la
fluorescéncia corresponent a cada posicié de la seqliéncia. Aquest procés es produeix amb
milers de clisters emetent senyals a la vegada, generant per tant milions de dades de les
sequencies alhora. A cada seqliencia pero la lectura seqliencial d’un Unic nucleodtid per cicle
permet una baixa taxa d’error (~1%). No obstant, atés que I'addicié de nucleotids no es fa alhora
en totes les seqliencies que es sintetitzen (primer se sintetitzen les cadenes forward i després
les reverse), la qualitat del senyal que s’obté va disminuint al llarg dels cicles de seqiienciacio per
un deteriorament dels reactius ja que un experiment (run) de seqienciacié triga

aproximadament 48h hores. Aquest fet condiciona un dels principals desavantatges d’aquesta
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tecnologia i és que la impossibilita per treballar amb seqiéncies més llargues de 300 parells de

bases (Tan et al., 2019).

Un cop finalitzada la seqilienciacio, en un run tipic de MiSEQ v3 (2x300 pb) s’obtenen al voltant
de 20-22 milions de seqliéncies crues (reads). L’analisi de les dades obtingudes requereix I'Us
d'eines bioinformatiques (pipelines). Hi ha molts tipus de pipelines bioinformatiques disponibles
per processar i analitzar les dades de seqlienciacid, com per exemple QIIME2, Bioconductor,
Mothur, Phyloseq, etc. (Marizzoni et al., 2020). El processament bioinformatic permet eliminar
els adaptadors, primers, barcodes, reads de baixa qualitat o seqliéncies erronies (denoising),
assignar cada read a la seva mostra corresponent (demultiplexing), agrupar totes les seqliéncies
segons les seves similituds (dereplicating), alinear les seqiiencies per parells, eliminar seqliéncies
quimeériques i agrupar les seqliencies Uniques finals en clusters (clustering) segons les variants

de seqliencia d’amplicons (ASV), o bé segons un percentatge de tall de similitud constant (cut-

off).

El pas final és I’analisi dels ASVs, que ens permetran veure la seva abundancia relativa i obtenir
la identificacié taxonomica, que es realitza mitjancant la comparaci6 amb seqiiencies de
referéncia de bases de dades. Tot i que hi ha diverses bases de dades disponibles, les més
emprades son SILVA, Greengenes i RDP que regularment s’actualitzen i es revisen (Sahlin et al.,

2021).

Tot i la complexitat de I'Us de les eines bioinformatiques per a I'estudi de la caracteritzacié de
les comunitats bacterianes, les eines van evolucionant per a facilitar a l'investigador el
processament de les dades. Les técniques de seqienciacid d'alt rendiment, com el
metabarcoding 16S ARNr, tenen un gran potencial per a proporcionar informacié detallada que

complementi la qualitat microbiologica de I'aigua.

A la present tesi doctoral s’ha posat a punt la teécnica de metabarcoding 16S ARNr de la regio v4
mitjangant I'Us de la plataforma Illumina MiSeq per ajudant a generar una imatge més precisa

de les comunitats microbianes poc explorades en les diferents etapes de I'ETAP i I'aigua potable.

7.3. El paper dels microorganismes als sistemes d’aigua potable

Les comunitats bacterianes al medi natural sGn omnipresents i tenen un paper important en la
majoria de processos biologics, com en la descomposicio de la materia organica, formen part de
diversos cicles biogeoquimics (fixacié del nitrogen, carboni, etc.), son capacos de degradar

contaminants, inhibeixen el creixement d’altres microorganismes, etc.
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La presencia d’aquestes comunitats als sistemes de tractament d’aigua potable no tenen perque
suposar un risc per la salut, de fet poden tenir un paper positiu facilitant I'eliminacié de
contaminants quimics presents i reduint la matéria organica (Berry et al., 2006; Blazquez-Palli et
al., 2019; Bouwer and Crowe, 1988), pero per contra també poden tenir un impacte negatiu
donades certes condicions. Per exemple, s’ha observat en sistemes d’aigua amb desinfeccid per
monocloramines que alguns bacteris nitrificants pertanyents Alfaproteobacteria i
Gammaproteobacteria com Nitrosomonas spp. poden contribuir a I'esgotament de
monocloramines residuals donant lloc a la formacié de nitrats a l'aigua potable i en

conseqliéncia un augment de HPC (Regan et al., 2002; Zhang and DiGiano, 2002).

D’altra banda, el recreixement bacteria pot donar lloc a I'aparicié de bacteris oportunistes o
potencials patogens que contribueixin al deteriorament de la infraestructura, alterin les
propietats organoléeptiques de I'aigua i en alguns casos podrien comprometre la seva seguretat
(Berry et al., 2006; Li et al., 2017). Per exemple, es va observar durant un esdeveniment molt
extrem a Beijing una coloracio vermella de I'aigua potable causada principalment per Gallionella
spp. (bacteri oxidant de ferro) (Li et al., 2010). Tanmateix altres autors han reportat episodis
d’olor i gust de l'aigua potable causat per alguns Streptomyces, que poden produir grans
guantitats de compostos organics volatils, inclosos terpenoides (geosmina) (Asquith et al., 2018)

o causats per alguns cianobacteris (lzaguirre et al., 1982).

Es creu que els biofilms sén la font principal de microorganismes a la xarxa de distribucié. Els
biofilms sén poblacions de microorganismes estructuralment complexes que es troben
incrustades en una matriu de substancies polimeriques extracel-lulars (Asquith et al., 2018).
Aguesta estructura és dinamica i sol presentar una colonitzacié successiva de diferents taxons
bacterians i proporciona una major proteccié als desinfectants facilitant un reservori a I'aparicio

de possibles patdogens oportunistes.

Els patogens transmesos per I'aigua sén una de les majors preocupacions ja poden tenir una
virulencia moderada o gran i poden causar malalties especialment a persones amb
immunodeficiencies amb simptomes com gastroenteritis, infeccions respiratories, conjuntivitis
i erupcio cutania. La contaminacio fecal és una de les principals fonts d'aquests patogens com E.
coli, Salmonel-la, Cryptosporidium, Giardia i norovirus. No obstant altres espéecies poden actuar
de patogens oportunistes com Aeromonas, Arcobacter, Campylobacter, etc. (Pruden et al.,,
2019). Algunes espécies que formen sovint biofilms als sistemes d’aigua potable i son patogens
oportunistes son Legionella pneumophila, Pseudomonas aeruginosa, Stenotrophomonas

maltophilia i Mycobacterium spp. (van der Wielen and van der Kooij, 2013). Segons diversos
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estudis, s'ha documentat que els patogens oportunistes i potencials formadors de biofilms, aixi
com els indicadors de contaminacié fecal, augmenten a temperatures més altes (Calero Preciado
et al., 2021; Favere et al., 2021; Hou et al., 2018). Per tant, s’espera que davant d’un escenari
d’augment de temperatura global i el conseqlient augment de nutrients a les aiglies indueixi un

augment el potencial de recreixement d’aquestes comunitats.

Per tant, no es pot ignorar el paper dels bacteris en els sistemes d’aigua i el seu aillament,
identificacid i caracteritzacié sén importants per entendre millor I’estat actual dels sistemes per
tal de proveir noves eines de control de la qualitat de l'aigua aixi com per fer front al repte de la

gestié de I'aigua davant el context d’estrés hidric i canvi climatic.
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OBIJECTIUS

L'objectiu principal de la present tesi doctoral ha estat el control microbiologic de I'aigua
mitjangant indicadors i I'aplicacié de procediments basats en proteomica i seqiienciacié massiva
(genomica) per a la descripcio de la diversitat bacteriana associada a les etapes de potabilitzacio
(des de la captacid fins a la impulsié a la xarxa de distribucid) de I'estacié de tractament d’aigua
potable (ETAP) de Sant Joan Despi.

Els objectius especifics han estat:

1. Creacié d’una llibreria d’espectres de masses de soques ambientals per a la
identificacid per espectrometria de masses MALDI-TOF MS de bacteris presents a les

aiglies de consum (Article 1).

2. Optimitzacié dels metodes de concentracid i extraccié d’ADN de mostres d’aigua per

I'analisi de seqlienciacié massiva (Article 2).

3. Control de qualitat microbiologic mitjangant I'analisi convencional d’indicadors de la
contaminacio fecal per a la determinacié de la cinéetica d’eliminacid al llarg dels

tractaments de I'ETAP (Article 2).

4. Caracteritzacié i monitoritzacié de les poblacions bacterianes cultivables de les plaques

d’heterotrofs mitjangant MALDI-TOF MS (Article 3).

5. Caracteritzacié i monitoritzacié de la totalitat de les poblacions bacterianes mitjancant

metabarcoding (seqiienciacié massiva) (Article 2).

6. Comparacio de la biodiversitat segons les aproximacions per les tecniques de MALDI-
TOF MS i metabarcoding i avaluacié del seu Us conjunt addicional als parametres

legislats (Article 3).
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d’impacte el 2020 de 11,236.

Article Il:

“Monitoring bacterial community dynamics in a drinking water treatment plant: an integrative
approach using metabarcoding and microbial indicators in large water volumes” ha estat
publicat I'any 2022 a la revista Water. La revista es troba al segon quartil (Q2) a totes les seves
categories (Water Resources i Environmental Sciences) i disposa d’un factor d’impacte el 2020

de 3,103.

Article Il

“Comparison of bacterial diversity assessment by MALDI-TOF MS and 16S rRNA
metabarcoding in a full-scale drinking water treatment plant” es troba actualment (maig 2022)
en procés de revisio a la revista Water Research. La revista es troba al primer decil (D1) i primer

quartil (Q1) a totes les seves categories i disposa d’un factor d’impacte el 2020 de 11,236.
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treatment plant. Water Res. Under review (sotmés a Water Research -WR69746- el 19/05/2022)

75


https://doi.org/10.1016/j.watres.2021.117543

INFORMES DE LES PUBLICACIONS

La doctoranda ha contribuit en el disseny experimental de I'estudi i ha realitzat la totalitat dels
mostreigs, processament de les mostres (concentracié de mostres, enumeracié i aillament de
soques, extraccid, identificaci6 mitjancant MALDI-TOF MS, processament d’espectres,
preservacio i seqlenciacio Sanger de les soques), processament de les dades, aixi com I'analisi

dels resultats obtinguts i ha liderat la redaccio de I'article.

Dra. Cristina Garcia Aljaro Prof. Dr. Anicet Blanch i Gisbert

Barcelona, maig 2022

76



PUBLICACIONS



CAPITOL1

1. CAPITOL 1

Article 1: Identificacid rapida i millorada de bacteris d’aigua potable mitjangant la llibreria
Drinking Water Library, una base de dades dedicada a I’espectrometria de masses MALDI-TOF

“Rapid and improved identification of drinking water bacteria using the Drinking

Water Library, a dedicated MALDI-TOF MS database”

Anna Pinar-Méndez, Sonia Fernandez, David Baquero, Carles Vilaro, Belén Galofré, Susana Gonzaélez,

Lidia Rodrigo-Torres, David R. Arahal, M. Carmen Macian, Maria A. Ruvira, Rosa Aznar, Laia Caudet-
Segarra, Laura Sala-Comorera, Francisco Lucena, Anicet R. Blanch, Cristina Garcia-Aljaro.

Water Research (2021); 203, 117543, DOI: 10.1016/j.watres.2021.117543

L’aigua destinada al consum huma prové de diferents origens: minerals naturals i de fonts
(envasades), i de xarxa de subministrament (aixeta). La seva qualitat, a nivell microbiologic, es
controla mitjangcant la deteccié i quantificacid de bacteris indicadors de contaminacid fecal i
bacteris aerobis heterotrofics, d’acord amb les Directives Europees 2009/54/EC i 2020/2184,
respectivament. Mentre que l'abséncia d’indicadors deriva en un Us apte pel consum,
I’enumeracio dels bacteris heterotrofics permet la lectura de I'eficacia dels tractaments de
potabilitzacié (no aplicable a aiglies envasades) i I'estat de deteriorament de l'aigua. La
preséncia de bacteris heterotrofics a I'aigua potable no suposa directament un risc per a la salut
humana, perd aquestes comunitats podrien comprometre la qualitat de 'aigua, amb el que és
de gran importancia disposar d’eines d’identificacio rapides i fiables dels bacteris residents pel
seu control rutinari, com permet I'espectrometria de masses MALDI-TOF. No obstant, una gran
limitacié en I'Us d’aquesta tecnologia resideix en la falta de espectres de soques d’origen
ambiental a la base de dades de I'equip (Bruker BDAL), amb el que esdevé necessari la creacio
de biblioteques especifigues amb espectres d’interés per tal d’obtenir identificacions
satisfactories. D’altra banda, per tal de treballar amb aquestes soques de les que no tenim
informacid del risc biologic, cal adoptar mesures de precaucié i bioseguretat en els metodes de
preparacid de mostres que inactivin possibles patogens o les seves espores, i a la vegada

permetin la correcta lisi cel-lular per la obtencid de les proteines.

L'objectiu d’aquest estudi es va centrar en la creacid de la primera base de dades d’espectres de
masses de soques ambientals per la identificacid especifica per MALDI-TOF MS de bacteris
presents a les aiglies de consum: la Drinking Water Library (DWL). La construccio de la base de

dades es va definir seguint dos metodologies diferents: una basada en I'adquisicié de soques de
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referéncia d’origen ambiental i de relacié amb I’aigua, i I’altra basada en I'aillament de soques

directament de mostres d’aigua.

Per la primera aproximacid, 199 soques de referéencia de la CECT, que complien amb la
descripcid, es van seleccionar, processar amb un protocol d’extraccié de proteines exhaustiu
(acid formic/acetonitril) i es va generar un perfil principal d’espectres (MSP) robust (18-24

espectres de qualitat) per cada un d’ells, que es van incorporar a la llibreria DWL.

Per la segona estratégia, un total de 209 mostres d’aigua de diferents origens (xarxa de
distribucid, diferents processos de tractament d’aigua potable, minerals naturals i de font) es
van processar, segons el seu origen, per filtracié de membrana, inoculacié en massa de diferents
volums o ultrafiltraci6 amb Rexeed i es van incubar en medi agar de recompte en placa per
aiglies 1SO (Oxoid, UK) a 22°C durant 72h i R2A a 22°C durant 120h. Els 3.809 aillaments de
bacteris es van seleccionar i re-aillar en medi ISO a 22°C per obtenir un cultiu fresc i pur per
I'analisi. Per a cada aillat, es va processar una colonia amb el métode de transferencia directa
amb acid formic al 70% i es va analitzar per MALDI-TOF MS. El resultat d’identificacio amb la
llibreria original de I'equip Bruker BDAL només va permetre la identificacio del 45% de totes les

soques (1.721), mentre que el 55% no es van poder resoldre (2.088).

Les 2.088 soques no identificades esdevenen el grup d’interes per a la creacié de la llibreria per
tal d’incorporar els seus espectres en una base de dades definida especificament per a la seva
aplicacié en I'analisi de mostres d’aigua. Aixi, les soques es van re-processar pel metode
d’extraccié amb acid formic/acetonitril i els espectres resultants es van re-analitzar i processar
per MALDI-TOF MS, i agrupar en clisters segons les seves similituds. Un total de 120 soques
representants de cada cluster es van caracteritzar per seqlienciacié parcial del gen 16S rRNA i
GC-FAME, i es va generar un MSP per cada una de les soques, que es van incorporar a la llibreria

DWL amb la seva identificacié corresponent.

En total 319 MSP formen part de la DWL incorporant un total de 96 generes diferents, dels quals
44 generes i 189 especies, no es trobaven a la llibreria BDAL. Aquesta nova configuracid va
permetre una millora significativa en la identificacié de les soques que restaven sense identificar
i que es van re-identificar mitjancant I’is conjunt de BDAL i DWL, reduint d’un 55% a un 8% les

soques sense identificar, i un augmentant d’un 29% a un 76% la identificacid a nivell d’especie.

Com a conclusid principal, I'is de MALDI TOF MS amb la base de dades adequada, permet una
identificacioé rapida de les soques d’interes i gracies a la seva robustesa, facilitat d’us i baix cost

es proposa com a eina de control en rutina per I'analisi de les aiglies.
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ARTICLE INFO ABSTRACT

Keywords:
Bacterial identification
MALDI-TOF MS

According to the European Directives (UE) 2020/2184 and 2009/54/EC, which establishes the sanitary criteria
for water intended for human consumption in Europe, water suitable for human consumption must be free of the
bacterial indicators Escherichia coli, Clostridium perfringens and Enterococcus spp. Drinking water is also monitored

gistrihugﬁ:::twmk for heterotrophic bacteria, which are not a human health risk, but can serve as an index of bacteriological water
Bottled water quality. Therefore, a rapid, accurate, and cost-effective method for the identification of these colonies would
Specira database improve our understanding of the culturable bacteria of drinking water and facilitate the task of water man-

agement by treatment facilities. Matrix-assisted laser desorption ionization time-of-flight mass spectrometry
(MALDI-TOF MS) is potentially such a method, although most of the currently available mass spectral libraries
have been developed in a clinical setting and have limited environmental applicability. In this work, a MALDI-
TOF MS drinking water library (DWL) was defined and developed by targeting bacteria present in water intended
for human consumption. This database, made up of 319 different bacterial strains, can contribute to the routine
microbiological control of either treated drinking water or mineral bottled water carried out by water treatment
and distribution operators, offering a faster identification rate compared to a clinical sample-based library. The
DWL, made up of 96 bacterial genera, 44 of which are not represented in the MALDI-TOF MS bacterial Bruker
Daltonics (BDAL) database, was found to significantly improve the identification of bacteria present in drinking
water.

1. Introduction heterotrophic communities can influence water quality, as they may

include opportunistic pathogens and can form biofilms on surfaces. The

Water quality for human consumption is regulated by the European
Directives (UE) 2020,/2184 and 2009/54/EC, which cover tap water and
natural mineral water, respectively. In both types of water, an absence of
fecal bacterial indicators is an indicator of safety, and heterotrophic
bacteria are enumerated to manage water quality (Bartram et al., 2003),
serving as an indicator of the efficacy of water treatment processes,
mainly disinfection. Though not directly a risk for human health,

complex ecosystems of drinking waters also contain viable but
non-culturable bacteria, which represent a minor fraction of the overall
drinking water communities and are still highly underexplored.

A wide range of techniques are available for bacterial identification:
they can be culture-based, involving the use of chromogenic media or
biochemical testing, or molecular, such as high-throughput sequencing
of the 165§ rRNA gene. Differing considerably in performance and
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requirements, culture-based methods can be time-consuming, whereas
molecular methods are more expensive and need specific technical skills
and expertise. Proteomics offers a well-balanced approach through the
application of matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS), which analyses the constantly
expressed high-abundance proteins (mainly ribosomal) of a microbial
cell. This promising tool has equivalent identification power to Sanger
16S rRNA gene sequencing and provides faster results (Sala-Comorera
et al., 2016; Sarvari et al., 2018; Timperio et al., 2017). Moreover, ac-
cording to previous studies (Tan et al., 2012), the use of MALDI-TOF can
produce annually net savings of 87.8% in reagent costs compared to
traditional methods, or up to 57.1% savings when including technologist
and maintenance. Even though initial investment in the equipment is
high, it is offset after a short period, typically three years at a reasonable
use. Identification can be performed by non-skilled personnel and the
time to obtain results is shortened by one working day compared to
biochemical methods (Tsuchida et al., 2020). Meanwhile, in genomic
technologies, a high expertise in molecular techniques is needed and
also the results take longer, it depends on sequencing type, within few
days to two weeks. Despite the power of genomics, some discrepancies
have been observed between MALDI-TOF analysis of cultivable bacteria
and 16S rRNA high-throughput sequencing since they are targeting
different populations: heterotrophic populations versus total bacteria
(Comorera et al., 2020). In this case, although genomics is thought to be
more powerful, a lower diversity index was observed in samples
analyzed by 16S rRNA-sequencing compared to heterotrophic bacteria
by MALDI-TOF MS, probably because the dominance of certain species
hindered the identification of minor genera by high-throughput
sequencing. Furthermore, other biases including primer bias and the
lack of a standardized methodology are still a major shortcoming which
difficult its use in routine analysis (Boers et al., 2019).

On the other hand, current water quality regulations still rely on
culture-based methods to assess water safety. In addition to the
mandatory monitoring of fecal indicator bacteria and heterotrophic
plate counts, a more in-depth characterization of heterotrophic bacteria
by MALDI-TOF MS could provide a better understanding of these bac-
terial communities and improve water management and distribution.

Studies have demonstrated the reliability, speed, and easy-to-use
features of MALDI-TOF MS in different areas, including food (Angela-
kis et al., 2011; Pavlovic et al., 2013; Yu et al., 2019), groundwater
(Santos et al., 2017), wastewater (Eddabra et al., 2012), mining (Avanzi
et al., 2017) or even in space craft and associated surfaces (Seuyleme-
zian et al., 2018). Recent research (Sala-Comorera et al., 2017) showed
the suitability of MALDI-TOF MS for the routine monitoring of het-
erotrophic bacteria in a drinking water treatment plant, as well as in
mineral water (Sala-Comorera et al., 2020). However, there is general
agreement that the resolving power of MALDI-TOF MS is currently
limited by the lack of environmental spectra in commercial databases
and there is a need to create in-house libraries with the bacterial spectra
of interest (De Carolis et al., 2014; Kopcakova et al., 2014; Rahi et al.,
20165 Santos et al., 2016; Seuylemezian et al., 2018). Another drawback
of this approach is that identification can be affected by differences in
analytical variables, i.e., the extraction method, culture conditions,
matrix and database (Rahi et al., 2016; Ruelle et al., 2004).

Among the different MALDI sample preparation methods (direct
transfer, formic acid extended direct transfer and acid/acetonitrile
extraction), the formic acid extended direct transfer has been described
as the most cost-effective and time-saving (Ghosh et al., 2015; Theel
et al., 2012). However, other authors have achieved better results when
using extraction methods in fungal cells (Chalupova et al., 2014) and
Gram-positive bacteria (Alatoom et al., 2011), as the complex and rigid
cell walls need extra lysis to access their proteins.. In addition,
manufacturer-recommended protocols may also vary depend on their
ability to inactivate pathogenic or Safety es with respect
to handling MALDI-TOF MS samples, requires at least work under a
biosafety level 2 conditions (BSL-2) and extraction procedures reducing
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risk of exposure to potential pathogens. According to some studies,
certain chemical or physical treatment used in sample preparation
before processing on MALDI-TOF MS, contribute to biological inacti-
vation of samples: e.g. trifluoracetic acid (TFA) inactivates potential
pathogens especially bacterial endospores (Lasch et al., 2008; Drevinek
et al, 2012), tube-based ethanol-formic acid-acetonitrile extraction
followed by filtration is recommended for security-sensitive biological
agents (Tracz et al., 2016) or 70% ethanol is suggested to be sufficient
for non-spore forming bacteria inactivation (Cunningham and Patel,
2015). The choice of an appropriate extraction method is therefore
crucial for good results and biological safety.

We here report, to our knowledge, the first MALDI-TOF MS database
constructed specifically for the identification of bacteria present in
water for human consumption, named the Drinking Water Library
(DWL). It was created using spectra from a selection of related envi-
ronmental reference strains from the Spanish Type Culture Collection
(CECT), as well as drinking water isolates, properly identified by 16S
rRNA gene sequencing. The spectra were generated by standardized
procedures and compiled in a dedicated database. The DWL will assist
the monitoring of culturable bacterial communities in drinking water by
allowing a rapid and accurate identification of isolates. In addition, this
study provides the basis to increase the DWL by further characterization
of drinking water heterotrophic bacteria.

2. Materials and methods
2.1. Samples and sampling conditions

Two hundred and nine samples were taken of different types of
water, including water from distribution networks (109), process water
(68), spring water (2) and bottled natural mineral water (30). The
samples were grouped into two categories based on their origin: treated
(from distribution networks and process water) and non-treated (natural
mineral water and spring water). Sampling and processing conditions
were slightly different for each group, as described below.

For the treated water category, 109 chlorinated drinking water
samples (0.2-1 ppm free chlorine) from distribution networks in Cata-
lonia (North-East Spain), Andorra and South France were analyzed; 68
process water samples were collected at nine different stages of treat-
ment in a drinking water treatment plant (DWTP) in Barcelona corre-
sponding to river water, groundwater, sand filters, ozonation, granular
activated carbon (GAC) filters, ultrafiltration, cartridge filters, reverse
osmosis and chlorinated water. For all 177 samples, 1 liter of water was
collected in polyethylene sterile bottles with sodium thiosulfate (24 mg/
L) and transported to the laboratory at 4°C for further analysis within 24
h

For the non-treated water category, 12 different bottled water brands
(natural mineral water and spring water) were selected and a total of 30
samples were analyzed. Natural mineral water samples consisted of
water bottled in 1.5 L polyethylene terephthalate bottles acquired from
different retailers and stored in the dark at room temperature (22 = 2°C)
until analysis within one month after bottling. In the case of spring
water, two different sources were sampled in sterile 1 liter polyethylene
bottles, kept at 4 °C and analyzed within 24 h.

2.2. Isolation of heterotrophic bacteria from treated and non-treated
drinking water

Heterotrophic bacteria from drinking water samples were recovered
by concentration through membrane filtration, hollow fiber membrane
ultrafiltration, or mass inoculation.

2.2.1. Treated water

Out of 177 treated water samples, 112 were processed by membrane
filtration. Volumes of 100 mL were filtered through 0.22 or 0.45 ym
pore-sized mixed cellulose ester filters (Millipore, Germany). Filters
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were incubated on Water Plate Count Agar ISO (WPCA) (Oxoid, Spain)
at22 +2°Cfor72+=3h.

For the process water samples, as concentration methods for early-
stage samples from the DWTP were not required, decimal serial di-
lutions between 0.01 mL and 1 mL were cultured by mass inoculation in
WPCA at 22 + 2 °C for 72 + 3 h (ISO, 1999). Spread plating of the
samples onto WPCA by a mass inoculation method was also done.

To recover a higher diversity in chlorinated matrices, larger volumes
were sampled. Thus, 25 samples from distribution networks were
filtered through the hollow fiber filter Rexeed™ 25-A (Asahi Kasei
Medical Co, Japan), which is a haemodialysis ultrafilter typically used
for clinical purposes but recently applied to concentrate water samples.
The main advantage of this method is its capacity to concentrate bac-
teria, viruses and protozoa in large volumes of water (from 10 to 1000 L)
(Hill et al., 2007; Gunnarsdottir et al., 2020). Briefly, samples ranging
between 50 and 700 L were processed by this technique. After filtration
and elution, 0.2 mL of the sample was inoculated onto WPCA by the
spread plate technique and incubated at 22 + 2 °C for 72 = 3 h.

Those samples that showed no growth on WPCA were re-analyzed
using R2A plates (Becton Dickinson, U.S.) at 22 °C for 120 + 4 h. R2A
agar is a low-nutrient medium reported to improve the recovery of
stressed and chlorine-tolerant bacteria from drinking water systems
(Reasoner and Geldreich, 1985). Colonies were picked up and sub-
cultured on the corresponding culture media and they were further
characterized by MALDI-TOF MS analysis.

2.2.2. Non-treated water

Samples from spring water and bottled natural mineral water were
concentrated by membrane filtration. Different sample volumes (0.1 mL,
1 mL, 10 mL, 100 mL) were filtered through 0.22 ym pore size nitro-
cellulose membrane filters (Millipore, Germany) and incubated on
WPCA (Oxoid, Spain) supplemented with 0.5 g/L 2,3,5-triphenyltetrazo-
lium chloride (TTC) at 22 °C for 120 + 3 h. Due to bacterial metabolism,
colorless TTC is reduced to formazan, a red compound helping the
visualization of the colonies.

Colonies were subcultured in WPCA for purification prior to MALDI-
TOF MS analysis.

2.3. Identification of bacterial isolates by MALDI-TOF MS using the
Bruker library

Bacterial isolates were obtained by subculturing one single well-
isolated colony on new WPCA in order to achieve fresh pure cultures.
Sample preparation for MALDI-TOF MS was carried out using the formic
acid extended direct transfer method recommended by Bruker Dal-
tonics. Thus, biological material (a single colony) from fresh agar cul-
tures was smeared directly onto a spot on a MALDI target plate and then
overlayed with 1 uL of 70% formic acid. After air-drying, 1 uL of matrix
solution (saturated solution of a-cyano-4-hydroxycinnamic acid in a
standard solvent (Sigma-Aldrich)) was added. The Bruker Bacterial Test
Standard (Bruker Daltonics, Germany) containing an extract of Escher-
ichia coli DH5 alpha peptide with a protein profile was included for each
plate to calibrate the instrument and validate the run.

Mass spectra ranging from 2000 to 20,000 Da of each isolate were
automatically acquired, using the Microflex LT MALDI-TOF MS device
and MALDI BioTyper software, version 3.1 (Bruker Daltonics, Germany)
with FlexControl software package (Bruker Daltonics, Germany). The
obtained spectra were analyzed using MALDI Biotyper Real-Time Clas-
sification software package (Bruker Daltonics, Germany) with the bac-
terial Bruker Daltonics (BDAL) database MBT Compass Library DB-7311,
and checked using the FlexAnalysis software (Bruker Daltonics, Ger-
many). The Bruker identification results are classified with a score based
on matches between the mass spectra of the analyzed sample and the
mass spectra database. The identification categories were as recom-
mended by Bruker: unreliable identification was in red (score <1.699);
probable genus identification in yellow (score 1.700-1.999); secure
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genus and probable species identification in green (score 2.000-2.299);
and highly probable species identification also in green (score
>2.300-3.000).

2.4. Selection of isolates to be included in the Drinking Water Library

The DWL consisted of spectra obtained from strains isolated in
different water matrices and the spectra of reference strains from the
CECT. The selection procedure was as follows:

2.4.1. Selection of non-successfully identified isolates (red category)
recovered from the different water matrices under study

Non-successfully identified isolates were grouped into similarity
clusters, subcultured and reanalyzed using the acid/acetonitrile
extraction method (Bruker Daltonics, Germany): ca. 10 mg biomass from
agar cultures was first suspended in 300 mL water by careful mixing, and
then the suspension was mixed with 900 mL ethanol. The biomass was
collected by centrifugation and the pellet was re-suspended in 1-80 pL
70% formic acid. The suspension was mixed carefully with 1-80 pL
acetonitrile. Immediately after centrifugation, the supernatant was
removed and aliquots of 1 pL were placed on each spot of a stainless-
steel target plate. After air-drying, 1 pL of matrix solution was added.

The isolates were analyzed, generating 9 spectra per isolate, which
constitute the mini Main Spectrum Profile (mMSP), a useful approxi-
mation to simplify the clustering. Spectra were acquired, processed, and
compared by MALDI BioTyper software, version 3.1 (Bruker Daltonics,
Germany), and checked for quality using the FlexAnalysis software
(Bruker Daltonics, Germany). All spectra were processed using the
default program settings for smoothing (Savitzky-Golay), baseline sub-
traction (TopHat) and normalization. An averaged mass spectrum was
created by eliminating those with the higher deviation. The parameters
used were a mass range from 3000 to 10,000 Da and 500 ppm as a
maximum error for the main spectrum profile (MSP). The mMSPs were
incorporated into an ad hoc database for clustering purposes.

Clustering of non-identified bacterial isolates was carried out in two
steps. First, a dendrogram was created by the standard MALDI Biotyper
3.1 MSP creation method (Bruker Daltonics, Germany), where distance
values are relative and normalized to a maximum value of 1.000. Sec-
ond, a comparison based on log score values where each mMSP was
compared with the ad hoc mMSP database. On this basis, isolates rep-
resenting each cluster were selected for identification by 16S rRNA gene
sequencing analysis.

2.4.2. Selection of CECT reference bacterial strains

For the construction of the DWL database, reference environmental
and water-related bacterial strains were selected from the CECT cata-
logue (Table S1). The selection was based on the source of isolation
(environmental and water-related), growth temperature (20-30 °C) and
growth culture medium (mostly WPCA and R2A) or other media such as
GSP (Glutamate Starch Phenol-red agar, also known as Pseudomonas
Aeromonas Selective Agar), Glycine Vancomycin Polymyxin Cyclohexi-
mide Agar, Xylose Lysine Deoxycholate agar and Brain Heart Infusion
agar. Related species (same genus) to those selected were also included,
even though they had not been isolated from the environment. All the
selected reference strains were cultured according to the growth con-
ditions described for each bacterial strain in the CECT catalogue and
processed with the acid/acetonitrile extraction method recommended
by Bruker Daltonics to obtain their MSP as described below in Section
2.6.

2.5. Identification of isolates selected as representative for DWL spectra

2.5.1. Sequencing of the 16S rRNA gene

Representative bacterial strains from each cluster were identified by
partial 16S rRNA gene sequencing on a Genius thermocycler (Techne,
Burlington, NJ, USA). The amplification mixture (50 pL) comprised 1 pL
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(50 pmol/pL) each of universal primers amplifying a 1000-bp region of
the 165 rRNA gene 616 V (forward): 5'-AGAGTTTGATYMTGGCTCAG-3
and P699R (reverse): 5'- GGGTYKCGCTCGTTR-3' (Integrated DNA
Technologies), 0.25 pL (5 U/pL) of Taq DNA polymerase (Takara,
Clontech Laboratories, Inc.), 5 pL of 10X reaction buffer, 4 pL of dNTP
mixture (10 mM), 33.75 pL of sterile filtered water (Milli-Q purification
system, Millipore, Billerica, MA, USA), and 5 pL of DNA template (40
ng/pL). The DNA templates were amplified by initial denaturation at
94°C for 5 min, followed by 35 cycles of denaturation at 94°C for 30 s,
annealing at 56°C for 30 s, extension at 72°C for 45 s, and a final
extension at 72°C for 10 min. Negative controls, devoid of DNA, were
simultaneously included in the amplification process.

PCR amplicons of the partial 16S rRNA gene were verified by visu-
alization in 1% agarose gel electrophoresis. Amplicons were purified
and sequenced by the Macrogen Company Inc. Madrid, Spain. Subse-
quent sequencing reactions were done on an Abi Prism 3700 automated
sequencer using the Big Dye Terminator v3.1 cycle sequencing kit.
Sequencing primers were the same ones as used in the amplification
reaction but diluted five-fold (10 pmol/pL). The taxonomic classification
of bacterial isolates was performed using EzTaxon (Kim et al., 2012;
Yoon et al., 2017) and BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi)
(Altschul et al., 1997). Identification criteria for species delimitation
varied depending on the phyla, ranging from 98.2% for strains of the
phylum Bacteroidetes to 99.0% for Actinobacteria and those sequences
with less than the respective cut-off values were considered potential
new species, as in Meier Kolthoff et al. (2013). All strains are currently
deposited at the public catalogue of the CECT and their identification
results are shown in Table S2.

2.5.2. GC-FAME analysis

Complementary to the 165 rRNA gene sequencing, GC-FAME (Gas
Chromatographic Fatty Acid Methyl Esters) analysis of bacterial strains
was carried out as a method of strain authentication. Fatty acid methyl
esters were extracted from biomass grown for 48 h on WPCA (Oxoid,
Spain) at 26°C and prepared according to standard protocols as
described for the MIDI Microbial Identification System (Sasser, 1990) at
the CECT. Cellular fatty acid content was analyzed by GC with an Agilent
6850 chromatographic unit, with the MIDI Microbial Identification
System using the RTSBA6 method (MIDI Inc, Newark, US)) and identi-
fied using the Microbial Identification Sherlock software package. Only
for those strains that did not show growth under these conditions was
the analysis performed at their optimal growth conditions.

2.6. Generation of reference MSP for inclusion in the DWL

Selected isolates were inoculated in WPCA at 22 + 2 °C and fresh
cultures were used for MSP creation. To generate MSPs for inclusion in
the DWL, a total of eight independent replicates of each isolate were
processed, obtaining a collection of 24 spectra, three per replicate.
Sample preparation for MALDI-TOF MS was carried out using the acid/
acetonitrile extraction method recommended by Bruker Daltonics, as
described before in section 4.b. The spectra measurements were recor-
ded using the UltrafleXtreme (Bruker Daltonics, Germany) at VISAVET
(UCM, Madrid, Spain). The instruments are equipped with a nitrogen
laser. All spectra were recorded in linear positive mode with an accel-
eration voltage of 20 kV. Spectra were acquired by accumulating 250
laser shots across a spot. A mass range of 2000-20,000 m/z was used for
analysis. The mass spectrometer was externally calibrated with the
Bruker Bacterial Test Standard (Bruker Daltonics, Germany). Flex-
Analysis software (Bruker Daltonics, Germany) was used for baseline
subtraction, smoothing of spectra and mass labelling of peaks. MSPs in
the DWL were represented by 18-24 good quality spectra.

2.7. Validation of the DWL

To evaluate the DWL performance, five internal and four external
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validation exercises were carried out by different technicians and
different MALDI-TOF spectrometers. Validation exercises consisted of
blind studies for the identification of bacterial isolates whose MSP had
been included in the DWL. For internal validation, selected strains were
analyzed to evaluate the identification results based on different protein
extraction methods: direct transfer, formic acid extended direct transfer
and acid/acetonitrile extraction. Corresponding spectra were obtained
with the online acquisition method Biotyper Real Time Classification
and the Microflex mass spectrometer (Bruker Daltonics, Germany). For
identification, DWL and BDAL libraries were used. In addition, six other
research centers in Spain performed the external validation. Samples
consisted of 1.5 mL microcentrifuge tubes of bacterial pellet resus-
pended in ethanol:water 1:3 and stored at —20°C until analysis. In this
trial, 30 strains were processed in parallel for MALDI-TOF MS analysis
using an extraction method and different mass spectrometer devices:
Ultraflex 111 (Bruker Daltonics, Germany), UltrafleXtreme (Bruker Dal-
tonics, Germany) and Microflex (Bruker Daltonics, Germany). All
spectra were obtained with the online acquisition method Biotyper Real-
Time Classification (Bruker Daltonics, Germany). Matrix blaster funec-
tion was previously performed by firing eight initial laser shots at 25%
intensity to get rid of the very first layer on sample. Then, mass spectra
were automatically acquired in steps of 50 shots for a total of 250 shots
accumulated, with initial laser power at 15% and maximal at 25%. The
results based on log score value and identification were compared with
the DWL and BDAL libraries.

3. Results and discussion
3.1. Identification of isolates using the Bruker Daltonics (BDAL) database

A total of 3809 bacterial isolates were analyzed by MALDI-TOF MS
using the BDAL database: 1085 from distribution networks, 442 from
process water, 356 from spring water and 1926 from bottled natural
mineral water.

Regarding the treated water samples, 288 isolates from distribution
networks were identified up to species level (26.5%), 266 at the genus
level (24.5%) and 531 were not reliably identified (49%). In process
water samples, 143 out of 442 isolates were identified at the species
level (32.4%), 115 at the genus level (26%) and 184 were unidentified
(41.6%) (Fig. 1A).

In the non-treated water samples, 182 out of 356 isolates (51.1%)
from spring water were identified at the species level, 72 (20.2%) at the
genus level and 102 (28.7%) remained unidentified. In bottled natural
mineral water, 490 out of 1926 isolates (24.5%) were identified at the
species level, 165 (8.5%) at the genus level, whereas 1271 isolates (66%)
were unidentified, representing the highest number of unknown strains
among the different samples (Fig. 1A).

In summary, 1721 isolates (45%) were successfully identified with
the BDAL database at the species and/or genus level, whereas 2088
isolates remained unidentified (55%).

3.2. Identification of isolates not matched to the BDAL database

A total of 134 cluster-representative isolates were selected for iden-
tification by partial 165 rRNA gene sequencing. However, after preser-
vation, only 120 grew satisfactorily and could be sequenced and further
characterized by FAME profiles (data not shown), which established
affiliation to 53 genera (Table §2). The isolates identified by 165 rRNA
gene sequencing corresponded to distribution networks (45), process
water (28), bottled natural mineral water (35) and spring water (12)
(Fig. 2B). Therefore, the water from distribution networks accounted for
the highest number of species not represented in the BDAL database.

Fourteen out of the 53 identified genera were absent in the BDAL
database. In addition, some isolates (67) belonged to species not
included in the BDAL database or to yet-to-be described. Identification
of non-matched isolates by 16S rRNA sequencing allowed the BDAL
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SW (BDAL) BW (BDAL)

SW (BDAL+DWL) BW (BDAL +DWL)

65.8% 86.8%
10%
n=1085 n=442 n=356 n=1926
species genus  unrealiable species genus  unrealiable species genus  unrealiable species genus  unrealiable
BDAL 288 266 531 143 115 184 182 72 102 490 165 1271
BDAL
£ DWL 714 263 108 240 122 80 279 67 10 1671 157 98

Fig. 1. Percentage of isolates identified using the original Bruker Daltonics (BDAL) database (A) and the BDAL database expanded with the Drinking Water Library
(DWL) (B) from different sources of water: distribution networks (DN), process water (PW), spring water (SW) and bottled natural mineral water (BW). Number of
isolates (n) per source and according to identification results are shown in the table below the graph. When using the extended database, better identification results
were obtained at the level of species (green) and genus (yellow), and unreliable identification (red) was reduced.

Water
isolates
120

Fig. 2. Contents of the Drinking Water Library (DWL) and origin of the water
isolates. (A) Composition of the 319 MSPs of the DWL according to the number
of bacterial strains included in the database from i | refe
strains and water isolates. (B) Number of bacterial strains included in the new
database according to origin: process water (PW), distribution network (DN),
bottled mineral water (BW) and spring water (SW).

database to be expanded after the incorporation of their MSPs to the
DWL (Table 1). A high variability in origin was observed among these
isolates; some of the genera were recovered from multiple sources and
others from only one. These results might be affected by a bias in the
colony selection, as the main aim of the study was to recover the highest
bacterial diversity from the four water sources. Nineteen genera were
recovered from both treated (distribution network and process water)
and non-treated water (spring water and bottled mineral water): Acid-
ovorax, Bacillus, Bosea, Br dii Caulobacter, Chryseobacterium,
Deinococcus, Dyadobacter, Flavobacterium, Hydrogenophaga, Methyl-
obacterium, Microbacterium, Mycobacterium, Paenibacillus, Pedobacter,
Pseud hingobium, Sphis and Sphingopyxis. Nine genera

cadad PSS

/3

were isolated only from distribution networks: Acinetobacter, Blastomo-
nas, Domibacillus, Ensifer, Micrococcus, Novosphingobium, Porphyrobacter,
Pseudoxanthomonas and Shinella. Eight genera were recovered only from
process water: Cloacibacterium, Ideonella, Massilia, Nocardioides, Nov-
ispirillum, Rheinheimera, Rhodoferax and Roseomonas.

Similarly, for non-treated water samples, a total of six genera were
exclusively recovered in spring water: Aeromicrobium, Herminiimonas,
Nocardia, Psychrobacillus, Williansia and Xanthomonas. And finally,
regarding bottled natural mineral water samples, 11 different genera
were identified as Aquabacterium, Bradyrhizobium, Janibacter, Limno-
bacter, Methylibium, Pararhizobium, Phyllobacterium, Polaromonas, Psy-
chrobacter, Rhizobium and Variovorax.

3.3. The Drinking Water Library

The DWL constructed in this study (Fig. 2) includes 319 MSPs
generated for isolates unmatched to the BDAL database and identified by
16S rRNA gene ing (120), rep ing the different clusters in
which the isolates were grouped (Table $2). Also included are spectra
from reference strains (199) selected for their environmental or water-
related origins (Table S1).

The MALDI-TOF MS identification capacity increased when using the
DWL with the newly incorporated MSPs, as half the genera in the library
were absent from the BDAL datab At the begi of the study in
2016, the BDAL database included 428 bacterial genera, which allowed
the identification of 35% of drinking water isolates. The MSPs included
in the DWL correspond to species belonging to 96 bacterial genera
(Table 1), 44 of which were absent from the BDAL database and one was
potentially a new genus. For the remaining 52 genera, 74 MSPs corre-
sponding to one or more species were included, reaching a total of 319
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Table 1

Contents of libraries BDAL 7311, DWL, and BDAL plus DWL according to the number of species per genera, and the origin of the main spectrum profiles (MSPs) that
configured the new in-house DWL database (BW: Bottled mineral water, SW: Spring water, DN: Distribution network, PW: Process water and Ref: reference strains from
the CECT catalogue). In brackets, number of new MSPs added. Genera not included in the BDAL database are shown in bold.

Genera included in the database BDAL DWL BDAL+ DWL Origin of MSP (DWL)

No. MSP No. species No. MSP No. species No. MSP BW SW DN PW Ref
Acidovorax 9 7 +(2) 1 11 X X
Acinetobacter 120 22 +(3) 2 123 X X
Aeromicrobium 1 1 +(1) 1 2 X
Aeromonas 46 18 +(38) 9 84 X
Alcanivorax - - +() 1 1 X
Ampullimonas - - +(2) 1 2 X
Ancylobacter - - +(1) 1 1 X
Aquabacterium - - +(3) 3 3 X
Arcicella - - +(1) 1 1 X
Arcobacter 15 6 +(2) 2 17 X
Azoarcus 3 3 +() 1 4 X
Azonexus - - +(1) 1 1 X
Bacillus 145 102 +(4) 1 149 X X
Belliella - - +01) 1 1
Blastomonas 2 2 +(3) 4 7 X
Bosea - - +(3) 5 5 X X X
Bradyrhizobium 2 +(1) 1 3 X
Brevundimonas 15 8 +(9) 5 24 X X X
Caulobacter 2 2 +(5) 4 7 X X X
Chitinimonas - - +(3) 2 3 X
Chromobacterium - — +(1) 1 1 X
Chryseobacterium 29 15 + (22) 16 51 X X X X
Cloacibacterium - - + (1) 1 1 X
Cronobacter 9 1 +(1) 1 10 X
Deinococcus 4 2 +(2) 2 6 X X
Domibacillus - - +(1) 1 1 X
Duganella - - +(1) 1 1 X
Dyadobacter - - +(2 2 2 X X
Emticicia - - +(2) 2 2 X
Ensifer - - +@ 1 1 X
Ferruginibacter - - +@) 1 1 X
Flavobacterium 15 14 +(18) 12 33 X X X
Flectobacillus - - +(2) 2 2 X
Heliimonas - - +(2) 1 2 X
Herbaspirillum 17 11 +(1) 1 18 X
Herminiimonas 2 2 +(2) 2 4 X
Hydrogenophaga 2 2 +(2) 2 4 X X
Hymenobacter - - +(2) 2 2 X
Ideonella - - + (1) 1 1 X
lodobacter 1 1 +(2) 1 3 X
Janibacter 2 2 +(1) 1 3 X
Janthinobacterium 1 1 + (1) 1 2 X
Kinneretia - - +(1) 1 1 X
Klebsiella 31 3 +(1) 1 32 X
Lacihabitans - - +(1) 1 1 X
Lactobacillus 249 97 +(1) 1 250 X
Limnobacter - - +(1) 1 1 X
Massilia 4 2 +(4) 4 8 X X
Methylibium - - +() 1 1 X
Methylobacterium 22 11 +01n 8 33 X X X
Methylosinus - - +(2) 2 2 X
Microbacterium 55 38 +(2) 2 57 X X
Micrococcus 21 4 + (1) 1 22 X
Mucilaginibacter - - +(10) 10 10 X
Mycobacterium 74 39 + (@) 6 81 X X X
Nevskia - - +(2) 1 X
Nocardia 117 47 +(1) 1 118 X
Nocardioides 2 2 +(1) 1 3 X
Novispirillum - - +(1) 1 1 X
Novosphigobium 18 12 +(5) 4 23 X
Paenibacillus 137 69 + (6) 5 143 X X X X
Pararhizobium 1 1 + (1) 1 2 X
Parasediminibacterium - - +(1) 1 1 X
Pedobacter 2 2 +(10) 10 12 X X X
Pelomonas 2 2 +(1) 1 3 X
Pheaeospirillum - - +(1) 1 1 X
Phyllobacterium - - +(1) 1 1 X
Polaromonas - - +1(3) 2 3 X
Porphyrobacter - - +() 1 1 X
Propionivibrio - - + (1) 1 1 X
Pseudomonas 174 a3 + (10) 5 184 X X X

(continued on next page)
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Table 1 (continued)
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Genera included in the database BDAL DWL BDAL+ DWL Origin of MSP (DWL)

No. MSP No. species No. MSP No. species No. MSP BW SwW DN PW Ref
Pseudoxanthomonas 5 3 +(2) 2 7 X
Psychrobacillus 3 3 +@@) 1 4 X
Psychrobacter 3 2 +(8) 5 11 X X
Rheinheimera 1 1 +(4) 4 5 X X
Rhizobium 16 3 +(1) 3 17 X X
Rhodococcus 9% 27 +(5) 3 101 X X
Rhodoferax - - + (1) 1 1 X
Roseateles - - +(@) 2 2 X
Roseomonas 4 1 +(2) 1 6 X X
Runella - - +(2) 2 2 X
Sediminibacterium = - +1) 1 1 X
Shinella - - +(1) 1 1 X
Sphingobacterium 16 6 +() 1 17 X
Sphingobium 15 11 +(6) 6 21 X X
Sphingomonas 62 32 +(10) 10 75 X X X
Sphingopyxis 5 5 +(8) 8 15 X X X X
Sphingorhabdus - - + 1) 1 1 X
Tabrizicola - - +(1) 1 1 X
Taeseokella - - + (1) 1 £ § X
Undibacterium - - + @) 1 1 X
Variovorax 7 1 +(2) 2 9 X
Vibrio 92 54 +(2) 2 95 X
Williamsia - - +@) 1 1 X
Xanthomonas 36 17 + (1) s | 37 X
Yersinia 71 12 +@) 1 72 X
TOTAL 1783 824 319 240 2102 23 11 25 18 62

MSPs. The predominant genera were Mucilaginibacter with 10 MSPs,
followed by Bosea with 5 MSPs and Aquabacterium, Chitini and
Polaromonas with 3 MSPs each. The newly added genera are shown in
Table 1. Of the 44 new genera included in the DWL, 30 correspond to
reference strains and 14 to isolates from treated water and non-treated
water. At the species level, the DWL database provides 189 species not
represented in the BDAL database, 67 of which are potentially new taxa.

Independently of their origin, whether environmental or reference
strains, the new MSPs expanded the in-house database and improved the
capacity of MALDI-TOF MS to identify drinking water isolates. Distri-
bution of the DWL MSPs per genera and origin is shown in Table 1.
Briefly, the genera included in the DWL were represented by variable
numbers of MSPs. The most highly represented genus was Aeromonas,
with 38 MSP entries (11.9%), followed by Chryseobacterium with 22
MSPs (6.9%), Flavobacterium with 18 MSPs (5.6%), Sphingomonas with
13 MSPs (4.1%) and Methylobacterium with 11 MSPs (3.4%). The genera
Pedobacter, Pseudomonas, Sphingopyxis and Mucilaginibacter contributed
10 MSPs (3.1% each), whereas Brevundimonas provided 9 MSPs (2.8%),
Psychrobacter 8 MSPs (2.5%), Mycobacterium 7 MSPs (2.2%) and Sphin-
gobium and Paenibacillus 6 MSPs (1.9% each). The genera Blastomonas,
Rhodococcus, Bosea, 1 sphigobium and Caulobacter provided 5 MSPs
(1.6% each) and the genera Bacillus, Rheinheimera and Massilia 4 MSPs
(1.3% each).

3.4. Validation of the DWL database

The newly developed DWL was validated by (a) internal assays with
reference CECT strains and drinking water isolates; (b) external blind
trials; (c) re-identification of the drinking water isolates recovered in
this project, and (d) identification of new isolates from routine labora-
tory analysis.

3.4.1. Internal assays

An internal assay was carried out with 9 CECT reference strains
(CECT 317 Brevundimonas diminuta, CECT 7302 Chryseobacterium
aquaticum, CECT 7791 Flavobacterium tructae, CECT 5998 Methyl-
obacterium aquaticum, CECT 7550 Mucilaginibacter myung: CECT
7273 Mycobacterium llatzerense, CECT 153 Paenibacillus polymyxa, CECT
7114 Pedobacter aquatilis and CECT 8016 Sphingopyxis italica). The

selection was based on the bacterial diversity found in drinking water
and protein extraction difficulty in order to challenge the identification
capacity of the new database. The strains were analyzed by MALDI-TOF
MS, as described in Material and Methods (direct transfer, formic acid
extended direct transfer and acid/acetonitrile extraction methods). Six
out of the nine strains were successfully identified at the species level
with scores of 2.04-2.55; two strains were identified at the genus level
(1.73-1.94) and one was not identified (1.48-1.56) (Table S3). In
general, differences between extraction methods were not observed, the
score values being very close. Strain CECT 7273 Mycobacterium llatzer-
enze was only identified to the genus level by the extraction method
(score 1.73-1.80). As described in other studies, due to their complex
cell walls, Mycobacterium spp. require a specific extraction method for a
better protein recovery, which may affect MALDI-TOF results (Alco-
lea-Medina et al., 2019). Strain CECT 153 Paenibacillus polymyxa was not
identified (scores 1.49-1.56) when using the DWL but genus-level
identification was achieved with the BDAL database (scores
1.84-1.98). It is well known that sporulation can affect identification by
MALDI-TOF analysis, as spores differ in protein content compared to
vegetative cells (Lasch et al., 2009).

3.4.2. External blind trials

For external validation, four rounds of proficiency testing of the DWL
were carried out, each round involving at least three Spanish research
centers and 29 strains (Table S4), which represents about 10% of the
DWL content. One batch of cell culture was prepared per strain and
distributed among the centers for the parallel analysis by MALDI TOF
MS using the acid/acetonitrile extraction method and the mass spec-
trometer device available in the center (in all, three different in-
struments were used). As a result, 81% of measurements resulted in
identification at probable species level (score >2.000) and 13% at
probable genus level (score 1.700-1.999), 6% not leading to identifi-
cation (score <1.699). In general, spectra were consistent, although
occasional inter-laboratory and even intra-laboratory variability was
observed. Differences in log score values between research centers can
be explained either because of the cell composition (sporulated cultures,
cell wall complexity), the elapsed time before sample processing, the
conditions of sample preservation, or sample handling.

Likewise, inter-laboratory differences in analytical sensitivity were
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registered for certain taxonomic groups that are nearly identical by 16S
rRNA gene sequencing (Janda and Abbott, 2007). This was the case of
strain Flavobacterium sp. CECT 9288, for which the highest log score
value matched a closely related phylogenetic species of the genus Fla-
vobacterium. As a result, two out of six centers only achieved identifi-
cation at the genus level.

Slightly different results were observed depending on the spec-
trometer device used. For some strains, profiles clustered separately in
Microflex vs UltrafleXtreme/Ultraflex I1I. Moreover, the quality of
spectra also directly affected the results. The higher laser intensity of
automatic compared to manual acquisition may produce background
noise that impairs sensitivity, resulting in false or unreliable classifica-
tion. For instance, one of the six laboratories in the trial acquired three
spectra for strain CECT 9470 Phyllobacterium myrsinacearum, yet iden-
tification at species level was achieved with only one spectrum.

3.4.3. Re-identification of the drinking water isolates recovered in this study

The extended database (BDAL plus DWL) allowed offline re-analysis
of isolates unidentified with previously acquired spectra. The perfor-
mances of both databases are shown in Fig. 3. The BDAL database could
identify 35% of isolates to levels of probable genus (score 1.700-1.999),
secure genus and probable species (score 2.000-2.299), or highly
probable species identification (score >2.300-3.000), which increased
up to 95% when the DWL was used as well. The BDAL library alone
failed to identify 2088 (54.8%) of the isolates, whereas 618 (16.2%)
were identified at the genus level and 1103 (29%) at the species level. In
contrast, when the same spectra were searched against the BDAL data-
base plus the DWL, the identification performance improved by 47%,
2904 of the isolates being identified at the species level (76.2%) and 296
remaining unidentified (7.8%). The unidentified fraction corresponded
to single representatives (non-clustered isolates) not included in the
DWL as they were detected only once throughout the study.

In general, the addition of new MSP entries in the DWL increased the
coverage of genus and species diversity, thereby improving the
discrimination capacity of the original database. As a result (see
Fig. 1B), 714 isolates from the distribution networks were successfully
identified at the species level (65.8%), 263 at the genus level (24.2%)
and 108 isolates remained unknown (10%). The results for process water
samples were similar: from a total of 1085 isolates, 240 were identified
at species level (54.3%), 122 at genus level (27.6%) and 80 remained
unknown (18.1%). In the two groups, the percentage of unknown
samples decreased by 38.9% and 23.5%, respectively, when using DWL.
Surprisingly, this reduction was significantly greater for the bottled

76%

n=3809 n=3809
species genus  unrealiable species genus  unrealiable
1103 618 2088 2004 609 296

Fig. 3. The percentage of isolates identified using the original Bruker Daltonics
(BDAL) database (A) compared with the BDAL database plus the Drinking
Water Library (B). In green: highly probable species (score >2.300-3.000),
secure genus and probable species (score 2.000-2.299); in yellow: probable
genus (score 1.700-1.999), and in red: unreliable results (score <1.699).
Number of isolates (n) according to identification results are shown in the table
below the graph.
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natural mineral water samples. When the 1926 spectra were searched
against the extended database, 1671 were identified at the species level
(86 8%) and another 157 (8.2%) at the genus level; only 98 isolates

d unidentified, which rep d an improvement of 60.9%
over the BDAL database (Fig. 1A). The extended database also gave
better results in spring water samples: a total of 97.2% (346 out of 356)
of isolates were successfully identified, 78.4% at species level and 18.8%
at genus level, with only 10 isolates unidentified.

As shown, the DWL contributed new MPSs on environmental strains
lacking in the original database and constitutes a good tool for the
routine testing of drinking water samples. Although databases are
frequently updated by the providers, results of the present study high-
lighted, in accordance with other authors (De Carolis et al., 2014;
Kopcakova et al., 2014; Rahi et al., 2016; Seuylemezian et al., 2018) that
there is a need for continuously updated in-house databases to increase
taxonomic resolution, especially for microbial ecology studies.

4. Conclusions

The Drinking Water Library presented here is composed of 319
MALDI-TOF MS profiles of 120 bacteria isolated from different drinking
water sources (distribution networks and mineral water) of different
origins, mainly Catalonia (North-East Spain), Andorra and the South of
France, and a selection of 199 reference strains of environmental or
water-related origin from the Spanish Type Culture Collection. The new
library, created using Bruker UltrafleXtreme MALDI-TOF MS equipment,
contains MSPs for 164 species of 53 genera already included in the
Bruker Daltonics database increasing the species coverage, and 67
possible new species belonging to 44 genera not previously included.
Strains of 120 bacteria, including representative strains of potential new
species, were deposited at the CECT for public accession, following the
established protocols. Further studies are in progress to elucidate the
taxonomic status of strains that might belong to new taxa.

The new DWL, which extended the original Bruker Daltonics data-
base with 319 new MSPs for 96 genera from water and other related
environments, improved the resolution power for bacterial identifica-
tion by up to 76%.

Overall, bacterial identification by MALDI-TOF MS is an easy and
fast high-throughput technique with low running costs and remarkable
specificity. In the present study, there were slight differences in the re-
sults between spectrometers, but the method still proved a good choice
for interlaboratory collaboration. Moreover, using the formic acid
extended direct transfer protocol allowed the operation time to be
significantly reduced and when combined with the DWL, it provided a
rapid and successful identification of drinking water bacteria. Able to
improve identification, MALDI-TOF MS and the DWL constitute an
excellent tool for multiple applications, ranging from basic research on
water bacterial communities to routine analysis, i.e., in water testing
laboratories and water supply companies.
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TABLE S1. Reference bacterial strains corresponding to the MSPs included in the Drinking

Water Library

Collection
Strain No  Name Isolated from
Acronym
CECT 4632 Acinetobacter sp. Freshwater stream
CECT 7849 Acinetobacter sp. Small stream
CECT 49117 Aeromonas allosaccharophila Feces
CECT 4220 Aeromonas allosaccharophila Feces
CECT 72897 Aeromonas aquariorum Aquaria
CECT 42277 Aeromonas bestiarum Fish
CECT 7451 Aeromonas bestiarum Eel
CECT 5219 Aeromonas bestiarum Cake
CECT 43427 Aeromonas encheleia Eel
CECT 4985 Aeromonas encheleia Hospital environment
CECT 5027 Aeromonas encheleia Drinking water well
CECT 42247 Aeromonas eucrenophila Freshwater fish
CECT 4855 Aeromonas eucrenophila Water
CECT 4827 Aeromonas eucrenophila Ascites of carp
CECT 74017 Aeromonas fluvialis River
CECT 42217 Aeromonas hydrophila subsp. anaerogenes Used oil-emulsions
CECT 4588 Aeromonas hydrophila subsp. anaerogenes Feces
CECT 839T Aeromonas hydrophila subsp. hydrophila Milk
CECT 4330 Aeromonas hydrophila subsp. hydrophila Eel tank water
CECT 44867 Aeromonas icthiosmia Surface water
CECT 42287 Aeromonas jandaei Feces
CECT 42327 Aeromonas media Fish farm effluent
CECT 74437 Aeromonas piscicola Salmon fish
CECT 51767 Aeromonas popoffi Drinking water
treatment plant

CECT 5250 Aeromonas popoffii Continental water
CECT 8957 Aeromonas salmonicida subsp. achromogenes  Trout fish
CECT 4238 Aeromonas salmonicida subsp. achromogenes  Trout fish from river
CECT 4239 Aeromonas salmonicida subsp. achromogenes ~ Minnow fish from lake
CECT 896" Aeromonas salmonicida subsp. masoucida Masou fish
CECT 57527 Aeromonas salmonicida subsp. pectinolytica Polluted river

91



CAPITOL1

CECT
CECT
CECT
CECT
CECT
CECT

CECT
CECT
CECT

CECT
CECT

CECT
CECT
CECT
CECT
CECT
CECT
CECT
CECT
CECT
CECT
CECT

CECT
CECT

CECT
CECT

CECT
CECT
CECT

5753

8947

5209
51797
70827
42577

4819
4910
5761

7060
5683"

8580
85817
41667

7957

7819

7825

5669

7823
85517
42737

313

3177
77297

8347
3277

5640
5648
421

Aeromonas salmonicida subsp. pectinolytica
Aeromonas salmonicida subsp. salmonicida
Aeromonas salmonicida subsp. salmonicida

Aeromonas salmonicida subsp. smithia

Aeromonas tecta

Aeromonas veronii

Aeromonas veronii
Aeromonas veronii

Aeromonas veronii

Aeromonas veronii

Alcanivorax balearicus

Ampullimonas aquatilis
Ampullimonas aquatilis
Ancylobacter aquaticus
Arcicella sp.
Arcobacter sp.
Arcobacter sp.
Azoarcus sp.

Azonexus sp.

Belliella kenyensis
Blastomonas natatoria

Brevundimonas diminuta

Brevundimonas diminuta

Brevundimonas faecalis

Brevundimonas intermedia

Brevundimonas vesicularis

Caulobacter sp.
Caulobacter sp.

Caulobacter vibrioides

Polluted river

Salmon fish

Sea water

Roach fish

Feces

Sputum of drowning
victim

Stool

Feces

Midgut of Culex
quinquefasciatus
Drinking water supply
Subterraneous saline
lake

Bottled mineral water
Bottled mineral water
Lake water

Stream

Pond

Freshwater pond
Contaminated aquifer
Freshwater pond

Lake sediment
Swimming pool water
Contaminant in a culture
of Bacillus cereus
Freshwater stream
Sewage water from a
hospital

Freshwater pond
Urinary-bladder
epithelium of Hirudo sp.
(leech)

Bottled mineral water
River water

Well water
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CECT
CECT
CECT
CECT
CECT
CECT
CECT

CECT
CECT
CECT
CECT
CECT
CECT
CECT
CECT
CECT
CECT
CECT
CECT
CECT
CECT
CECT
CECT
CECT

CECT
CECT
CECT

CECT

CECT

8008
8101
77037
4947
73027
84977
71297

77947
7847
73577
7130
7795
8086
7846
7797
77987
77937
7845
7547
78647
8087
88587
90877
82897

83657
79557
76787

7848

7909

Chitinimonas sp.
Chitinimonas sp.
Chitinimonas viridis
Chromobacterium violaceum
Chryseobacterium aquaticum
Chryseobacterium artocarpi

Chryseobacterium hispanicum

Chryseobacterium oncorhynchi
Chryseobacterium oncorhynchi
Chryseobacterium piscicola
Chryseobacterium sp.
Chryseobacterium sp.
Chryseobacterium sp.
Chryseobacterium sp.
Chryseobacterium tructae
Chryseobacterium tructae
Chryseobacterium viscerum
Chryseobacterium viscerum
Chryseobacterium yonginense
Cronobacter universalis
Duganella sp.

Emticicia aquatica

Emticicia paludis

Ferruginibacter yonginensis

Flavobacterium gyeonganense
Flavobacterium jumunjinense

Flavobacterium oncorhynchi

Flavobacterium oncorhynchi

Flavobacterium piscis

Stream

Stream

Pond

Freshwater

Water reservoir
Rhizosphere soil
Drinking water
distribution network
Trout fish

Trout fish

Salmon fish

Drinking water

Trout fish

Wetland

Trout fish

Trout fish

Trout fish

Trout fish

Trout fish

Artificial lake
Freshwater

Wetland

Freshwater

Freshwater
Mesotrophic  artificial
lake

Stream

Lake

Liver of a diseased
rainbow trout,
Oncorhynchus mykiss
Liver of a diseased
rainbow trout,
Oncorhynchus mykiss
Gills of rainbow trout,

Oncorhynchus mykiss
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CECT

CECT

CECT
CECT
CECT
CECT
CECT
CECT

CECT

CECT

CECT

CECT

CECT

CECT

CECT

CECT

CECT

CECT

CECT

CECT

CECT

CECT

CECT

CECT

79117

78447

7789
8006
8038
8461
7596
77917

7905

7595

7598

8121

81227

7143

9069

75467

4504

45057

7866

73197

45197

78267

73557

71427

Flavobacterium piscis

Flavobacterium plurextorum

Flavobacterium sp.
Flavobacterium sp.
Flavobacterium sp.
Flavobacterium sp.
Flavobacterium sp.

Flavobacterium tructae
Flavobacterium tructae
Flectobacillus sp.
Flectobacillus sp.
Heliimonas saccharivorans
Heliimonas saccharivorans
Herbaspirillum sp.
Hymenobacter sp.
Hymenobacter yonginensis
lodobacter fluviatilis
lodobacter fluviatilis
Janthinobacterium sp.
Kinneretia asaccharophila
Klebsiella terrigena
Lacihabitans soyangensis

Lactobacillus aquaticus

Massilia aurea

Kidney of rainbow trout,
Oncorhynchus mykiss
Eggs of rainbow trout,
Oncorhynchus mykiss
Gills of rainbow trout
Lake

Wetland

Freshwater

Freshwater, pond

Liver of rainbow trout,
Oncorhynchus mykiss
Gills of rainbow trout,
Oncorhynchus mykiss
Freshwater, pond
Freshwater, pond

Deep mineral water
aquifer

Deep mineral water
aquifer

Drinking water
Seawater

Freshwater from an
artificial lake

Water of River Wey
Water of River Wey
Mesotrophic  artificial
lake

Freshwater from a depth
of 5 m in the center of
Lake Kinneret

Drinking water

Lake Soyang

Eutrophic  freshwater
pond

Drinking water
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CECT

CECT
CECT
CECT
CECT

CECT
CECT
CECT

CECT
CECT

CECT
CECT
CECT
CECT
CECT

CECT
CECT

CECT
CECT

CECT
CECT
CECT
CECT
CECT

77537

88977
70697
59987
7810

59977
70687
78067

7180
7814

70457
7189
7190

81027

76607

78577
75507

78247
7661

7821
8103
8292
8416
30217

Massilia umbonata

Massilia violacea
Methylobacterium adhaesivum
Methylobacterium aquaticum

Methylobacterium aquaticum

Methylobacterium hispanicum
Methylobacterium isbiliense
Methylobacterium longum

Methylobacterium sp.
Methylobacterium sp.

Methylobacterium variabile
Methylosinus sp.
Methylosinus sp.
Mucilaginibacter aquaedulcis

Mucilaginibacter dorajii

Mucilaginibacter flavus

Mucilaginibacter myungsuensis

Mucilaginibacter soyangensis

Mucilaginibacter sp.

Mucilaginibacter sp.
Mucilaginibacter sp.
Mucilaginibacter sp.
Mucilaginibacter sp.

Mycobacterium alvei

A mixture of soil
collected near
Guadalimar (Jaén,
Spain) and sewage
sludge compost from
Granada (Spain)
Wetland soil

Drinking water

Drinking water

Fruit surface of
Arabidopsis thaliana
Drinking water

Drinking water
Phyllosphere of
Arabidopsis thaliana
Drinking water
Phyllosphere of
Cardamine hirsuta
Drinking water

Drinking water

Drinking water
Freshwater, lake
Rhizosphere of
Platycodon
grandiflorum

Swamp

Freshwater from a
mesotrophic lake

Pond

Rhizosphere of
Codonopsis lanceolata
Pond

Stream

Lake

Soil

Water of River Besos
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CECT
CECT

CECT
CECT

CECT

CECT
CECT
CECT

CECT
CECT
CECT
CECT
CECT
CECT
CECT
CECT
CECT
CECT

CECT

CECT

CECT

CECT

CECT

CECT

CECT

30227
72737

8638
78977

7898

8290
153
1557

7179
80107
71147
87257
86697

7115

7544

7865

8413

8689

72347

7186

7822

77847

8997

3787

5881

Mycobacterium brumae

Mycobacterium llatzerense

Mycobacterium sp.

Nevskia aquatilis

Nevskia aquatilis

Novosphigibium sp.
Paenibacillus polymyxa
Paenibacillus polymyxa

Paenibacillus sp.
Parasediminibacterium paludis
Pedobacter aquatilis
Pedobacter lignilitoris
Pedobacter silvilitoris
Pedobacter sp.

Pedobacter sp.

Pedobacter sp.

Pedobacter sp.

Pedobacter sp.

Pelomonas puraquae
Pheaeospirillum sp.
Propionivibrio sp.
Pseudomonas alcaligenes
Pseudomonas anguilliseptica

Pseudomonas fluorescens

Psychrobacter fozii

Wastewater

A pure water distribution
system of a
haemodialysis unit in the
Hospital Son Llatzer
Mud, River Cardener
Deep mineral water
aquifer

Deep mineral water
aquifer

Lake

Water

Decomposing plants and
soil

Drinking water

Swamp

Drinking water

Wood of seashore

Wood of seashore
Drinking water
Freshwater pond

Pond

Freshwater

Mesotrophic  artificial
lake

Haemodialysis water at
the Hospital Son Llatzer
Drinking water
Freshwater pond
Swimming pool water
Blood of pond-cultured
eel, Anguilla japonica
Pre-filter tanks, town
water works

Water from Johnsons

Dock cove
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CECT

CECT
CECT

CECT
CECT

CECT

CECT
CECT
CECT
CECT
CECT
CECT
CECT
CECT
CECT
CECT
CECT
CECT

CECT
CECT

CECT
CECT
CECT
CECT

58897

59377
53097

44927
58857

5882

86237
30137
3054
5557
4443
72487
72477
71317
8978
7725
81007
79387

83837
58327

5997
7182
7183
88047

Psychrobacter fozii

Psychrobacter frigidicola

Psychrobacter glacincola

Psychrobacter immobilis

Psychrobacter luti

Psychrobacter sp.

Rheinheimera arenilitoris
Rhodococcus erythropolis
Rhodococcus erythropolis
Rhodococcus hoagii
Rhodococcus hoagii
Roseateles aquatilis
Roseateles terrae
Roseomonas aquatica
Runella sp.

Runella sp.

Sediminibacterium goheungense

Sphingobacterium detergens

Sphingomonas lacus

Sphingomonas phyllosphaerae

Sphingomonas paucimobilis

Sphingomonas sp.
Sphingomonas sp.

Sphingomonas vulcanisoli

Soil  from  Johnsons
Dock

Ornithogenic soil
Anchor ice from the
Amery Ice Shelf
Unknown

Muddy soil collected
from the inlet Admiralty
Bay

Glacier mud, Admiralty
Bay

Marine sand

Soil

Water of estuary

Lung abscess of foal
Foal

Industrial water

Soil

Drinking water

Wetland freshwater
Freshwater, pond
Freshwater reservoir
Soil sample taken near
the crater lake Lagoa do
Fogo

Soil near a pond
Phyllosphere  of a
leguminous tree, Acacia
caven

Hospital respirator
Drinking water

Drinking water

Soil of the Gotjawal lava

forest

97



CAPITOL1

CECT 80167
CECT 85317
CECT 8860
CECT 81987
CECT 7724
CECT 552
CECT 5147
CECT 42187
CECT 43147
DSM 503427
DSM 121117
DSM 500907
DSM 50091
DSM 50108

Sphingopyxis italica

Sphingorhabdus arenilitoris

Tabrizicola sp.

Taeseokella kangwonensis

Undibacterium sp.
Vibrio cholerae
Vibrio cholerae

Vibrio mimicus

Yersinia aldovae

Pseudomonas alcaligenes

Pseudomonas anguilliseptica

Pseudomonas fluorescens
Pseudomonas fluorescens

Pseudomonas fluorescens

Tuff walls of the Roman
catacombs of  Saint
Callixtus

Marine sand

Freshwater

Freshwater

Freshwater, pond
Pilgrim to Mecca
Human feces

Human ear, 35 year-old
female

Drinking water
Swimming-pool water
Pond-cultured eels,
Anguilla japonica
Pre-filter tanks

Tap water

Enrichment with

naphthalene

T Type strains
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TABLE S2. Drinking water isolates identified by 16S rRNA sequence analysis corresponding to
MSPs included in the Drinking Water Library. Distribution Network (DN), process water (PW),

spring water (SW) and bottled natural mineral water (BW)

CECT Isolate name Isolated 16S rRNA ldentification*  Species identity Phylum*
No. from (%)
9348 170207 BCN 21 DN Acidovorax delafieldii 99.5 P
9495 171027 A14MA 26 BW Acidovorax sp. 99.2 A. radicis, P
99.1 A. facilis
9347 170207 BCN 18 DN Acinetobacter Iwoffii 99.7 P
9252 161013 MAM 34 SW Aeromicrobium sp. 99.2 A. chonae, A
98.8 A. tamlense
9468 170921 A12MA 49 BW Aguabacterium commune 99.8 P
9469 170921 A12MC 25 BW Aguabacterium sp. 98.6 A. parvum, P
97.5 A. commune
9606 180319 A20MB 6 BW Aquabacterium sp. 97.5 A. commune, P
96.9 A. citratiphilum
9247 160118 FC 3 PW Bacillus simplex 100 F
9349 170207 BCN 04 A DN Bacillus sp. 99.0 B. halmapalus F
9350 170207 BCN 04 B DN Bacillus sp. 99.0 B. halmapalus F
9360 170307 D32 DN Bacillus sp. 97.9 B. cavernae F
9362 170512 A4D 12 DN Blastomonas sp. 99.4 B. natatoria, P
99.3 B. ursincola
9352 170119 RLA 01 DN Blastomonas sp. 99.0 B. aquatica, P
orange 99.0 B. aquatica,
98.9 B. ursincola
9351 170119 RLA 01 DN Blastomonas sp. 99.2 B. natatoria, P
yellow 99.0 B. aquatica,
99.1 B. ursincola
9427 170614 PSA 03 DN Blastomonas sp. 99.2 B. aquatica, P
98.7 B. natatoria
9506 20160502 RIB 087 BW Bosea eneae 99.9 P
9325 170327 A5M 12 BW Bosea sp. 99.2 B. massiliensis, P
98.9 B. lupini,
98.8 B. lathyri
9449 130214 A10M 36 BW Bosea sp. 99.6 B. lupini, P
99.5 B. vaviloniae,
99.3 B. vestrisii
9600 180219 CSF 01 DN Bosea sp. 99.8 B. lupini, P

99.7 B. vestrisii
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9290

9605

9364

9277

9317

9466

9326

9549

9391

9399

9270

9393
9390

9321

9293

9294

9276

9548

9426

9275

9623

130122 O1 19

121125 A10M 23

170518 A2D 16

160427 MSN 3

170320 A1IM 38

160201 AB 04

170327 A5M 43

180122 PS 09

170515 CSA 01

170531 PT 15

20160502 FVL 110

170515 CSA 11
170515 CSA 02

170217 CSF 06

130820 UF 26

130820 OI 09

160111 SFS 20

180122 BCN 04

170613 D3 03

151221 SFS 2

180222 TN 02

PW

BW

DN

DN

BW

DN

BW

DN

DN

PW

BW

DN
DN

PW

PW

PW

PW

DN

DN

PW

DN

Bosea sp.
Bradyrhizobium sp.
Brevundimonas albigilva
Brevundimonas bullata
Brevundimonas
kwangchunensis

Brevundimonas sp.

Caulobacter sp.

Caulobacter sp.
Chryseobacterium
daeguense
Chryseobacterium
indoltheticum

Chryseobacterium sp.

Chryseobacterium sp.

Chryseobacterium sp.

Chryseobacterium sp.

Chryseobacterium sp.

Cloacibacterium

normanense

Deinococcus seoulensis

Deinococcus soli

Domibacillus sp.

Dyadobacter sp.

Dyadobacter sp.

99.3 B.
99.3 B.
98.4 B.
98.3 B.
100
99.9
99.5

98.8 B.
98.7 B.
99.5C.
99.3 C.
99.3 C.
994 C.
99.2 C.
100

99.9

98.4 C.
98.3 C.
96.4 C.
97.5 C.
97.2 C.
98.3 C.
97.3 C.
96.0 C.
96.1 C.
95.9 C.
100

99.8

100

99.4 D.
99.3 D.
99.2 D.
96.5 D.
96.4 D.
97.5D.

robiniae,
minatitlanensis
kavangense,

dagingense

lenta,
subvibrioides
segnis,
flavus,
vibrioides
segnis,

flavus

lactis,
rhizoplanae
pallidum
aquaticum,
gambrini
vrystaatense,
bernardetii
daeguense,
pallidum,

daecheongense

robiginosus,
enclensis,
indicus
sediminis,
jaingsuensis

crusticola

DT

DT
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9511

9303
9258

9288

9356

9260

9259

9471

9291

9357

9524

9513

9437

9622

9607

9284

9358

9560

9550

9255

9257

9287

9254

9279

9400

9250

9392

171031 CRA 03

160411 SFS 14
161024 MVT 172

130122 CR 30

160411 SFS 10

161013 MAM 21

161021 MVT 37

170921 A12MB 15

130820 CR 17

160411 SFS 6

20160502 BRO 010

171110 A16MB 30

130820 CR 18

180319 A19MB 7

121125 A10M 19

170119 CRA 02

170419 OI 07

160220 RIB 062

180123 RPL 01

161021 MVT 49

161021 MVT 46

170119 PSA 04

161024 MVT 101

160606 SFS 40

170531 PT 14

161114 CRA 3

170515 CSA 10

DN

PW
SW

PW

PW

SW

SW

BW

PW

PW

BW

BW

PW

BW

BW

DN

PW

BW

DN

SW

SW

DN

SW

PW

PW

DN

DN

Ensifer sp.

Flavobacterium aquatile

Flavobacterium sp.

Flavobacterium sp.

Flavobacterium succinicans
Herminiimonas glaciei

Herminiimonas sp.

Hydrogenophaga sp.

Hydrogenophaga sp.
Ideonella sp.

Janibacter hoylei
Limnobacter thiooxidans
Massilia sp.

Methylibium petroleiphilum
Methylobacterium
marchantiae
Methylobacterium
persicinum
Microbacterium
azadirachtae

Microbacterium sp.

Micrococcus sp.

Mycobacterium
frederiksbergense
Mycobacterium
frederiksbergense
Mycobacterium hodleri
Nocardia cummidelens
Nocardioides sp.
Novispirillum itersonii

Novosphingobium sp.

Novosphingobium sp.

99.9 E. adhaerens,
99.8 E. sesbhaniae
99.2

98.5 F. chungangense,
98.4 F. chilense

97.8 F. succinicans,
97.6 F. granuli

99.2

100

99.3 H. fonticola,
99.2 H. aquatilis

99.8 H. palleronii,
99.0 H. defluvii

98.3 H. taeniospiralis
98.6

100

99.7

99.0 M. yuzhufengensis
100

99.9

100

99.4

99.2 M. paraoxydans,
98.5 M. testaceum
99.8 M. luteus,

99.8 M. yunnanensis
99.9

99.7

99.9
994
98.7 N. cavernae
100

98.8 N. naphthalenivorans,

98.8 N. panipatense
99.0 N. lindaniclasticum

U U U U »> U T

>
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9465 160427 PMD 08 DN Novosphingobium sp. 97.9 N. ginsenosidimutans, 97.4
N. lentum
9599 180219 VDC 02 DN Novosphingobium sp. 97.7 N. lentum,
97.5 N. hassiacum
9262 161021 MVT 59 SW Paenibacillus borealis 99.4
9249 161107 CRN 1 DN Paenibacillus sp. 94.2 P. nanensis,
94.1 P. yoguinensis
9547 160408 FVL 124 BW Paenibacillus woosongensis  99.9
9322 170327 A4dM 32 BW Pararhizobium sp. 99.0 P. herbae,
98.9 P. giardinii
9246 160111 SFS 10 PW Pedobacter ruber 99.2
9496 171027 A14MB 31 BW Pedobacter sp. 99.2
9470 171004 A13MA 11 BW Phyllobacterium 99.6
myrsinacearum
9528 171127 A18MC 8 BW Polaromonas 99.8
eurypsychrophila
9603 180319 A19MA 34 BW Polaromonas ginsengisoli 100
9289 20160502 NAQ 285 BW Polaromonas sp. 97.7 P. vacuolata
9519 161114 CSA 06 DN Porphyrobacter sp. 99.7 P. donghaensis,
99.7 P. colymbi
9363 170518 A3D 05 DN Pseudomonas peli 100
9261 161013 MAM 08 SW Pseudomonas sp. 98.6 P. cuatrocienegasensis,
98.0 P. composti
9319 170207 BCN 22 DN Pseudoxanthomonas 99.7 P. japonensis
japonensis
9601 180219 CSF 03 DN Pseudoxanthomonas 99.7 P. japonensis
japonensis
9561 161924 MVT 41 SW Psychrobacillus sp. 98.5 P. psychrodurans,
97.9 P. psychrotolerans
9559 160410 BRO 039 BW Psychrobacter pulmonis 100.0
9320 170217 CSF 01 PW Rheinheimera chironomi 99.4
9395 170531 FC 08 PW Rheinheimera sp. 98.7 R. arenilitoris,
98.1 R. chironomi
9429 170703 FC 10 PW Rheinheimera aquatica 99.2
9324  170327A5M9 BW Rhizobium sp. 97.9 R. ipomoeae,
97.5 R. daejeonense
9285 170119 CSA 01 DN Rhodococcus 99.9

corynebacterioides
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9397

9278

9512
9359

9510
9464

9598

9396

9361

9551

9447

9448

9283

9286
9323

9248
9604

9597

9271

9499

9505

9467
9428

9520

9302

9318

170531 PT 08

160606 SFS 39

170131 PSA 08
170206 PSA 01

170613 PSN 09
160427 PMD 04

180219 VDC 04

170531 PT 17

170512 A1D 47

180123 RPLO2

110320 A10M 3

110320 A10M 25

170119 CRA 01

170119 CSA 02
170327A5M3

160201 MG 2

180319 A1I9MA 18

180220 PLF 02

20160502 RIB 263
20160502 FVL 226

20160502 FVL 133

160127 UF 05
170613 PSB 04

170515 CSB 12

160606 SFS 30

170320 A3SM 1

PW

PW

DN
DN

DN
DN

DN

PW

DN

DN

BW

DN

DN
BW

DN
BW

DN

BW

BW

BW

PW
DN

DN

PW

BW

Rhodoferax sp.

Roseomonas sp.
Shinella curvata

Sphingobium limneticum

Sphingobium limneticum
Sphingobium sp.

Sphingobium sp.

Sphingobium sp.

Sphingobium sp.

Sphingomonas echinoides

Sphingomonas sp.

Sphingomonas sp.

Sphingomonas sp.

Sphingomonas sp.

Sphingomonas sp.

Sphingomonas yantingensis

Sphingopyxis bauzanensis

Sphingopyxis fribergensis
Sphingopyxis italica
Sphingopyxis sp.

Sphingopyxis sp.

Sphingopyxis soli
Sphingopyxis sp.

Sphingopyxis sp.

Sphingorhabdus

profundilacus

Variovorax boronicumulans

98.8 R. saidenbachensis,

98.1 Albidiferax ferrireducens
97.8 R. lacus

100

99.8

99.9

98.5 S. hydrophobicum,
98.5 S. xenophagum
99.1 S. lactosutens,
98.8 S. ahikonensis
99.1 S. hydrophobicum,
99.1 S. xenophagum
97.9 S. boeckii,

97.3 Rhizorhapis suberifaciens
100

98.7 S. mucosissima
98.8 S. melonis,

98.8 S. aquatilis

98.6 S. melonis,

98.6 S. aquatilis

98.7 S. mucosissima
98.2 S. leidyi,

97.0 S. melonis

99.5

99.8 S. bauzanensis

99.5

99.2

99.5 S. panaciterrae,
99.0 S. chilensis
99.5 S. panaciterrae,
99.5 S. chilensis

99.5 S. chilensis,
99.2 S. panaciterrae
99.8 S. chilensis,
99.4 S. panaciterrae
100

99.5
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9497 171027 A14MC 44 BW Variovorax sp. 99.2 V. boronicumulans,
98.9 V. paradoxus

9253 161021 MVT 27 SW Williamsia maris 100

9558 161024 MVT 64 SW Xanthomonas sp. 100 X. translucens,
100 X. melonis

*Cut-off values according to phyla: 99.0% Actinobacteria (A), 98.8% Firmicutes (F), 98.7%
Proteobacteria (P), 98.5% Deinococcus-Thermus (DT) and 98.2% Bacteroidetes (B) (Meier-

Kolthoff et al. 2013). When two or more species are above the respective cut-off, the identification
is considered only to the genus level.
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TABLE S3: Bacterial reference strains selected for internal validation with the BDAL+DWL
database and identification score for the different sample preparation methods: direct transfer
(Direct), formic acid extended direct transfer (Formic acid) and acid/acetonitrile extraction
(Extraction). Score values corresponded to secure genus and probable species (score 2.000-
2.299), probable genus (score 1.700-1.999) and unreliable results (score <1.699).

Identification score values according

CECT strains selected for internal .
to sample preparation method

validation
Direct Formic acid Extraction
317 Bevundimonas diminuta 2.182 2.327 2.282
7301 Chryseobacterium aquaticum 1.907 1.879 1.938
7791 Flavobacterium tructae 2.131 2.043 2.125
5998 Methylobacterium aquaticum 1.898 1.95 2.23
7550 Mucilaginibacter myungsuensis 2.186 2.327 2.261
7273 Mycobacterium llatzerense 1.319 1.586 1.729
153  Paenibacillus polymyxa 1.613 1.492 1.563
7114 Pedobacter aquatilis 2.093 1.889 2.095
8016 Sphingopyxis funeris 2.038 2.049 2.145
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TABLE S4. DWL bacterial strains selected for external validation with the BDAL+DWL

database. Results shows the number of research centers participating in the four-round proficiency

testing and the identification score values reported for secure genus and probable species (score
2.000-2.299), probable genus (score 1.700-1.999) and unreliable results (score <1.699).

Successful measurement rates were calculated by counting all the identification measurements at

any level and dividing them by the total number of measurements among all the research centers.

CECT strains selected for external

validation

Identification

score

>2.000

1.700-1.900

<1.699

No.
Centers

9348
9495
9252
9469
9466
9326
9270
9293
9294
9276
9275
9258
9288
9260
9291
9471
9284
9358
9254
9246
9496
9470
9261
9320
9510
9283

Acidovorax delafieldii
Acidovorax sp.
Aeromicrobium choanae
Aguabacterium sp.
Brevundimonas sp.
Caulobacter sp.
Chryseobacterium lactis
Chryseobacterium sp.
Cloacibacterium normanense
Deinococcus seoulensis
Dyadobacter sp.
Flavobacterium sp.
Flavobacterium sp.
Herminiimonas glaciei
Hydrogenophaga sp.
Hydrogenophaga sp.
Methylobacterium persicinum
Microbacterium azadirachtae
Nocardia sp.

Pedobacter ruber.
Pedobacter sp.
Phyllobacterium myrsinacearum
Pseudomonas sp.
Rheinheimera chironomi
Sphingobium limneticum

Sphingomonas sp.
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9271 Sphingopyxis sp. 4 2 - 6

9497 Variovorax sp. 4 2 - 6

9253 Williamsia maris - - 3
Total 128 21 9 158
Successful measurement rates 81% 13% 6%
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2. CAPITOL 2

Article 2: Monitoritzacié de la dinamica de les comunitats bacterianes en una planta de
tractament d’aigua potable: un enfocament integrador mitjangant metabarcoding i indicadors

microbians en grans volums d’aigua

“Monitoring bacterial community dynamics in a drinking water treatment plant: an
integrative approach using metabarcoding and microbial indicators in large water
volumes”

Anna Pinar-Méndez, Owen S. Wangensteen, Kim Praebel, Javier Méndez, Belén Galofré, Anicet R.

Blanch, Cristina Garcia-Aljaro.

Water (2022); 14 (9), 1435, DOI: 10.3390/w14091435

Els recursos hidrics d’aigua dolca sén sistemes especialment vulnerables a canvis climatologics.
Actualment estem experimentant esdeveniments climatics més extrems i amb més freqliéncia,
amb pics de temperatura que s’estan accentuant en climes com el Mediterrani, i amb periodes
més prolongats de sequera i pluges torrencials, agreujant I'estrés hidric. Un augment de
temperatura pot promoure |'eutrofitzacié de les aiglies alterant I'equilibri de les comunitats
bacterianes, per exemple afavorint la preséncia de patogens i oportunistes. Aquest escenari,
podria impactar en la disponibilitat i qualitat dels recursos hidrics, fet que suposara un repte per
a la produccid d’aigua potable. Aixi doncs, I'is d’eines de control de qualitat complementaries a
les convencionals (legislades) que permetin aprofundir en la totalitat de les comunitats que
composen els sistemes d’aigua, sén importants per a detectar possibles desequilibris en el
sistema que afectin a la bioestabilitat de I'aigua, com per exemple recreixements no desitjats
que afectin les propietats organoléptiques o que posin en risc la salut de les persones o la
qualitat de I'aigua.

Un parametre critic del mostreig és obtenir una mostra significativa per a concentrar el maxim
possible la microbiota present a I’aigua, sobre tot la que es podria trobar en concentracions molt
baixes. L'Us de filtres DEUF com el Rexeed permeten la concentracié de grans volums d’aigua
(fins a 1100L) millorant la representativitat de la mostra i recuperant simultaniament bacteris,
virus i protozous.

L'objectiu d’aquest estudi ha estat caracteritzar les poblacions de la microbiota de la planta de
I’'ETAP de Sant Joan Despi en condicions d’operativitat normals de la planta, optimitzant una

metodologia per I'analisi de mostres amb baixa concentracié microbiana, combinant I'Us de
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I’analisi convencional d’indicadors microbiologics de la qualitat de I'aigua basat en la directiva
europea EU 2020/2184, i metabarcoding del gen 16S ARNr per investigar la diversitat, variacions
espacio-temporals, identificant quins tractaments influeixen en la composicié bacteriana i quins
grups resisteixen els processos de tractament a I'aigua final.

Es van prendre un total de 72 mostres de 9 processos de tractament de I'ETAP SJD (i 2 mostres
extres d’una eventualitat a la planta) van ser preses al llarg d’un any cobrint un periode amb
temperatures de 11.5 2 29.5 °C: captacid (pous i riu), pretractament (decantacio i filtre de sorra),
tractament convencional (ozonitzacié i filtre de carbd), tractament avangat (osmosi inversa) i
aigua final (cambra de mescla i aigua potable clorada). Les mostres es van concentrar mitjangant
la filtracié per membrana (riu i pretractament; fins a 2L) o per Rexeed (tractament convencional,
avancat i aigua final; de 100-1.100 L). Per a totes les mostres es va procedir a analitzar els
parametres de qualitat microbiologics legislats (bacteris aerobis heterotrofics (HPC) i els
indicadors coliforms totals, E. coli, Clostridium perfringens, enterococs intestinals i colifags
somatics) i es va extreure el DNA per a |'analisi per metabarcoding. Addicionalment, es van
enregistrar dades climatologiques i alguns parametres fisicoquimics i d’operativitat de la planta.
Totes les mostres complien els estandards de qualitat pel que respecta als resultats
microbiologics. Els indicadors van mostrar diferéncies significatives al llarg dels tractaments,
amb una reduccid progressiva des de la captacio fins a I'aigua final. A la captacié del riu es van
observar les concentracions més elevades de tot el sistema per a tots els indicadors (HPC: 4,5
logio CFU/mL; indicadors: 3-4,7 logio CFU, PFU 6 NMP/100mL), i molt superiors a I'aigua
subterrania (HPC: 0,04 logioc CFU/mL; indicadors: negatiu). Només amb el pretractament, i
respecte I'aigua del riu, es van reduir 3 logioels HPC, coliforms totals i E. colii 4 log els enterococs
i colifags somatics. La linia de tractament convencional va reduir fins a 4 logaritmes els
indicadors, mentre que la linia de el tractament avancgat va eliminar completament la preséncia
dels indicadors aconseguint una reduccid d’entre 5 i 6 logio i reduint els valors de HPC al voltant
de 1,4 logio CFU/mL. L'aigua final pre-clorada a la cambra de mescla, va presentar una
concentracié d’aproximadament 2 logio CFU/mL per HPC i valors negatius per a tots els
indicadors, excepte en algunes mostres on es van detectar valors molt baixos de coliforms totals
(0,34 logio NMP/100mL) i a una mostra enterococs (-0,7 logio CFU/100mL).

L'4s del métode de concentracié Rexeed va permetre analitzar volums de fins a 1.100 L,
permetent la deteccié d’indicadors en mostres on historicament havien estat considerades
negatives ja que la normativa contempla Unicament I'analisi d’un volum de 100 mL. Aixo va
permetre estudiar I'eficiencia dels diferents tractaments d’'una manera més exhaustiva. També

va permetre una caracteritzacié més profunda i representativa de les comunitats bacterianes,
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ja que es van poder mostrejar grans volums d'aigua, especialment rellevant en mostres amb una
baixa biomassa microbiana com I'aigua potable clorada.

En I'analisi d’indicadors microbiologics no es van detectar grans canvis significatius a cada
tractament, mentre si es van observar canvis en la diversitat i distribucid de les comunitats
bacterianes per metabarcoding. El total de 9.995.538 reads obtinguts es van poder agrupar en
10.039 Amplicon Sequence Variants (ASVs), i el seu analisi va permetre observar que les diferents
etapes de potabilitzacid van exercir una pressid selectiva sobre les comunitats bacterianes, on
els processos amb més diversitat corresponien a la captacié de pous, la cambra de mescla,
filtracio per carbd i el riu, i la menys diversa l'aigua potable clorada. Les etapes amb processos
de desinfeccié (decantacio, ozonitzacid i cloracid) van mostrar un descens en la diversitat. Per
exemple, en comparacié amb el riu, I'etapa de decantacié va reflectir una péerdua de riquesa
després del la desinfeccié amb dioxid de clor, seguit d’'un augment de la diversitat després de la
filtracio per sorra, fet que podria indicar un possible recreixement bacteria en els filtres. Els
procediments de filtracié van tenir una forta influeéncia amb una major diversitat observada a la
filtracid per sorra i filtracié per carbd, que podria indicar un microbioma establert associat amb
els procediments de filtraciéd com s’ha vist en altres estudis. Tanmateix, la desinfeccié va tenir
un impacte més gran, ja que els desinfectants residuals redueixen I'abundancia i la diversitat de
comunitats bacterianes, que esdevenen dominades per géneres resistents a l'aigua posterior a
la cloracid.

La diversitat beta va indicar que les mostres de rius i pous eren clarament diferents presentant
ASVs caracteristics, aixi com I'aigua potable, i aquestes tres també s’allunyaven de la resta de
tractaments, on es compartien més ASVs. No obstant, I'estudi de les seqiliéncies o taxons
compartits entre les diferents mostres (core) van determinar que no hi havia ASVs compartits a
totes les mostres de totes les etapes de tractament.

La classificacid taxonomica dels ASVs va permetre observar que cada etapa presentava una
microbiota especifica. Els filums més abundants al llarg de tots els tractaments van correspondre
a Proteobacteria (57-73%), seguit de Bacteroidota (0.8-27%) i Bdellovibrionota (1-12%), excepte
després de la cloracié on el filum majoritari passa a ser Cyanobacteria (56%) a | ‘aigua potable
clorada. L'entorn afotic dels processos de tractament suggereix que els cianobacteris detectats
podrien ser no fotosintetics; tampoc es van detectar ni estancament ni microcistines (toxines
cianobacterianes) al riu ni a I'aigua potable. Alguns dels géneres més abundants en les diferents
etapes van ser Flavobacterium, Limnohabitans i familia Obscuribacteraceae.

Es va observar una influéncia de la temperatura ambiental respecte la distribucié bacteriana a
les diferents etapes del tractament (excepte en els pous on no es va observar diferéncia), amb

una major diversitat en temperatures altes, que van ser significatives a decantacid i filtracié per
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carbé, i moderada a la resta del tractament. Una temperatura més alta pot provocar canvis en
les comunitats bacterianes ja que facilita el potencial de creixement bacteria, i podria derivar en
I'aparicid de certs patogens bacterians transmesos per l'aigua, patogens oportunistes i grups
formadors de biofilm que poden comprometre la qualitat de |'aigua o suposar un risc per a la
salut publica.

Les seqléncies obtingudes es van analitzar per buscar a totes les mostres la presencia de
possibles patdogens de transmissid hidrics aixi com els indicadors. Tot i representar abundancies
relatives baixes (0,002-8%), es va detectar la preséncia d’alguns géneres patogens oportunistes
com Aeromonas, Arcobacter, Legionella, Pseudomonas o Mycobacterium, no obstant es van
reduir o eliminar a l'aigua potable final excepte Aeromonas i Pseudomonas. Els indicadors van
presentar abundancies relatives molt més baixes en comparacié amb els resultats obtinguts als
parametres microbiologics cultivables, pero van ser detectats a etapes més avancades on els
resultats de cultivables eren negatius. No obstant, per la sensibilitat de la técnica, només es van
poder analitzar els géneres, i per tant cal esmentar que no totes les seves especies sén patogens
animals, humans o vegetals, i poden correspondre a cél-lules no viables o mortes després del
tractament de potabilitzacid, o a ADN lliure. Tanmateix, les dades d'abundancia relativa s'han
de tractar amb precaucid, ja que la sequenciacié d'alt rendiment no esta dissenyada amb
finalitats quantitatives, i pot conduir a avaluacions inexactes de la qualitat de I'aigua. No obstant
aixo, permet el seguiment de cultivables i no cultivables, patogens, oportunistes i indicadors
microbians, observant les seves fluctuacions entre tractaments.

D’altra banda, una fuita de salmorra riu amunt (derivat de I’activitat de les mines de sal) va
produir una eventualitat a la planta que va canviar temporalment el procediment habitual del
tractament de I'aigua, aturant la captacio superficial i funcionant exclusivament amb aigua de
pous, filtre de carbd i cloracid. L’estudi d’una mostra de pous i filtre de carbé, que presentaven
valors normals dels parametres microbiologics, van revelar una estabilitat en les comunitats
bacterianes dels pous perd un augment de determinades poblacions bacterianes en el filtre de
carbé en comparacid amb els mostreigs programats de la planta, que es podria atribuir al
creixement de les comunitats presents en els filtres o el seu despreniment temporal de les
superficies de carboni pel canvi sobtat de la font captacio d'aigua.

Si bé els indicadors microbians i I'HPC ofereixen proteccidé contra patogens garantint la qualitat
de 'aigua i poden detectar microorganismes viables, només s’observa la fraccié cultivable i els
resultats poden estar esbiaixats per les condicions de creixement. En canvi, amb metabarcoding
es disposa d’una analisi més profunda de les comunitats microbianes (cultivables, no cultivables,
autotrofs, heterotrofs, patogens, etc.), perd com a inconvenients, no diferencia viabilitat, amb

el que dificulta I'avaluacio de riscs i la obtencio dels resultats és molt més lenta.
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Com a conclusions principals, I'analisi dels parametres microbiologics per a I'avaluacié de la
qualitat I'aigua han mostrat que I'aigua potable reunia els estandards de qualitat. No obstant,
aquests analisis podrien no ser suficients per detectar variacions en les comunitats, i és que la
normativa exigeix que no hi hagi canvis anomals en la concentracié d’"HPC i que en aquest estudi
s’han observat canvis en diversitat de les poblacions tot i no haver canvis significatius en els HPC,
posant de manifest la limitacié dels HPC com a parametre indicador de la qualitat de I'aigua. La
diversitat observada suggereix que cada etapa de tractament té una microbiota especifica,
influenciada pel tipus de tractament aplicat (especialment procediments de filtracid i cloracid) i
la temperatura ambient. L'ETAP presenta a Proteobacteria com a filum dominant durant tot el
procediment, amb un gran canvi després de |'etapa de cloracio, desplacat per Cyanobacteria.

Per tant, I'Us combinat de parametres estandarditzats amb metabarcoding del gen 16S ARNr
proporciona la imatge més completa de les comunitats de I'ETAP, que podria ser util per a la

deteccio de variacions operatives i el seu impacte en la qualitat de I'aigua.
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Abstract: Monitoring bacterial communities in a drinking water treatment plant (DWTP) may help to
understand their regular operations. Bacterial community dynamics in an advanced full-scale DWTP
were analyzed by 165 rRNA metabarcoding, and microbial water quality indicators were determined
at nine different stages of potabilization: river water and groundwater intake, decantation, sand
filtration, ozonization, carbon filtration, reverse osmosis, mixing chamber and post-chlorination
drinking water. The microbial content of large water volumes (up to 1100 L) was concentrated by
hollow fiber ultrafiltration. Around 10 million reads were obtained and grouped into 10,039 amplicon
sequence variants. Metabarcoding analysis showed high bacterial diversity at all treatment stages and
above all in groundwater intake, followed by carbon filtration and mixing chamber samples. Shifts in
bacterial communities occurred downstream of ozonization, carbon filtration, and, more drastically,
chlorination. Proteobacteria and Bacteroidota predominated in river water and throughout the
process, but in the final drinking water, the strong selective pressure of chlorination reduced diversity
and was clearly dominated by Cyanobacteria. Significant seasonal variation in species distribution
was observed in decantation and carbon filtration samples. Some amplicon sequence variants related
to potentially pathogenic genera were found in the DWTP. However, they were either not detected in
the final water or in very low abundance (<2%), and all EU Directive quality standards were fully met.
A combination of culture and high-throughput sequencing techniques may help DWTP managers to
detect shifts in microbiome, allowing for a more in-depth assessment of operational performance.

Keywords: water quality monitoring; drinking water treatment plant; drinking water; 165 rRNA
metabarcoding; amplicon sequencing; hollow fiber ultrafiltration; bacterial diversity

1. Introduction

Freshwater resources are particularly vulnerable to the consequences of climate change.
A general increase in temperature can promote eutrophication of surface waters [1,2],
whereas more frequent extreme weather events, such as heavy rainstorms and longer
drought periods, may impact the availability of safe drinking water, especially in water-
stressed regions such as the Mediterranean. Temperature is a crucial determinant of water
quality, since it influences microbial dynamics such as uncontrolled proliferation that can

Water 2022, 14, 1435. https:/ /doi.org/10.3390/w14091435
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facilitate biofilm formation [3,4]. In a global warming scenario where water temperature is
expected to rise, a potential change in microbial biodiversity can occur and can involve the
emergence of some opportunistic bacteria in drinking water [3].

Pressures on water resources and quality are further exacerbated by the growing
concentration of human populations in metropolitan areas and intensification of industrial
activities [5]. In such a scenario, the provision of sufficient safe water for all citizens is
an increasing challenge for water production management at drinking water treatment
plants (DWTP).

The aim of a DWTP is to bring source water up to established drinking water quality
standards by removing organic materials and pathogens and by reducing the total bacteria,
with or without residual disinfectants. Current regulations to guarantee the safety of
water for human consumption are still focused on monitoring culturable fecal indicators
and heterotrophic bacteria plate counts (HPC). Although the European Directive (EU)
2020/2184 states that drinking water must be free of the fecal indicators Escherichia coli and
intestinal enterococci, it does not stipulate upper limits for HPC but rather only the absence
of abnormal changes; thus, each member state is responsible for defining a threshold
for what constitutes an acceptable level of change. That minimum change in microbial
water quality is defined as biological stability [6], and the aim is to provide drinking
water to consumers with the same quality achieved in DWTPs. However, unwanted
changes may occur during operational procedures or in distribution networks, and studies
have shown that, during the potabilization process, water with a stable HPC may have
a variable microbial composition and abundance that is undetectable by conventional
methods [7-9]. Moreover, the water microbiome may contain opportunistic pathogens
and other underexplored diversity. Therefore, alternative approaches are needed for a
better understanding of microbiomes in water systems to improve water management from
source to tap.

High-throughput sequencing techniques, such as 16S rRNA metabarcoding, have the
potential to provide in-depth information that complements standard bacterial quality
parameters, and they can help to generate a more accurate picture of microbial communi-
ties at different water treatment stages. Several water microbiome studies based on 16S
rRNA amplicon sequencing have described microbial composition in DWTPs and distri-
bution networks, which differs according to the water source (e.g., river [10-14], lake [15],
groundwater [13,16] or seawater [17]).

A critical parameter in water quality monitoring is the sampling procedure, which
needs to ensure the integrity and representativeness of the sampled water. Analyzing
large volumes can be an effective approach to detect low-concentration targets. In recent
years, dead-end ultrafiltration (DEUF) using hollow fiber filters has emerged as an effective
sampling technique based on size exclusion, allowing for good simultaneous recoveries of
bacteria, viruses and protozoa from large volumes of water (up to 1100 L) [18-20]. Advan-
tages of using DEUF methods include an all-in-one concentrating procedure for microbes;
an improved sample representativity (in comparison with conventional small-volume
concentration methods); and the ability to detect low numbers of microbes, including
biothreat agents [21], waterborne pathogens [19,22,23] or indicators [24] in large-volume
water samples without filter clogging. However, very few studies have applied this method
to study microbial biodiversity in the field of water, and they have been mainly focused
on distribution networks [8,25,26]. To the best of our knowledge, this is the first study of a
full-scale DWTP using 16S rRNA metabarcoding with hollow fiber ultrafiltration methods.

The main goal of this work is to assess the effects of different treatment stages on bacte-
rial communities in a full-scale DWTP. By combining conventional microbial water quality
analysis based on the European Directive (EU) 2020/2184 with 165 rRNA metabarcoding,
we hope to achieve a more in-depth description of the microbial baseline in the DWTP to
evaluate process performance and for the detection of process instability.
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2. Materials and Methods
2.1. Sample Collection

The study was carried out in a full-scale DWTP in Sant Joan Despi, Barcelona (Cat-
alonia, northeastern Spain) between 2018 and 2019. This large supply system, located in
the lower Llobregat River Basin, has an average production capacity of ~345,000 m? a
day, which provides drinking water to more than 3.2 million inhabitants in the Barcelona
metropolitan area. The complexity of the treatment applied is determined by distinc-
tive features, such as scarcity of water resources (22 m*/s average flow rate), irregular
Mediterranean-type rainfall (from drought to flood) and the influence of industrial and
agriculture activities upstream, including potash mining and wastewater treatment plants,
on raw water quality (Figure 1). In summary, the plant has two sources of water (river
and groundwater). Surface water from the Llobregat River is pumped into the DWTP and
cleaned of sand and gravel, before undergoing sequential treatments. The pretreatment
stages consist of coagulation/flocculation of organic matter and an initial disinfection with
chlorine dioxide, followed by decantation to eliminate flocculants. Subsequently, sand
filtration is performed to retain smaller particles held in suspension. The pretreated water
then converges with groundwater intake, and both are pumped into two independent
treatment lines: one based on conventional processes of ozonization and filtration by gran-
ular activated carbon, and the other based on advanced treatments, namely, ultrafiltration,
reverse osmosis and remineralization. The water from both lines is mixed in a chamber
and stabilized, and then it is treated with chlorine (0.5-1.5 mg/L residual chlorine) in a
separated tank before being pumped into the distribution network.

Lower
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River

iDWTP Sant Joan Despi (Barcelona) . 11T

; ozonization  carbon itration
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Figure 1. Study site in the lower Llobregat River and schematic diagram of DWTP stages in Sant Joan
Despi (Barcelona Spain). Sites of sample collection for this study are indicated with a red spot (high
microbial load) and green spot (lower microbial load). Physical map of Catalan hydrographic basins
was made by Institut Cartografic and Geologic de Catalunya (ICGC).
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Eight sampling campaigns were carried out over one year, covering seasons of high
and low temperatures and avoiding big rainfall episodes, as the aim was to determine
bacterial populations under usual DWTP operative conditions.

A total of 72 water samples were collected at nine different stages of treatment of the
DWTP (Figure 1): river water (RW, n = 8) and groundwater (GW, n = 8) intake, decantation
(DEC, n = 8), sand filtration (SF, n = 8), ozonization (OZ, n = 8), carbon filtration (CF, n = 8),
reverse osmosis (RO, n = 8), mixed chamber (MIX, n = 8) and post-chlorinated water (DW,
n = 8). Sampling sites were classified into two groups according to microbial load: river
water and pretreatment stages (RW, DEC, SF) (high microbial load), and groundwater and
conventional /advanced treatments (GW, OZ, CF, RO, MIX, DW) (lower microbial load).
Sampling and processing conditions were different for each group, as described below.

For the first group (pretreatment stages), 2 L of water was collected in polyethylene
sterile bottles with sodium thiosulfate (24 mg/L). For the second group (treatment stages),
higher volumes were sampled (from 100 to 1100 L/sample) by dead-end hollow fiber
ultrafiltration (DEUF) [18-20] using Rexeed™ 25-A filters (Asahi Kasei Medical Co, Tokyo,
Japan) of 30 KDa size exclusion. The sampling procedure took several hours (2 to 8.5 h).
Chlorinated samples were pretreated with sodium thiosulfate (24 mg/L). All samples were
transported to the laboratory at 4 °C for further analyses within 24 h.

Surface Water Contamination Episode and Changes in Operational Procedures

One additional sampling campaign was carried out during a contamination episode
affecting the Llobregat River, which forced the DWTP to change its routine operational
conditions. The contamination was due to the leakage of brine from a 120 km-long collector
that runs parallel to the river and discharges brine produced by potash mining upstream
into the sea (for more information about the collector, see Martin-Alonso [27]). To prevent
this pollution spill from entering the DWTP, the RW intake was stopped, and the DWTP
continued operating only with GW, which does not undergo any of the pre-treatments.
The water was treated with CF and chlorination but not with OZ, which was stopped to
reduce subproduct bromate formation, nor with RO, as this process produces brine and
is discharged into the same collector, which needed to be empty for the required repair.
Sampling was carried out at two sites, GW (n = 1) and CF (n = 1), four days after the
DWTP had changed to these operating conditions. Microbial water quality parameters
were also analyzed.

2.2. Sample Processing and Nucleic Acid Extraction

For the first group (pretreatment stages), different volumes of water were filtered
through 0.22 um polycarbonate membranes (Millipore, Molsheim, Alsace, France): RW
(250 mL), DEC (500 mL-750 mL) and SF (750 mL-1 L). Each filter was placed face down in a
sterile flask containing 5 mL of Ringer’s solution 1:4 and was eluted by sonication (40 kHz)
for 4 min in a Branson Ultrasonics CPX 3800 h ultrasonic water bath (Fischer Scientific,
Madrid, Spain), keeping the sample on ice to avoid overheating, and then the sample was
vortexed for 1 min. The resulting eluate (ca. 5 mL), containing biomass detached from the
membrane, was used for genomic DNA extraction. The remaining original sample was
used to determine culturable microbial indicators.

For the second group (treatment stages), water samples were concentrated by Rexeed
filters and were eluted in the backflush mode using a peristaltic pump at 1 L/min and
500 mL of phosphate-buffered saline solution (0.5 mL of 1% Antifoam (Sigma-Aldrich,
Saint Louis, MO, USA), 10% Tween 80 (Scharlab, Sentmenat, Barcelona, Spain) and 0.5 mL
of 10% NaPP (Sigma-Aldrich, Saint Louis, MO, USA)). The Rexeed eluate volume of
500-650 mL was divided to be used for different purposes: a total of 120-170 mL was kept
for the culture-based analysis, and the remaining volume (or until filter clogging) was
further reduced by centrifugation at 3500 x g using Centricon®70 plus (Merck, Darmstatd
Germany) to a 2-4 mL concentrate for nucleic acid extraction.
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DNA from samples was extracted using the automated MagNA Pure LC DNA Isola-
tion Kit III (Bacteria, Fungi) (Roche Diagnostics GmbH, Mannheim, Germany), as described
below. To obtain a maximum DNA yield, pre-isolation and external lysis steps were applied
prior to extraction to reduce eluate volumes. Sample eluates (2 mL) were centrifuged for
10 min at 8000x ¢ at 4 °C, and the supernatants were discarded. After the addition of
a premixed lysis buffer (130 uL) (Roche Diagnostics GmbH, Germany) and proteinase K
(20 uL) (Roche Diagnostics GmbH, Germany), the sample was incubated for 10 min at
65 °C. To enhance cell lysis and inactivate potentially pathogenic organisms in the sample,
a boiling step was performed, in which the samples were heated at 95 °C for 10 min and
then cooled on ice for 1 min.

For sample eluates with high viscosity or large pellets, additional steps were carried
out, as recommended by the manufacturer. In summary, mechanical homogenization was
performed to enhance lysis of bacterial cells, in which up to 0.40 g of 0.5 mm-diameter
silica glass beads (Sigma-Aldrich, Saint Louis, MO, USA) were transferred to the sample
tubes. Samples were homogenized by vortexing for 30 s and cooled for 1 min in a cooling
block. The samples were then centrifuged for 5 min at 17,000 g, and the supernatant was
placed in an Eppendorf tube to undergo the same pre-isolation steps as the other samples
described above, except for the first centrifugation.

After the pre-isolation protocol, samples were transferred into the sample cartridge
for automatic nucleic acid extraction. DNA quality was verified by visualization on 0.8%
agarose electrophoresis gel, and the concentration was measured with a Qubit dsDNA HS
Assay Kit on a Qubit 3.0 Fluorometer (Invitrogen, Waltham, MA, USA).

2.3. Microbial Water Quality Analysis

All samples were processed within 12 h of collection and were processed for microbial
water quality according to the European Directive (EU) 2020/2184 [28], which is based on
the analysis of culturable bacterial indicators and heterotrophic bacteria.

The heterotrophic bacteria were cultured by mass inoculation according to the ISO
Standard 6222:1999 [29]. Different sample volumes (0.001-1 mL) were inoculated in du-
plicate in ISO Water Plate Count Agar (WPCA) (Oxoid, Basingstoke, UK) at 22 + 2 °C for
72h+3h.

The enumeration of culturable total coliform bacteria and E. coli based on the ISO
Standard 9308-2:2012 [30] was performed simultaneously using a Colilert 18% test kit and
a Quanti-Tray® /2000 (Idexx, Westbrook, ME, USA) with 100 mL sample volumes. Only
for river water, samples were diluted 1/10 and 1/100. After being transferred to the
Quanti-Tray /2000 blister-pack, the samples were incubated at 36 + 2 °C for 18 + 4 h.

Vegetative cells and spores of Clostridium perfringens were enumerated using mem-
brane filtration and an internal validation method based on UNE-EN ISO 7937 (2005) [31]
and UNE-EN 26461-2 (1995) [32]. Different sample volumes (100, 10, 1 and 0.1 mL) were
filtered through a 0.22 pm-pore-size mixed cellulose ester membrane filter (Millipore, Mol-
sheim, France). The filter was placed face up on tryptose sulfite cycloserine agar (Oxoid, Bas-
ingstoke, UK), with D-Cycloserine selective supplement and 4-methylumbelliferylphosphate
(Merck, Darmstadt, Germany), and it was anaerobically incubated at 44 4+ 1 °C for 21 =3 h
inside a jar with anaerobic gas generating sachets Genbox anaer (BioMérieux, Marcy I’Etoile,
France) and an Anaerotest™ anaerobic indicator strip (Merk, Darmstadt, Germany). To
enumerate C. perfringens, plates were examined under long-wave UV light, and those
presenting fluorescence were counted as positive results.

The detection and enumeration of intestinal enterococci were carried out using a
membrane filtration method based on the ISO Standard 7899-2:2000 [33]. Serial dilutions
of water samples (100, 10, 1 and 0.1 mL) were filtered through a 0.45 um-pore-size mixed
cellulose ester filter (Millipore, Darmstadt, Germany). The filter was placed on Slanetz
and Bartley agar (Merck, Darmstadt, Germany) and incubated at 36 °C &= 2 °C for 44 £ 4 h.
Colonies with red pigmentation were considered presumptive and were confirmed as
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intestinal enterococci if they turned brown or black after incubation at 44 °C for 4 h on bile
esculin azide agar (Merck, Darmstadt, Germany).

Somatic coliphages (SOMCPH) were concentrated and enumerated by a double-layer
agar method adapted from ISO 10705-2:2000 [34] and ISO 10705-3:2003 [35,36]. Samples
were processed by direct inoculation or membrane filtration depending on the matrix. For
RW samples, 0.1 mL and 1 mL were analyzed by direct inoculation. For the first group of
samples (pretreatment stages), membrane filtration of 500-1000 mL was needed, whereas
for the second group (GW and treatment stages), volumes ranging from 6 to 10 mL were
processed by direct inoculation, as they corresponded to eluates concentrated by Rexeed.

2.4. Physicochemical and Climatological Data

A range of physicochemical data was measured in situ during sampling: sample tem-
perature (°C), conductivity (us/cm), turbidity (NTU), pH, ammonium (mg NH4* /L), total
organic carbon (TOC: mg C/L), percentages of RW and GW intake, river flow rate (m?/s)
and residual amounts of the disinfectants chlorine dioxide, ozone and chlorine (ppm).

Climatological data were also recorded in the Sant Joan Despi DWTP meteorological
station and retrieved from the Meteorological Service of Catalonia, including temperature
(°C), relative humidity (%) and rainfall (mm/24 h).

2.5. Metabarcoding by 16S rRNA Gene Amplicon Sequencing

To characterize bacterial diversity in the water ecosystem, metabarcoding was per-
formed by paired-end amplicon sequencing. Two-run metabarcoding was applied to a
total of 104 samples: 72 DWTP samples, 2 event samples, 8 additional samples used to
check reproducibility between the different runs, 16 whole-procedure blanks (from each
sampling to sequencing), 4 negative controls (from PCR to sequencing), and 2 positive con-
trols (ZymoBIOMICS™ microbial community DNA standard (mock community) (Zymo
research, Irvine, CA, USA)). A total of 6 DWTP samples were removed from the dataset, as
they presented low reads and were sequenced in a third run.

2.5.1. PCR Amplification of DNA

The 165 rRNA V4 genomic region was amplified by PCR using barcoded primers
515F and 806R [37]. A detailed list containing the sequences of primers, sample barcodes
and leading Ns can be found in Table S1. For all samples (5-10 ng total DNA), PCR was
performed using 10 uL of AmpliTAQ gold 360 Master Mix (Applied Biosystems, Bedford,
MA, USA), 0.16 uL of bovine serum albumin, 1.84 or 5.84 uL of nuclease-free water, 2 nL.
of primer mix (4 uL of each 5 uM forward and reverse primer and 72 uL. water) and 2
or 6 uL of sample-extracted DNA in a total volume of 20 uL per sample. PCR cycling
conditions followed the protocol of Caporaso [37]. Briefly, the reaction started with a
denaturation procedure held at 95 °C for 3 min. Then, 35 amplification cycles were set at
94 °C for 45 s, 50 °C for 60 s and 72 °C for 90 s. A final extension of 10 min at 72 °C was
added. All samples were run with negative and positive controls of PCR blanks and mock
communities, respectively. The PCR products were checked by visualization on 1% agarose
gel containing purple 6x loading dye and by a reference 1 Kb DNA extension ladder marker
(Invitrogen, Waltham, MA, USA).

2.5.2. Amplicon Multiplexing, Library Preparation and Illumina Sequencing

Multiplexing of samples was performed by pooling 10 uL of each barcoded amplicon.
Library preparation consisted of PCR amplicon clean-up by the MinElute PCR Purification
Kit (Qiagen, Hilden, Germany), and DNA quantification consisted of purified PCR products
by the Qubit dsDNA BR Assay Kit (Invitrogen, Waltham, MA, USA). The DNA PCR-free
protocol was used to prepare a multiplexed paired-end library for Illumina sequencing by
the NEXTflex PCR-Free DNA Sequencing Kit (Bioo Scientific, Austin, TX, USA). The library
was quantified by qPCR using the NEBNext Library Quant Kit (Illumina, San Diego, CA,
USA), and the NEBioCalculator web tool was used for qPCR NGS library quantification
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(https:/ /nebiocalculator.neb.com/, accessed on 26 July 2019) to achieve optimal cluster
densities and therefore an optimal sequence output. Multiplexed libraries with barcoded
samples were spiked with 1% bacteriophage PhiX genome (PhiXControl Library; Illumina,
San Diego, CA, USA) and were sequenced by the Illumina Miseq platform using the 600-
cycle 2 x 300 bp paired-end sequencing MiSeq Reagent Kit v3 (Illumina, San Diego, CA,
USA) with a loading concentration of 20 pM.

2.5.3. Bioinformatic Analyses

The resulting FASTQ files were checked for quality (>90% of bases with a Phred quality
score >Q30), processed and analyzed using Cutadapt [38], DADA 2 [39], QIIME2 [40] and
Phyloseq [41] pipelines. Cutadapt was used to demultiplex samples (assign sequences to
their sample) and to trim adapters, primers, barcodes and leading Ns from sequencing
reads. A DADA 2 workflow was performed to denoise the sequences.

Firstly, quality filtering and the trimming of sequences was set to 200 bp (for forward
reads) and 190 bp (for reverse reads) with a maximum number of expected errors allowed
per read set at 1 (EE = 1). Then, samples with zero reads and low-quality sequences were
deleted. Filtered sequences were dereplicated, the forward and reverse reads were aligned
and merged, chimeras were removed and an amplicon sequence variant (ASV) table was
obtained. Taxonomy was assigned to the resulting sequence variants with a pre-trained
Naive Bayes classifier [42] using the SILVA SSU 138 reference database and was imported
to the phyloseq R package for microbiome analyses.

To obtain more accurate profiling of microbial communities, the decontam R pack-
age [43] was used to remove sequences derived from contaminating DNA present in
extraction or sequencing reagents that may interfere with samples.

2.6. Data Analyses

Statistical analyses were performed using the statistical software R version 4.0.5
(https:/ /www.r-project.org, accessed on November 2021). For water quality, data were
logio(x + 1) transformed, and the Kruskal-Wallis test was used to assess differences in
culturable and molecular parameters throughout the DWTP.

The phyloseq package [41] was used to analyze and visualize sequencing data.

Biodiversity was evaluated by analyzing the relative abundance of reads with the
vegan package. Chaol and Shannon indices were used to study alpha diversity. Beta
diversity was also explored, representing sample groups (treatment stages) in a non-metric
multidimensional scaling (NMDS) matrix by Bray—Curtis dissimilarities. Temperature im-
pact was measured with both alpha (Pearson correlation) and beta diversity (PERMANOVA
analysis). SIMPER analyses were also performed by the vegan package to identify which
amplicon sequence variants contributed most to the differences between the DWTP stages.
SourceTracker2 [44] was used to estimate the influence of the water source and treatment
stages on the bacterial communities downstream.

3. Results
3.1. Sample Collection, and Physicochemical and Climatological Data

Climatological data as well as basic DWTP operating conditions are summarized in
Table S2. Temperatures ranged from 11.5 to 29.5 °C, and humidity ranged from 44 to 71%.
Episodes of rainfall 24 h before sampling were reported in 2 out of 8 samplings (N1 and
N8), but the amounts were small (0.4 and 2.9 mm, respectively). When moderate or heavy
rainfall occurred, sampling was postponed to avoid large weather-induced differences
between samples. River flow rate ranged between 5.39 and 135 m?/s.

Some operational data were also measured: the percentage of RW or GW intake and
the percentage of water processed by conventional or advanced treatments (Table S2). In
2 out of 8 samplings, RW accounted for almost 100% of water intake for the treatment
procedure, whereas both RW and GW were used for the rest of the sampling.
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Physicochemical data recorded for samples are synthesized in Table S3. Regarding
temperature, RW was more variable than GW, averaging at 15 °C (5.6-23.4 °C). In contrast,
GW presented a more stable temperature throughout the sampling campaign, with an
average of 18 °C (16.1-20.2 °C). The average temperature of the final drinking water was
18 °C (8.5-25.3 °C).

3.2. Culturable Water Quality Indicators

The quality of all water samples taken from the DWTP was examined by determining
culturable fecal indicators, as shown in Figure 2. The data obtained follow a non-normal
distribution, and the water quality varied at each sampling point. The Kruskal-Wallis test
was significant for each culturable indicator at all DWTP stages (p < 0.00001).
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Figure 2. Boxplot of microbial analysis of water samples collected at different treatment stages in the
DWTP: heterotrophic plate counts (HPC, CFU/mL), total coliforms (TC, NMP/100 mL), E. coli (EC,
NMP /100 mL), Clostridium perfringens (CP, CFU /100 mL), intestinal enterococci (IE, CFU/100 mL)
and somatic coliphages (SOMCPH, PFU/100 mL). Samples represented: groundwater (GW), river
water (RW), decantation (DEC), sand filtration (SF), ozonization (OZ), carbon filtration (CF), reverse
osmosis (RO), mixing chamber (MIX) and post-chlorination water (DW).

RW samples had the highest concentration of bacterial indicators (average CFU/100 mL
or NMP/100 mL: 3 logjo intestinal enterococci (IE), 3.5 logyg Clostridium perfringens (CP),
3.6 logjg E. coli (EC) and 4.7 log total coliforms (TC)), as well as the highest concentration
of viral indicator somatic coliphages (SOMCPH; average 3.8 log;o PFU/100 mL) and HPC
(average 4.5 logjp CFU/mL), whereas for GW, all water quality parameters were negative
except for the HPC, with very few colonies (<7 CFU/mL) observed in some samples.
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The dynamics of microbial indicators varied throughout DWTP processing. Samples
from the pretreatment stages had a high HPC, especially at DEC (average 4.58 logy CFU/mL),
being similar to those of the RW intake. After the SF stage, the HPC was reduced by an average
of 1 log with respect to the DEC stage. Subsequently, a 2 and 3 log reduction in HPC was
observed after the conventional and advanced treatments, respectively.

In addition, DEC and SF samples presented a 2 and 3 log reduction in TC, EC and
CP, a 1.5 and 4 log reduction in IE and a 3 and 4 log reduction in SOMCPH, respectively.
However, although TC decreased after DEC and SF and were further reduced by CF, their
complete removal required RO. Thus, TC reduction was 4 log by conventional treatment
and 5 log by advanced processing. The same trends were observed for the other indicators
(EC, CP and IE), with 4 log reductions achieved by conventional treatment and 5 to 6 log
removal by advanced treatment.

In the MIX samples, the HPC was similar to that of CF (~2 log10 CFU/mL); TC levels
were very low, ranging from 0.03 to 2.2 NMP /100 mL; and IE was detected in one sample
(0.2 CFU/100 mL).

The DEUF method revealed the presence of microbial indicators below the detection
limit of the standard ISO methods (<1 CFU/100 mL), thereby allowing a more accu-
rate determination of the efficiency of the different treatments. Thus, positive results for
C. perfringens were obtained until CF, whereas TC, EC, IE and SOMCPH were detected
further downstream until the MIX, with negative results in the post-chlorination water.
All microbial indicators after chlorination were below the limits established by European
drinking water regulations, with the HPC revealing no or very few colonies (<0.2 CFU/mL).

3.3. Metabarcoding

An overview of the metabarcoding results according to sequencing depth and diversity
at all treatment stages is shown in Table 1.

Table 1. Overview of the 165 DWTP sample dataset showing the number of raw reads, filtered reads,
total amplicon sequence variants (ASVs), number of core ASVs and mean and standard deviation
values (mean =+ sd) of alpha diversity for richness (Chaol) and diversity (Shannon).

Sampling Metabarcoding a-Diversity
Filtered . . .
bwrp No. Samples Raw Reads Reads Total ASVs Core ASVs Richness Diversity
Stages (Input) (Output) (Chaol) (Shannon)
pu
GCW 8 1,658,112 831,634 2320 43 731 =143 517 £0.18
RW 8 1,891,711 1,048,230 1873 48 525 + 241 4.65 + 0.76
DEC 8 1,793,904 1,060,600 2244 3 448 + 182 4.07 £ 0.46
SF 8 2,206,287 1,321,279 2359 31 561 =+ 242 4.19 + 0.50
(e74 8 1,646,557 953,977 1942 4 378 =133 3.66 = 0.51
CF 8 2,212,847 1,335,303 2416 81 691 £ 258 4.87 £ 0.67
RO 8 1,501,907 920,979 1736 31 432 + 169 432 +042
MIX 8 1,694,781 1,045,001 2146 51 583 + 282 4.80 +0.75
DW 8 2,325,282 1,478,535 1417 20 314 = 108 3.34 £ 0.68
Total 72 16,931,388 9,995,538 10,039

After carrying out quality filtering, the 165 dataset of all DWTP samples comprised a
total of 9,995,538 reads with an average of ~138,826 reads per sample (ranging from 40,959
to 274,999 reads). Negative controls ranged from 1627 to 6627 reads. Overall, the number
of ASVs obtained by denoising was 10,039.

121



CAPITOL 2

Water 2022, 14, 1435

100f 26

3.4. Diversity Analysis

The microbial diversity of the 72 water samples was investigated by ASV analysis.
After rarefaction at the minimum number of reads obtained in the dataset (40,959), alpha
and beta diversity were studied. The rarefaction curves show that all samples reached a
plateau, suggesting good representation of bacterial communities (Figure S1).

3.4.1. Alpha Diversity Patterns

Species richness and diversity were examined by analyzing the average relative abun-
dances of ASVs using the species richness estimate (Chaol) and the Shannon diversity
index for each sample (Table 1 and Figure 3). Different trends in richness and diversity
were observed according to the processing stage of the DWTP.

Chao1 Shannon
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Alpha diversity measure
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DWTP stages

Figure 3. Boxplots representing alpha diversity indices of ASV richness (Chaol) and diversity
(Shannon) for all DWTP samples: groundwater (GW), river water (RW), decantation (DEC), sand
filtration (SF), ozonization (OZ), carbon filtration (CF), reverse osmosis (RO), mixing chamber (MIX)
and post-chlorination water (DW).

The Chao index was higher for GW (731) than for RW (525). In pretreatment, a
decrease in richness was observed at DEC (448), followed by a slight increase after SF (561).
During the conventional treatment, a decrease was observed after OZ (378), followed by a
huge increase after the subsequent CF (691), which produced the second highest richness
value overall. In the advanced treatment, RO led to a considerable reduction in richness,
producing the third lowest value (432). In the mixing chamber, richness increased again
(583), only to be significantly reduced by the final chlorination (314). Thus, the lowest
number of ASVs were obtained after OZ and in the final drinking water, whereas the
highest number of reads corresponding to different ASVs within samples were found in
GW, in CF and in the MIX.

Shannon indices reveal high diversity in all DWTP samples, with the values ranging
from 3.3 to 5.2, showing a similar trend to that of the Chao index, with only minor differ-
ences at certain stages. Although diversity was slightly higher in GW (5.17) than in RW
(4.65), the difference is not statistically significant (p = 0.67). After DEC (4.07), diversity
values significantly reduced (p < 0.01) and remained the same after SF (4.19). In the con-
ventional treatment, OZ led to a small reduction in diversity (3.66), which then increased
significantly (p < 0.01) after CF (4.87). Similar values were obtained between RO (4.32)
and SF samples as well as between MIX (4.8) and CF samples. Regarding species richness,
chlorination drastically reduced diversity (3.34, p = 0.0001). Thus, the lowest diversity
values, indicating a more uniform species composition, were obtained after OZ and in the
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final drinking water, whereas the GW samples, followed by CF and MIX samples, had the
highest values.

Alpha diversity was also analyzed by the Kendal correlation between the relative
abundance of each ASV, and no significant correlation was found.

3.4.2. Beta Diversity Patterns

To explore differences in the bacterial community between different steps of the pota-
bilization process, non-metric multidimensional scaling (NMDS) plots were constructed
using the Bray-Curtis coefficient of sequencing results. Samples are represented, and
ellipses indicate standard deviation of within-sample variance (Figure 4). All the eight
samplings corresponding to the same matrices cluster together, although with a certain
dispersion. GW and RW intakes are clearly separated along the second axis, and both are
also separated from DW along the first and second axis. One of the GW samples (N4) is
separate from the others, corresponding to a period when the DWTP was operating with
100% RW (as shown in Table 1).

GW

| HRe i @ RrRW

. @ DEC
SF
oz
ocr
®ro

® MIX

bW

NMDS2

NMDS1

Figure 4. Bray-Curtis dissimilarity matrix (non-metric multidimensional scaling (NMDS)) of the
72 DWTP samples color-coded according to each sample type: groundwater (GW), river water (RW),
decantation (DEC), sand filtration (SF), ozonization (OZ), carbon filtration (CF), reverse osmosis (RO),
mixing chamber (MIX) and post-chlorination water (DW). Ellipses represent standard deviations of
samples. The ten most abundant ASVs (p = 0.001) of samples from each treatment are illustrated
with vectors that describe more precisely the differences within DWTP samples along both axes. GW
(greyish blue) and DW (turquoise) show the least similarity with other sample types.

A partial overlap between ellipses appears for pretreatment stages and for conven-
tional (OZ, CF) and advanced treatments (RO), and an overlap can be observed between SF
and DEC samples and between FC and MIX samples.

The ten most abundant ASVs (p < 0.001) in DWTP samples at each treatment stage
were vectorized into the Bray—Curtis nMDS representation (Figure 4). Samples of GW, RW
and DW are clearly separated from these stages.

Significant vectors that separate GW samples along the first axis correspond to Planc-
tomycetota [ASV60 (Candidatus Brocardia), ASV130 and ASV154 (GWA2-50-13 family)],
Patescibacteria [ASV218 (UBA9983 order) and ASV236 (Candidatus Giovannonibacteria
order)], Verrucomicrobiota [ASV101, ASV122 and ASV194 (Candidatus Omnitrophus)]
and unclassified others [ASV166 (unclassified bacteria) and ASV205 (unclassified Myxococ-
cota)]. Along the second axis, it can be seen that ASV18 was influential for the chlorinated
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samples (DW), and ASV2, ASV3 and ASV63 best describe RW intake. RW was mainly
represented by Proteobacteria (unclassified Comamonadaceae family and Limnohabitans,)
and Bacteroidota (Flavobacterium), whereas Cyanobacteria (Candidatus Obscuribacter)
particularly defined the chlorinated samples.

3.4.3. Bacterial Communities at Each Treatment Stage

The samples from water sources and treatments presented variable taxonomic profiles,
although some consistencies in taxa were observed throughout the DWTP. The taxonomy
results at the DWTP based on the relative abundance of reads on a phylum and class level
are shown in Figure 5.
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Figure 5. Bubble plot diagram showing the relative abundance (%) of ASVs grouped according to
class for each DWTP stage: groundwater (GW), river water (RW), decantation (DEC), sand filtration
(SF), ozonization (OZ), carbon filtration (CF), reverse osmosis (RO), mixing chamber (MIX) and
post-chlorination water (DW). Bubble size indicates the relative abundance of each bacterial class. On
the right, each class is grouped in the corresponding superior taxonomic classification (phyla).

The most abundant phylum throughout the DWTP was Proteobacteria (ranging from
57% to 73%), except in the final post-chlorination drinking water (21%). Bacteroidota
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(0.8-27%) and Bdellovibrionota (1-12%) were the second and third most abundant phyla at
all stages.

Among Proteobacteria, the class Gammaproteobacteria predominated throughout the
DWTP, and Alphaproteobacteria increased after DEC, CF, RO and the MIX. Bacteroidia was
the second most dominant class in RW and pretreatment samples, undergoing a reduction
downstream. The most abundant Proteobacteria genus corresponded to Limmnohabitans.

For a more detailed taxonomy for all samples at different hierarchy levels, see the
Krona diagrams in Figure S2.

The top 50 ASVs correspond to approximately 41% of the total microbial composition
in all the DWTP samples and belong to a total of 33 genera.

Taxonomy profiles of the two different water sources differed considerably in terms of
phyla. Although the GW community showed higher phyla variability, ASVs were mainly
affiliated to Verrucomicrobiota (25%), Planctomycetota (17%), Patescibacteria (15%) and Pro-
teobacteria (14%). These were followed by unclassified bacteria (8%) and Methylomirabilota
(5%), among others, and Candidatus Omnitrophus (23%) was the most abundant genus. In
RW, Proteobacteria predominated (63%), followed by Bacteroidota (21%), Cyanobacteria
(6%) and Actinobacteriota (5%), and the most abundant genera were Limnohabitans (12%)
and Flavobacterium (11%) (Figure 6).
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Figure 6. Bubble plot diagram showing the relative abundance (%) of ASVs grouped at the genus
level for each DWTP stage: groundwater (GW), river water (RW), decantation (DEC), sand filtration
(SF), ozonization (OZ), carbon filtration (CF), reverse osmosis (RO), mixing chamber (MIX) and post-
chlorination water (DW). Bubble size indicates the relative abundance of each bacterial genus. On the
right side, each class is grouped into their corresponding superior taxonomic classification (phyla).
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In pretreatment, profiles of phylum, class and genus were similar between DEC and
SF samples, and the most abundant genera were Limnohabitans (7% and 10%, respectively)
and Flavobacterium (14% and 15%, respectively). These genera were also dominant in RW.

In the conventional treatment, the first significant shift in bacterial distribution was
observed after OZ, which resulted in a clear increase in Cyanobacteria (19%) and a slight
decrease in Bacteroidota (11%), and the community remained dominated by Proteobac-
teria (63%). A reduction in Campylobacteriota (0.09%) and Actinobacteriota (0.8%) was
also apparent. The most abundant genera were Flavobacteriunt (9%), Collimonas (8%) and
Pseudomonas (8%), although a higher number of reads were affiliated to an unclassified
Chloroplast order (18%). In the following CF step, Proteobacteria and Bacteroidota re-
mained largely unchanged. However, Cyanobacteria (1%) abundance was lower, and
Bdellovibrionota (11%) was higher. The reads corresponded, above all, to Proteobac-
teria (70%), Bdellovibrionota (10%) and Bacteroidota (9%). The genera Flavobacterium
(7%), Bdellovibrio (5%), Rheinheimera (4%), Aeromonas (3%) and Pseudomonas (2%) were the
most abundant.

After RO, the proportion of Proteobacteria (73%) was higher compared to SF and GW
samples, whereas Bacteroidota abundance (16%) was higher than in GW but lower than
in SF. Abundance of Patescibateria (1%), Plactomycetota (3%) and Verrucomicrobiota (1%)
was lower than in GW but was similar to SF samples. Flavobacterium (8%), Caulobacter
(7%), unculturable Comamonadaceae (7%) and Pseudomonas (5%) were the most common
genera found.

In the MIX, where the conventional and advanced treatments converge, the taxonomy
patterns were very similar to CF samples, with Proteobacteria (69%), Bacteroidota (12%)
and Bdellovibrionota (12%) predominating. The most abundant genera were Flavobacterium
(7%) and Bdellovibrio (6%), and Legionella was also found (2%).

Finally, the biggest shift in bacterial composition was observed in DW, where the
predominant phylum was Cyanobacteria (56%). Notable proportions of Proteobacteria
(21%) and Bacteroidota (8%) were also found, but the former was much less abundant than
in the MIX. Firmicutes (3%) increased 100-fold, whereas the dominant genera belonged to
the family Obscuribacteraceae (31%) and an unclassified Chloroplast order (20%).

3.5. Core Bacterial Communities at the DWTP

Taxa shared across the different samples were identified to determine the core commu-
nities in the DWTP and at each treatment stage. Although no ASVs were shared among
all samples at all sampling sites, different core ASVs were found at each treatment stage,
as shown in Table 1. Very few core ASVs were detected in samples of DEC and OZ (3
out of 2244 and 4 out of 1942, respectively), corresponding to the genera Limnohabitans,
Porphyrobacter and Sediminibacterium in DEC samples and Aeromonas, Polynucleobacter, Por-
phyrobacter and Sphingorhabdus in OZ samples.

Conversely, when samples were clustered according to ambient temperature (low < 18 °C
and high >22 °C), differences in core communities were observed. The samples from the
pretreatment steps until the MIX had very few ASVs in common: ASV2 (Linmnohabitans) and
ASV161 (Reyranella) at low temperatures and only ASV 16 (Aeromonas) at high temperatures. On
the other hand, samples had more core ASVs at high than at low temperatures, except for GW
and DEC. Venn diagrams showing the number of unique core ASVs and shared ASVs between
high and low temperatures are provided in Figure 7.
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Figure 7. Venn diagrams showing the total number of shared or unique core ASVs for each treatment
stage: groundwater (GW), river water (RW), decantation (DEC), sand filtration (SF), ozonization
(0Z), carbon filtration (CF), reverse osmosis (RO), mixing chamber (MIX) and post-chlorination water
(DW). Samples are separated by low (L, in blue) or high (H, in red) temperatures.

3.6. Impact of Temperature on Bacterial Communities

A moderate positive correlation between alpha diversity (Shannon index) and ambient
temperature was found for some of the treatment stages, including DEC (r = 0.73) and
CF (r = 0.83). A lower correlation was also found at other stages, but their values are not
significant (RW r = 0.57, SFr = —0.30; OZ r = 0.37, RO r = 0.51, MIX r = 0.31, DW r = 0.31).

Beta diversity correlation with temperature was examined by permutational mul-
tivariate analysis of variance (PERMANOVA) of rarefied ASVs based on a Bray—Curtis
dissimilarity matrix (Table S4). PERMANOVA analysis gave significant results for the
temperature factor.

Regarding taxonomy profiles at high (HT) and low temperatures (LT) (Figure S3),
differences in bacterial composition were found in some stages.

The bacterial composition in GW remained quite similar. In contrast, a moderate
(non-significant) correlation with temperature was observed in RW, where Proteobacteria
was always dominant (~70%). However, Bacteroidota was more abundant at LT (28%)
than at HT (19%), and Actinobacteriota abundance was 10-fold greater at HT (8%) than
at LT (0.8%). The main genera at LT were Flavobacterium (24%), Limnohabitans (22%) and
unknown Comamonadaceae (14%). The abundance of the latter remained unchanged when
temperatures increased, but a reduction was observed in Flavobacterium (7%).

Temperature was responsible for a significant shift in DEC samples; at LT, Bacteroidota
was the major phylum (51%), followed by Proteobacteria (34%) and Campylobacterota
(14%), whereas at HT, Proteobacteria dominated (84%), Bacteroidota abundance decreased
(15%), and no reads of Campylobacterota were obtained. The predominant genus at LT
was Flavobacterium (41%), and at HT, it was Limnohabitans (35%).

Although the composition in SF samples remained generally similar, Actinobacteriota
was only detected at HT (9%), and the genus Pseudomonas (7%) was only detected at
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LT. Moreover, Flavobacterium was more prevalent at LT (25%) than at HT (6%), when
Polynucleobacter became predominant (20%).

At the OZ stage, temperature strongly affected bacterial composition; at LT, the major
phyla were Proteobacteria (58%) and Cyanobacteria (42%), and at HT, Proteobacteria
remained predominant (66%). However, Cyanobacteria reads were negligible (0.08%),
being displaced by Bacteroidota (33%), which was not detected at LT. The most abundant
genera at LT were Pseudonionas (46%) and unclassified genera from the Chloroplast order
(42%), neither of which were observed at HT, when most reads were for Flavobacterium
(33%) and Rheinheimera (19%).

Bacterial composition in CF samples was also significantly correlated with the season,
with diversity increasing with temperature. Proteobacteria (83%) reads clearly dominated
at LT and were lower at HT (71%), when Bdellovibionota abundance increased (12%).
Flavobacterium (10%) remained unchanged, whereas Polynucleobacter (10%) was detected
only at HT, and Sphingomonas (8%) was only detected at LT.

The correlation with temperature at the RO stage was moderate (non-significant), with
a clear dominance of Proteobacteria (94%) at HT. The reads decreased at LT (65%), when
the next most abundant phylum was Bacteroidota (34%), which was scarcely detected at
HT (0.4%). The most abundant genera at LT were Flavobacterium (19%) and Pseudomonas
(13%), and at HT, they were Caulobacter (21%) and Phenylobacterium (18%).

In the MIX samples, temperature-associated differences at the genus and superior
taxa level were statistically insignificant. Although the reads for Flavobacterium remained
constant (~10%), Polynucleobacter (15%) was only detected at HT, followed by Aeromonas
(14%), and at LT, Polaromonas (11%) was second in abundance.

In the final DW, a moderate but non-significant correlation with temperature was
observed, with an obvious dominance of Cyanobacteria (87%) at LT, which was reduced
somewhat at HT (63%) when Planctomycetota (12%) and Firmicutes (8%) were also detected.
However, their levels were otherwise very low at LT (0.6% and 0.4%, respectively). The
dominant genus in DW at LT was an unknown member of the Obscuribacteraceae family
(58%), which was less abundant at HT (27%) when it accounted for half of the reads jointly,
with unclassified reads belonging to the Chloroplast order (27%). The proportions of
Clostridium sensu stricto 1 (6%) and Aeronionas (5%) were greater at HT than at LT (0.4% and
0%, respectively). Regarding the ASV distribution according to temperature, the 50 most
abundant core ASVs at HT and LT throughout the DWTP are illustrated in Figure 8.

3.7. Tracking the Origin of the ASVs along the DWTP

To investigate which upstream stages in the DWTP contribute most to the microbial
communities downstream, samples corresponding to the final stages were analyzed by
the SourceTracker algorithm. Intake water, pretreatment stages, as well as conventional
and advanced treatments were treated as “source”, whereas the final stages, the MIX and
post-chlorination drinking water (DW) were “sink” samples. The results of the analysis are
shown in Table 2. Before the chlorination stage (Table 2), the reads from the MIX samples
mainly matched those of CF (89.7%), with some also corresponding to SF (2.7%), RO (2%)
and unknown sources (4.4%). However, after the chlorination stage (Table 2), most of the
reads from the DW were from unknown sources (67.9%), followed by the OZ stage (17.4%)
and the MIX (7.9%). GW and RO also contributed to the bacterial communities of the
final chlorinated water (1.4% and 2%, respectively), whereas the contribution of CF was
negligible (0.2%), despite being the main source of reads at the MIX stage.
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Figure 8. Heatmap of read abundances of the top 50 most abundant core ASVs in 72 DWTP samples:
groundwater (GW), river water (RW), decantation (DEC), sand filtration (SF), ozonization (0Z),
carbon filtration (CF), reverse osmosis (RO), mixing chamber (MIX) and post-chlorination water
(DW). Samples are grouped according to the temperature of the sampling campaign, being either
high (H) or low (L). Data are illustrated by a gradient color scale from black (not detected) to light
blue (high relative abundance). On the left, the phyla classification for each ASV is indicated by one
of the following codes: Bacteroidota (B), Campylobacterota (Ca), Cyanobacteria (Cy), Proteobacteria
(P), Planctomycetota (P1) or Verrucomicrobiota (V). ASV classification at the genus level is shown on
the right.

Table 2. Average contribution of each source (DWTP stages) to bacterial communities in the MIX
sink and DW sink. Samples correspond to: groundwater (GW), river water (RW), decantation (DEC),
sand filtration (SF), ozonization (OZ), carbon filtration (CF), reverse osmosis (RO), mixing chamber
(MIX) and post-chlorination water (DW).

GW RW DEC SF oz CF RO MIX Unknown

Mean
(MIX used as sink)

SD 0.0% 0.2% 0.2% 4.7% 1.3% 5.2% 2.5% - 4.0%

0.0% 0.2% 0.1% 2.7% 0.9% 89.7% 2.0% - 4.4%

Mean
%o .0% 1% .0% 4% 2% 2.0% 9% 9%
(DW used as sink) k. 0.0 0.1 0.0 17.4 0 0 7.9 67

SD 3.9% 0.0% 0.2% 0.0% 25.2% 0.2% 5.5% 22.2% 39.9%

3.8. Surface Water Contamination Episode and Changes in Operational Procedures

Water quality values of GW and CF samples during the river contamination event
were similar to those registered in the other sampling campaigns; in GW, all bacterial
indicators were negative, whereas only 5 NMP /100 mL for TC and 1 NMP /100 mL for EC
were detected in CF samples. HPC accounted for 0.48 CFU/mL and 104 CFU/mL in GW
and CF, respectively.

The taxonomic profile in GW during the event was similar to that of the other GW
samples, with no evident changes in water quality parameters and metabarcoding results.
However, metabarcoding analysis revealed different diversity patterns in the CF water
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in comparison with the samples taken under usual operating conditions (Figure S4). Al-
though the phyla remained the same, there were some differences in relative abundance of
Proteobacteria (30% lower), Bdellovibrionota, (22% lower), and Verrucomicrobiota (7.6%
higher). Differences were also observed in ASV composition: 126 ASVs were shared with
core CF samples (at low temperatures), and a total of 711 unique ASVs were found in CF
samples during the event. At the genus level, Bdellovibrio was dominant (18%), followed
by unclassified members of the Oligoflexia order 0319-6G20 (7%), Reyranella (7%) and
Candidatus Omnitrophus (6%), whereas CF samples taken at low temperatures contained
Flavobacterium (10%), Sphingomonas (8%), Hydrogenophaga (7%) and Polarononas (6%), among
others. Nonetheless, these results should be interpreted with caution, as only one sample
was studied, and it may reflect occasional operational variation in the carbon filters.

The suspension of RW intake allowed us to track the effect of GW on CF communi-
ties, as none of the other pretreatment stages were in operation. As seen in Figure 9, CF
effectively removed Acidobacteriota and Methylomirabilota from the GW and reduced
Myxococcota, Patescibacteria, Planctomycetota and Verrucomicrobiota. However, an in-
crease in Bdellovibrionota (from 0.2% to 26%) and Proteobacteria (from 4% to 53%) was
observed in the CF samples.

Phyla

B Verrucomicrobiota

M Proteobacteria

B Planctomycetota

W Patescibacteria

W Nitrospirota

W Myxococcota
Methylomirabilota

® Kingdom_bacteria

m Bdellovibrionota
% —_—
GW CE M Acidobacteriota

DWTP stages

Figure 9. Bar charts of ASV relative abundance, indicating phyla in groundwater (GW) and carbon
filtration (CF) samples during the river contamination episode.

3.9. Detection of Microbial Indicators and Potential Pathogens by 16SrRNA Sequencing

Sequences of bacterial groups relevant for water systems based on the Global Water
Pathogens list [45] were found. A total of eight potentially pathogenic bacterial genera
were identified in the DWTP with a very low relative abundance of reads (0.002 to 8%)
(Table S5). Pseudomonas was detected at the OZ stage (8%) and in the DW (1%), Aeromonas
and Legionella were detected in the MIX (4% and 2%, respectively) and DW (2% and 0.4%,
respectively) and Clostridium was detected in OZ (1%) and DW (2%). Other potentially
pathogenic genera, Arcobacter, Campylobacterales, Escherichia-Shigella and Mycobacterium,
were only detected in source water or at early treatment stages, with their abundance being
very low (<1%) in later treatments or in the final DW. Helicobacter, Leptospira and Vibrio
were not detected in any sample.

Regarding data on culturable water quality indicators (Section 3.2.), it was observed
that culturable E. coli, an indicator of fecal contamination, accounted for an average of
3.5logjp CFU/100 mL in RW, whereas in metabarcoding analysis, it contributed only
0.003% of reads for Escherichia-Shigella. Additionally, Clostridium sensu stricto 1 was
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found in DW in low abundance (2%), although it was higher than in the previous stages
(0.002-0.02%), but no culturable C. perfrigens was detected in the DW. Finally, Enteroccoccus
was only detected in very low abundance (0.002%) in SF, OZ and CF.

4. Discussion

The performance of an advanced full-scale DWTP was assessed using culturable
microbial indicators, as indicated in the current EU Directive on drinking water together
with molecular methods (165 rRNA metabarcoding). Monitoring the dynamics of bacterial
communities in a DWTP may help to better understand process performance, allowing a
more in-depth assessment of operational variations that may modify water quality. For
example, nutrient excess in source water may lead to regrowth of microorganisms or biofilm
formation [3,46], which can affect the taste and odor of tap water and may even result in an
increase in opportunistic pathogens, posing a risk to public health. Moreover, an increase
in cyanobacterial blooms in surface water may produce clogging in filtration stages as well
as being a health hazard, as some genera are toxin producers [2].

Although the quality of the analyzed drinking water complies with EU Directive
regulations, the stipulated culture-based indicators were not able to detect changes in
bacterial communities in the DWTP. For example, the HPC remained constant despite shifts
in bacterial diversity.

The use of a DEUF concentration method allowed the reduction in microbial indicators
to be monitored more precisely during water processing, especially in the advanced treat-
ment stages, when indicator concentration is very low and not detected by conventional
techniques. Thus, among the culturable indicators, C. perfringens was traced until carbon
filtration, and total coliforms, E. coli, intestinal enterococci and somatic coliphages were
detected until the mixing chamber, with no traces remaining in the final drinking water.
Historical data from this DWTP (from 2011 to 2019, data not shown), based on the use
of standard membrane filtration for routine water quality monitoring, indicate positive
results for these indicators only at early stages (i.e., E. coli and somatic coliphages until sand
filtration, or intestinal enterococci until carbon filtration). Previous studies using the DEUF
method have reported recoveries of 45.5 + 24.0 % for fecal indicators and 22.4 4+ 9.3% for
bacteriophages [47], ranging from 35 to 95% for enteric bacteria and viruses [48] or 60-80%
for bacteria, viruses and protozoa in drinking water [20], depending on the water matrix
and degree of turbidity. Therefore, the reported concentrations for the different indicators
may be even higher than in the current study.

Compared to other methods, DEUF allowed for more in-depth and representative
characterization of the bacterial communities in the DWTP, as large water volumes could
be sampled. Contaminants from DNA extraction kits or PCR reagents can confound the
results of molecular analysis, especially in samples with a low microbial biomass, such
as the final treated water [49]. In this context, large volume concentration methods are
particularly useful. In our PCR procedure, sequence blanks clustered together, indicating
that they did not significantly interfere with the characterization of the DWTP microbiome.

High diversity was observed at all DWTP stages, being the highest in GW, followed
by the MIX and CF samples. Overall species abundance and richness were significantly
reduced by the treatments, especially disinfection, with the lowest values being obtained
in the OZ, DW and DEC samples. River water, the main intake source of the DWTP, had
a lower species richness than those of the SF, FC and MIX samples. The higher diversity
observed at SF and CF may indicate an established microbiome associated with filtration
procedures, as has been reported [13]. Diversity at the DEC stage was lower than it was after
the following step of SF, reflecting a loss in richness after the disinfection procedure with
chlorine dioxide and possible bacterial regrowth in the filters. A similar trend was observed
in the conventional treatment, with a decrease in diversity after OZ, followed by a high
increase in CF samples and again with a decrease in the advanced treatment, where there
was reduced species richness at the RO stage. Diversity in the mixing chamber was high,
falling between the values of the CF and SF samples. Finally, chlorination significantly
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reduced species diversity in the final water. Chlorine has a strong bactericidal effect,
damaging bacterial cell structure, although certain groups resist the disinfection process.
ASVs of bacterial communities characterized at disinfection stages may correspond to
chlorine-resistant strains of Aeromonas, Clostridium, Cyanobacteria or Pseudomonas, among
others (reviewed in Luo et al. [50]). Low diversity in RO samples can be explained by
the low nutrient levels in permeate water, where only specially adapted microorganisms
can thrive. Genera detected at this stage include Caulobacter, Comamonas, Curvibacter,
Flavobacterium and Pseudomonas, which are considered potentially biofilm-forming.

Although Bdellovibrionota was detected at different treatment stages with <1% abun-
dance, it accounted for 10 and 12% of reads in the CF and MIX samples, respectively,
mainly consisting of unculturable Oligoflexia and Bdellovibrio. The members of this phylum
are described as obligate predators of bacteria (Gram-negative and Gram-positive) and
have been proposed as biocontrol agents for their ability to prey on multi-drug-resistant
bacteria [51]. Concerning core amplicon sequence variants, only one ASV was detected in
the samples taken at high temperatures and two in the samples taken at low temperatures,
which correspond to Aeromonas and to Limnohabitans and Reyranella, respectively. The de-
tection of core ASVs under the standard operational conditions of the DWTP is of interest,
as they can provide new monitoring tools for detecting impaired treatments, a potential
application that still needs more research.

Over the short period when GW was the only source of intake and when the routine
operational conditions of the DWTP changed, an increase in certain bacterial populations at
the CF stage was detected, which can be attributed to the growth of communities present in
biofilms in the filter or to their temporal detachment from carbon surfaces. Such conditions
can be met after a sudden shift of water intake for the exclusive use of GW and can be
attributed to differences in temperatures compared with other water sources [52]. In this
study, in the winter season when this episode occurred, river water temperature gathered at
7.9 °C, whereas groundwater presented 17.1 °C on the day of sampling. Nevertheless, in the
current study, the significance of these results may be limited by the unrepresentativeness
of the samples. Different potabilization stages exerted a selective pressure on bacterial
communities and shaped their composition downstream. Filtration procedures had a
strong influence, which is in agreement with other studies on sand filtration [13] and
carbon filtration [16,53]. However, disinfection had a greater impact, as reported previously,
as residual disinfectants reduce the abundance and diversity of bacterial communities,
which become dominated by resistant genera (including opportunistic pathogens) in post-
chlorination water [14,15,54] and in distribution networks [54-56]. In the present study, the
chlorination stage shifted the dominant bacterial population in the final drinking water from
Proteobacteria to Cyanobacteria, a phylum that was poorly represented in source water
(0-3%) and at other treatment stages (<6%), being slightly higher in OZ samples (19%). The
aphotic environment of many of these processes (but not the pretreatment) suggests that
the unclassified Cyanobacteria that were detected are non-photosynthetic. The dominant
genus in the DW belongs to the unculturable Obscuribacteraceae, which are found in
dark conditions, followed by an unclassified Chloroplast order. Most databases, such as
SILVA, classify chloroplasts within the Cyanobacteria phylum, as they are considered a
phylogenetic lineage evolved from endosymbiotic Cyanobacteria [57]. Thus, chloroplast
reads are commonly found in aquatic environments, and have been reported in studies of
river [58] and lake [59] water quality.

Little is known about the diversity and ecology of non-photosynthetic Cyanobacteria
in water environments, and their classification is still under debate. Di Rienzi and col-
leagues [60] proposed their inclusion ina sibling phylum, Melainabacteria (named after
“Melaina”, a nymph of dark waters in Greek mythology), whose sequenced genomes
confirm an absence of a photosynthetic apparatus. Another study suggests that the or-
ders Obscuribacterales and Vampirovibrionales, which are capable of aerobic and anaer-
obic respiration, should also be included in this new phylum [61]. Although the SILVA
database does not phylogenetically differentiate the non-photosynthetic cyanobacterial
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group, Cyanobacteria have been reported in aphotic environments, such as groundwa-
ter and animal guts [60], koala feces and activated sludge from a wastewater treatment
plant [61] and continental subsurfaces 420-607 m in depth [62].

Although most studies characterizing bacterial communities in DWTP stages and
drinking water have not detected Cyanobacteria and report Proteobacteria as the dom-
inant phylum [11,13-15,25,55,63,64], other researchers have obtained a high abundance
of Cyanobacteria reads in water from distribution networks [8], treatment stages [65] or
sludge storage in drinking water processing [65,66]. These variable results may be ac-
counted for by factors such as location, the type and quality of source water, and whether or
not disinfectant procedures are used, all of which create a unique habitat in each DWTP or
distribution network. Cyanobacteria cells have an outer peptidoglycan layer thicker than
most Gram-negative bacteria and a cell wall mainly composed of lipids and carotenoids.
Furthermore, the outer membrane has fewer conductance porins than most Gram-negative
bacteria, which is an adaptation to low-nutrient environments that enhances resistance to-
ward harmful chemicals [57]. This structure may confer mechanical stability when exposed
to chlorine, with chlorine-resistant groups being found in the final water. No cyanobacterial
blooms, stagnation or microcystin (cyanobacterial toxins) were detected in the river or
drinking water, which was safe for consumption.

Changes in microbial communities related to ambient temperature were also observed
in different treatment stages, with a correlation of higher diversity with higher temperatures,
specially at DEC and CF. Such temporal variability has been widely described [10,13,14,67].
Higher temperatures can trigger changes in bacterial communities, as they facilitate bac-
terial growth of different genera. Implications of high temperatures in water systems
have been documented, such as the occurrence of certain waterborne bacterial pathogens,
opportunistic pathogens and biofilm-forming groups that may compromise water quality
or pose a risk to public health. For instance, Calero Preciado et al. (2021) [3] observed
a significant increase in relative abundant reads of Pseudononas and Fusarium in chlori-
nated distribution networks favored by temperature, both with the capability to promote
biofilm formation. Moreover, the presence of the opportunistic pathogen Mycobacterium
spp. was also registered to rise together with temperature. Other genera that promote
biofilm development in chlorinated distribution networks, such as Aeromonas, also show
greater abundance at higher temperatures [68]. Similarly, in unchlorinated drinking water
supplies, van der Wielen and van der Kooij (2013) [69] described a higher occurrence of
Legionella pneumophila and Stenotrophomonas maltophilia at high temperatures. Both of them
are likely to grow in biofilms and can be moderately to highly virulent, as they often cause
pneumonia or bacteriemia disease, respectively, in immunocompromised patients. These
observed changes related to temperature may be of interest to drinking water managers in
the context of the global warming scenario.

Very few 16S rRNA sequences (0.002-8%) retrieved from the source water and treat-
ment stages were associated with genera of waterborne bacterial pathogens in the global
priority list. Reads of Aeronionas, Arcobacter, the order Campylobacterales, Legionella, My-
cobacterium, Escherichia-Shigella and Pseudononas detected in the DWTP were reduced or
eliminated in the DW, except for Pseudomonas and Aeromonas (1% and 2%). Arcobacter reads,
which were low in RW and pretreatment stages (1-3%), were negligible in drinking water
(0.007%), demonstrating the effectiveness of conventional and advanced treatments in
removing Arcobacter species, as previously shown by Collado et al. (2010) [70]. Helicobacter,
Leptospira and Vibrio were not detected at any stage of the process. It should be mentioned
that not all the species of the targeted potentially pathogenic genera are animal, human
or plant pathogens. Additionally, the reads may correspond to non-viable or dead cells
after the potabilization treatment or to free DNA. The present analysis of drinking water
samples confirms that the applied potabilization process provides safe drinking water, free
of fecal indicators.

Discrepancies were observed in the results between conventional culture-based tech-
niques and metabarcoding. In RW, culturable E. coli values were high (3.5 log;o CFU /100 mL),
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but the abundance of reads was very low (0.003%), perhaps because of a PCR bias against
rare taxa in non-treated water samples. In DW, the opposite occurred with C. perfringens,
which was detected by the molecular technique (3%) but not by culture. However, relative
abundance data must be treated with caution, as high-throughput sequencing is not designed
for quantitative purposes. Therefore, the analysis of water quality based only on sequencing
methods can lead to inaccurate assessments of microbial hazards [54]. Nevertheless, a molec-
ular approach allows for the simultaneous tracking of pathogens, opportunistic pathogens,
microbial indicators and their fluctuations between treatments and within samples. The re-
sulting taxonomic data can be used to develop quantitative methods such as gPCR to provide
a more comprehensive understanding of microbial population dynamics.

Both approaches to water quality monitoring (culture- and molecular-based) have
benefits and limitations. Although microbial indicators and HPC offer protection against
pathogens and can detect viable microorganisms, the results can be biased by the medium
or by growth conditions, and changes in microbial composition are not detected. In this
respect, 165 rRNA metabarcoding provides a more in-depth analysis of microbial commu-
nities, including both culturable and non-culturable, autotrophic and heterotrophic, photic
and aphotic and waterborne bacteria. However, metabarcoding also has shortcomings:
obtaining results is more time-consuming; there is no standardized methodology; rare
taxa can be neglected due to primer bias; and cell viability remains unconfirmed, which
hinders risk assessment [71]. Although all drinking water samples in this study fully met
the quality standards of the EU Directive, samples with a stable HPC were observed to have
variable bacterial diversity. Therefore, the use of 165 rRNA metabarcoding in water quality
management in combination with standardized techniques can provide useful information
on the efficiency of the different stages of water treatment and may help to address the
challenge of potabilization related to likely expected deterioration of surface water due to
future climate threats that may compromise water quality.

5. Conclusions

The application of 165 rRNA metabarcoding to assess microbial communities in a full-
scale DWTP in Barcelona (Spain), which uses two different water sources, a pretreatment
stage and a combination of conventional and advanced treatments with final chlorination,
provides new insights into compositional changes throughout the process.

Highly diverse microbial communities were observed, suggesting that each treatment
stage has specific microbiota, including unculturable bacteria.

Differences in community structure can be explained by the water sources, the type of
treatment applied at each stage (especially filtration and chlorination procedures), micro-
habitats or biofilm formation in carbon filtration and, to a lesser extent, seasonal variations
in ambient temperature. Proteobacteria was the dominant phylum in source water and
throughout the procedure, with a big shift after the chlorination stage when it was dis-
placed by Cyanobacteria, which was previously found in low abundance, except at the
ozonization stage.

The studied drinking water met all the quality standards stipulated by the EU Directive.
However, molecular analysis revealed that bacterial diversity, even in samples with a stable
HPC, differs throughout the process. Therefore, the use of 16S rRNA metabarcoding
in combination with standardized parameters provides a more in-depth analysis of the
microbiota in a DWTP, which can be useful for the detection of operational variations and
for their impact on water quality.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/w14091435/s1. Supplementary material associated with this
article: Supplementary File S1 (Tables S1-S5 and Figure S1). Supplementary File S2 (interactive
version of Figure S2): Figure S2. Krona plots of the relative abundance reads of bacteria detected by
16S metabarcording at all DWTP stages: groundwater (GW), river water (RW), decantation (DEC),
sand filtration (SF), ozonization (OZ), carbon filtration (CF), reverse osmosis (RO), mixing chamber
(MIX) and post-chlorination drinking water (DW). Taxonomic profiles are simultaneously displayed
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by hierarchy levels from kingdom to genus by selecting taxonomic depths: 1: Kingdom 2: Phylum 3:
Class 4: Order 5: Family 6: Genus. Supplementary File S3 (interactive version of Figure S3): Figure S3.
Krona charts of the core community bacteria detected by 16S metabarcording at all DWTP stages
grouped by sampling time at high (H) or low temperatures (L): groundwater (GW), river water (RW),
decantation (DEC), sand filtration (SF), ozonization (OZ), carbon filtration (CF), reverse osmosis
(RO), mixing chamber (MIX) and post-chlorination drinking water (DW). Taxonomic profiles are
simultaneously displayed by hierarchy levels from kingdom to genus by selecting taxonomic depths:
1: Kingdom 2: Phylum 3: Class 4: Order 5: Family 6: Genus. Supplementary File S4 (interactive
version of Figure S4): Figure S4. Krona charts of relative abundant core ASVs in groundwater
(GW_core_L) and CF (FC_core_L) taken at low temperatures under usual operating conditions, and
GW (GW_Cont_Episode) and CF (CF_Cont_Episode) during the river contamination episode.
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Table S1. The full sequence list of 96 barcodes and leading Ns used for 16S rRNA metabarcoding

Oligo Leading 8-base Forward primer Sequence Well

name Ns tag positio
n

F515- NN AACAA | GTGCCAGCMGCCGC NNAACAAGCCGTGCCAGCMG A0l

T01 GCC GGTAA CCGCGGTAA

F515- NNN GGAAT | GTGCCAGCMGCCGC NNNGGAATGAGGTGCCAGCM A02

T02 GAG GGTAA GCCGCGGTAA

F515- NNNN AATTG GTGCCAGCMGCCGC NNNNAATTGCCGGTGCCAGC A03

T03 CCG GGTAA MGCCGCGGTAA

F515- NN CGACC GTGCCAGCMGCCGC NNCGACCATAGTGCCAGCMG A04

T04 ATA GGTAA CCGCGGTAA

F515- NNN ATGCT GTGCCAGCMGCCGC NNNATGCTGACGTGCCAGCM A05

T05 GAC GGTAA GCCGCGGTAA

F515- NNNN TGAGA | GTGCCAGCMGCCGC NNNNTGAGACAGGTGCCAGC A06

T06 CAG GGTAA MGCCGCGGTAA

F515- NN GAGCT | GTGCCAGCMGCCGC NNGAGCTTACGTGCCAGCMGC | A07

TO07 TAC GGTAA CGCGGTAA

F515- NNN TTACC | GTGCCAGCMGCCGC NNNTTACCAGGGTGCCAGCM A08

T08 AGG GGTAA GCCGCGGTAA

F515- NNNN TGAGA | GTGCCAGCMGCCGC NNNNTGAGAGCTGTGCCAGC A09

T09 GCT GGTAA MGCCGCGGTAA

F515- NN CTGAC | GTGCCAGCMGCCGC NNCTGACCTTGTGCCAGCMGC | Al10

T10 CTT GGTAA CGCGGTAA

F515- NNN ATGCT | GTGCCAGCMGCCGC NNNATGCTTGGGTGCCAGCMG | All

T11 TGG GGTAA CCGCGGTAA

F515- NNNN AACAC | GTGCCAGCMGCCGC NNNNAACACCGTGTGCCAGC Al2

T12 CGT GGTAA MGCCGCGGTAA

F515- NN TTACC | GTGCCAGCMGCCGC NNTTACCGCTGTGCCAGCMGC | B01

T13 GCT GGTAA CGCGGTAA

F515- NNN CCAGT | GTGCCAGCMGCCGC NNNCCAGTATGGTGCCAGCM B02

T14 ATG GGTAA GCCGCGGTAA

F515- NNNN TGAGA | GTGCCAGCMGCCGC NNNNTGAGATGCGTGCCAGC BO3

T15 TGC GGTAA MGCCGCGGTAA

F515- NN GTGCA GTGCCAGCMGCCGC NNGTGCAACTGTGCCAGCMGC | B04

T16 ACT GGTAA CGCGGTAA

F515- NNN ACAAC | GTGCCAGCMGCCGC NNNACAACCGAGTGCCAGCM | B05

T17 CGA GGTAA GCCGCGGTAA

F515- NNNN TGAGC GTGCCAGCMGCCGC NNNNTGAGCCTAGTGCCAGC B06

T18 CTA GGTAA MGCCGCGGTAA

F515- NN ATGGA | GTGCCAGCMGCCGC NNATGGAGGTGTGCCAGCMG B0O7

T19 GGT GGTAA CCGCGGTAA

F515- NNN TCATA | GTGCCAGCMGCCGC NNNTCATACGCGTGCCAGCMG | B08

T20 CGC GGTAA CCGCGGTAA

F515- NNNN CTGAG GTGCCAGCMGCCGC NNNNCTGAGTCTGTGCCAGCM | B09

T21 TCT GGTAA GCCGCGGTAA

F515- NN GAGGT | GTGCCAGCMGCCGC NNGAGGTGAAGTGCCAGCMG B10

T22 GAA GGTAA CCGCGGTAA

F515- NNN GGCAT | GTGCCAGCMGCCGC NNNGGCATGTAGTGCCAGCM B11

T23 GTA GGTAA GCCGCGGTAA

F515- NNNN GTGCC GTGCCAGCMGCCGC NNNNGTGCCATAGTGCCAGC B12

T24 ATA GGTAA MGCCGCGGTAA

F515- NN TTACG GTGCCAGCMGCCGC NNTTACGCCAGTGCCAGCMGC | C01

T25 CCA GGTAA CGCGGTAA

F515- NNN TCATA | GTGCCAGCMGCCGC NNNTCATAGCGGTGCCAGCM C02

T26 GCG GGTAA GCCGCGGTAA

F515- NNNN TGAGG GTGCCAGCMGCCGC NNNNTGAGGACAGTGCCAGC Co3

T27 ACA GGTAA MGCCGCGGTAA

F515- NN AACAG | GTGCCAGCMGCCGC NNAACAGGAGGTGCCAGCMG Cco4

T28 GAG GGTAA CCGCGGTAA

F515- NNN GAGTA | GTGCCAGCMGCCGC NNNGAGTAACCGTGCCAGCM | C05

T29 ACC GGTAA GCCGCGGTAA

F515- NNNN CAGCT | GTGCCAGCMGCCGC NNNNCAGCTCATGTGCCAGCM | C06

T30 CAT GGTAA GCCGCGGTAA
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F515- NN TGCTC GTGCCAGCMGCCGC NNTGCTCCAAGTGCCAGCMGC | C07
T31 CAA GGTAA CGCGGTAA

F515- NNN TCAGT | GTGCCAGCMGCCGC NNNTCAGTCGAGTGCCAGCM Co8
T32 CGA GGTAA GCCGCGGTAA

F515- NNNN GGAGA | GTGCCAGCMGCCGC NNNNGGAGAAGAGTGCCAGC | C09
T33 AGA GGTAA MGCCGCGGTAA

F515- NN GTGCT | GTGCCAGCMGCCGC NNGTGCTCAAGTGCCAGCMGC | C10
T34 CAA GGTAA CGCGGTAA

F515- NNN ACAAG | GTGCCAGCMGCCGC NNNACAAGACCGTGCCAGCM | C11
T35 ACC GGTAA GCCGCGGTAA

F515- NNNN CAGGA | GTGCCAGCMGCCGC NNNNCAGGAACAGTGCCAGC C12
T36 ACA GGTAA MGCCGCGGTAA

F515- NN GTGAT | GTGCCAGCMGCCGC NNGTGATCTCGTGCCAGCMGC | D01
T37 CTC GGTAA CGCGGTAA

F515- NNN ACTTG GTGCCAGCMGCCGC NNNACTTGGCTGTGCCAGCMG | D02
T38 GCT GGTAA CCGCGGTAA

F515- NNNN CGATA | GTGCCAGCMGCCGC NNNNCGATACACGTGCCAGC D03
T39 CAC GGTAA MGCCGCGGTAA

F515- NN TCATC GTGCCAGCMGCCGC NNTCATCCTGGTGCCAGCMGC | D04
T40 CTG GGTAA CGCGGTAA

F515- NNN CAGGC | GTGCCAGCMGCCGC NNNCAGGCTAAGTGCCAGCM D05
T41 TAA GGTAA GCCGCGGTAA

F515- NNNN TCATC GTGCCAGCMGCCGC NNNNTCATCGGTGTGCCAGCM | D06
T42 GGT GGTAA GCCGCGGTAA

F515- NN AGTTC GTGCCAGCMGCCGC NNAGTTCCACGTGCCAGCMGC | D07
T43 CAC GGTAA CGCGGTAA

F515- NNN AACCA | GTGCCAGCMGCCGC NNNAACCAACGGTGCCAGCM D08
T44 ACG GGTAA GCCGCGGTAA

F515- NNNN CTGCG | GTGCCAGCMGCCGC NNNNCTGCGAATGTGCCAGC D09
T45 AAT GGTAA MGCCGCGGTAA

F515- NN GTGGT | GTGCCAGCMGCCGC NNGTGGTTAGGTGCCAGCMGC | D10
T46 TAG GGTAA CGCGGTAA

F515- NNN AGAAC | GTGCCAGCMGCCGC NNNAGAACGTGGTGCCAGCM D11
T47 GTG GGTAA GCCGCGGTAA

F515- NNNN TCATG GTGCCAGCMGCCGC NNNNTCATGCCTGTGCCAGCM | D12
T48 CCT GGTAA GCCGCGGTAA

F515- NN GGATA | GTGCCAGCMGCCGC NNGGATAGCAGTGCCAGCMG EO1
T49 GCA GGTAA CCGCGGTAA

F515- NNN CAGTA | GTGCCAGCMGCCGC NNNCAGTAGACGTGCCAGCM E02
T50 GAC GGTAA GCCGCGGTAA

F515- NNNN TAGCC | GTGCCAGCMGCCGC NNNNTAGCCACTGTGCCAGCM | EO3
T51 ACT GGTAA GCCGCGGTAA

F515- NN GAGGA | GTGCCAGCMGCCGC NNGAGGACTAGTGCCAGCMG EO4
T52 CTA GGTAA CCGCGGTAA

F515- NNN AGAAG | GTGCCAGCMGCCGC NNNAGAAGAGGGTGCCAGCM | EO05
T53 AGG GGTAA GCCGCGGTAA

F515- NNNN CGATG | GTGCCAGCMGCCGC NNNNCGATGAGTGTGCCAGC E06
T54 AGT GGTAA MGCCGCGGTAA

F515- NN GTGTA | GTGCCAGCMGCCGC NNGTGTAGTCGTGCCAGCMGC | EO7
T55 GTC GGTAA CGCGGTAA

F515- NNN GAGTT | GTGCCAGCMGCCGC NNNGAGTTCCTGTGCCAGCMG | EO8
T56 CCT GGTAA CCGCGGTAA

F515- NNNN ACACA | GTGCCAGCMGCCGC NNNNACACACAGGTGCCAGC E09
T57 CAG GGTAA MGCCGCGGTAA

F515- NN AACCT | GTGCCAGCMGCCGC NNAACCTAGCGTGCCAGCMG E10
T58 AGC GGTAA CCGCGGTAA

F515- NNN ACACA | GTGCCAGCMGCCGC NNNACACAGGTGTGCCAGCM Ell
T59 GGT GGTAA GCCGCGGTAA

F515- NNNN TAGAG | GTGCCAGCMGCCGC NNNNTAGAGCTGGTGCCAGC E12
T60 CTG GGTAA MGCCGCGGTAA

F515- NN AACCT | GTGCCAGCMGCCGC NNAACCTCAGGTGCCAGCMG FO1
T61 CAG GGTAA CCGCGGTAA

F515- NNN GGATG | GTGCCAGCMGCCGC NNNGGATGATCGTGCCAGCM F02
T62 ATC GGTAA GCCGCGGTAA

F515- NNNN TATCT GTGCCAGCMGCCGC NNNNTATCTGGCGTGCCAGCM | FO03
T63 GGC GGTAA GCCGCGGTAA
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F515- NN CTGGT | GTGCCAGCMGCCGC NNCTGGTTGAGTGCCAGCMGC | F04
T64 TGA GGTAA CGCGGTAA

F515- NNN TCCAA | GTGCCAGCMGCCGC NNNTCCAACACGTGCCAGCM F05
T65 CAC GGTAA GCCGCGGTAA

F515- NNNN GTGTG | GTGCCAGCMGCCGC NNNNGTGTGAAGGTGCCAGC FO6
T66 AAG GGTAA MGCCGCGGTAA

F515- NN AACCT | GTGCCAGCMGCCGC NNAACCTGCTGTGCCAGCMGC | F0O7
T67 GCT GGTAA CGCGGTAA

F515- NNN GGATG | GTGCCAGCMGCCGC NNNGGATGTCTGTGCCAGCMG | F08
T68 TCT GGTAA CCGCGGTAA

F515- NNNN TCCAA | GTGCCAGCMGCCGC NNNNTCCAAGCAGTGCCAGC F09
T69 GCA GGTAA MGCCGCGGTAA

F515- NN AGAAT | GTGCCAGCMGCCGC NNAGAATGCCGTGCCAGCMG F10
T70 GCC GGTAA CCGCGGTAA

F515- NNN GTGTG | GTGCCAGCMGCCGC NNNGTGTGTGTGTGCCAGCMG | F11
T71 TGT GGTAA CCGCGGTAA

F515- NNNN CACGG | GTGCCAGCMGCCGC NNNNCACGGATAGTGCCAGC F12
T72 ATA GGTAA MGCCGCGGTAA

F515- NN CAACC | GTGCCAGCMGCCGC NNCAACCTCAGTGCCAGCMGC | GO1
T73 TCA GGTAA CGCGGTAA

F515- NNN GGATT | GTGCCAGCMGCCGC NNNGGATTCGAGTGCCAGCM G02
T74 CGA GGTAA GCCGCGGTAA

F515- NNNN TTAGG | GTGCCAGCMGCCGC NNNNTTAGGCACGTGCCAGC GO03
T75 CAC GGTAA MGCCGCGGTAA

F515- NN CGCAT | GTGCCAGCMGCCGC NNCGCATAGAGTGCCAGCMG G04
T76 AGA GGTAA CCGCGGTAA

F515- NNN CAGTT | GTGCCAGCMGCCGC NNNCAGTTCTCGTGCCAGCMG | GO05
T77 CTC GGTAA CCGCGGTAA

F515- NNNN AACGA | GTGCCAGCMGCCGC NNNNAACGAGTGGTGCCAGC G06
T78 GTG GGTAA MGCCGCGGTAA

F515- NN CTGTC GTGCCAGCMGCCGC NNCTGTCAACGTGCCAGCMGC | GO7
T79 AAC GGTAA CGCGGTAA

F515- NNN TCCAC | GTGCCAGCMGCCGC NNNTCCACCTAGTGCCAGCMG | G08
T80 CTA GGTAA CCGCGGTAA

F515- NNNN CGCAT | GTGCCAGCMGCCGC NNNNCGCATCTTGTGCCAGCM | GO09
T81 CTT GGTAA GCCGCGGTAA

F515- NN GATAC | GTGCCAGCMGCCGC NNGATACGCTGTGCCAGCMGC | G10
T82 GCT GGTAA CGCGGTAA

F515- NNN GTGTT GTGCCAGCMGCCGC NNNGTGTTGGAGTGCCAGCM Gl1
T83 GGA GGTAA GCCGCGGTAA

F515- NNNN ACACT | GTGCCAGCMGCCGC NNNNACACTAGGGTGCCAGC G12
T84 AGG GGTAA MGCCGCGGTAA

F515- NN CGCCA | GTGCCAGCMGCCGC NNCGCCAATTGTGCCAGCMGC | HO1
T85 ATT GGTAA CGCGGTAA

F515- NNN TAGCA | GTGCCAGCMGCCGC NNNTAGCAAGGGTGCCAGCM HO02
T86 AGG GGTAA GCCGCGGTAA

F515- NNNN GTCAC | GTGCCAGCMGCCGC NNNNGTCACAGAGTGCCAGC HO3
T87 AGA GGTAA MGCCGCGGTAA

F515- NN TCCAG | GTGCCAGCMGCCGC NNTCCAGATCGTGCCAGCMGC | HO4
T88 ATC GGTAA CGCGGTAA

F515- NNN ACACT | GTGCCAGCMGCCGC NNNACACTCCTGTGCCAGCMG | HO5
T89 CCT GGTAA CCGCGGTAA

F515- NNNN GTTAA | GTGCCAGCMGCCGC NNNNGTTAACGGGTGCCAGC HO06
T90 CGG GGTAA MGCCGCGGTAA

F515- NN AACGC | GTGCCAGCMGCCGC NNAACGCGATGTGCCAGCMG HO7
T91 GAT GGTAA CCGCGGTAA

F515- NNN CGCGT | GTGCCAGCMGCCGC NNNCGCGTAATGTGCCAGCM HO08
T92 AAT GGTAA GCCGCGGTAA

F515- NNNN CCGAT | GTGCCAGCMGCCGC NNNNCCGATACTGTGCCAGCM | HO09
T93 ACT GGTAA GCCGCGGTAA

F515- NN AGACA | GTGCCAGCMGCCGC NNAGACATCCGTGCCAGCMG H10
T94 TCC GGTAA CCGCGGTAA

F515- NNN GATAG | GTGCCAGCMGCCGC NNNGATAGAGGGTGCCAGCM | H11
T95 AGG GGTAA GCCGCGGTAA

F515- NNNN CTGTT GTGCCAGCMGCCGC NNNNCTGTTGTGGTGCCAGCM | H12
T96 GTG GGTAA GCCGCGGTAA
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Oligo | Leadi | 8-base Forward primer Sequence Well
nam | ngNs | tag positi
e on
R806 | NNN | AACAAG | GGACTACHVGGGTW | NNNNAACAAGCCGGACTACHVGG | A01
-TO1 | N cC TCTAAT GTWTCTAAT

R806 | NNN | GGAATG | GGACTACHVGGGTW | NNNGGAATGAGGGACTACHVGGG | A02
-T02 AG TCTAAT TWTCTAAT

R806 | NN AATTGC | GGACTACHVGGGTW | NNAATTGCCGGGACTACHVGGGT | AO3
-T03 CG TCTAAT WTCTAAT

R806 | NNN | CGACCA | GGACTACHVGGGTW | NNNNCGACCATAGGACTACHVGG | A04
-T04 | N TA TCTAAT GTWTCTAAT

R806 | NNN | ATGCTG | GGACTACHVGGGTW | NNNATGCTGACGGACTACHVGGG | AO5
-TO5 AC TCTAAT TWTCTAAT

R806 | NN TGAGAC | GGACTACHVGGGTW | NNTGAGACAGGGACTACHVGGGT | A06
-TO6 AG TCTAAT WTCTAAT

R806 | NNN | GAGCTT | GGACTACHVGGGTW | NNNNGAGCTTACGGACTACHVGG | AQ7
-T07 | N AC TCTAAT GTWTCTAAT

R806 | NNN | TTACCA | GGACTACHVGGGTW | NNNTTACCAGGGGACTACHVGGG | A08
-TO8 GG TCTAAT TWTCTAAT

R806 | NN TGAGAG | GGACTACHVGGGTW | NNTGAGAGCTGGACTACHVGGGT | A09
-T09 CT TCTAAT WTCTAAT

R806 | NNN CTGACC | GGACTACHVGGGTW | NNNNCTGACCTTGGACTACHVGG A10
-T10 | N TT TCTAAT GTWTCTAAT

R806 | NNN ATGCTT | GGACTACHVGGGTW | NNNATGCTTGGGGACTACHVGGG | A1l
-T11 GG TCTAAT TWTCTAAT

R806 | NN AACACC | GGACTACHVGGGTW | NNAACACCGTGGACTACHVGGGT Al12
-T12 GT TCTAAT WTCTAAT

R806 | NNN TTACCG | GGACTACHVGGGTW | NNNNTTACCGCTGGACTACHVGG BO1
-T13 | N CT TCTAAT GTWTCTAAT

R806 | NNN CCAGTA | GGACTACHVGGGTW | NNNCCAGTATGGGACTACHVGGG | BO2
-T14 TG TCTAAT TWTCTAAT

R806 | NN TGAGAT | GGACTACHVGGGTW | NNTGAGATGCGGACTACHVGGGT | BO3
-T15 GC TCTAAT WTCTAAT

R806 | NNN GTGCAA | GGACTACHVGGGTW | NNNNGTGCAACTGGACTACHVGG | BO4
-T16 | N CT TCTAAT GTWTCTAAT

R806 | NNN ACAACC | GGACTACHVGGGTW | NNNACAACCGAGGACTACHVGGG | BOS
-T17 GA TCTAAT TWTCTAAT

R806 | NN TGAGCC | GGACTACHVGGGTW | NNTGAGCCTAGGACTACHVGGGT | B06
-T18 TA TCTAAT WTCTAAT

R806 | NNN | ATGGAG | GGACTACHVGGGTW | NNNNATGGAGGTGGACTACHVGG | BO7
-T19 | N GT TCTAAT GTWTCTAAT

R806 | NNN | TCATAC | GGACTACHVGGGTW | NNNTCATACGCGGACTACHVGGGT | BO8
-T20 GC TCTAAT WTCTAAT

R806 | NN CTGAGT | GGACTACHVGGGTW | NNCTGAGTCTGGACTACHVGGGT | B0O9
-T21 CT TCTAAT WTCTAAT

R806 | NNN | GAGGT | GGACTACHVGGGTW | NNNNGAGGTGAAGGACTACHVGG | B10
-T22 | N GAA TCTAAT GTWTCTAAT

R806 | NNN | GGCATG | GGACTACHVGGGTW | NNNGGCATGTAGGACTACHVGGG | B11
-T23 TA TCTAAT TWTCTAAT
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R806 | NN GTGCCA | GGACTACHVGGGTW | NNGTGCCATAGGACTACHVGGGT | B12
-124 TA TCTAAT WTCTAAT

R806 | NNN | TTACGC | GGACTACHVGGGTW | NNNNTTACGCCAGGACTACHVGG | CO1
-T25 | N CA TCTAAT GTWTCTAAT

R806 | NNN | TCATAG | GGACTACHVGGGTW | NNNTCATAGCGGGACTACHVGGG | CO2
-126 CG TCTAAT TWTCTAAT

R806 | NN TGAGGA | GGACTACHVGGGTW | NNTGAGGACAGGACTACHVGGGT | CO3
-127 CA TCTAAT WTCTAAT

R806 | NNN | AACAGG | GGACTACHVGGGTW | NNNNAACAGGAGGGACTACHVGG | CO4
-T28 | N AG TCTAAT GTWTCTAAT

R806 | NNN | GAGTAA | GGACTACHVGGGTW | NNNGAGTAACCGGACTACHVGGG | CO5
-129 CcC TCTAAT TWTCTAAT

R806 | NN CAGCTC | GGACTACHVGGGTW | NNCAGCTCATGGACTACHVGGGT | CO6
-T30 AT TCTAAT WTCTAAT

R806 | NNN | TGCTCC | GGACTACHVGGGTW | NNNNTGCTCCAAGGACTACHVGG | CO7
-T31 | N AA TCTAAT GTWTCTAAT

R806 | NNN | TCAGTC | GGACTACHVGGGTW | NNNTCAGTCGAGGACTACHVGGG | CO8
-T32 GA TCTAAT TWTCTAAT

R806 | NN GGAGA | GGACTACHVGGGTW | NNGGAGAAGAGGACTACHVGGGT | C09
-T33 AGA TCTAAT WTCTAAT

R806 | NNN | GTGCTC | GGACTACHVGGGTW | NNNNGTGCTCAAGGACTACHVGG | C10
-T34 | N AA TCTAAT GTWTCTAAT

R806 | NNN | ACAAGA | GGACTACHVGGGTW | NNNACAAGACCGGACTACHVGGG | C11
-T35 CcC TCTAAT TWTCTAAT

R806 | NN CAGGAA | GGACTACHVGGGTW | NNCAGGAACAGGACTACHVGGGT | C12
-T36 CA TCTAAT WTCTAAT

R806 | NNN | GTGATC | GGACTACHVGGGTW | NNNNGTGATCTCGGACTACHVGG | DO1
-T37 | N TC TCTAAT GTWTCTAAT

R806 | NNN | ACTTGG | GGACTACHVGGGTW | NNNACTTGGCTGGACTACHVGGGT | D02
-T38 CT TCTAAT WTCTAAT

R806 | NN CGATAC | GGACTACHVGGGTW | NNCGATACACGGACTACHVGGGT | D03
-T39 AC TCTAAT WTCTAAT

R806 | NNN | TCATCC | GGACTACHVGGGTW | NNNNTCATCCTGGGACTACHVGG | D04
-T40 | N TG TCTAAT GTWTCTAAT

R806 | NNN | CAGGCT | GGACTACHVGGGTW | NNNCAGGCTAAGGACTACHVGGG | DO5
-T41 AA TCTAAT TWTCTAAT

R806 | NN TCATCG | GGACTACHVGGGTW | NNTCATCGGTGGACTACHVGGGT D06
-T42 GT TCTAAT WTCTAAT

R806 | NNN | AGTTCC | GGACTACHVGGGTW | NNNNAGTTCCACGGACTACHVGG | DO7
-T43 | N AC TCTAAT GTWTCTAAT

R806 | NNN | AACCAA | GGACTACHVGGGTW | NNNAACCAACGGGACTACHVGGG | D08
-T44 CG TCTAAT TWTCTAAT

R806 | NN CTGCGA | GGACTACHVGGGTW | NNCTGCGAATGGACTACHVGGGT | D09
-T45 AT TCTAAT WTCTAAT

R806 | NNN | GTGGTT | GGACTACHVGGGTW | NNNNGTGGTTAGGGACTACHVGG | D10
-T46 | N AG TCTAAT GTWTCTAAT

R806 | NNN | AGAACG | GGACTACHVGGGTW | NNNAGAACGTGGGACTACHVGGG | D11
-T47 TG TCTAAT TWTCTAAT

R806 | NN TCATGC | GGACTACHVGGGTW | NNTCATGCCTGGACTACHVGGGT D12
-T48 CT TCTAAT WTCTAAT

144




CAPITOL 2

R806 | NNN | GGATAG | GGACTACHVGGGTW | NNNNGGATAGCAGGACTACHVGG | EOL
-T49 | N CA TCTAAT GTWTCTAAT

R806 | NNN | CAGTAG | GGACTACHVGGGTW | NNNCAGTAGACGGACTACHVGGG | EO2
-T50 AC TCTAAT TWTCTAAT

R806 | NN TAGCCA | GGACTACHVGGGTW | NNTAGCCACTGGACTACHVGGGT EO3
-T51 CT TCTAAT WTCTAAT

R806 | NNN | GAGGA | GGACTACHVGGGTW | NNNNGAGGACTAGGACTACHVGG | EO4
-T52 | N CTA TCTAAT GTWTCTAAT

R806 | NNN | AGAAGA | GGACTACHVGGGTW | NNNAGAAGAGGGGACTACHVGGG | EOS
-T53 GG TCTAAT TWTCTAAT

R806 | NN CGATGA | GGACTACHVGGGTW | NNCGATGAGTGGACTACHVGGGT | EO6
-T54 GT TCTAAT WTCTAAT

R806 | NNN | GTGTAG | GGACTACHVGGGTW | NNNNGTGTAGTCGGACTACHVGG | EO7
-T55 | N TC TCTAAT GTWTCTAAT

R806 | NNN | GAGTTC | GGACTACHVGGGTW | NNNGAGTTCCTGGACTACHVGGGT | EO8
-T56 CT TCTAAT WTCTAAT

R806 | NN ACACAC | GGACTACHVGGGTW | NNACACACAGGGACTACHVGGGT | EOS
-T157 AG TCTAAT WTCTAAT

R806 | NNN | AACCTA | GGACTACHVGGGTW | NNNNAACCTAGCGGACTACHVGG | E10
-T58 | N GC TCTAAT GTWTCTAAT

R806 | NNN | ACACAG | GGACTACHVGGGTW | NNNACACAGGTGGACTACHVGGG | E11
-T59 GT TCTAAT TWTCTAAT

R806 | NN TAGAGC | GGACTACHVGGGTW | NNTAGAGCTGGGACTACHVGGGT | E12
-T60 TG TCTAAT WTCTAAT

R806 | NNN | AACCTC | GGACTACHVGGGTW | NNNNAACCTCAGGGACTACHVGG | FO1
-T61 | N AG TCTAAT GTWTCTAAT

R806 | NNN | GGATGA | GGACTACHVGGGTW | NNNGGATGATCGGACTACHVGGG | FO2
-162 TC TCTAAT TWTCTAAT

R806 | NN TATCTG | GGACTACHVGGGTW | NNTATCTGGCGGACTACHVGGGT FO3
-163 GC TCTAAT WTCTAAT

R806 | NNN | CTGGTT | GGACTACHVGGGTW | NNNNCTGGTTGAGGACTACHVGG | FO4
-T64 | N GA TCTAAT GTWTCTAAT

R806 | NNN | TCCAAC | GGACTACHVGGGTW | NNNTCCAACACGGACTACHVGGGT | FO5
-T65 AC TCTAAT WTCTAAT

R806 | NN GTGTGA | GGACTACHVGGGTW | NNGTGTGAAGGGACTACHVGGGT | FO6
-T66 AG TCTAAT WTCTAAT

R806 | NNN | AACCTG | GGACTACHVGGGTW | NNNNAACCTGCTGGACTACHVGG | FO7
-T67 | N CT TCTAAT GTWTCTAAT

R806 | NNN | GGATGT | GGACTACHVGGGTW | NNNGGATGTCTGGACTACHVGGG | FO8
-T68 CT TCTAAT TWTCTAAT

R806 | NN TCCAAG | GGACTACHVGGGTW | NNTCCAAGCAGGACTACHVGGGT | FO9
-T69 CA TCTAAT WTCTAAT

R806 | NNN | AGAATG | GGACTACHVGGGTW | NNNNAGAATGCCGGACTACHVGG | F10
-T70 | N CcC TCTAAT GTWTCTAAT

R806 | NNN | GTGTGT | GGACTACHVGGGTW | NNNGTGTGTGTGGACTACHVGGG | F11
-T71 GT TCTAAT TWTCTAAT

R806 | NN CACGGA | GGACTACHVGGGTW | NNCACGGATAGGACTACHVGGGT | F12
-172 TA TCTAAT WTCTAAT

R806 | NNN | CAACCT | GGACTACHVGGGTW | NNNNCAACCTCAGGACTACHVGG | GO1
-T73 | N CA TCTAAT GTWTCTAAT
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R806 | NNN | GGATTC | GGACTACHVGGGTW | NNNGGATTCGAGGACTACHVGGG | GO2
-T74 GA TCTAAT TWTCTAAT

R806 | NN TTAGGC | GGACTACHVGGGTW | NNTTAGGCACGGACTACHVGGGT | GO3
-T75 AC TCTAAT WTCTAAT

R806 | NNN | CGCATA | GGACTACHVGGGTW | NNNNCGCATAGAGGACTACHVGG | GO4
-T76 | N GA TCTAAT GTWTCTAAT

R806 | NNN | CAGTTC | GGACTACHVGGGTW | NNNCAGTTCTCGGACTACHVGGGT | GO5
-177 TC TCTAAT WTCTAAT

R806 | NN AACGAG | GGACTACHVGGGTW | NNAACGAGTGGGACTACHVGGGT | GO6
-T78 TG TCTAAT WTCTAAT

R806 | NNN | CTGTCA | GGACTACHVGGGTW | NNNNCTGTCAACGGACTACHVGG | GO7
-T79 | N AC TCTAAT GTWTCTAAT

R806 | NNN | TCCACC | GGACTACHVGGGTW | NNNTCCACCTAGGACTACHVGGGT | GO8
-T80 TA TCTAAT WTCTAAT

R806 | NN CGCATC | GGACTACHVGGGTW | NNCGCATCTTGGACTACHVGGGT G09S
-181 T TCTAAT WTCTAAT

R806 | NNN | GATACG | GGACTACHVGGGTW | NNNNGATACGCTGGACTACHVGG | G10
-T82 | N CT TCTAAT GTWTCTAAT

R806 | NNN | GTGTTG | GGACTACHVGGGTW | NNNGTGTTGGAGGACTACHVGGG | G11
-183 GA TCTAAT TWTCTAAT

R806 | NN ACACTA | GGACTACHVGGGTW | NNACACTAGGGGACTACHVGGGT | G12
-184 GG TCTAAT WTCTAAT

R806 | NNN | CGCCAA | GGACTACHVGGGTW | NNNNCGCCAATTGGACTACHVGG | HO1
-T85 | N T TCTAAT GTWTCTAAT

R806 | NNN | TAGCAA | GGACTACHVGGGTW | NNNTAGCAAGGGGACTACHVGGG | HO2
-186 GG TCTAAT TWTCTAAT

R806 | NN GTCACA | GGACTACHVGGGTW | NNGTCACAGAGGACTACHVGGGT | HO3
-187 GA TCTAAT WTCTAAT

R806 | NNN | TCCAGA | GGACTACHVGGGTW | NNNNTCCAGATCGGACTACHVGG | HO4
-T88 | N TC TCTAAT GTWTCTAAT

R806 | NNN | ACACTC | GGACTACHVGGGTW | NNNACACTCCTGGACTACHVGGGT | HO5
-T89 CT TCTAAT WTCTAAT

R806 | NN GTTAAC | GGACTACHVGGGTW | NNGTTAACGGGGACTACHVGGGT | HO6
-T90 GG TCTAAT WTCTAAT

R806 | NNN | AACGCG | GGACTACHVGGGTW | NNNNAACGCGATGGACTACHVGG | HO7
-T91 | N AT TCTAAT GTWTCTAAT

R806 | NNN | CGCGTA | GGACTACHVGGGTW | NNNCGCGTAATGGACTACHVGGG | HO8
-192 AT TCTAAT TWTCTAAT

R806 | NN CCGATA | GGACTACHVGGGTW | NNCCGATACTGGACTACHVGGGT HO9
-T193 CT TCTAAT WTCTAAT

R806 | NNN | AGACAT | GGACTACHVGGGTW | NNNNAGACATCCGGACTACHVGG | H10
-T94 | N CcC TCTAAT GTWTCTAAT

R806 | NNN | GATAGA | GGACTACHVGGGTW | NNNGATAGAGGGGACTACHVGGG | H11
-T95 GG TCTAAT TWTCTAAT

R806 | NN CTGTTG | GGACTACHVGGGTW | NNCTGTTGTGGGACTACHVGGGT | H12
-T96 TG TCTAAT WTCTAAT
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Table S2. Overview of sampling campaigns, climatological data, and some basic operating conditions
(percentages of each source intake and percentage of water treated by conventional or advanced treatment)

at the DWTP

Sampling Collection Temperature Humidity Rainfall

Percentage intake

Percentage water

ID date (°C) (%) (mm/24h) sources (%) treated by (%) Ea:;/eezn:g:\)l
RwW GW  Conventional Advanced

N1 16/04/2018 16.6 66 0.4 53 47 76 24 135

N2 18/06/2018 26.3 52 0 88 12 70 30 29.61
N3 24/07/2018 29.5 64 0 88 12 66 34 10.37
N4 28/08/2018 28.4 71 0 100 0 75 25 13.29
N5 07/01/2019 115 44 0 85 15 80 20 25.5

N6 26/02/2019 14.3 63 0 86 14 80 20 5.39

N7 25/03/2019 18.8 51 0 83 17 64 36 6.92

N8 27/05/2019 21.9 59 2.9 99.75 0.25 63 37 9.4
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Table S3. Overview of physicochemical data gathered at the different stages of DWTP during sampling
campaigns: groundwater (GW), river water (RW), decantation (DEC), sand filtration (SF), ozonization
(02), carbon filtration (CF), reverse osmosis (RO), mixing chamber (MIX) and post chlorination water
(DW). Data are presented as mean and standard deviation values (meanzsd) or NA (not analyzed) where
data was not monitored.

Sample Ammonium

DWTP temperature Conductivity (mg TOC pH Turbidity
stage (°C) (uS/cm) NH4*/L) (mg C/L) (NTU)
GW 18 + 15 1508 £ 67  0.05+0.03 NA NA 0.12+0.13
RW 15+5.24 1116 +301 0.17+0.16 3.55 +0.54 8.11+0.17 75.87+52.87
DEC NA NA NA NA NA 1.56+0.94

SF NA NA NA NA NA 0.28+0.17
0oz NA NA NA NA NA NA
CF 18 +5.1 1369 + 282 NA NA 7.2+0.12 NA
RO NA 165 + 40 NA NA NA NA
MIX 16+5 1008+ 190 0.05+0.04 NA 7.42+0.21 NA
DW 18+6 1017+251 0.05+0.04 137 +0.32 741018 0.09+0.03
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Table S4. PERMANOVA analysis based on Bray—Curtis dissimilarities of ASVs abundances from
DWTP for temperature variable

Df Sum Sq Mean Sq F N.Perm R2 Pr(>F)
Temperature 1 1.2898 1.28977 3.248 999 0.04434 0.001
Residuals 70 27.7966 0.39709 0.95566
total 71 29.0864 1
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Table S5. List of potential pathogens genera and percentages of reads detected along DWTP.

Potential group

Genus Hok GW RW DEC SF 0z CF RO MIX DW
Arcobacter ;'a“thmoa;e/ﬁ”'ma' \o 1% 3% 200% 007% 007% 007% 004% 0007%
Human/animal
Aeromonas pathogen 002% 04% 02% 03% 2% 3%  08% 4% 2%
Campylobacter Human/animal
(Campylobacterales) pathogen 0.4% 5% 3% 3% 0.09% 0.08% 0.20% 0.05% 0.01%
Clostridium ;'a“thmoa;éﬁn'ma' Np  0002% 003% 0008% 1%  0.02% . 002% 2%
Ers\fgglrlgzhla_ E'atiﬁnoa;éﬁmmal np  0-003% 0007% 0.009%  \p ND ND ND ND
Enterococeus Human/animal
pathogen ND  ND ND 001 0.002% 0.002% ND ND ND
Helicobacter Human pathogen ND ND ND ND ND ND ND ND ND
Legionella Human pathogen o405  0.05% 04% 06% 06% 1%  0.6% 2%  0.4%
Leptospira Human/animal
pathogen ND  ND ND ND ND ND ND ND ND
. Human/animal
Mycobacterium pathogen 002% ND 0.02% 05% 03% 002% 0.009% 0.003% 0.2%
Pseudomonas Human pathogen 1% 3% 2% 3% 8% 2% 5% 3% 1%
Vibrio Human/animal
pathogen ND  ND ND ND ND ND ND ND ND

DWTP stages: Groundwater (GW), river water (RW), decantation (DEC), sand filtration (SF),
ozonization (0Z), carbon filtration (CF), reverse osmosis (RO), mixing chamber (M1X) and post
chlorination water (DW). ND (not detected)
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Figure S1. Rarefaction curves of all the samples analyzed in this study. All samples showed an initial
exponential growth and then flatten curves indicating a good coverage of microbial communities.
Groundwater (GW), river water (RW), Decantation (DEC), sand filtration (SF), ozonization (OZ), carbon
filtration (CF), reverse osmosis (RO), mixing chamber (MIX) and post chlorination water (DW).
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For interactive version of figures S2, S3 and S4, the reader is referred to the web version of this article.

The following supporting information can be downloaded at :

https://www.mdpi.com/article/10.3390/w14091435/s1
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Article 3: Comparacio de I'avaluacio de la diversitat bacteriana mitjangant metabarcoding del

gen 16S ARNr i MALDI-TOF MS a una estacioé de tractament d’aigua potable a gran escala

“Comparison of bacterial diversity assessment by MALDI-TOF MS and 16S rRNA

metabarcoding in a full-scale drinking water treatment plant”

Anna Pinar-Méndez, Belén Galofré, Anicet R. Blanch, Cristina Garcia-Aljaro.

Water Research, under review (manuscript number WR 69746), sotmes el 19/5/2022

La potabilitzacié impacta positivament en la qualitat de I'aigua reduint la carrega de matéria
organica i els microorganismes presents fent-la apta pel consum huma. Malgrat els avencos en
la legislacié vigent de la qualitat de I'aigua, es continua Unicament amb el control d'indicadors
bacterians de contaminacid fecal i en el recompte de bacteris heterotrofs (HPC), mentre que
s'omet la composiciéd del microbioma de l'aigua. Els bacteris heterotrofs contribueixen de
manera natural en el tractament de I'aigua reduint la materia organica i els contaminants, no
obstant també poden proliferar induint un deteriorament de I'aigua o fins i tot esdevenir un risc
per a la salut. Amb el que resulta de gran importancia coneixer la diversitat bacteriana en els
processos de potabilitzacié per tenir la imatge completa.

L’objectiu d’aquest estudi es va centrar en la caracteritzacié de la diversitat bacteriana cultivable
a I’ETAP de Sant Joan Despi, mitjangcant la identificacié d’"HPC per MALDI-TOF MS, i la comparacid
amb els bacteris totals identificats per metabarcoding del gen 16S ARNr (métode molecular no
dependent de cultiu) obtinguda a I'article 2.

Es van prendre un total de 63 mostres al llarg d’un any corresponents a 9 processos de
potabilitzacid: captacié (pous i riu), pretractament (decantacid i filtre de sorra), tractament
convencional (ozonitzacié i filtre de carbd), tractament avancat (osmosi inversa) i aigua final
(cambra de mescla i aigua potable clorada).

Les mostres d’aigua es van processar de manera diferent i amb diferents volums d’acord amb la
seva carrega microbiana: per filtraci6 de membrana (riu i pretractament; fins a 2 L) o per
ultrafiltracié amb Rexeed (tractament convencional, avangat i aigua final; de 100-1.100 L), i es
van analitzar els parametres legislats (coliforms totals, E. coli, C. perfringens, enterococs
intestinals i colifags somatics) per comprovar la qualitat microbiologica de totes les mostres.

Amb les plaques de HPC, a més de fer el recompte, es van aillar un total de 1.807 soques (~30
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per mostra) i es van identificar per MALDI-TOF MS fent Us de la llibreria DWL (Pinar-Méndez et
al., 2021). Mentre que, per a la comparacié amb les dades obtingudes per metabarcoding, es
van re-analitzar les sequliéncies obtingudes d’un treball previ corresponent a les mateixes
mostres (Pinar-Méndez et al., 2022).

Els recomptes d’"HPC van mostrar resultats positius al llarg de tots els tractaments, amb un rang
de valors de mitjana des de 4,62 logio CFU/mL a la captacid de riu, fins a una forta i significativa
disminucié a 0,027 logio CFU/mL a l'aigua potable clorada. Es va observar una variabilitat
estacional en relacié a la temperatura ambiental durant del mostreig, que es va traduir amb
valors significativament més alts al riu, ozonitzacid i aigua potable clorada en temperatures
elevades (>22°C).

La caracteritzacioé per MALDI-TOF MS va mostrar un predomini de Proteobacteria i Bacteroidota
a tots els processos de tractament amb excepcié de I'aigua potable clorada on el filum majoritari
va ser Firmicutes. A nivell de génere es van identificar 57 generes diferents a tota 'ETAP amb
diferent distribucio a cada etapa. Aeromonas i Pseudomonas van ser els géneres més abundants
a pous i riu respectivament, mentre que el pretractament indueix canvis essent Flavobacterium
el genere majoritari observat a decantacid i filtre per sorra, el qual esta poc representat a la
captacié. L'ozonitzacié també produeix canvis importants amb un increment de Bacillus, mentre
gue un nou canvi es va observar rere la filtraci6 per carbé amb una dominancia de
Chryseobacterium. El tractament avancat va presentar un perfil diferent al tractament
convencional amb Comamonas com el geénere més abundant. La cambra de mescla va presentar
una composicié de geéneres similars al filtre de carbd, no obstant rere la cloracid es va detectar
el canvi més significatiu on Bacillus va dominar a I'aigua potable clorada. Es va poder observar
una variacié estacional relacionada amb temperatura ambiental elevada. La temperatura té un
I’efecte modulador en la dinamica microbiana que pot alterar la composicié de les comunitats
microbianes. En aquest estudi, I'abundancia de Chryseobacterium al filtre de carbd a altes
temperatures era molt més elevat que a baixes temperatures.

Malgrat I'Us combinat de la llibreria original de I'equip Bruker BDAL més la DWL, un 38% de les
soques (686) no es van poder identificar. Els espectres sense classificar es van re-processar per
analitzar les seves similituds amb finalitats d’agrupament (clisters) amb una resolucié maxima
a nivell de génere. Aix0 va permetre agrupar les 565 soques desconegudes en un total de 91
clusters, mentre que la resta (121) corresponien a soques amb un perfil proteic Unic. L’analisi de
les soques no identificades va permetre desglossar aquesta fraccié observant la seva
abundancia, fluctuacié i variacions estacionals d’alguns grups al llarg de la planta.
Addicionalment, va permetre calcular la diversitat bacteriana nivell de genere per a avaluar

conjuntament amb la fraccié de soques identificades. Es va observar una elevada diversitat
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variable al llarg del tractament, des d'una gran diversitat a riu i pous, fins a una disminucié
estadisticament significativa rere la cloracié a I'aigua potable. La influéncia de la temperatura
ambiental va mostrar un petit augment de la diversitat (no estadisticament significatiu) en
temperatures elevades per a les etapes de decantacid, filtracié per sorra, ozonitzacio, filtracié
per carbd i cambra de mescla, mentre que per a riu, osmosi i aigua potable es va registrar un
lleuger augment en temperatures baixes, i la diversitat a les mostres de pous es van mantenir
estable envers la temperatura ambiental.

Els resultats de I'estudi de diversitat bacteriana d’heterotrofs cultivables per MALDI-TOF es van
comparar amb I'estudi previ de caracteritzacid de comunitats bacterianes per metabarcoding.
Ambdds van observar diferéncies en taxonomia i diversitat tot i presentar recomptes de HPC
sense canvis significatius a les mostres d'aigua.

Es va observar una elevada diversitat bacteriana per ambdds métodes no obstant, per MALDI es
va observar un index de diversitat més baix (interval d'index de Shannon: 0,38 - 2,88) en
comparacié amb metabarcoding (interval d'index de Shannon: 3,3 - 5,2) probablement degut a
la diferencia en les poblacions dianes analitzades, bacteris cultivables (MALDI) en comparacio
amb els bacteris totals (metabarcoding). Les tendéncies de diversitat entre ambdues tecniques
coincidien en una major diversitat a riu i pous i baixa diversitat a aigua potable, pero presentaven
algunes diferencies, per exemple: MALDI va mostrar un augment en la diversitat a I'ozonitzacio
respecte el filtre de sorra, en canvi disminuia segons metabarcoding.

A nivell taxonomic, les dues técniques van mostrar un perfil de filums similars, amb domini de
Proteobacteria al llarg dels tractaments excepte a I'aigua potable, on la cloracié marca una forta
pressid selectiva que redueix la diversitat i produeix un canvi en el filum majoritari de I'aigua
final, essent Cianobacteria (segons metabarcoding) o Firmicutes (segons MALDI). Per a avaluar
la capacitat d'ambdds tecniques a un nivell taxonomic més baix (génere), es va comparar la
deteccid i fluctuacio d’aquests al llarg dels diferents tractaments i es van observar similituds i
diferéncies. En alguns casos, determinats generes només van ser detectats per MALDI-TOF o per
metabarcoding, amb excepcid dels géneres més abundants de cada etapa segons MALDI-TOF,
gue van ser també detectats per metabarcoding, perdo amb abundancies diferents. Per exemple,
Bacillus va presentar un 58% d’abundancia a I'aigua potable clorada segons MALDI-TOF, pero
només 0,05% segons metabarcoding, ja que segons aquesta técnica el genere majoritari
corresponia a Obscuribacteraceae (31%), no detectat per MALDI-TOF. Tanmateix, atenent a un
criteri d’abséncia/preséncia, es va comparar la robustesa de les dues técniques en la deteccié
dels 57 generes diferents a la planta segons MALDI-TOF. Es va observar que en 41 ocasions la
tecnica MALDI-TOF MS va detectar la preséncia d’alguns generes no detectats per

metabarcoding, mentre que en 152 ocasions, va succeir el contrari. Gracies a I'analisi per
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metabarcoding es va poder detectar una major varietat de géneres a |’aigua potable agrupats
dins de Gammaproteobacteria (grup potencial formador de biofilms) i no detectats per MALDI.
Tanmateix, per a coneixer les localitzacions o punts calents on es troben els 6 generes majoritaris
en gran abundancia (>5%) segons cada tecnica, es va tragar la seva localitzacié a I'ETAP. Aixi, per
exemple, es va poder comprovar que ambdds aproximacions coincidien en que Flavobacterium
i Pseudomonas sén géneres amb elevada abundancia a la planta, pero els punts calents diferien
en algunes etapes. Per exemple, segons metabarcoding, Flavobacterium es trobava en gran
abundancia en I'ozonitzacid i la filtracié per carbd, perd no hi és segons MALDI, i Pseudomonas
només es va detectar per metabarcoding a |'aigua clorada, perd no per MALDI-TOF. La resta de
géneres amb gran abundancia a tota la planta diferien per ambdds técniques, essent també
Bacillus, Aeromonas, Chryseobacterium i Acidovorax les majoritaries per MALDI-TOF, i
Limnohabitans, i generes no descrits agrupats dins de Chloroplast i Obscuribacteraceae per
metabarcoding. Aquest ultim va presentar una gran abundancia a l'aigua potable segons
metabarcoding, mentre que segons MALDI el genere dominant va ser Bacillus, pero cal tenir en
compte que Cyanobacteria presenta gairebé un 50% de soques no cultivables fins el moment,
per tant podria ser que no es detectin mitjangant tecniques basades en cultius com ara MALDI-
TOF.

L'estudi de les comunitats bacterianes heterotrofes cultivables mitjangant I'iUs de MALDI-TOF
MS suposa una avantatge en la determinaciod rapida i fiable de la presencia de certs generes.
L'analisi requereix bacteris viables, i per tant, aporta una informacid valuosa ja que aquests
tenen capacitat per créixer i colonitzar o alterar diferents sistemes d’aiglies, pero el seu poder
d'identificacié depeéen directament de la base de dades. En aquest estudi, derivat de I'esforg de
la creacio de la DWL, s’han obtingut bons resultats d’identificacié a totes les matrius, en especial
a l'aigua potable, presentant els valors més baixos de soques no resoltes. El seu poder de
resolucié ha permes identificar el 30% dels aillats a nivell d'espécie i el 32% a nivell de génere,
mentre que per metabarcoding només el 36% de les seqliéncies es van poder assignar a nivell
de genere, i la resta a taxons superiors, a causa de limitacié de la petita mida del fragment d'ADN
sequenciat. No obstant, la creacid d’una base de dades per MALDI-TOF és laboriosa, i requereix
I’'ds d’altres tecniques d’identificacid per a caracteritzar les soques. A banda, els bacteris
cultivables tenen I'inconvenient de representar una fraccio petita de la totalitat de la microbiota
de I'aigua, amb el que, el métode 16S rRNA metabarcoding permet superar aquesta limitacio
proporcionant una visio més detallada de la totalitat de les comunitats bacterianes, pero els
seus resultats poden estar influenciats pels protocols d’extraccid i processament bioinformatic,
i no és adequada per diferenciar viabilitat, amb el que dificulta interpretar per si sola els perills

derivats de la preséncia de determinats taxons.
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Com a conclusions principals, les tecniques de MALDI-TOF MS i metabarcoding han permes
observar fluctuacions entre etapes, estacionalitat segons la temperatura ambiental, i una gran
diversitat a I'ETAP, sent més elevada per metabarcoding en comparacié amb MALDI. Ambdds
metodologies van permetre descriure els diferents generes de cada tractament observant
similituds i diferencies, on alguns géneres només es van detectar mitjan¢ant una metodologia o
les dues. No obstant, ambdues tecniques coincideixen amb un domini de Proteobacteria en les
etapes de tractament i es diferencien principalment en la composicié de l'aigua potable final
(Firmicutes segons MALDI-TOF, i Cyanobacteria segons metabarcoding), aixi com en la
identificacié de taxons inferiors a filum.

En general, la composiciéd microbiana als sistemes d'aigua és complexa d'interpretar amb un sol
enfocament, o només basant-se en el indicadors microbians regulats. Per tant, és de gran
importancia combinar eines addicionals a la Directiva d’aiglies de consum, com MALDI-TOF MS
i metabarcoding del gen 16S ARNr, que aporten informacié complementaria i en profunditat de
les comunitats bacterianes que poden influir en la qualitat de I'aigua més enlla de la informacié
d’abséncia o presencia d’indicadors fecals o recompte de HPC, amb el que una visié holistica pot

ajudar a millorar la gesti6 de la qualitat de I'aigua.
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Abstract

Bacterial communities in a full-scale drinking water treatment plant (DWTP) were
characterized using matrix-assisted laser desorption/ionization time of flight mass-
spectrometry (MALDI-TOF MS) to identify HPC isolates and the obtained results
were compared to 16S rRNA (V4) metabarcoding data acquired in a previous study.
Sixty-three samples were collected at nine stages of the potabilization process: river water
and groundwater intake, decantation, sand filtration, ozonization, carbon filtration,
reverse osmosis, the mixing chamber and post-chlorination drinking water. In total, 1,807
bacterial colonies were isolated, 32% of which were successfully identified to at least the
genus level by MALDI-TOF MS using our previously developed Drinking Water Library.
Trends in diversity were similar by both approaches, but differences were observed in the
detection of taxa, especially at lower hierarchy levels. High bacterial diversity was
observed in river and groundwater, where Proteobacteria predominated. The diversity
decreased significantly after the chlorination step, where Bacillus sp. (Firmicutes) and an
unknown genus of Obscuribacteraceae (Cyanobacteria) were the most prevalent genera
according to MALDI-TOF MS and metabarcoding, respectively. The two approaches
gave similar results for the decantation, sand filtration and mixing chamber steps, where
the most abundant taxon was Flavobacterium. The combined use of these culture-based
and culture-independent methods to characterize microbial populations may help to better
understand the role of bacteria in water treatment and quality, which will be of value for

DWTP management.

Keywords: Water quality monitoring; drinking water treatment plant; MALDI-TOF MS;
16S rRNA metabarcoding; bacterial diversity
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Graphical abstract
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e Culture and molecular methods are complementary in water quality management
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1. Introduction

Among the Sustainable Development Goals of the United Nations, Goal 6 (Clean Water
and Sanitation) calls for universal access to sufficient, safe, and affordable drinking water
by 2030 (United Nations, 2020). By reducing levels of organic matter and
microorganisms in water, conventional or advanced treatments can greatly improve its
quality from source to tap and provide safe drinking water. Although each drinking water
treatment plant (DWTP) has its own variations, the most common treatment processes
employ a multibarrier approach consisting of coagulation, flocculation, decantation,
filtration (e.g., sand or granular/biological activated carbon), with (or without) a final
disinfection step (e.g., using UV, chlorine or, chloramine) (Gitis and Hankins, 2018;
Betancourt and Rose, 2004).

The recently updated Drinking Water Directive of the European Union (EU 2020/2184)
has incorporated the monitoring of viral indicators of fecal pollution (coliphages)
(Anonymous, 2020). However, despite such advances, water quality regulation still relies
on monitoring a few culturable microorganisms that represent only a minor fraction of
the water microbiome.

Heterotrophic bacteria can improve the quality of non-treated water by reducing organic
matter and pollutants (Li et al., 2017; Proctor and Hammes, 2015) (Benner et al., 2013;
(Skjevrak et al., 2004; (Liu et al., 2016; Wingender and Flemming, 2011)). However, if
they proliferate in water systems, they may cause water deterioration or even pose a health
risk (Liu et al., 2017, 2016). Moreover, high numbers of heterotrophic bacteria can
interfere with coliform detection. Therefore, water quality monitoring has traditionally
focused not only on the detection of culturable bacterial indicators of fecal contamination
but also on heterotrophic bacteria counts (Bartram et al., 2003). Therefore, obtaining
information about overall microbial diversity could shed new light on the functioning of
treatment processes.

The wide range of techniques available for the study of microbial communities in DWTPs
fall within two broad strategies: culture-dependent (involving the controlled growth of
specific microorganisms on selected media) and culture-independent (based on the
analysis of nucleic acids previously extracted from samples).

Different culture-based methods for bacterial identification are available. For instance,
biochemical phenotyping down to the species level can be performed using API galleries

(bioMérieux, France), the Phene Plate System (PhP-Plate Microplate Techniques AB,
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Sweden) or Biolog (Biolog, US). Widely used, this approach has achieved highly
discriminatory bacterial characterization in water samples (Blanch et al., 2007; Hou et al.,
2018; Sala-Comorera et al., 2016a, 2016b). However, phenotyping is laborious and time-
consuming, especially in assessments of biodiversity, as each identification requires at
least 24h incubation (and up to 120h) and its application is costly. Recently, the use of
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF MS) has been proposed as a rapid and robust technology for bacterial identification,
involving the analysis of mass spectra of ribosomal proteins extracted from a whole
bacterial cell previously isolated and grown. This system has been progressively
implemented in routine monitoring, for example, of fermentation processes in the food
industry (Angelakis et al., 2011; Kim et al., 2021). It has also been applied to facilitate
taxonomic assignment of meiofauna (Rossel et al., 2019) or to identify heterotrophic
bacteria present in water during treatment (Sala-Comorera et al., 2017) and in drinking
water (Pinar-Méndez et al., 2021), producing results within a few minutes. However, as
MALDI-TOF MS was originally designed for clinical diagnostics, mass spectra of target
strains may not be available in the database, which limits successful identification.

On the other hand, the use of culture-independent methods, such as 16S rRNA
metabarcoding, which allows the study of the total bacteria (culturable and non-
culturable), has increased dramatically, thanks to the availability of high-throughput
platforms that can simultaneously sequence millions of DNA fragments at a reasonable
cost. Although this approach allows an in-depth analysis of the water microbiome, its
implementation is still time-consuming. Moreover, the results can be biased by the
nucleic extraction protocol or choice of primer, rare groups are not differentiated, and cell
viability is not detected (Boers et al., 2019), all of which can complicate the interpretation
of data for risk assessment.

Among one of the most challenging issues currently facing drinking water production and
water quality management are the uncertainties related to climate change and its impact
on freshwater resources. In this context, a consistent monitoring of bacterial communities
in DWTPs combined with regulated water quality analysis based on the detection of
microbial indicators may help to evaluate the current state of the art in water treatment
and distribution systems and their resilience to water stress.

The aim of this work was to combine and compare two different approaches (culture-
dependent and -independent) to characterize the bacterial communities in a full-scale

DWTP. The culture-based strategy consisted of heterotrophic plate counts (HPC)

163



CAPITOL 3

(European Directive (EU) 2020/2184) and identification by MALDI-TOF MS using a
previously developed in-house database (Pinar-Méndez et al., 2021). The culture-
independent analysis was based on 16S rRNA metabarcoding (V4 region) data obtained
using an Illumina MiSeq platform in a previous study (Pinar-Méndez et al., 2022).

2. Material and methods

2.1. Study site and sampling

Samples were collected from a full-scale DWTP in Sant Joan Despi, 6 km south of
Barcelona (Catalonia, North-East of Spain), in the lower basin of the Llobregat River.
The anthropogenic impact in the area is high, with widespread industrial and agricultural
activities, and the quality of river water is affected by wastewater effluents and industrial
discharges. The DWTP has two sources of water: river and groundwater, as described
previously (Pinar-Méndez et al., 2022). The water is subjected to sequential treatments as
shown in Figure 1. The water from two treatment lines is mixed in a chamber and treated

with chlorine (0.5-1.5 mg/L residual chlorine) in a separate tank before being pumped

/ ozonization carbon filtration \

into the distribution systems.
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Figure 1. Schematic diagram of the stages in a drinking water treatment plant in Sant
Joan Despi (Barcelona, Spain).

Seven sampling campaigns were carried out over one year, including the winter of 2018
and summer of 2019, when temperatures ranged from 11.5°C to 29.5°C. A total of 63
water samples were collected at nine stages of treatment in the DWTP: river water (RW,
n=7) and groundwater (GW, n=7) intake, decantation (DEC, n=7), sand filtration (SF,
n=7), ozonization (OZ, n=7), carbon filtration (CF, n=7), reverse osmosis (RO, n=7),

mixed chamber (M1X, n=7) and post-chlorination drinking water (DW, n=7).
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Sampling sites were classified into two categories according to the microbial load: high
or low. For high microbial load samples, corresponding to river water and pretreatment
stages (RW, DEC, SF), small volumes of water (2L) were collected in polyethylene sterile
bottles containing sodium thiosulfate (24 mg/L). For samples of the groundwater and
conventional/advanced treatments (GW, OZ, CF, RO, MIX, DW), which had a lower
microbial load, higher volumes (from 100 to 1100 L/sample) were collected using
Rexeed™ 25-A filters (Asahi Kasei Medical Co, Japan) according to the previously
described dead-end hollow fiber ultrafiltration (DEUF) method (Gunnarsdottir et al.,
2020; Hill et al., 2007; Rhodes et al., 2011). All samples were transported to the
laboratory at 4°C for analysis.

2.2. Sample processing

All samples were processed within 24 hours of collection and analyzed for microbial
water quality parameters according to the European Directive (EU) 2020/2184.
Additionally, all samples were analyzed by MALDI-TOF MS and metabarcoding
methods. Sample preparation differed according to the technique and microbial load.

2.3. Heterotrophic bacteria plate count

HPC was performed by mass inoculation according to the ISO Standard 6222:1999.
Water samples concentrated by the DEUF method (Rexeed) were eluted as described by
Hill et al. (2007) and Gunnarsdottir et al. (2020). The final eluate was used for mass
inoculation. For water samples with a higher microbial load that did not require DEUF
concentration, direct mass inoculation was performed. Different sample volumes (0.001-
1 mL) were inoculated in duplicate in ISO Water Plate Count Agar (Oxoid, UK) and
incubated at 22 + 2°C for 72h + 3h.

2.4. Analysis of bacterial communities by MALDI-TOF MS

The bacterial composition of water samples was analyzed using the Microflex LT
MALDI-TOF MS device (Bruker Daltonics, Germany). In HPC dilution plates containing
well-isolated colonies (from 10 to 130), a total of 30 colonies per sample (where possible)
were randomly selected for identification purposes and diversity studies (Bianchi and
Bianchi, 1982). To achieve fresh pure cultures, bacterial isolates were subcultured in
Water Plate Count Agar and incubated at 22 + 2°C for 72h £ 3h or until growth (maximum
7 days). Experiments were carried out in a biosafety level 2 cabinet (BSL-2). Samples
for MALDI-TOF MS analysis were prepared using the formic acid extended direct
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transfer method recommended by Bruker Daltonics under a fume extraction cabinet, as
previously described (Pinar-Méndez et al., 2021).

The resulting spectrum patterns were classified according to log score values and
consistency category and identified by matches with the reference mass spectra database.
This study was conducted using two databases simultaneously: the Bruker Daltonics
(BDAL) library (8,468 reference spectra) and the Drinking Water Library (DWL) (319
reference spectra), the latter being previously developed in our laboratory specifically for
the identification of bacteria associated with water for human consumption (Pinar-
Méndez et al., 2021). Results were interpreted according to the Bruker score values:
highly probable species identification (green; >2.300—3.000), secure genus and probable
species identification (also green; 2.000-2.299), probable genus identification (yellow;
1.700-1.999) and unreliable identification (red; <1.699). Another approach to taxonomic
assignment (Bruker Daltonics) classifies the top ten best matches according to categories
of consistency: A (species consistency: top 10 matches >2.000 are of the same species,
or >1.700 are of the same genus); B (genus consistency: top 10 matches >1.700 are of the
same genus but not of the same species); C (no consistency: top 10 matches <1.700, or
>1.700 are not of the same genus).

2.4.1.Unidentified isolates

A fraction of colonies that could not be identified were subcultured, incubated as
described above and submitted to further analysis. If the second attempt at identification
failed, isolates were reprocessed but using a different sample preparation method for an
improved protein extraction. Thus, the acid/acetonitrile extraction method was performed
following Bruker’s instructions, and 1uL of protein suspension was spotted in triplicate
on a MALDI 96 target plate, which was air-dried, and samples were covered with 1uL of
matrix solution for the analysis. If the colonies remained unidentified, they were treated
separately for clustering purposes (Figure S1). First, for the non-identified isolates, a
mini Main Spectrum Profile (mMMSP) ad hoc library was created using MALDI Biotyper
3.1 software offline (Bruker Daltonics, Germany). Thus, 9 mass spectra per isolate were
checked for the following criteria: 3,000 to 10,000 Da and maximum error tolerance of
500 ppm. The mMSP library was used as a database for offline analysis of the unidentified
isolates one-by-one and score values ranging from 3.000 to 1.700 were grouped into a

cluster, assuming a maximum resolution at genus level.
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BioNumerics 7.6 software (Apply Maths, Belgium) was used to process and analyze the
large MALDI-TOF spectra datasets. For clustering purposes, similarities between all
spectra were analyzed using the peak-based Pearson correlation coefficient and clustered
by the UPGMA clustering algorithm to generate a dendrogram. The maximum distance

level cut-off for clustering spectra was set at 50.

2.5. Comparison of culturable bacterial communities with 16S rRNA

metabarcoding data for the total bacteria

The results obtained by MALDI-TOF MS were compared with previously obtained 16S
rRNA (V4) metabarcoding data derived from the same samples (Pinar-Méndez et al.,
2022) (Figure S2).

2.6. Statistical analyses

Data were analyzed using R version 4.0.5 and RStudio version 1.2.1335. All samples
were logio transformed for statistical purposes. The Shapiro-Wilk Normality test was run
to check if data fitted a normal distribution. The Kruskal-Wallis test was used to look for
differences in HPC between all the DWTP samples, and then the Mann-Whitney U test
was run to find out which samples were different. The alpha diversity metrics of Shannon
(diversity index) and Observed (richness) were calculated at the genus level to assess
bacterial diversity, including all isolates (identified and non-identified). To determine
seasonal differences in HPC and diversity, the samples were grouped according to the
ambient temperature during the sampling campaign (low <18°C and high >22°C) and the
Mann-Whitney test was used to determine possible significant differences between

groups.

3. Results

3.1. Heterotrophic bacteria

The studied drinking water fully met all the quality standards of the EU Directive (data
not shown). All samples gave positive HPC results except for two: one after the DEC
stage and the other after OZ. The total number of culturable heterotrophic bacteria
differed significantly between all the treatment stages (Kruskal-Wallis test, p < 0.01).
Average values ranged from 0.027 logio CFU/mL to 4.62 logio CFU/mL (Figure 2A).
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When comparing the two water sources, HPC values were 4 logio units higher in RW
compared to GW (4.47 logio CFU/mL and 0.37 logio CFU/ml, respectively). After DEC,
the HPC remained high (4.62 logio CFU/mL). A decrease of about 1-log was observed
after the SF stage (3.63 logio CFU/mL), and a further decrease of 2 logio units after the
subsequent processes of OZ (2.18 logio CFU/mL) and CF (2.16 logio CFU/mL). The HPC
after the advanced treatment (1.48 logio CFU/mL) was 3 logio units lower compared to
RW. MIX samples (2.23 logio CFU/mL) gave similar HPC values to those of CF,
followed by a strong reduction of more than 2 logio units after the final chlorination (0.027
logio CFU/ mL).
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Figure 2. Boxplot charts displaying the distribution of heterotrophic bacteria plate counts
(log0 CFU/mL) in water samples from different stages in the DWTP: groundwater (GW),
river water (RW), decantation (DEC), sand filtration (SF), ozonization (OZ), carbon
filtration (CF), reverse osmosis (RO), mixing chamber (MIX) and post-chlorination
drinking water (DW). Boxplots in (A) show total counts and in (B) the results are grouped
by the ambient temperature when sampling was carried out: high (H) or low (L).
Summary of data includes minimum score (lower whisker), first, median and third
quartiles (box) and maximum scores (upper whisker). Statistically significant outliers are

represented by dots.

Seasonal differences in HPC were found for some stages in the DWTP (Figure 2 B).

Thus, RW, OZ and DW samples presented significantly higher HPC values at high
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temperature (HT) than low temperature (LT) (Mann-Whitney U test, p <0.05).
Conversely, in GW, DEC, SF, CF and MIX samples, counts were slightly higher at LT,
although the differences were not statistically significant. Interestingly, bacterial
regrowth was observed after CF at LT, which accounted for a 2-log increase with regard

to the previous stage (OZ).

3.2. Analysis of bacterial communities by MALDI-TOF MS analysis

3.2.1. Identification of bacterial isolates using BDAL and DWL databases

A total of 1,807 colonies were isolated from the DWTP stages and further analyzed by
MALDI-TOF MS: GW (211), RW (210), DEC (182), SF (203), OZ (180), CF (207), RO
(211), MIX (211) and DW (192). The DWL database (Pinar-Méndez et al., 2021) was
used to improve identification, as with only the BDAL database, more than half of the
isolates (1,010 out of 1,807) remained unidentified (56%) (Figure 3). The simultaneous
use of both databases gave better results, reducing unreliable identification to 38% (686
out of 1,807), and classification at the genus level increasing to 32% and species level to
30%.

BDAL BDAL+DWL

n= 1,807
species genus not
reliable
BDAL 373 424 1010
BDAL+DWL 537 584 686

Figure 3. Identification of the 1,807 water bacterial isolates when using the Bruker
Daltonics (BDAL) database alone or in conjunction with the Drinking Water Library
(DWL). Isolates were classified according to scores based on MALDI-TOF MS analysis:
highly probable species (>2.300-3.000; green), secure genus and probable species
(2.000-2.29; yellow), probable genus (1.700-1.999; yellow) or unreliable identification
(<1.699; red).
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While using the BDAL database alone, unreliable identification at the different DWTP
stages varied from 32 to 71%, compared to 30 to 46% when using the extended database
(BDAL+DWL) (Figure S3), the rate being even lower in DW (19%). Accordingly,
combining both databases led to an improvement in results in all DWTP samples and the

classification rate at genus or species level ranged from 54 up to 81%.

3.2.2.Characterization of bacterial isolates

The bacterial community composition in the DWTP was highly diverse and differed at
each stage, not only at the genus level but also at the phylum level. Four phyla were
detected (Figure 4A). Overall, Proteobacteria predominated, except in DEC, SF and CF
samples, in which the proportion of Bacteroidota was higher, and in DW, where
Firmicutes was clearly dominant. Bacteroidota was well represented throughout the
DWTP and was the second most dominant phylum. In contrast with its abundance in
chlorinated DW, Firmicutes was scarcely found during the previous treatments, with the
exception of OZ samples, in which 14.4% of the isolates were affiliated to this phylum.
Actinobacteriota was also detected in the treatment samples, but to a low extent (4.7 %
of the isolates).
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Figure 4. Patterns of relative abundance of isolates identified at the A) phylum level and
B) genus level, and their distribution along the treatment stages: groundwater (GW), river
water (RW), decantation (DEC), sand filtration (SF), ozonization (OZ), carbon filtration
(CF), reverse osmosis (RO), mixing chamber (MIX) and post-chlorination drinking water
(DW). Dots represent unidentified fractions (NO ID).

At the genus level, a total of 57 genera were successfully identified by MALDI-TOF MS
(Figure 4B). Analysis of GW and RW revealed each contained 24 different genera,
Aeromonas (22%) and Pseudomonas (32%) predominating, respectively. The first change
in bacterial composition was observed in the pretreatment stages, as Flavobacterium,
poorly represented in RW (5%), was the most abundant genus in DEC (19%) and SF
(34%). Further shifts were observed during the conventional treatments, with a reduction
of Flavobacterium and an increase of Bacillus (13%) and Rheinheimera (9%) after OZ,
and a higher relative abundance of Chryseobacterium (20%) and Acidovorax (12%) after
CF. Regarding the advanced treatment, the predominant genus in RO samples was
Comamonas (17%), not detected upstream except after SF (1%). The genus profile in
MIX samples was similar to that of CF (Rheinheimera 15%, Acidovorax 13%,
Flavobacterium 11%, Chryseobacterium 11%), with little influence from the RO stage.
Overall, the most notably shift in composition was observed in DW, in which Bacillus
was clearly dominant (58%), and Chryseobacterium (9%) and Paenibacillus (6%) were

also detected.

3.2.3. Unidentified isolates

The unidentified isolates (686 colonies) were grouped into a total of 91 clusters (C:565
colonies). 121 colonies had a single protein profile (S:80) or exhibited altered or stopped
growth, probably due to stress (S:41) (Figure 5). One of the most abundant clusters, C-
79 (green), was only detected at HT in the DEC (10%), SF (10%), CF (2%) and RO (3%)
stages, and was not found in source water or the final DW. C-47 (light brown) was only
detected at LT in OZ (5%) and DW (13%) samples. Other clusters had less seasonal
association, such as C-31 (dark brown), which in CF samples was more abundant at LT
(26%) than HT (7%), but was also detected in low relative abundance (2-7%) in DEC,
SF, OZ, and MIX stages in both seasons.
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Figure 5. Distribution of unidentified isolates in the DWTP: groundwater (GW), river
water (RW), decantation (DEC), sand filtration (SF), ozonization (OZ), carbon filtration
(CF), reverse osmosis (RO), mixing chamber (MIX) and post-chlorination drinking water

(DW). Samples are grouped according to the ambient temperature during the sampling

campaign: high (H) or low (L). The colors show the relative abundance of all isolates,
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which were either single (S) or grouped in clusters (C). Dots represent the identified

fraction previously shown in Figure 4.

3.2.4. Alpha diversity analysis

Alpha diversity metrics were calculated at the genus level to assess bacterial diversity.
For this analysis, the clusters described in the previous section were included, as they
represent possible genera (Figure S4). Changes in diversity were observed throughout
the treatment, a decrease occurring from source waters to the final DW. Statistically
significant differences in bacterial communities were found between some treatment
stages (Kruskal Wallis, p<0.01). RW presented the highest diversity indices, followed by
GW, while the lowest values corresponded to DW, where after the chlorination procedure
diversity and richness was significantly lower compared to source water (Tukey HSD
test, p=0.002). Small differences in diversity were observed between treatment stages, but
they were not statistically significant. Nevertheless, all treatment stages clearly differed
from DW.

3.2.5.Seasonal variation

In order to detect possible seasonal variations in bacterial diversity in the DWTP stages,
samples were grouped into two categories according to ambient temperature, high (HT;
>22°C) and low (LT; <18°C), but only small differences were observed in some samples,
without statistical significance (Figure 6). Species richness (hnumber of observed species)
and the Shannon index followed a similar trend. The Shannon index revealed a small
increase in diversity at HT in the DEC, SF, OZ, CF and MIX stages, and at LT in RW,
RO and DW, whereas GW samples remained quite stable between seasons. Richness
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increased slightly at HT in DEC, SF, CF, and MIX samples and at LT in RW and RO

samples, but no differences were observed for GW, OZ and DW.
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Figure 6. Boxplots representing alpha diversity indices of genus richness (Observed) and
diversity (Shannon) for all DWTP samples: groundwater (GW), river water (RW),
decantation (DEC), sand filtration (SF), ozonization (OZ), carbon filtration (CF), reverse
osmosis (RO), mixing chamber (MIX) and post-chlorination drinking water (DW).
Samples are grouped according to the ambient temperature during the sampling

campaign: high (H, white) or low (L, grey).

Small differences in taxonomy at the genus level were also associated with seasons
(Figure 7). At LT, DEC and SF samples were mostly dominated by Flavobacterium (33%
and 60%, respectively), whereas at HT, when genus diversity was higher, the relative
abundance of Flavobacterium was lower (5% and 12%, respectively). In conventional
treatment stages, the temperature also affected the taxa. Thus, the dominant genus in OZ
samples was Bacillus (22%) at HT and Rheinheimera (18%) at LT. In CF samples, the
high relative abundance of Chryseobacterium at HT (32%) was reduced at LT (3%). In
the advanced treatment, RO samples showed different profiles according to temperature:
at LT, Comamonas (19%) and Flavobacterium (16%) were predominant, whereas the

latter was not detected at HT. Moreover, two genera were only found at HT in RO
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samples: Sphingopyxis (10%) and Arthrobacter (9%), both of which were detected in a

few stages upstream only in very low abundance (<1%). In MIX samples, Acidovorax

(21%) and Flavobacterium (20%) were well represented at LT, whereas at HT the

predominant genera were Chryseobacterium (20%) and Rheinheimera (20%). Finally,
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DW did not show large differences in genus composition, being dominated by Bacillus

in both seasons (HT: 70%, LT: 57%), although Aeromonas, Chryseobacterium and

Ewingella were only detected at HT, and Blastomonas, Brevibacillus, Flavobacterium

and Methylobacterium only at LT.
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Figure 7. Seasonal variation in genus diversity in the 63 DWTP samples: groundwater
(GW), river water (RW), decantation (DEC), sand filtration (SF), ozonization (0Z),
carbon filtration (CF), reverse osmosis (RO), mixing chamber (MIX) and post-
chlorination drinking water (DW). Samples are grouped according to the ambient
temperature during the sampling campaign: high (H) or low (L). Dots represent the
unidentified fraction (NO ID).

3.3. Comparison of culturable bacterial communities with the total bacteria detected
by 16S rRNA metabarcoding

The study of culturable bacterial communities provides very useful information on
metabolically active cells. However, culturable bacteria represent only a minor fraction
of the entire water microbiome and other approaches are needed to provide
complementary and more in-depth information. Thus, the identified heterotrophic
bacterial populations were compared with the data obtained in a previous 16S rRNA
metabarcoding study (Pinar-Méndez et al., 2022).

3.3.1. Detection of MALDI-TOF MS-identified genera in metabarcoding reads

The 57 genera identified by MALDI-TOF MS in samples from the different water
treatments were compared with metabarcoding data (presence/absence and relative
abundance reads) (Table 1). On 41 occasions (27 different genera), MALDI-TOF MS
allowed the detection of a genus that was missed by metabarcoding (boxes edged in
black). Conversely, on 152 occasions, 33 genera were only detected by metabarcoding
(boxes edged in white).

It is also noteworthy that the most abundant genera in each matrix according to MALDI-
TOF MS analysis were all successfully detected by metabarcoding, although with
different relative abundance. Thus, in GW, Pseudomonas abundance was higher by
MALDI-TOF MS (32%) than by metabarcoding (1%); a similar difference was observed
in Aeromonas in RW (22% versus 0.4%, respectively). In DEC samples, relative
abundance of Flavobacterium was similar by MALDI-TOF MS (19%) and
metabarcoding (14%), and in SF samples, Flavobacterium was the prevailing genus by
both techniques (33.5% and 15%, respectively). In conventional treatments, at the OZ
stage Bacillus was predominant according to MALDI-TOF MS analysis (13%), whereas
metabarcoding indicated a very low abundance (0.005 %). Similarly, 19.8% of the CF
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isolates corresponded to Chryseobacterium, whose incidence was much lower according
to metabarcoding results (0.08 %). In the advanced treatments, Comamonas was
identified in RO samples by both MALDI-TOF MS (16.6%) and metabarcoding (2%). In
MIX samples, Rheinheimera represented 15% of the culturable fraction and was also
detected by metabarcoding (3%). Finally, in DW samples, culturable Bacillus
predominated (57.8%) according to MALDI-TOF MS analysis and was also identified by
metabarcoding but with much lower abundance (0.05%).

Regarding the total genera in the final DW, some genera were only detected by MALDI-
TOF MS but not by metabarcoding, in abundances ranging from 0.5 to 3.9%:
Arthrobacter, Brevibacillus, Carnobacterium, Enterobacter, Leclercia, Micrococcus,
Oerskovia, Rahnella, Rhodococcus, Sphingobacterium, Streptomyces and Wautersiella.
On the other hand, metabarcoding revealed a greater diversity of bacteria in DW not
detected by MALDI-TOF MS, the relative abundance reads ranging from 0.003 to 2%:
Acidovorax, Bosea, Brevundimonas, Cloacibacterium, Comamonas, Hafnia,
Hidrogenophaga, Janthinobacterium, Klebsiella, Mycobacterium, Novosphingobium,
Pseudomonas, Pseudoxanthomonas, Raoultella, Rheinheimera, Rhizobium, Serratia,
Shewanella, Sphingobium, Sphingomonas, Sphingopyxis, Stenotrophomonas, Variovorax

and Yersinia.
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Table 1. Heatmap showing the relative abundance of the 57 bacterial genera identified by
MALDI-TOF MS and their presence/absence and abundance according to metabarcoding
analysis in all the DWTP stages. Data are illustrated by a color scale spanning from green
(not detected) to red (high relative abundance). Boxes edged in black indicate identification
only by MALDI-TOF MS, while boxes edged in white correspond to exclusive identification
by metabarcoding. Stars indicates differences in taxon classification by metabarcoding:
*Escherichia-Shigella,** Hafnia-Obesumbacterium,*** Methylobacterium-
Methylorubrum,****Microbacteriaceae,*****Allorhizobium-Neorhizobium-
Pararhizobium-Rhizobium.

GW RW DEC SF oz CF RO MIX DW
MALDI 16S MALDI 16S MALDI 16S MALDI 16S MALDI 16S MALDI 16S MALDI 16S MALDI 16S MALDI 16S
Acidovorax 1.9 0.007 1.4 0.8 2.1/ 0.5 3.9 0.6 0.6 1 122 0.3 774l 0.8 12.8 0.2 0.04
Acinetobacter 3.3 0.2 33 2.0 4.9 0.8 2.0 0.7 11 0.2 1.4 0.02 0.9 2.0 0.5 0.004
Aeromonas 0.02 22.4 0.4 . . 5 b X b b 0.8 5.2 4 2
Arthrobacter 0.5 m ..
Bacillus 6.6 . b . m

Blastomonas 0.9 5 . b b 5 b b 0.6 0.1
Bosea . . . . L L . Y Y 0.08
.3

Genera

3.6

0.5
Brevibacillus m
Brevundimonas . . . . b b b h X 0.
Carnobacterium
Caulobacter
Chryseobacterium
Citrobacter 1.4
Cloacibacterium
Comamonas
Cupriavidus m
Enterobacter m
Escherichia *
Ewingella
Exiguobacterium
Fictibacillus
Flavobacterium
Flectobacillus
Hafnia**
Hydrogenophaga
Janthinobacterium
Klebsiella
Leclercia
Malikia
Methylobacterium***
Microbacterium****
Micrococcus
Mycobacterium
Novosphingobium
Oerskovia
Paenibacillus
Pannonibacter
Pectobacterium
Pseudomonas
Pseudoxanthomonas
Rahnella
Raoultella
Rheinheimera
Rhizobium*****
Rhodococcus
Serratia

Shewanella
Sphingobacterium
Sphingobium
Sphingomonas
Sphingopyxis
Stenotrophomonas
Streptomyces
Variovorax
Vogesella
Wautersiella
Yersinia
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3.3.2. Fluctuation of the six most abundant genera along DWTP stages

According to MALDI-TOF MS analysis, the most abundant genera recovered from all
DWTP samples were Bacillus (206 out of 1,807 isolates), Flavobacterium (166),
Aeromonas (124), Pseudomonas (123), Chryseobacterium (106) and Acidovorax (87).
With the aim of tracking their fluctuation along the different treatment stages, and to
evaluate the capacity of MALDI-TOF and metabarcoding techniques to detect their
presence, these genera and their abundance were compared in a schematic diagram of the
DWTP (Figure 8).
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Figure 8. Fluctuation graph of the relative abundance of the six most abundant genera in
the DWTP stages according to MALDI-TOF MS results (solid line) and relative
abundance reads by metabarcoding (dotted line). In the schematic diagram of the DWTP
the genera are indicated by a circle for MALDI-TOF results or a triangle for
metabarcoding. Samples corresponded to groundwater (GW), river water (RW),
decantation (DEC), sand filtration (SF), ozonization (OZ), carbon filtration (CF), reverse

osmosis (RO), mixing chamber (MIX) and post-chlorination drinking water (DW).
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Flavobacterium was the only genus identified by both approaches at all treatment stages,
from source to tap. The genera Acidovorax and Pseudomonas were detected by both
methods at all DWTP stages but in DW metabarcoding revealed a low abundance (0.04%
and 1%, respectively). Aeromonas was identified by both techniques at all the stages
except GW, where it was detected only by metabarcoding. Bacillus was tracked from inlet
water to outlet DW, with a massive increase after chlorination, although its detection and
abundance differed according to the technique. Analysis by MALDI-TOF MS provided
positive results for Bacillus in GW, RW, SF, CF, MIX and DW, but by metabarcoding
only in DEC, OZ and DW samples. Finally, Chryseobacterium was detected in RW (but
not in GW), SF, OZ, CF, RO, MIX and DW by both approaches, and in DEC only by
MALDI-TOF MS.

Likewise, to gain insight into the DWTP locations of the most abundant taxa, the six most
abundant genera (>5%) according to MALDI-TOF MS (same genera as in Fig. 8) and
metabarcoding (Pinar-Méndez et al., 2022) were compared. Their hotspots are depicted
in Figure S5.

Flavobacterium and Pseudomonas were the most abundant genera in the DWTP
according to both techniques. Flavobacterium, with a relative abundance >5%, was
located mainly in RW, DEC, SF, OZ, CF, RO and MIX, although in OZ and CF samples
it was only detected by metabarcoding. Pseudomonas (>5%) was identified in RW, GW,
OZ, MIX only by MALDI-TOF MS, in OZ by both techniques, and additionally in RO
by metabarcoding.

Regarding the top six genera according to the MALDI-TOF MS approach (all with a
relative abundance >5%), Aeromonas and Bacillus were identified in source water,
treatment stages and the final DW, whereas Acidovorax and Chryseobacterium were
mainly detected in the late stages and DW (Fig S5).

Regarding the six most prevalent genera according to metabarcoding (with relative
abundance reads >5%), Limnohabitans, unknown Comamonadaceae and unknown
Chloroplast were detected in source water and treatment stages, while unknown
Obscuribacteraceae was mainly found in DW. Therefore, hotspots for these genera
consisted of early treatment processes for Limnohabitans (RW, DEC and SF); RW, OZ
and DW for unknown Chloroplast; a range of treatments for unknown Comamonadaceae
(RW, DEC, DS, OZ and RO), and finally, unknown Obscuribacteraceae presented a high

abundance only in post-chlorination DW.
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4. Discussion

The bacterial communities in a full-scale DWTP in Barcelona (Catalonia, North-East
Spain) were compared via two identification methods, MALDI-TOF MS (culture-
dependent) and high-throughput amplicon sequencing of the 16S rRNA gene (culture-
independent), using metabarcoding data obtained in a previous study (Pinar-Méndez et
al., 2022).

The studied water sources (river and groundwater) and the final drinking water fully met
the quality standard requirements of the European Drinking Water Directive. HPC values
decreased progressively along the successive DWTP treatments from source to tap (from
4.62 logioto 0.027 logio CFU/mL), with a significant reduction after chlorination. During
the warmer seasons, the abundance of heterotrophic bacteria in RW, OZ and DW samples
increased significantly. However, at the OZ stage, it should be noted that besides
temperature, the level of residual 0zone may be another influential seasonal factor, as the
DWTP operational procedure stipulates a lower ozone dosage in summer (mean: 0.05
ppm) than in winter (mean: 0.22ppm). This is to avoid the formation of bromate, an
ozonation by-product and potential human carcinogen produced at higher temperatures
(Von Gunten, 2003). Therefore, lower residual disinfectant may contribute to bacterial
regrowth in the warmer seasons (L.i et al., 2018). Additionally, although CF samples did
not show seasonal variation, at low temperatures they had higher HPC values than
samples from the preceding OZ stage. This may indicate the establishment of a microbial
biofilm community in the carbon filters, as the HPC values of the CF effluent were 2 log
higher than in the CF influent. Although drinking water regulations do not stipulate upper
limits for the HPC, they require that there should be no abnormal changes (Anonymous,
2020). In this context, it is of interest that the two identification methods gave different
results in terms of bacterial abundance and diversity, even in water samples with a normal
HPC, as observed by other researchers using multiparametric approaches (Lautenschlager
etal., 2013; Prest et al., 2014).

MALDI-TOF MS is described as a rapid identification tool and a reliable alternative to
amplicon sequencing (Krakova et al., 2017), although its resolution capacity depends
directly on the available reference spectra. In the present work, to analyze the diversity
of culturable bacteria, 1,807 isolates from HPC plates were analyzed by MALDI-TOF
MS using the Bruker BDAL database extended by our previously developed DWL (Pinar-
Méndez et al., 2021). The rate of identification at the different treatment stages varied
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from 54% to 81%. Such differences can occur when predominant taxa are not represented
in the libraries, which increases the percentage of misidentification. Thus, to improve
identification power, it is advisable to customize databases with taxa of interest, as
previously reported (De Carolis et al., 2014; Kim et al., 2016; Seuylemezian et al., 2018).
Accordingly, DW samples contributed the lowest percentage of unidentified isolates
(19%), probably because in the DWL, 92 out of 319 main spectrum profiles (MSPSs)
corresponded to DW samples, whereas process water was represented by only 28 MSPs.
Notably, in SF samples the rate of identification increased by 24% when both databases
were used, although they still accounted for 46% of unidentified isolates. According to
the alpha diversity indices, SF samples had a low diversity and therefore the unidentified
fraction may correspond to numerous isolates of only a few taxa not represented in the
database.

The bacterial diversity was influenced by the treatment applied, especially chlorination,
which caused a strong reduction in the final drinking water. Nevertheless, the results need
careful interpretation, as the identified and unidentified isolates (clusters or singles) were
evaluated using alpha diversity indices with a cut-off at the genus level.

Trends in diversity differed according to the identification method used. Metabarcoding
indicated that diversity was highest in GW followed by RW, with a gradual reduction
during the successive treatments until CF; after a temporary increase, it was drastically
reduced in the DW. According to MALDI-TOF MS results, diversity was highest in RW
followed by GW, and after a similar decrease in subsequent stages, underwent an increase
in OZ samples; only small differences in diversity were observed between the other
stages, except the post-chlorination reduction.

Regarding taxonomic assignments, MALDI-TOF MS was able to identify 30% of isolates
at the species level, while in some cases metabarcoding could not provide classification
beyond the genus level due to the small size of the sequenced DNA fragment. A total of
36% of reads were unsuccessfully assigned to genera, and 6% of reads corresponded to
Candidatus (sequence-based potential new taxa as-yet uncultured).

At the phylum level, MALDI-TOF MS identified Proteobacteria as predominant in source
water (51% on average), its relative abundance decreasing during the pretreatment stages,
when Bacteroidota increased, and prevailing again in conventional and advanced
treatments. Both phyla predominated throughout the treatment until chlorination, when
Firmicutes clearly increased its relative abundance (64.1%), becoming the dominant

phylum in the final DW. The proportion of Firmicutes was less than 8% in source water
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and treatment samples, except at the OZ stage, when it reached 14%. Similar trends have
been described by other researchers (Atnafu et al., 2021; Li et al., 2017; Sala-Comorera
et al., 2017). The domination of Firmicutes in drinking water may be attributed to the
greater resistance of Gram-positive bacteria to chlorine disinfection in water systems
compared to Gram-negative bacteria, which are more susceptible to disinfectants (Mir et
al., 1997).

Succession was also observed at the genus level: Aeromonas and Pseudomonas
predominated in source water, Flavobacterium in pretreatment stages, Bacillus in OZ,
Chryseobacterium in CF, Comamonas in RO, Rheinheimera in M1X and Bacillus in DW.
All these genera have been previously reported in drinking water environments (Atnafu
et al., 2021; Fish and Boxall, 2018; Sala-Comorera et al., 2020, 2017).

In the studied system, spore-forming bacteria belonging to the Bacillus genus resisted all
treatments and became dominant in the final drinking water, increasing after the
disinfection procedures of ozonization and chlorination. Different species of Bacillus
were identified in the DW: B. cereus, B. cibi, B. horneckiae, B. indicus, B. idriensis, B.
licheniformis, B. megaterium, B. mojavensis, B. mycoides, B. simplex, B. pumilus, B.
sonoriensis, B. thuringiensis and B. weihenstemphanensis. However, reflecting the
difficulties in differentiating between Bacillus species, and perhaps influenced by the
degree of sporulation, the MALDI-TOF identification scores ranged widely from 1.707
to 2.459 (Shu and Yang, 2017). Moreover, as some species within this genus are closely
related, their identification with the 16S rRNA sequencing reference method was also
challenging, and most isolates were not classified beyond the genus level. B. cereus is
included in the Risk Group Database (ABSA, 2020) as a human and animal pathogen, but
in this study it was not possible to safely distinguish it from other similar species such as
B. thuringiensis, B. mycoides and B. weihenstemphanensis, none of which are human
pathogens. On the other hand, some surfactin-producing Bacillus species have been
reported as control agents against Legionella pneumophila due to the antagonistic activity
of the biosurfactant (Loiseau et al., 2015) and some species are used in bioremediation of
aquaculture water (Hlordzi et al., 2020).

MALDI-TOF MS analysis was able to detect taxonomic changes related to seasonality in
some of the treatment stages. Temperature has been described as a modulator of microbial
dynamics, which may disrupt the community composition in water (Degerman et al.,
2013). For instance, both DEC and SF samples presented a clear predominance of

Flavobacterium at low temperatures, whereas at higher temperatures, there was a greater
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diversity of genera. Conversely, Chryseobacterium was more prevalent in CF at high
than at low temperatures.

At the phylum level, the two techniques provided similar results, showing DWTP
domination by Proteobacteria except in the final water, in which chlorination exerted a
strong selective pressure, resulting in lower diversity and a taxonomic shift to
Cyanobacteria (metabarcoding) or Firmicutes (MALDI-TOF MS). At lower taxonomic
levels, the results differed to a greater extent, although the most abundant genera
identified by MALDI-TOF MS were all detected by metabarcoding. In DEC, SF, RO and
MIX samples, the most abundant genera were the same according to both methods:
Flavobacterium in the pretreatment stages and MIX, and Comamonas (or uncultured
Comamonadaceae by metabarcoding) in RO. The taxa identified in the other treatments
varied (Pinar-Méndez et al., 2022). For instance, in GW the dominant genus was
Candidatus Omnitrophus (25%) according to metabarcoding and Aeromonas (22%) by
MALDI-TOF MS, while the final DW was dominated by uncultured members of
Obscuribacteraceae (31%) or by Bacillus (58%), respectively.

Additionally, some genera were identified only by one of the two techniques. For
instance, metabarcoding detected a greater variety of Proteobacteria at the genus level in
DW. Despite the use of disinfectant residuals, certain chlorine-resistant taxa remained in
the final treated water. According to other studies, the class Gammaproteobacteria is more
resistant to free chlorine than Alphaproteobacteria (Mathieu et al., 2009). Moreover, some
of the genera reported in the present study are associated with biofilm formation, such as
Bosea, Comamonas, Methylobacterium, Pseudomonas, Sphingobium and Sphingomonas
(Fish and Boxall, 2018). It is important to detect which taxa are seeding from biofilms
into the distribution network to prevent possible regrowth on water pipes, which is also
favored by high chlorine concentrations or rechlorination (Fish and Boxall, 2018;
Mathieu et al., 2009). Water quality can be subsequently affected by bacterial
mobilization into the water column. However, only a few isolates of these taxa were
detected by MALDI, perhaps hindered by the dominance of Bacillus at this stage.

The most abundant genera detected in DW, Bacillus (Firmicutes) according to MALDI-
TOF and unknown Obscuribacteraceae (Cyanobacteria) according to metabarcoding,
have high resistance to disinfection procedures. However, the Cyanobacteria group
includes a large proportion of uncultured strains. In the NCBI database, about 49% of
cyanobacterial genomes correspond to uncultured metagenome-assembled strains

(Dextro et al., 2021) and may therefore be undetectable by culture-based techniques such
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as MALDI-TOF MS. Conversely, Bacillus was identified by metabarcoding, although in
very low relative abundance.

Both technologies have benefits and shortcomings. Metabarcoding analysis provided a
more detailed view of the bacterial communities in the DWTP water samples than
MALDI-TOF MS, revealing a higher diversity and additional taxa. However, amplicon
sequencing is currently unable to differentiate between live or dead cells, so the resulting
data cannot provide a reliable assessment of hazards associated with specific taxa.
Moreover, the results may be strongly influenced by nucleic acid extraction procedures,
be biased against rare taxa, and samples low in DNA, such as chlorinated water, may be
contaminated by the DNA reagent (Salter et al., 2014). To overcome the analytical
problem of low microbial biomass in the DWTP, ultrafiltration by Rexeed was used,
which concentrates large volumes of water and thus allows a more representative
characterization of bacterial communities. This method allowed sufficient microbial
biomass to be recovered for both MALDI-TOF and metabarcoding analyses.

As a cultured-based method, MALDI-TOF MS can focus on the viable microorganisms
of a microbial community, although the characterization results can be skewed by other
factors. Thus, sample processing (direct plating, filtration/concentration procedures),
media nutrient composition, growth conditions (aerobic or anaerobic, incubation time and
temperature), the protein extraction method as well as the representativeness of the mass
spectra database are all factors that can impede identification. However, with a suitable
database, proteomics studies by MALDI-TOF MS represent a rapid and reliable microbial
identification strategy that provides data directly from isolated bacteria in a few minutes.
Easy to use and low cost, it can be applied in routine bacterial monitoring in DWTPs and
distribution systems, and the data interpretation does not require advanced bioinformatics
skills. Nevertheless, culturable bacteria represent a minor fraction of the overall
microbiome, so the evaluation of bacteria only by culture-based methods may
underestimate the microbial diversity in a water system.

Both MALDI-TOF MS and metabarcoding detected shifts in the bacterial community
composition in the DWTP that could be explained by bacterial attachment to or
detachment from biofilms, the displacement or removal of certain taxa by the treatments,
or selective microbial growth. Although these changes may influence water quality, they
were not reflected in the quantitative data of HPC analysis required by the water safety
regulations. Therefore, the information generated by the combined application of these

proteomic and metagenomic tools in addition to the monitoring of regulated microbial
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indicators should increase our understanding of how DWTPs function and improve water
quality management. However, a more complete understanding of the complexity of
microbial dynamics in a DWTP would require more knowledge about the metabolic

activity and functions of the resident microbiota.

5. Conclusions

The HPC in analyzed samples decreased along the successive water treatments,
increasing with ambient temperature in some processes. Both MALDI-TOF MS and 16S
rRNA metabarcoding revealed a high bacterial diversity in the DWTP, with the highest
values obtained in source water and the lowest in the final drinking water. Bacterial
monitoring by the two techniques provided insights into the taxa present in the different
DWTP stages, with low-abundance species being detected and some genera identified by
only one approach. Spore-forming bacteria of the Bacillus genus (Firmicutes) resisted all
treatments and was the dominant genus in drinking water according to MALDI-TOF MS,
whereas metabarcoding indicated that members of the unculturable Obscuribacteraceae
(Cyanobacteria) were more abundant. Monitoring microbial fluctuations between
treatment stages and seasons is of interest for drinking water management and can help
assess the impact of specific events on treatment effectivity and water quality. Overall,
the combined use of multiple approaches constitutes a powerful monitoring tool of

bacterial community dynamics in DWTPs.
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Figure S1. Workflow of non-identified isolates by MALDI-TOF MS. Isolates were reanalyzed and followed
acid/acetonitrile protein extraction protocol to improve identification results. If identification results were successful,
they contributed to bacterial unravel bacterial diversity at DWTP. Isolates with unreliable identification were processed
by BioNumerics and clustered when possible. Some isolates were stored for sequencing purposes further on and
updating DWL library.
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Figure S2. Workflow of bacterial community identifications using MALDI-TOF MS and metabarcoding of DWTP
samples. Heterotrophic bacteria isolated from water samples was used for MALDI-TOF MS identification at genus or
species level using two databases: BDAL and DWL. DNA extracted from water samples was used to analyze relative
abundant reads of bacterial communities by 16S rRNA metabarcoding using SILVA database. Both approaches were

!

used to describe culturable and unculturable bacteria at DWTP stages.
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Figure S3. Comparison of the identification percentage for all DWTP samples: groundwater (GW), river water (RW),
decantation (DEC), sand filtration (SF), ozonization (OZ), carbon filtration (CF), reverse osmosis (RO), mixing
chamber (MIX) and post-chlorination water (DW), using the Bruker Daltonics (BDAL) database and the extended
database Bruker Daltonics (BDAL) with the Drinking Water Library (DWL). Results were classified according to
following scores: highly probable species (>2.300-3.000; green), secure genus and probable species (2.000-2.29;
yellow); probable genus (1.700-1.999; yellow) or unreliable results (<1.699; red).
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Figure S4. Boxplots representing alpha diversity indices of genus richness (Observed) and diversity (Shannon) for all
DWTP samples: groundwater (GW), river water (RW), decantation (DEC), sand filtration (SF), ozonization (0Z),
carbon filtration (CF), reverse osmosis (RO), mixing chamber (MIX) and post-chlorination water (DW). After
chlorination procedure diversity was significantly reduced in DW.
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Figure S5. Fluctuation graph along the DWTP stages of the 6 most abundant genera according to MALDI-TOF MS
results (solid line) and the 6 most abundant genera according to metabarcoding results (dotted line). Hotspots
(abundance >5%) are pointed into the DWTP schematic diagram with a circle for MALDI-TOF results or a triangle
for metabarcoding. Samples corresponded to groundwater (GW), river water (RW), decantation (DEC), sand
filtration (SF), ozonization (OZ), carbon filtration (CF), reverse osmosis (RO), mixing.

Flavobacterium and Pseudomonas were the most abundant genera in the DWTP according to
both techniques. Flavobacterium, with a relative abundance >5%, was located mainly in RW,
DEC, SF, Oz, CF, RO and MIX, although in OZ and CF samples it was only detected by
metabarcoding. Pseudomonas (>5%) was identified in RW, GW, OZ, MIX only by MALDI-TOF
MS, in OZ by both techniques, and additionally in RO by metabarcoding.

Regarding the top six genera according to the MALDI-TOF MS approach (all with a relative
abundance >5%), Aeromonas and Bacillus were identified in source water, treatment stages and
the final DW, whereas Acidovorax and Chryseobacterium were mainly detected in the late stages
and DW (Fig S5).

Regarding the six most prevalent genera according to metabarcoding (with relative abundance
reads >5%), Limnohabitans, unknown Comamonadaceae and unknown Chloroplast were
detected in source water and treatment stages, while unknown Obscuribacteraceae was mainly
found in DW. Therefore, hotspots for these genera consisted of early treatment processes for
Limnohabitans (RW, DEC and SF); RW, OZ and DW for unknown Chloroplast; a range of
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treatments for unknown Comamonadaceae (RW, DEC, DS, OZ and RO), and finally, unknown

Obscuribacteraceae presented a high abundance only in post-chlorination DW.
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A les plantes de tractament d'aigua potable s'utilitzen diversos processos de tractament per a
eliminar els contaminants i microorganismes de l'aigua crua. Aquests processos poden constar
de diverses etapes i diferents tecnologies de tractament, que conjuntament constitueixen
barreres efectives que garanteixen la qualitat de I'aigua potable. L'ETAP de Sant Joan Despi,
operada per Aigles de Barcelona i objecte de la present tesi doctoral, és particularment
complexa degut, entre d’altres, al context d’ubicacioé de la planta de tractament i la qualitat dels
recursos hidrics que utilitza. Aquesta complexitat implica que el tractament global de 'ETAP
consti de 3 fases de tractament: pretractament, tractament convencional amb ozonitzacid i

filtracid per carbd, tractament avancat per ultrafiltracié o osmosi inversa, i cloracio final.

El control de I‘aigua mitjancant I'Gs d’indicadors bacteriologics de la contaminacié fecal i el
nombre de bacteris heterotrofs, han estat clau per I'assegurament de la qualitat de I'aigua des
de la seva implantacid a les successives directives d’aiglies de consum, evitant exposar a la
poblacié a riscos sanitaris. La rellevancia de la transmissid de patogens virics a les aiglies per ruta
fecal-oral, ha reforgat la necessitat d’implantar també I’Us indicadors virics, ja recollits a I’actual
Directiva EU 2020/2184, per complimentar la informacié de contaminacié fecal que en ocasions
no era possible detectar Unicament amb els indicadors bacteriologics.

Malgrat I'eficiencia dels processos de potabilitzacid, que asseguren la qualitat sanitaria de I'aigua
final, I'’eliminacié de la totalitat dels bacteris a I'aigua potable no és possible (ni tampoc
I'objectiu), i per tant és imprescindible acceptar la seva gran ubiquitat. Poder identificar aquesta
microbiota i la seva abundancia relativa, permet entendre el seu comportament, i aplicar aquest
coneixement per una millor gestid de la qualitat de I'aigua. Actualment la normativa vigent no
contempla l'estudi de la totalitat de les comunitats bacterianes, i per tant Unicament amb
I'analisi d’indicadors, s’obté una informacié limitada des del punt de vista dels processos
bioquimics i biologics que tenen lloc a la planta en el tractament de l'aigua.

L'objectiu principal d’aquesta tesi ha estat aprofundir en el coneixement de les comunitats
microbianes implicades en els processos de tractament de I'aigua a 'ETAP de Sant Joan Despi.
El coneixement d’aquestes comunitats s’ha abordat des de dues perspectives diferents, I’analisi
de les comunitats bacterianes cultivables utilitzant un métode basat en cultiu (MALDI-TOF MS)
i 'analisi de les comunitats totals utilitzant un métode independent de cultiu (metabarcoding

16S ARNTr).

Aguesta tesi ha comportat I'aplicacié d’'un conjunt d’avengos metodologics pel que fa I'analisi
de les comunitats en un procés de potabilitzacié en funcionament i operativitat real. L’adaptacio

d’aquestes metodologies ha requerit ajustar-les per a analitzar mostres amb baixa concentracid
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microbiana i ha comportat la necessitat de disposar d’una llibreria de perfils de MALDI-TOF MS

adaptada a mostres d’aigua.

Per assolir el segon objectiu de la tesi, s’han utilitzat i optimitzat dues les metodologies de
concentracié diferents: la filtracié membrana i la ultrafiltracié DEUF. Per superar el problema
analitic de la baixa concentracié de microorganismes a les etapes més avancades de I'ETAP, la
ultrafiltracié DEUF es va utilitzar a les etapes on més facilment es perdia la senyal dels indicadors
de contaminacid fecal (pous, i de tractament convencional en endavant). Aquest métode va
permetre concentrar grans volums d'aigua (fins a 1.100 L) augmentant la senyal dels indicadors
i ajudant a una caracteritzaci6 més representativa de les comunitats bacterianes. D’aquesta
manera es van poder detectar i quantificar indicadors microbians en etapes més avancades del
tractament quan la concentracié esperable d’aquests és molt baixa i habitualment no detectada
pels metodes de filtracid convencionals legislats (basats en |’analisi de 100 mL). També va
permetre observar una gran diversitat per MALDI-TOF i metabarcoding sobretot en mostres
amb baixa concentracid de microorganismes (Salter et al., 2014) com els processos de

desinfeccid.

Totes les mostres d’aigua potable analitzades complien amb els estandards de qualitat
microbiologics. El tercer objectiu de la tesi va poder determinar la cinética d’eliminacié dels
indicadors al llarg dels tractament. A excepcio del riu, pretractament i tractament convencional,
on si es va observar la preséncia d’indicadors de contaminacié fecal amb una reduccio
progressiva al llarg dels tractaments d’entre 4 a 6 log respecte el riu, la resta de matrius van
presentar resultats negatius (<1 UFC/100 mL) per a aquests parametres. No obstant, gracies a
I’Gs de DEUF es van detectar algunes mostres positives d’indicadors també al tractament avangat
i ala cambra de mescla en concentracions baixes, pero no al’aigua potable. Tanmateix els valors
de HPC es van reduir progressivament amb un descens significatiu després de la cloracié (de
4,62 logioa 0,027 logio CFU/mL).

Es va observar un factor estacional durant les estacions més calides, on I'abundancia de bacteris
heterotrofs a les mostres de riu, ozonitzacié i aigua potable va augmentar significativament. Cal
remarcar pero que la consigna de dosificacié d’ozoé a I'estiu és més baixa que a I'hivern per a
evitar la formacié de bromat, un subproducte de I'ozonitzacié i potencial carcinogen huma
produit a temperatures més altes (Von Gunten, 2003). Per tant, un desinfectant residual més
baix pot contribuir al creixement bacteria en les estacions més calides (Li et al., 2018). A més,
tot i que les mostres de filtraciéd per carbd no van mostrar variacions estacionals, a baixes
temperatures es van observar 2 log de HPC superiors a les mostres de l'etapa anterior

(ozonitzacid), que podria indicar un possible recreixement als filtres. En aquest context, és vital
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per reforcar la seguretat de l'aigua emprar altres eines per l'estudi de les comunitats
bacterianes. La seva importancia roman en entendre la seva dinamica espacial i temporal als
sistemes d'aigua potable (C. Li et al.,, 2017), coneixer en profunditat quins parametres o
tractaments poden modificar I'estructura bacteriana i com aquesta pot influir en la qualitat de
I'aigua, detectar |'ocurrencia d'esdeveniments anormals abans d'una degradacié significativa de
la qualitat i la seguretat de I'aigua, aixi com establir un punt de partida cercant indicadors que
permetin detectar alteracions en el bon funcionament de la planta. Per exemple, els processos
de desinfeccié, com la cloracié durant la potabilitzacid, fan disminuir significativament la
concentracié bacteriana a l'aigua, perd es poden produir recreixements que alterin la
composicid microbiologica que es trobava a l'aigua potable final de 'ETAP abans de la seva
impulsiéd a la xarxa. Aquests canvis en la microbiota també es poden produir al llarg dels
tractaments de potabilitzacid per un efecte selectiu del tractament envers la microbiota
resistent influenciant la composicié de I'aigua final. Malgrat que les concentracions bacterianes
a les aiglies potables solen ser baixes, diversos estudis posen de manifest una gran diversitat de

generes presents a les aiglies de consum (Li et al., 2018; Luo et al., 2021; Pinto et al., 2012).

Davant de la necessitat de disposar de méetodes rapids per a la caracteritzacié de la microbiota
bacteriana de 'ETAP, s’ha optimitzat el sistema d’espectrometria de masses MALDI-TOF que es
basa en la deteccié de proteines ribosomals majoritariament, per a I'analisi de bacteris de
I'aigua. En microbiologia, els méetodes d'identificacié es basen principalment en procediments
de cultiu, com I'Us de medis cromogénics o fenotipat bioquimic (API, Phene Plate System, Biolog,
etc.), o metodes moleculars, com la seqiienciacié massiva d'alt rendiment d’amplicons del gen
16S ARNr. Dels diferents metodes basats en cultiu per a la identificacié de bacteris, el fenotipat
bioquimic és altament discriminatori per a la identificacié en mostres d'aigua, pero és laborids i
requereix molt de temps, sobretot en les avaluacions de la biodiversitat, ja que cada identificacio
requereix entre 24 hores i fins a 5 dies d’incubacié (Blanch et al., 2007; Hou et al., 2018; Sala-
Comorera et al., 2016a, 2016b; Tsuchida et al., 2020). La técnica de MALDI-TOF MS és una eina
d'identificacié alternativa als métodes de fenotipat bioquimic i molecular amb un poder
resolutiu comparable o superior, pero amb una destacable rapidesa i facilitat d’analisi que
permet obtenir resultats en pocs minuts i una caracteritzacié de diverses soques en un sol dia
(Sala-Comorera et al., 2016b; Sarvari et al., 2018; Timperio et al., 2017). Tot i que la inversid
inicial de I'’equip és elevada, altres estudis han mostrat un estalvi net anual del 87,8% en costos
de reactius en comparacié amb els meétodes tradicionals (Tan et al., 2012). El seu gran poder
resolutiu s’ha comparat fins i tot a la seqlienciacié massiva d'amplicons (Krakova et al., 2017),

encara que la seva capacitat d’identificacido depén directament dels espectres de referencia
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disponibles a la base de dades de I'equip. La gran majoria de llibreries de perfils d’espectres de
masses estan orientats a ambits clinics, per aquest motiu diversos autors han destacat la
necessitat de creacié de bases de dades internes per aconseguir una bona resolucié taxondmica,
especialment per als estudis d'ecologia microbiana (De Carolis et al., 2014; Kopcakova et al.,
2014; Rahi et al., 2016; Seuylemezian et al., 2018). Amb el que, el primer objectiu de la tesi va
ser posar a punt la metodologia per tal de generar una base de dades de perfils proteics (que
s’anomenen llibreries) de bacteris aillats de I'aigua de la xarxa de distribucid, d’aiglies minerals
naturals, de fonts i de processos de potabilitzacid, aixi com de soques de referéncia d’origen
ambiental relacionades amb I'aigua. Aquest objectiu s’engloba dins del marc del projecte RETOS
Drinking Water Library (RTC-2015-4496-2) del Ministerio de Ciencia e Innovacién en que el que
el laboratori d’Aiglies de Barcelona va participar (i en el que vaig participar com a doctoranda),

conjuntament amb la Universitat de Barcelona i la Colecién Espanyola de Cultivos Tipo.

Aixi, la llibreria resultant anomenada Drinking water Library (DWL) va permetre disposar en total
de 319 perfils d’espectres principals (MSP) incorporant un total de 96 géneres diferents, dels
quals 44 generes i 189 especies (67 potencialment nous taxons), no es trobaven a la llibreria
original de I'’equip (BDAL). Aquesta nova configuracio va permetre una millora significativa en la
identificacio de les soques que restaven sense identificar i que es van re-identificar mitjancant
I’Gs conjunt de BDAL i DWL, reduint d’'un 55% a un 8% les soques sense identificar, i augmentant

d’un 29% a un 76% la identificacio a nivell d’espécie.

La tecnologia MALDI-TOF MS, gracies a la creacid previa de la llibreria DWL, ens ha permés assolir
el quart objectiu de la tesi que ha consistit en monitoritzar i caracteritzar la planta de tractament
d’aigua potable (ETAP) de Sant Joan Despi durant gairebé dos anys. Aixi, rere la creacié de la
llibreria, es van processar 1.807 aillaments de colonies recuperades de les plaques de HPC de 9
etapes diferents de tractament: captacié (riu i pous), pretractament (decantacid i filtracié per
sorra), tractament convencional (ozonitzacié i filtracié per carbd), tractament avancat (osmosi
inversa) i aigua final (cambra de mescla i aigua potable clorada). L'objectiu d’aquest estudi es va
centrar en la identificacié dels bacteris heterotrofics cultivables obtinguts préviament de I‘analisi
de qualitat microbiologica analitzada segons la Directiva d’aiglies, i per tant aquests bacteris
estaven sotmesos a unes condicions controlades de creixement, amb un medi concret i una
temperatura i un temps d’incubacio determinats, que sén els que s’utilitzen en I'analisi requerit

per la legislacid.

La seva identificacid es va fer mitjancant I’Us conjunt de les llibreries BDAL i DWL, i la taxa

d'identificacid en les diferents etapes del tractament va variar del 54% al 81%, essent la major
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resolucid per a les mostres d’aigua potable probablement per la major representativitat de MSP
(perfil d’espectre principal) a la llibreria destinada a aiglies de consum. L'Us de la DWL va
permetre una clara millora en la identificacid, ja que Unicament amb I'Us de la llibreria BDAL el
percentatge d’identificacio es situava entre un 29% i un 68%. Malgrat I'ds combinat de les dues
llibreries, una part de les soques no es van poder identificar (686), pero el seu agrupament en
funcié dels seus espectres va permetre realitzar un estudi de diversitat d’aquests bacteris no
identificats. Aixi, es van agrupar per les seves similituds en 91 clusters, mentre que 121 soques
van presentar un perfil proteic Unic. Amb I'objectiu de continuar actualitzant la biblioteca de
perfils proteics per millorar la caracteritzacié dels bacteris no identificats, es van seleccionar i
seqlienciar diversos representants d’aquests clusters per tal de continuar properament amb
I’actualitzacio continua de la llibreria, tal com expressen molts autors d’aquesta necessitat per
I’éxit d’identificacio de soques d’interés (De Carolis et al., 2014; Kim et al., 2016; Kopcakova et

al., 2014; Rahi et al., 2016; Santos et al., 2016; Seuylemezian et al., 2018).

Respecte la caracteritzacid i diversitat per MALDI-TOF MS es va observar una gran diversitat de
generes bacterians (57 diferents identificats) i canvis successius en la diversitat al llarg de les
etapes del tractament, principalment dominades per Proteobacteria i Bacteroidota, amb
comunitats molt diverses al riu i aiglies subterranies, fins a una disminucié significativa de la
diversitat després de |'etapa de cloracid, on es va produir un emplacament dominat per Bacillus

(Firmicutes) a I'aigua potable.

D’altra banda, donades les limitacions que suposa caracteritzar Unicament la fraccié bacteriana
cultivable que representa una fraccié molt petita (<1% ) de la biodiversitat real del mén microbia
de I'aigua (Amann et al., 1995), es va plantejar el cinqué objectiu de la tesi per a la caracteritzacid
de la microbiota bacteriana de 'ETAP amb metodes moleculars independents de cultiu. Per
aquest nou objectiu, es va seleccionar la técnica de metabarcoding (seqlienciacié massiva) on el
gen diana és un fragment d’uns 250 pb del gen del 16S rRNA del fragment de la regié variable 4.
El gen de I'ARN ribosomic 16S és el gen marcador més utilitzat en ecologia microbiana. Aquest
gen esta molt conservat per al qual s’han desenvolupat bases de dades i esta acceptat per la
comunitat cientifica per realitzar estudis filogenétics (Baker et al., 2003; Bukin et al., 2019;
Morgan and Huttenhower, 2012). No obstant, la utilitzacié d’aquest gen també presenta una
série de limitacions, com biaixos derivats de I'eleccié del primer o pel fet que les estratégies de
fragments curts, en la major part dels casos, no és possible realitzar una assignacié taxonomica
de manera fiable a nivell de génere o espécie (Janda and Abbott, 2007). D’entre la resta de

regions variables del gen 16S ARNr emprades per a la identificacié taxondmica, es va seleccionar
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la regio variable 4 per estar ampliament utilitzada en diversos estudis (Caporaso et al., 2012; Liu
et al., 2020) amb I'objectiu de poder comparar els resultats obtinguts amb altres estudis.

Un dels desavantatges de treballar amb el gen 16S és que es tracta d’'un gen multicopia, i les
especies bacterianes contenen més d'una copia d'operons d'ARN ribosomic en els seus
genomes, fins i tot algunes en contenen fins a 15 (Espejo and Plaza, 2018; Louca et al., 2018).
Donada aquesta diferéncia entre el nimero de copies del gen 16S, el nombre de variants de
sequencia d’amplicons (ASV) estan esbiaixats cap als taxons que tenen un nimero superior de
copies, fet que pot induir un biaix en els resultats. Tot i que hi ha eines bioinformatiques que
intenten corregir aquests biaixos mitjancant I'estimacié de copies per taxd, com PICRUST
(Langille et al., 2013) o CopyRighter (Angly et al., 2014), la seva precisid esta for¢a gliestionada,
amb el que molts estudis recomanen no corregir, ja que una prediccid inexacta del nimero de
copies de 16S per taxd pot introduir un soroll important als perfils de la comunitat bacteriana,
gue pot empitjorar els biaixos originals assumint un nimero de copies desigual, a banda que
dificulta la comparacié entre estudis, en particular quan els métodes de prediccié son diferents.
Per aquest motiu, i altres factors que poden produir biaixos, com I'extraccié d’ADN o I'eleccié
dels primers per la seqlienciacio dirigida per amplicons, es pot parlar d’abundancia relativa o de
proporcions, pero actualment la seqiienciacié massiva no és una eina quantitativa suficientment
robusta. No obstant, es podria considerar com semi-quantitativa, perque permet comparar dins
de cada mostra i entre mostres la diferéncia en el nombre de seqliencies, I'abundancia relativa
i com es diferencien, permetent coneixer la diferencia entre proporcions dels taxons dins i entre

les mostres.

Tanmateix, atesa la seva limitacié en quant a la quantificacid, es poden dissenyar estrategies
qgue permetin tenir una aproximacié més precisa, com per exemple dissenyar els primers
(encebadors) per a amplificar les especies més dominants i quantificar-les mitjancant PCR

quantitativa.

En la present tesi doctoral, I’estudi de les comunitats bacterianes mitjancant metabarcoding va
revelar una gran diversitat de taxons aixi com canvis de les poblacions en les diferents etapes.
La successio de taxons va marcar un clar predomini del filum Proteobacteria, Bacteroidota i
Bdellovibrionota durant tot el tractament, amb un gran canvi a I'aigua final amb un clar
predomini de Cyanobacteria. Les etapes amb major diversitat van correspondre a pous, cambra
de mescla i filtracié per carbd, amb una observada pérdua de diversitat rere les etapes de
desinfeccié (decantacio (per I'addiccié de dioxid de clor) , ozonitzacid i cloracid) i osmosi inversa,

i per contra, un augment diversitat en els filtres (sorra i carbd). La major diversitat observada als
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filtres podria indicar un microbioma establert associat a la filtracio, tal com s'ha descrit en altres
estudis (Pinto et al., 2012). En canvi, la diversitat de I'aigua final va estar marcada per I'efecte
del clor que és un fort bactericida que regula la presencia dels pocs grups resisteixen el procés
de desinfeccié. En aquest cas amb clar predomini del filum Cyanobacteria perd amb deteccié de
generes resistents a la desinfeccid, i potencials formadors de biofilms, com Aeromonas,
Clostridium o Pseudomonas (Luo et al., 2021).

La deteccid de certs ASV sota les condicions operatives normals de 'ETAP és d'interés, ja que
poden proporcionar noves eines de seguiment per detectar tractaments deteriorats, un
potencial aplicacié que aquesta tesi ha permés posar de manifest, i per la que encara és
necessita continuar treballant en I'ambit de la recerca, perd amb un peu ja posat a la operativitat

de 'ETAP.

També va permetre observar una eventualitat a la planta derivada del trencament del col-lector
de salmorres riu amunt que va produir una aturada de la captacio superficial i en conseqieéncia,
canvi a captacioé d’aigua de pous. Possiblement atribuible a un canvi sobtat de temperatura de
I'aigua de la captacié (11°C de diferencia entre ambdds origens), es podria haver modificat
temporalment les propietats d’adsorcié del filtre de carbd en el que sembla va derivar en un
augment d’algunes poblacions bacterianes que podrien estar desadsorbint-se del filtre, com s’ha
descrit aquest fenomen en altres estudis (Moona et al., 2019). Atés a que només es va produir
un sol cop, les dades cal analitzar-les amb precaucié i no es poden extreure conclusions

suficientment recolzades amb els presents resultats.

La tendéencia observada en la caracteritzacié bacteriana per metabarcoding en comparacié amb
altres estudis a 'ETAP o de I'aigua potable de la xarxa de distribucid, coincideix amb un clar
predomini de Proteobacteria als tractaments, pero es diferencia en que la majoria d’estudis
reporten Proteobacteria també com a filum dominant a I'aigua potable (Atnafu et al., 2021;
Chao et al., 2013; Hou et al., 2018; Q. Li et al., 2017; Pinto et al., 2012; Poitelon et al., 2010; Sala-
Comorera et al., 2019; Wang et al., 2018), a diferencia del que varem observar al nostre sistema
amb un clar predomini de Cyanobacteria, com també s’ha observat en alguns estudis (Jalili et
al., 2021; Liu et al., 2016; Pei et al., 2017). Aquests resultats variables podrien estar marcats per
diversos factors com les diferents ubicacions geografiques de les plantes, el tipus de recurs hidric
emprat per la captacid, aixi com la seva qualitat, I'Us (o no) de desinfectant, etc. que, tot i que

comparteixen similituds, configuren un habitat Unic a cada ETAP o xarxa de distribucid.

Un dels factors que va influenciar en la diversitat i la taxonomia va ser la temperatura amb una

correlacié significativa d’augment de diversitat en temperatures més elevades, especialment a
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la decantacid i filtracio per carbd, també observada a altres estudis co-relacionant temperatura
elevada i els nivells de nutrients elevats, amb un augment de la taxa de creixement de les
comunitats bacterianes (Degerman et al., 2013; Douterelo et al., 2016; Hou et al., 2018; Pinto et
al.,, 2012; Romero et al., 2021). Aquests resultats poden ser d'interes per als gestors d'aigua
potable ja que donen suport a la preocupacié que el canvi climatic podria promoure el
creixement de poblacions bacterianes heterotrofiques als sistemes aquatics davant d’un
escenari d’escalfament global on els nivells de nutrients s’espera que augmentaran
considerablement. En aquests entorns, la composicid de la comunitat bacteriana podria canviar
i les seves taxes de creixement podrien augmentar (Calero Preciado et al., 2021). La implicacié
de les altes temperatures també podrien afavorir la preséncia de certs patdogens bacterians

(Calero Preciado et al., 2021; van der Wielen and van der Kooij, 2013).

En aquest estudi, al llarg dels tractaments es va poder detectar seqliencies de generes pels quals
s’han descrit especies patogenes de transmissié hidrica com Aeromonas, Arcobacter, Legionella,
Mycobacterium, Escherichia-Shigella i Pseudomonas, o I'ordre Campylobacterales, eliminades a
l'aigua potable, amb excepcié de Pseudomonas i Aeromonas, demostrant I'eficacia dels

tractaments de potabilitzacié com han descrit en altres estudis (Collado et al., 2010).

El sisé i ultim objectiu de la tesi va consistir en comparar les semblances i similituds entre les

diferents aproximacions utilitzades.

Respecte a l'aigua potable, la deteccid d’indicadors cultivables (segons la Directiva) en
comparaci6 amb la detecci6 de sequlencies corresponents als indicadors (segons
metabarcoding), van mostrar discrepancies en quant a la seva deteccid, indicant que I'is de les
eines moleculars per si soles podrien malinterpretar la qualitat de I'aigua (Acharya et al., 2020).
Pel parametre HPC, mostres que compleixen la normativa i no presenten canvis anomals, s’han
registrat tant per MALDI-TOF MS com per metabarcoding resultats diferents de diversitat
bacteriana, tal com han observat altres investigadors que han comparat recomptes

d’heterotrofs amb altres técniques moleculars (Lautenschlager et al., 2013; Prest et al., 2014).

Tant amb el métode de MALDI-TOF com el de metabarcoding, la diversitat bacteriana va estar
influenciada pel tractament aplicat, especialment la cloracid, que va provocar una forta reduccio
de l'aigua potable final. Les tendéncies en la diversitat, pero, variaven segons el métode
d'identificacié utilitzat. Mentre que amb metabarcoding la diversitat va ser més alta a pous,
cambra de mescla i filtracio per carbd, amb pérdua de diversitat a les desinfeccions i un augment
diversitat en els filtres acabant amb una reduccid drastica a I'aigua potable, amb MALDI-TOF MS,

la diversitat va ser més alta a rius i pous, amb un descens al pretractament, seguit d’un augment
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amb la ozonitzacid i la resta d’etapes es van observar petites diferéncies no significatives,
excepte la reduccid significativa posterior a la cloracié a I'aigua final. No obstant, s’ha de
remarcar que en el cas del MALDI-TOF MS la diversitat es va analitzar a un rang taxonomic

superior, a nivell de génere, que en el cas del metabarcoding que es va realitzar a nivell d’ASV.

Pel que fa a les assignacions taxondmiques, a nivell de filum, en termes generals les dues
tecniques van donar resultats similars, mostrant el domini de Proteobacteria al llarg dels
tractaments excepte a l'aigua final, en que la cloracié va exercir una forta pressié selectiva,
donant lloc a una diversitat més baixa i un desplagament taxondmic cap a Cyanobacteria

(metabarcoding) o Firmicutes (MALDI-TOF MS).

Ambdues técniques van coincidir identificant pocs pero els mateixos géneres que es trobaven
en major proporcions a algunes etapes (ex. Flavobacterium a decantacio, filtracié per sorra,
osmosi inversa i cambra de mescla), perd majoritariament diferien a nivells baixos d’identificacid
sent el predominant la familia Obscuribacteraceae segons metabarcoding, i en canvi Bacillus
segons MALDI-TOF MS. Alguns géneres només es van identificar mitjancant una de les dues
tecniques, per exemple, per metabarcoding es va detectar una major varietat de géneres
Alfaproteobacteria i Gammaproteobacteria a I'aigua potable no detectables per MALDI-TOF
com Bosea, Comamonas, Methylobacterium, Pseudomonas. Aquests géneres han estat associats
a la formacié de biofilms i afavorits per altes concentracions de clor (Fish and Boxall, 2018;
Mathieu et al., 2009). Per tant és de vital importancia aprofundir en la seva deteccid, en
particular la seva viabilitat, per a evitar un possible recreixement a la xarxa de distribucié que

pugui derivar en canvis organoléptics o donar lloc a I'aparicié de patogens oportunistes.

Ambdues tecnologies tenen avantatges i inconvenients. L'analisi per metabarcoding
proporciona una visi6 més detallada de la totalitat de comunitats bacterianes a les mostres
d'aigua que pel MALDI-TOF MS, revelant una major diversitat i taxons addicionals. No obstant,
no permet diferenciar entre cel-lules vives o mortes, de manera que les dades resultants per si
soles dificulten I’avaluacié dels perills associats a la deteccié de taxons especifics. D’altra banda,
la identificacié per MALDI-TOF MS pot veure’s influenciada per factors com el medi de cultiu o
condicions de creixement, metode d'extraccié de proteines, la base de dades d'espectres de
masses, pero pot identificar de manera rapida i fiable, i a baix cost els microorganismes viables,
que permet un Us en rutina, pero, els bacteris cultivables representen una fraccié petita del

microbioma global i per si sola podria subestimar la diversitat a I'aigua.

Per tant, acoblar als indicadors microbiologics de la contaminacio fecal la informacio integrada

de les eines protedomiques i metagenomiques, ens ha permes observar variacions de les
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comunitats bacterianes en diferents condicions ambientals aixi com coneixer les condicions
normals de funcionament del sistema i detectar anomalies no captades pels métodes requerits
per legislacid. Aixi doncs aquestes tecniques ajuden a millorar la nostra comprensié sobre el
funcionament i I'eficiencia de les diferents etapes del tractament de I'aigua. Per exemple, gracies
a la seqlienciacié massiva o metabarcoding es permet la deteccid d’indicadors, patogens, i altra
microbiota poc explorada cultivable i no cultivable en un mateix analisi. També, MALDI-TOF i
metabarcoding permeten la observacié de canvis en |'estructura de les comunitats bacterianes
a temperatures elevades, o la reduccid de Proteobacteria al llarg dels tractaments i la preséncia
de generes resistents a I'aigua potable (Cyanobacteria o Firmicutes) que a priori no haurien de
ser perjudicials per a la salut ni afectar a les propietats de 'aigua, des de que la informacié dels
indicadors ens ha aportat una seguretat en quant al consum. De fet, la legislacio vigent també
contempla I'analisi de microcistines (toxines de Cyanobacteria) a I'aigua tractada de la sortida
de I'ETAP. Aixi doncs aquesta microbiota podria tenir un paper important en mantenir la
bioestabilitat a I'aigua i per tant, conéixer-la mitjancant una aproximacio holistica és important
per a una millor gestié integral de la qualitat de I'aigua davant d’un escenari de canvi climatic i
Us integral dels diferents recursos hidrics (OneWater) per mitigar els riscs que podrien

comprometre la qualitat de I'aigua.

Perspectives futures en quant a la utilitat d’aquestes eines

La gran versatilitat d’aquestes eines pot derivar en nous estudis en que podrien resultar de gran

utilitat per a la tragabilitat de les poblacions bacterianes per les empreses implicades en la gestio

de l'aigua i en particular per AGBAR podrien aplicar-se en els seglients ambits:

e Analisi de les comunitats bacterianes a la xarxa de distribucid de Barcelona que rep
diariament una composicié d’aigua potable d’origens diferents (aquifers Besos i Llobregat,
superficials Llobregat i Ter, i dessalinitzadora).

e Avaluacio de I'impacte en les comunitats bacterianes a les etapes de decantacié i filtracio per
sorra per I'imminent canvi d’operativa planta a I'ETAP de SANT Joan Despi mitjangant la
dosificacié de permanganat potassic a I'entrada de la decantacid i reduccié de dosificacio de
dioxid de clor que es preveu tingui un impacte positiu en la qualitat de I'aigua.

e Estudi de les comunitats bacterianes i les seves funcions metaboliques als pous de I'aquifer
del Llobregat amb recarrega d’aigua filtrada pel filtre de sorra (Projecte Queen)

e Estudi de la viabilitat de les comunitats bacterianes per técniques de metagendomica
mitjancant I'Us de marcadors de viabilitat com el propidi monoazida (PMA) que s’uneix i
inactiva I'ADN lliure i cel-lules tenen les parets danyades impedint la seva amplificacid i

seqienciacio.
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Creacio d’una llibreria MALDI-TOF MS amb espectres de Cyanobacteria.

Estudis de metaboldomica de les principals poblacions dominats a l'aigua potable com
Cyanobacteria (ex. per confirmar que no sén productores de toxines) i Bacillus (ex. per
determinar si poden presentar factors de patogenicitat).

Estudi dels biofilms a les etapes de tractament i a la xarxa de distribucié

Determinar la concentracié de taxons d’interés, com els majoritaris segons metabarcoding a
I'aigua potable, quantificant per PCR quantitativa per tal de disposar d’indicadors de procés
guantificables.

Generar dades de metabarcoding i integrar-les per desenvolupar models basats en
intel-ligencia artificial (IA) , emprant técniques d'aprenentatge automatic que interpretin les
dades de sequenciacid, per exemple identificant un grup de marcadors genétics que
expliquin la variacid de les comunitats en el microbioma de l'aigua potable, i que en
combinacid amb dades fisicoquimiques dels processos, permeti desenvolupar models
predictius de distribucié espacial i la dinamica temporal de les comunitats bacterianes

d'aigua potable per facilitar vigilancia de la qualitat de l'aigua.
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Les conclusions generals dels diferents estudis realitzats a la present tesi doctoral sén:

e S’ha optimitzat una metodologia per tal de crear una llibreria de perfils proteics
d’espectrometria de masses MALDI-TOF de bacteris relacionats amb l'aigua que
complementa la base de dades (llibreria) original, donada la seva limitacié d’espectres de
soques d’origen ambiental. L'Us conjunt ha millorat substancialment els resultats

d’identificacio.

e Latecnologia MALDI-TOF MS ha permés la identificacié de soques bacterianes aillades de
mostres d’aiglies de diferents origens i destaca per la seva notable especificitat, rapidesa i
facilitat d’ds que permet fer-ne Us en rutina als laboratoris de microbiologia d’aiglies i
empreses de subministrament d’aigua. Cal tenir en compte pero que per a fer estudis de

biodiversitat amb un nombre elevat de soques, el procediment i el resultat s’alenteix.

e S’han ajustat els processos de concentracié de biomassa per les diferents etapes de
tractament de I'ETAP per 'estudi de la seva microbiota amb I'Us de filtracié per membrana
i per ultrafiltraci6 DEUF de grans volums de mostra. El volum i la metodologia de
concentracié de les mostres d’aigua és essencial per a una correcta representativitat de la

matriu real.

e El metode DEUF ha permeés concentrar grans volums d’aigua de diferents matrius de 'ETAP
mostrant una millor sensibilitat en la deteccid d’indicadors de contaminacié fecal, i
conseqlientment permetent calcular una reduccid més gran al llarg de les etapes.
Tanmateix ha permeés obtenir la biomassa adequada (també en les mostres clorades)

requerida per la seqlienciacié.

e  S’ha definit un procés d’extraccié d’ADN per a totes les matrius de 'ETAP i que permet ser
aplicat en mostres d’aigua clorada i amb poca quantitat de biomassa per estudis de
seqienciacié massiva. L'extraccié d’ADN ha de permetre obtenir una quantitat i qualitat
suficient dels acids nucleics de la microbiota present a les mostres.

e |’aigua potable ha complert la normativa d’aiglies de consum pel que fa als indicadors de
contaminacio fecal i recompte d’heterotrofs. Malgrat aixo les poblacions d’heterotrofs han
mostrat canvis a nivell taxonomic no detectats amb els parametres microbiologics de la

normativa actual.

e La caracteritzacié per MALDI-TOF MS de les poblacions bacterianes cultivables de 'ETAP

de Sant Joan Despi al llarg del procés de potabilitzacié d’aigua han mostrat el seglient patro:
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Proteobacteria i Bacteroidota dominant totes les etapes amb excepcié de I'aigua potable
on s’ha observat un domini de Firmicutes, concretament de Bacillus, que ha resistit tots els

tractaments.

La caracteritzacié de la totalitat de les poblacions bacterianes de I'ETAP per
metabarcoding (seqienciacié massiva) de la regié variable del fragment V4 del gen 16S
ARNr ha permes observar: Proteobacteria, Bacteroidota i Bdellovibionota dominant totes
les etapes amb excepcié de I'aigua potable on s’ha observat Cyanobacteria en un clar

domini del sistema, concretament d’Obscuribacteraceae.

La utilitzacio de les dues tecniques (MALDI-TOF MS i metabarcoding) ha permeés una
caracteritzacié en profunditat de la microbiota a I'ETAP, ja que ambdues técniques s’han

mostrat complementaries.

Totes les etapes de tractament tenen una gran diversitat observada tant per MALDI-TOF
MS com per metabarcoding. De manera global s’ha observat una disminucié de la
biodiversitat als processos de desinfeccio com la dioxicloracié de la decantacio,
I’ozonitzacid i la cloracio final a I'aigua potable i un augment de diversitat en els filtres de

sorra i de carbo.

S’ha observat una influéncia de la temperatura en quant a I'abundancia de bacteris
heterotrofs a les mostres de riu, ozonitzacid i aigua potable que va augmentar
significativament, aixi com en augment de la diversitat i canvis en la seva composicid,

especialment a la decantacié i filtracio per carbd.

Els processos de tractament han influit en la composicié de la microbiota de I'aigua final,
sobretot els processos de filtracio i la cloracié induint una forta pressié selectiva a favor

dels grups resistents.

Per metabarcoding s’han detectat seqiiéncies de géneres patogens bacterians de
transmissio hidrica al llarg dels tractament no detectables per MALDI-TOF MS ni pels
meétodes regulats per la legislacid. Aquestes han estat eliminades a I'aigua potable, amb
excepcio de baixes proporcions d’Aeromonas i Pseudomonas, demostrant |'eficacia dels

tractaments de potabitzacio.

El coneixement de les comunitats bacterianes mitjangant I'is conjunt de diverses
aproximacions addicionals als parametres legislats, permet disposar d’una imatge global,
coneixer possibles canvis deguts, entre altres, a la temperaturai a I'efecte dels tractaments,

i en conseqliencia, permet avancar cap a una millor gestié integral dels sistemes d’aigua
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que es preveu de gran utilitat davant d’un escenari de canvi climatic i Us integral dels

diferents recursos hidrics (OneWater) que podrien comprometre la qualitat de I'aigua.
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Afectacions de la tesi per la pandéemia del SARS-CoV-2

A l'iniciar la pandemia de la COVID-19, la comunitat cientifica reporta I'existéncia del virus en
femta a elevades concentracions que aleshores, i tot i que en principi és un virus que no
correspondria que fos infectiu per transmissié hidrica, encara no s’havia corroborat, i per tant
no se sabia si podia tractar-se també d’un virus patogen de transmissié fecal-oral. El riu Llobregat
a la vall baixa, com s’ha esmentat a la introduccid, rep una aportacié important d’aigua residual
tractada. Per tal d’assegurar la innocuitat de I'aigua potable, va ser necessari comprovar quina
afectacié podia tenir el virus del SARS-CoV-2 a I'ETAP mitjancant la seva deteccid tant a la
captacié com a l'aigua potable. Pel que s’inicia rapidament la posada a punt de técniques de
deteccid del virus per RT-gPCR en col-laboraciéo amb el grup de virus entérics de la Universitat
de Barcelona, aixi com una série de mesures de proteccid i avaluacid de riscos biologics
mitjancant equips de proteccid individual o EPIs (tot i la limitacid de disponibilitat que es tenia
aleshores) pels treballadors de les plantes depuradores aixi com pel personal de recollida de
mostres i técniques d’analisi. Un cop es verifica que el virus no esta present a les aigles de
consum, i també mitjancant I'analisi de colifags somatics, es posa en marxa a |'abril el projecte
REVEAL (Suez) en col-laboracié amb diferents institucions (académia i empreses) autonomiques,
estatals i internacionals per tal d’avaluar I'impacte de la COVID-19 a les aiglies residuals per
assegurar la seva eliminacié per I'alliberacié segura al medi ambient, com es fa habitualment,
aixi com el reaprofitament de fangs de les depuradores per finalitats agricoles, construccid, etc.
Durant aquest periode, fruit de la col-laboracié universitat-empresa mitjancant el doctorat
industrial, vaig aturar la tesi doctoral temporalment durant 1,5 anys per tal de poder donar
resposta a la situacié pandemica que requeria dels esforgos de tots i que, amb els coneixements
adquirits al llarg de la tesi, em va permetre participar activament en aquest projecte, que arrel
que s’ha demostrat la correlacié entre la concentracid del virus en aigiles residuals i la
prevalenca de la malaltia, actualment ha derivat en una vigilancia epidemiologica periodica
mitjancant la deteccié de la circulacié del virus a les aiglies residuals de les entrades de les
depuradores principals de I'ambit metropolita (Prat, Besos, Montcada, Gava i Sant Feliu), aixi
com alguns col-lectors residuals municipals amb notificacié de dades al departament de Salut i
plataforma de seguiment de I'evolucié del virus. Els resultats d’aquest projecte a I'inici de la

pandéemia es troben publicats a I'apartat “altres publicacions” a la tesi doctoral.
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1. Altres publicacions

A continuacié es detalla la seglient publicacié no inclosa en la tesi doctoral pero realitzada

durant el periode de doctorat:

Serra-Compte, A., Gonzdlez, S., Arnaldos, M., Berlendis, S., Courtois, S., Loret, J.F., Schlosser, O.,
Yanez, A.M., Soria-Soria, E., Fittipaldi, M., Saucedo, G., Pinar-Méndez, A., Paraira, M., Galofré,
B., Lema, J.M,, Balboa, S., Mauricio-lglesias, M., Bosch, A., Pintd, R.M., Bertrand, I., Gantzer, C,,
Montero, C,, Litrico, X., 2021. Elimination of SARS-CoV-2 along wastewater and sludge treatment

processes. Water Res. 202. https://doi.org/10.1016/j.watres.2021.117435

“Elimination of SARS-CoV-2 along wastewater and sludge treatment processes” va ser publicat
I'any 2021 a la revista Water Research. La revista es troba al primer decil (D1) i primer quartil

(Q1) a totes les seves categories i disposa d’un factor d’'impacte el 2020 de 11,236.

L’estudi ha format part del projecte internacional REVEAL (co-fundat per Suez i fons europeu de
desenvolupament regional ERDF (EU) 2020) en el que la doctoranda ha participat activament en
la coordinacio dels mostreigs, el disseny experimental, desenvolupament i posta a punt dels
protocols de bioseguretat, concentracid de mostres, extraccié d’acids nucleics i deteccié del

virus per RT-gPCR, i ha col-laborat en la redaccié i en les revisions de I'article.
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Eliminacio del SARS-CoV-2 al llarg dels processos de tractament de les

aiglies residuals i els fangs

“Elimination of SARS-CoV-2 along wastewater and sludge treatment processes”
Albert Serra-Compte, Susana Gonzalez, Marina Arnaldos, Sabrina Berlendis, Sophie Courtois, Jean
Francois Loret, Olivier Schlosser, Adela M. Yanez, Elena Soria-Soria, Mariana Fittipaldi, Gemma Saucedo,

Anna Pinar-Méndez , Miquel Paraira, Belén Galofré, Juan M. Lema, Sabela Balboa, Miguel Mauricio-

Iglesias, Albert Bosch, Rosa M. Pintd, Isabelle Bertrand, Christophe Gantzer, Carlos Montero, Xavier
Litrico

Water Research (2021); 202, 117435, DOI: 10.1016/j.watres.2021.117435

El virus del SARS-CoV-2 que ha causat la pandémia mundial de la COVID-19, a banda d’aillar-se
de mostres respiratories de pacients infectats, s’ha detectat també en femtes de pacients
simptomatics i asimptomatics, fins el moment, en forma no infectiva. La presencia del material
genétic del virus a les aiglies residuals ha estat observada arreu del mon i ha posat de manifest
la rellevancia de la seva deteccié6 com a sistema d’alerta primerenca en la vigilancia

epidemiologica de la COVID-19.

Tot i que la via de transmissio fecal-oral és molt improbable, no hi havia evidéncies reportades
sobre el risc d’infeccié per SARS-CoV-2 als treballadors de les estacions depuradores d’aiglies
residuals (EDAR), aixi com el risc que suposava I'abocament de les aiglies depurades tractades a
I'ambient. L'efectivitat dels processos de depuracié s’han mostrat efectius per I'eliminacié de
molts virus, no obstant la informacié que es tenia en el moment sobre la reduccié de SARS-CoV-

2 a les diferents etapes de les EDAR, era molt limitada.

L'objectiu d’aquest estudi es va centrar en el rol de les EDAR per a I’eliminacid del SARS-CoV-2 i

la proteccié dels rius on s’aboquen els efluents tractats.

Per aquest treball 16 EDAR d’Espanya i Franga, amb incidencia de SARS-CoV-2 a les respectives
poblacions, es van mostrejar fins a un total de 164 mostres d’aigua residual no tractada (afluents
entrada; mostra integrada 24h) i aigua tractada (efluents primari i secundari; 0,5L, i terciari; 20
L) i 107 mostres de fangs no tractats (liquids: primari, secundari i mixt; 0,4L) i fangs tractats

(solids: fangs deshidratats, digerit i digerit amb hidrolisi térmica; 100g).
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La concentracié de mostres d’aigua residual i fangs liquids van seguir tres protocols diferents
segons el laboratori que processava les mostres: ultrafiltracié amb Centricon 70 (Bertrand et al.,
2021) o amb Amicon Ultra (Balboa et al., 2021), o precipitaci6 amb PEG 8000 (Hjelmsg et al.,
2017). En canvi, un Unic protocol es va seguir per a I'elucié dels fangs solids adaptant el protocol
dela EPA/625/R-92/013 i Hjelmsg et al., 2017. L’extraccié de I’ARN de les mostres es va realitzar

mitjangant I’Us de kits d’extraccié manuals o bé automatitzats.

La deteccié i quantificaci6 del SARS-CoV-2 es va realitzar per RT-gPCR dirigida a regions
genomiques, com ORFlab i RdRp-IP4 (part de ORF1b), i subgenomiques, com N i N1
(nucleocapsida), S (espicula) i E (envolta), analitzats conjuntament amb controls interns i externs
d’amplificacié per validar I'assaig, com I'ARNasa P humana, el virus de la gastroenteritis

transmissible (TGEV, coronavirus porci) o els fags RNA F especifics del genogrup Il.

Addicionalment, es va realitzar un assaig interlaboratori entre els 5 laboratoris participants, que
va permetre confirmar la fiabilitat dels resultats obtinguts i la idoneitat dels metodes analitics

emprats per a la quantificacié de I'ARN de SARS-CoV-2 en les mostres d’aiglies residuals.

Els resultats de les mostres dels afluents d’entrada a les EDAR es van comparar amb la taxa
d’incidéncia de la COVID-19 a les arees sanitaries corresponents. Es va observar una positivitat
del 50,5% de les mostres amb incidencia a la poblacié entre 1 i 100 casos per 100.000 habitants,
i amb un percentatge superior (89,5%) en les arees que presentaven una incidéncia més gran a
100 casos per 100.000 habitants, mentre que cap positivitat va ser detectada en I'escenari

d’incidéncia inferior a 1 cas per 100.000 habitants.

Respecte la deteccié del SARS-CoV-2 als efluents dels tractaments de les EDAR, primari i
secundari van eliminar I’ARN de virus al 76,7% de les mostres positives a I'afluent d’entrada, que
suposa una reduccié de 1,50 + 0,80 logs, essent el tractament secundari per MBR el que va
mostrar la millor efectivitat en quan la total eliminacié, aixi com amb |’addiccié de clor al

tractament terciari on tampoc es va detectar cap positivitat (reduccio de 1,97 + 0,08 logs).

En alguns casos, les concentracions en els fangs van ser més elevades que en les aiglies. Els fangs
no tractats van mostrar un 83% de mostres positives en els fangs primaris, i un 57% als
secundaris. Respecte els fangs tractats, es va observar una elevada positivitat i superior als fangs
no tractats, amb un 69% de mostres positives als fangs deshidratats, i un 71% als fangs digerits,
indicant que I'eliminacid de I'aigua en aquestes etapes contribueix a una major persisténcia de
I’ARN del virus. L’Unic tipus de fang on no es va detectar I’ARN de SARS-CoV-2, va correspondre

al fang de digestid anaerobica seguida d'una hidrolisi térmica, degut a les elevades temperatures
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aplicades durant aquest tractament, permetent I'eliminacié completa de I'ARN viral i per tant

garantint la seguretat dels fangs per aplicacions d"Us agricola.

Addicionalment en una de les EDAR es va analitzar en paral-lel bacteriofags F-especifics d’ARN
com a indicadors del SARS-CoV-2 a l'afluent, fang secundari i efluent del secundari, i es va
observar una prevalenca del fag superior al SARS-CoV-2 on fins i tot a I'efluent només es va
detectar el fag, fet que fa que aquests virus siguin indicadors virals adequats per determinar la

seva reduccio al llarg dels processos de tractament.

Com a conclusions principals, les EDAR van reduir significativament la concentracié d'ARN de
SARS-CoV-2 als processos de depuracid, no obstant no es va produir una eliminacié completa en
tots els casos després del tractament secundari (excepte per MBR), ni en els fangs no tractats ni
tractats (espessits i digerits), pero si en el terciari aixi com en els fangs de digestié anaerobica
seguida d'una hidrolisi termica. La preséncia del material geneétic del virus no implica infectivitat
pero caldrien altres estudis per determinar I'estat infecciés en els efluents secundaris per

verificar la seva nocivitat.
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ARTICLE INFO ABSTRACT

Keywords: The Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is shed in the feces of infected people. As a

SARS-CoV-2 consequence, genomic RNA of the virus can be detected in wastewater. Although the presence of viral RNA does

;ZVOV‘IDJ? not inform on the infectivity of the virus, this presence of genetic material raised the question of the effectiveness
astewater

of treatment processes in reducing the virus in wastewater and sludge. In this work, treatment lines of 16
wastewater treatment plants were monitored to evaluate the removal of SARS-CoV-2 RNA in raw, processed
waters and sludge, from March to May 2020. Viral RNA copies were enumerated using reverse transcriptase
quantitative polymerase chain reaction (RT-qPCR) in 5 different laboratories. These laboratories participated in
proficiency testing scheme and their results demonstrated the reliability and comparability of the results ob-
tained for each one. SARS-CoV-2 RNA was found in 50.5% of the 101 influent wastewater samples characterized.
Positive results were detected more frequently in those regions with a COVID-19 incidence higher than 100 cases
per 100,000 inhabitants. Wastewater treatment plants (WWTPs) significantly reduced the occurrence of virus
RNA along the water treatment lines. Secondary treatment effluents showed an occurrence of SARS-CoV-2 RNA
in 23.3% of the samples and no positive results were found after MBR and chlorination. Non-treated sludge (from
primary and secondary treatments) presented a higher occurrence of SARS-CoV-2 RNA than the corresponding
water samples, demonstrating the affinity of virus particles for solids. Furthermore, SARS-CoV-2 RNA was
detected in treated sludge after thickening and anaerobic digestion, whereas viral RNA was completely elimi-
nated from sludge only when thermal hydrolysis was applied. Finally, co-analysis of SARS-CoV-2 and F-specific
RNA bacteriophages was done in the same water and sludge samples in order to investigate the potential use of
these bacteriophages as indicators of SARS-CoV-2 fate and reduction along the wastewater treatment.

WWTP
Sludge

1. Introduction responsible for the COVID-19 disease, a pandemic declared by the World
Health Organization (WHO) in March 2020. SARS-CoV-2 belongs to the
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), is Coronaviridae family. Coronaviruses are enveloped, RNA single-stranded

* Corresponding author at: Ctra. d’Esplugues, 75, 08940 Cornella de Llobregat, Barcelona, , Spain.
E-mail address: albert.serra@cetaqua.com (A. Serra-Compte).
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and positively charged viruses (at neutral pH). This family includes
other human pathogenic viruses, such as SARS-CoV and MERS-CoV.

COVID-19 induces respiratory symptoms leading to a critical disease
such as pneumonia in 14-17% of the cases (Jones et al., 2020). Besides,
other symptoms include fever, cough, dyspnea and gastrointestinal
symptoms (nausea, vomit, diarrhea). Accordingly, SARS-CoV-2 RNA has
been detected in the respiratory tract, blood and feces of infected people
(Jones et al., 2020). SARS-CoV-2 shedding by infected people has been
observed in asymptomatic individuals (Park et al., 2020), patients dur-
ing clinical symptomatology and after patient’s recovery for a mean of
12.5 days and up to 33 days after respiratory samples reported negative
results (van Doorn et al., 2020). However, the viral infectivity in these
samples is still not well understood. For instance, Wolfel et al., (2020),
suggested that no infective viral particles can be found in patients feces
while they were present in the respiratory tract. In addition, Zang et al.
(2020) demonstrated that SARS-CoV-2 released into the intestinal lumen
were inactivated by simulated human colonic fluid, and infectious virus
was not recovered from the stool specimens of COVID-19 patients. On
the contrary, (Wang et al., 2020) and (Xiao et al., 2020) recovered in-
fectious virus from stool samples tested positive for SARS-CoV-2 RNA.

The shedding of SARS-CoV-2 RNA in COVID-19 patients feces leads
to the occurrence of viral genetic material in wastewater. The presence
of SARS-CoV-2 RNA in untreated wastewater has been observed in
different studies worldwide (Medema et al., 2020; Wurtzer et al., 2020;
La Rosa et al., 2020; Nemudryi et al., 2020; Chavarria-Miro et al., 2021;
Ahmed et al., 2020a)). The measurement of SARS-CoV-2 RNA in
wastewater may provide helpful information regarding the COVID-19
epidemic trends in particular areas (Lodder and De Roda-Husman,
2020), through the approach named wastewater-based epidemiology,
whose application has been suggested for surveillance of previous virus
outbreak such as poliovirus (Bancroft, 1957; Wiley, 1962). A good
correlation between SARS-CoV-2 RNA occurrence in wastewater and the
reported COVID-19 incidence has been shown in different areas
(Medema et al., 2020; Weidhaas et al. 2021; Peccia et al. 2020; Zahedi
et al. 2020). Furthermore, SARS-CoV-2 RNA in wastewater has been
detected in areas with low COVID-19 incidence (Randazzo et al., 2020)
or in wastewater samples collected before the first cases were reported
(Chavarria-Mir6 et al., 2021; Medema et al., 2020), highlighting the
potential SARS-CoV-2 sewer surveillance as an early warning system
(Peccia et al., 2020).

Although preliminary studies performed by Westhaus et al., (2021)
suggest that wastewater is unlikely to be a major route of transmission
for SARS-CoV-2 to humans, fecal transmission of SARS-CoV-2 has been
suggested by two epidemiological studies (Kang et al., 2020; Yuan et al.,
2020). However, the body of evidence is still low and to the best of the
authors™ knowledge, there is to date no reported excess risk of
SARS-CoV-2 infection in sewage workers. Improving the knowledge on
the fate of SARS-CoV-2 genetic material in WWTPs would be useful to
better characterize the risk related with discharges to the environment
or wastewater reuse (Lesimple et al., 2020). The effectiveness of
wastewater treatment technologies in reducing viruses has been previ-
ously documented (Oakley and Mihelcic, 2019), but information on the
reduction of specific virus types such as SARS-CoV-2 is still scarce.
Randazzo et al., (2020) determined the occurrence of SARS-CoV-2 RNA
after secondary treatment, but it was not detected after tertiary treat-
ment. Similarly, other authors highlighted the efficiency of disinfection
treatment such as chlorination in the inactivation of SARS-CoV-2 (Col-
livignarelli et al., 2020).

Considerably less information is available concerning SARS-CoV-2
RNA presence in sludge. Few studies reported the occurrence of SARS-
CoV-2 RNA in primary sludge (Balboa et al., 2021; Peccia et al.,
2020). Besides, SARS-CoV-2 RNA has been also detected in both, pri-
mary and activated sludge in different WWTPs from Turkey (Alpaslan
Kocamemi et al., 2020).

Given the widespread detection of SARS-CoV-2 RNA in raw waste-
waters, there is the need for comprehensive studies to understand the
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role of wastewater treatment in the elimination of SARS-CoV-2 RNA and
the protection of water bodies receiving the treated effluents. The pre-
sent work reports the occurrence and quantification of SARS-CoV-2 RNA
along the treatment lines of 16 WWTPs in Spain and France receiving
wastewaters from populations presenting different COVID-19 incidence
rates. Data are provided on the efficiency of different water treatment
technologies in eliminating SARS-CoV-2 RNA, also the fate of SARS-
CoV-2 RNA in sludge lines is discussed.

2. Material and methods
2.1. Sample collection

Sixteen WWTPs (8 wastewater treatment facilities in France and 8 in
Spain) were sampled. Considering all WWTPs jointly, their water
treatment capacity is higher than 10 million population equivalents.
Samples were taken from mid-March until the end of May 2020, at
different steps of the water treatment process. The characteristics of the
monitored WWTPs are specified in the supporting information; Table S1
specifies the water and sludge treatment technology for each monitored
WWTP as well as the samples collected at each site. Overall, considering
all WWTPs investigated in the study, 164 water samples were analyzed
including 101 non-treated and 63 treated wastewater samples, origi-
nating from primary, secondary and tertiary effluents. In addition, 107
sludge samples were analyzed, including 56 non-treated sludge and 51
treated sludge samples (thickened sludge, digested sludge and digested
sludge plus thermal hydrolysis).

For water analysis, 0.5 L was collected from the WWTP influents and
primary and secondary treatment effluents, whereas 20 L were obtained
from tertiary treatment effluents. Influent water was collected with
automatic samplers as 24 h integrated samples, and the rest of the water
samples were collected using grab sampling techniques. Regarding
sludge, 0.4 L was sampled from primary, secondary and mixed sludge,
whereas 100 g were collected for solid sludge analysis. Both, water and
sludge samples were transported under refrigerated conditions and
stored at 5 £+ 3°C until sample processing. Samples were processed
within 24-48 hours after collection.

2.2. Sample processing

Sample concentration and RNA extraction were performed in five
different laboratories depending on the sample’s origin. The samples
obtained from the WWTPs located in France were analyzed at the
LCPME (CNRS and University of Lorraine, Nancy, France) and the
CIRSEE (Suez, Le Pecq, France) laboratories while those from Spanish
plants were analyzed in three different laboratories, i) University of
Barcelona (Spain) for samples from the Barcelona area; ii) University of
Santiago de Compostela (Spain), for samples from Ourense and iii)
Labaqua (Alicante, Spain) for samples from Alicante, Sabadell and
Murcia regions.

Slightly different protocols were followed for water and liquid sludge
concentration, depending on the laboratory. Wastewater and liquid
sludge samples from the French WWTPs were processed according to the
paper by Bertrand et al. (2021), Spanish samples (except Ourense) were
processed according to Hjelmso et al., (2017). Finally, Ourense samples
were processed as reported in Balboa et al., (2021). Details on the
different processing protocols for wastewater, liquid and solid sludge are
reported as supporting information.

RNA extraction from concentrated wastewater and sludge samples
was performed in each laboratory according to the corresponding
equipment manufacturer’s instructions. Briefly, RNA extraction was
done using NucliSENS® (BioMérieux) kit for those water samples ob-
tained from French WWTPs. The RNA extraction from the Barcelona
area WWTPs samples was done using a Maxwell ® RSC PureFood GMO
and Authentication kit (Promega). For the rest of Spanish water samples
RNA was extracted using QIAmp Viral RNA mini kit by (QIAGEN),
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except for Ourense WWTP samples that were extracted using STARMag
96 x 4 Universal Cartridge Kit (Seegene, Seoul, South Korea).

2.3. RT-gPCR analysis

SARS-CoV-2 detection and quantification was done through RT-
qPCR analysis at the five different laboratories depending on samples
origin (as mentioned in section 2.2).

For the French WWTPs, viral RNA samples were processed with the
RNA UltraSense™ One-Step Quantitative RT-PCR System kit (invi-
trogen) and the SuperScript 11l One-Step RT-PCR System (Invitrogen) on
a Stratagene MX 3005P real time PCR system (Agilent). The used SARS-
CoV-2-related genes primer set included, “E” set developed by Corman
et al. (2020) targeting the envelope protein E and “RdRp-1P4” set tar-
geting part of the ORFlab developed by Pasteur Institute (Paris, France;
WHO, 2020). Both genes were quantified according to the method
described in Bertrand et al. (2021). Samples from the WWTPs at the
Barcelona area were analyzed using the IP4, E and N1 targets with the
RNA UltraSense™ One-Step Quantitative RT-PCR System kit (Invi-
trogen). Samples obtained from Murcia, Sabadell and Alicante WWTPs
were processed by an Applied Biosystems 7500 PCR system using the
reaction mix Tagman Virus 1-step Master Mix (ThermoFisher; 4444436)
combined with TagMan 2019-nCoV Kit (ThermoFisher; A47532) for the
analysis of three target genes, ORFlab (RNApol), S gene, N gene.
Finally, samples obtained from Qurense WWTP were characterized for
viral RNA determination by a one-step multiplex RT-qPCR Allplex sys-
tem™ 2019-nCoV (Seegene, Seoul, South Korea); the target genes were
RdRP, N gene and E gene. The specificity of the target genes used in each
laboratory has been previously reported in bibliography (references are
described at table 1 for each target gene). All target genes had a high
specificity for SARS-CoV-2, except for E gene that is specific for
SARS-Coronavirus (Barra et al., 2020). Therefore, to minimize the risk of
false positives results, a minimum of two out of all target genes used in
each laboratory should give positive results to consider the sample as
positive. For quantification purposes of SARS-CoV-2 genomic copies,
ten-fold serial dilutions of a quantified SARS-CoV-2 RNA reference

Table 1
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material (Twist synthetic SARS-CoV-2 RNA control 2 (MN908947.3;
Ref.: 102024; Twist biosience) was used to prepare the standard curves
to compare the Cycle threshold (Ct) values obtained in the analyzed
samples. The highest concentration detected from the different targeted
genes was reported for each positive sample.

To account for role of potential inhibitors blocking amplification,
Amplification Controls, internal (IAC) or external (EAC) were included
in each sample. Briefly, in the case of Labaqua samples a fragment of the
human RNase P was amplified simultaneously with each specific RNA
target (TagManTM 2019nCoV Assay Kit v1). A mean value for RNase P
was obtained by analyzing at least 30 negative samples. Then an
acceptation interval was stablished as the media value of +/-3 times the
standard deviation. Samples with RNase P outside this interval were
considered inhibited (ISO 22174 2005). Regarding the University of
Santiago de Compostela, internal control provided by the RT-qPCR kit
(Allplex 2019-nCoV Assay test) was used in raw and diluted samples. In
the University of Barcelona laboratory, TGV virus was used, as well as
logarithmic dilutions (1/10). For French samples the estimation of
RT-qPCR inhibition in the wastewater samples was based on the con-
centrations of F-specific RNA phages of genogroup 11 (FRNAPH GGII)
detected by using the primers set “VTB4-F-GII” published by (Wolf et al.,
2010). For raw wastewater, logarithmic dilutions (1/10 and 1/100)
were performed in PCR grade water following viral RNA extraction. The
RT-qPCR assay was then carried out on both undiluted and diluted RNA
extracts, The percentage of inhibition was estimated for undiluted and
1/10 samples by taking the concentration obtained from the 1/100
samples as a reference, due to the high dilution of potential inhibitors.
For sludges, values of concentrations of FRNAPH GGII phages were used
as quality control to take in account role of potential inhibitors of the
sample matrix.

In addition to SARS-CoV-2 RNA, F-specific bacteriophages RNA was
characterized in some samples. Briefly, for the FRNAPH GGII genome,
the VTB4-Fph GII set published by Wolf et al. (2010) was used with the
SuperScript III One-Step RT-PCR System with 1 uM of each primer,
0.275 pM of probe in 20 pl final reaction volume with 2pl of RNA and 0,
75 pl of Superscript Il RT/Platinum Taq mix. On the Stratagene system,

Analytical performance parameters from the five laboratories involved in the study. Recoveries, detection and quantification limits, standard curves R® and efficiency

are reported as mean values per laboratory.

Laboratory Target genes Standard Inhibition Recovery Reference material Detection limit
(reference) curvesSlope assessment (%) complete
process

Labaqua ORFlab (Lue -3.22 Human 11-55% Accuplex SARS-CoV-2 Reference material kit 7,2 x 10% ge/L

et al., 2020) -3.13 RNasaP (n=158)
5 gene (Lu et al, -3.49

2020)

N gene (Lue et al.,

2020)

University of RdRp 1P4, -3.40 Dilution 2.53% = SARS-CoV-2 synthetic RNA (MN908947.3, Twist Bioscience) 1 x 107 ge/L for

Barcelona (Institut Pasteur, -3.44 analysis 0.17% IP4, E and N1
Paris) -3.51 (n=70) genes.
E (Charité, Berlin)
N1 gene (CDC,
Atlanta)

LCPME RdRp IP4 (Pasteur  -3.61 FRNAPH GII 55.8-64.0 % RARP-IP4: RNA extracted from tested positive patients 2 % 10*-2 x 10°
(University of Institute, Paris, -3.28 (n=4) Gene E: eurofins genomics for RdRp IP4
Lorraine) France) genes.

E gene (Corman 2 % 10% ge/L for
et al., 2020) E genes.

CIRSEE RdRp IP4 (Pasteur  -3.21 FRNAPH GII  12-116% RdRp -IP4 and E amplicons in genseript plasmid from in vitro 2 10%-2 x 10°

Institute, Paris, -3.47 (n=7) transcribed RNA derived from strain for RdRp 1P4
France) BetaCov_Wuhan_WIV04_2019 (NC_004718.3) (Pasteur institute genes.

E gene (Corman donation). (Pezzi et al., 2020) 2 x 10° ge/L for
et al., 2020) E genes.

Univ. Santiago E, RdRp and N -3.24 333% = RT-qPCR Allplex system™ 2019-nCoV Reference material kit, 1 % 10% ge/L
de (not provided by 15.6%.

Compostela kit) (n=50)

" Testing two replicates of the direct sample and two replicates of the one tenth dilution
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the RT was conducted at 55°C during 20 min followed by an initial
denaturation at 94°C during 3 min and 45 cycles including denaturation
step at 94°C during 15s, hybridization step at 58°C during 30s. Final
cooling is done at 40°C during 30s.

2.4. Proficiency testing scheme

To evaluate the performance of the laboratories involved in the
present work and to assess the reliability of the different methods used, a
Proficiency Testing (PT) scheme was performed. The test was coordi-
nated by ielab, a company accredited by Entidad Nacional de Acre-
ditacion (ENAC) for organizing PT schemes based on ISO/IEC17043
standard and the (CGA-ENAC-PPI 2020) guide. In order to perform the
test, the supplied material included two homogeneous and stable sam-
ples in liquid format (1 mL vial each) containing natural SARS-CoV-2
and one plastic bottle containing the matrix (500 mL of secondary
wastewater effluent). Regarding the analysis of the provided sample
vials, one of them (vial A) had to be analyzed directly, to evaluate RNA
extraction and RT-qPCR steps, while the other vial (B) had to be used to
inoculate the provided matrix. In this case, the evaluation comprised the
concentration of the inoculated sample matrix, RNA extraction and
RT-qPCR steps.

All laboratories analyzed the two materials in triplicate providing
qualitative and quantitative results. The PT scheme data pre-treatment
was performed according to Murtula et al., 2012, including, (i) elimi-
nate laboratories reporting false positive or negative results; (ii) make a
logarithmic conversion (log10) of the results, which allows obtaining a
Gaussian distribution (normal), and (iii) detect the outlier laboratories.
The performance of the laboratories was assessed through a Z-score
approach, as required by the (ISO 13528 2015) standard. The z-scores
were calculated from the laboratory results as follows:

x—X

O

where x is the average of the logarithmic values of the results of a lab-
oratory; X is the assigned value; and 6, is the Standard Deviation for
Proficiency Assessment (SDPA). To establish the assigned value the
participant’s PT results were used (Murtula et al., 2012). SDPA defines
the acceptable range variation of the laboratories on each assay. In this
PT scheme, the SDPA value has been fixed to 0.75 Log by ielab Steering
Committee to adequate it as much as possible to the fitness for purpose.
This value was determined considering the standard deviation that is
found in the concentration step and in the RT-qPCR/RT-PCR step.

The Z-score indicates how far away the score of each participant is
from the mean in units of standard deviations and in which direction
(positive or negative). The interpretation of the z-score is the following: |
Z | = 2 = satisfactory results; 2 <| Z | < 3 = questionable results; and | Z
|> 3 = unsatisfactory results (ISO 13528:2015).

2.5. Data treatment

Log removal values were calculated as follows:

Influent concentration
Log removal = logl) —/—m7m8M88
Effluent concentration

Influent concentration refers to the SARS-CoV-2 genetic copies / L in the
influent of each WWTP. Only those samples showing positive results for
SARS-CoV-2 RNA in the influent were considered for the log removal
calculation. Effluent concentration refers to SARS-CoV-2 genetic copies
/ Lin the effluent of each corresponding treatment step. For solid sludge
samples, the RNA concentration was expressed in genetic copies / Kg.
Log removal was calculated for each day of analysis and the values are
presented as mean + standard deviation for each treatment analyzed.
When virus RNA was not detected at the effluent of a given treatment, a
value of 2 logs was used for log removal calculation corresponding to the
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average limit of quantification of all methods.
3. Results and discussion
3.1, Quantitative detection of SARS-CoV-2 in wastewater samples

The performance of the different RT-qPCR methodologies applied in
the study is reported in Table 1. All methodologies provided good per-
formance in terms of the slope of the standards, recoveries and detection
limits.

3.2. Proficiency testing for the quantification of virus RNA in wastewater

The PT scheme included a total of 36 laboratories using a variety of
different SARS-CoV-2 RNA detection and quantification RT-qPCR
methods. The 5 laboratories participating in the present work,
correctly reported qualitative results (positive/negative) values. Be-
sides, from the 36 laboratories participating in the PT scheme, 19 re-
ported quantitative results, In order to evaluate the performance of the
participants regarding the quantified results reported, the Z-score was
estimated. The obtained absolute Z-score value for all the laboratories
involved in the present work was lower than 2 for vial A, which is
intended to evaluate the RNA extraction and RT-qPCR steps. The same
result (a Z-score lower than 2) was obtained also for all the laboratories
participating in the present work when analyzing and quantifying vial B,
which evaluates the concentration process, RNA extraction and RT-
QPCR analysis. Therefore, the reliability of the results obtained for all
the laboratories and the suitability of their analytical methods for SARS-
CoV-2 RNA quantification in wastewater was confirmed as established
in the (ISO 13528 2015) standard.

3.3. SARS-CoV-2 RNA in untreated wastewater and relationship with
COVID-19 cases

The occurrence and concentration of SARS-CoV-2 RNA in waste-
water are expected to be related with the COVID-19 incidence rate in the
corresponding area. It is hypothesized that the amount of SARS-CoV-2
RNA in wastewater is depending on the viral load shed in the corre-
sponding area due to both, symptomatic and asymptomatic cases.
Figure 1 shows all the influent wastewater samples collected from the
different WWTPs in which SARS-CoV-2 RNA was either detected (filled
dots) or not detected (empty dots) and the Y-axis indicates COVID-19
prevalence rate in the corresponding area at the time of sampling. Be-
sides, Figure S1 shows the evolution of SARS-CoV-2 RNA quantification
at the influent of each WWTP over time with the changes in the reported
COVID-19 incidence values.

From the 101 wastewater influent samples collected, half of them
(50.5%) showed positive results for SARS-CoV-2 RNA occurrence. Most
of the wastewater influent samples (89.5%) collected from WWTPs
located in areas with a COVID-19 incidence higher than 100 cases per
100,000 inhabitants presented positive results of SARS-CoV-2 RNA. The
number of positive samples from regions with a COVID-19 incidence
higher than 100 cases per 100,000 inhabitants was significantly higher
than the ones reporting lower COVID-19 incidence, between 1 to 100
cases per 100,000 inhabitants (p-value < 0.05, Chi-squared test). Sam-
ples collected in these areas (COVID-19 incidence rate between 1 to 100
cases per 100,000 inhabitants) showed high variability, being about half
of the samples collected positive for SARS-CoV-2 RNA. Finally, no pos-
itive samples were obtained when the incidence was lower than 1 case
per 100,000 inhabitants, however only three samples were character-
ized under this COVID-19 prevalence.

The evolution of SARS-CoV-2 RNA concentration at the influent is
represented for each WWTP with the corresponding incidence value at
supporting information, Figure S1. Most of the plants showed a
decreasing number of SARS-CoV-2 RNA copies along the sampling time.
This decreasing trend could be related in most cases with a decrease in
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Fig. 1. Influent wastewater samples from the different targeted WWTP. Y-axis represents the COVID-19 prevalence rate in the corresponding area at the time of
sampling. Filled dots represent SARS-CoV-2 RNA positive samples whereas empty dots represent no SARS-CoV-2 RNA occurrence.

the reported COVID-19 cases in the corresponding regions along the
sampling period. However, this trend did not apply to all target sites. It is
important to note that the testing capacity to report the COVID-19
incidence, was more limited at the beginning of the pandemic (when
samples were taken in France and Spain for the present study) than in
the later months. For instance, the reported COVID-19 cases in French
regions are explained at the department level, which in some cases, the
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disease trend may not be representative of the local variation of the
WWTP sanitation area. Besides, some factors could provoke variability
in the reported SARS-CoV-2 RNA concentration in wastewater. For
instance, in a thorough assessment of uncertainty in SARS-CoV-2 prev-
alence estimation by wastewater-based epidemiology, Li et al (2021)
pinpointed precipitation and the decay in sewers as major obstacles to
prevent higher accuracy. Correlation between higher COVID-19
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Fig. 2. The graph shows integrated results of all WWTPs monitored. Primary (n=5), secondary (n=30), tertiary (n=2). A) Percentage of positive and negative
samples for SARS-CoV-2 RNA occurrence in each water treatment step and B) SARS-CoV-2 RNA log removal in each treatment step comparing influent and effluent

concentration in each treatment.
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incidence and positive samples in wastewater has been observed in
previous studies, although high variability in detection has been re-
ported. Hart and Halden (2020) performed a detailed computational
analysis, showing that the detection limits would range from 1 in 114
individuals to 1 in 2,000,000 individuals (spanning 5 orders of magni-
tude). Despite the fact that wastewater based epidemiology is out of the
scope of this study, the obtained results are in line with previous works
that indicated an association between health data and viral RNA quan-
tification in wastewater (Medema et al., 2020; Randazzo et al., 2020;
(Weidhaas, 2021)).

To further evaluate the evolution of SARS-CoV-2 RNA in wastewater
treatment, only those WWTPs showing positive results in the influent
were considered in the following sections.

3.4. SARS-CoV-2 RNA in WWTP water lines

In order to evaluate the removal of SARS-CoV-2 RNA in WWTPs
water lines, samples were taken at the effluent of different WWTPs
secondary treatment (which considers the removal of primary plus
secondary treatment) as it is the most common configuration for WWTPs
worldwide. Besides, to understand the role of each treatment step, few
samples were obtained after primary treatment only, whereas some of
them were obtained after tertiary treatment (which considers primary,
secondary and tertiary treatment). Figure 2 shows the occurrence of
SARS-CoV-2 RNA at the different wastewater treatment steps, as well as
the log removal.

The common configuration of WWTPs, primary plus secondary
treatment, eliminated SARS-CoV-2 RNA from the 76,7% of the positive
samples occurring at the influent (only 7 out of the 30 secondary
treatment samples analyzed showed positive results) with a virus RNA
removal up to 1.50 + 0.80 logs (Figure 2, table S2). From this removal, a
significant part might correspond to the primary treatment which
allowed to eliminate SARS-CoV-2 RNA from the 60% of the positive
samples analyzed (only 2 out of the 5 samples analyzed showed presence
of SARS-CoV-2 RNA) with a mean log removal of 0.48 + 1.17 log of
magnitude (figure 2, table S2). Finally, no occurrence of virus RNA was
determined after tertiary treatments (2 samples analyzed) achieving
more than 1.97 + 0.08 logs of reduction.

SARS-CoV-2 RNA occurrence was significantly reduced after the
water treatment steps. However, our study showed that about 23% of
the effluent samples from secondary treatments were tested positive for
SARS-CoV-2 RNA. Previous studies also reported positive samples of
SARS-CoV-2 RNA after secondary treatments, including two WWTPs
from Israel (Abu Ali et al., 2020), two WWTPs in Spain (Randazzo et al.,
2020) and one WWTP in Japan (Haramoto et al., 2020). On the contrary,
other studies reported no occurrence of SARS-CoV-2 RNA after sec-
ondary treatment, despite positive samples measured in the inflow
(Kumar et al., 2020; Sherchan et al., 2020). These results suggest that
secondary treatments are not able to eliminate SARS-CoV-2 RNA in all
cases. However, virus detection after treatment can be strongly influ-
enced by the influent viral concentration, as well as by the nature of the
secondary treatment applied. Abu Ali et al, (2020) detected
SARS-CoV-2 RNA at the effluent of secondary treatment when the virus
influent concentration was close to 6 log copies / L. A similar influent
concentration was reported in one WWTP in Spain when positive sam-
ples for SARS-CoV-2 RNA in the effluent were detected. However, an
additional positive effluent sample was reported in Spain when the
influent concentration was lower than 2 log copies / L (Randazzo et al.,
2020). Therefore, the presence of RNA in effluent from secondary
treatment has been reported in the literature at various levels of RNA
concentration at the influent (between 2 and 6 log copies / L). It is likely
that the secondary treatment plays an important role in the final
SARS-CoV-2 RNA elimination rate. However, the scarcity of reported
data on secondary treatment inlet/outlet measurements hinders a more
accurate analysis of the fate of SARS-CoV-2 RNA in this section, which
would be needed to cope with the potential variability due to the
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different analytical methods applied or the variation of the wastewater
characteristics from the different studies.

In order to evaluate potential differences in the elimination of SARS-
CoV-2 RNA within different secondary treatments, the three secondary
treatment technologies covered in the study, namely activated sludge,
activated sludge plus nutrient removal and membrane bioreactor (MBR)
were compared. For each of them, the detection occurrence and the log
removal of SARS-CoV-2 RNA are shown in Figure 3.

SARS-CoV-2 RNA was not detected in 63.6% of the samples after
activated sludge followed by clarification (4 out of the 11 activated
sludge effluent samples showed positive results). Detection in the
effluent was less frequent in activated sludge plus nutrient removal
followed by clarification where SARS-CoV-2 RNA was not detected in
81% of the samples analyzed after this treatment (2 out of the 11 acti-
vated sludge plus nutrient removal effluent samples showed positive
results). Finally, there were no SARS-CoV-2 RNA positive samples in the
effluent from the MBR treatment (8 samples analyzed) (Figure 3A). The
same trend was observed when the log removals were calculated for
each treatment; samples obtained after activated sludge and clarifica-
tion, showed a mean value of 1.03 + 0.59, followed by activated sludge
plus nutrient removal and clarification, with 1.37 + 0.72 and the highest
log removal was obtained after MBR treatment being more than 1.97 +
0.93 log (Figure 3, Table S2). Our results suggested MBR as the most
effective secondary treatment in the elimination of SARS-CoV-2 RNA
from the water line. However, a high variability was observed in the
measures (presented as standard deviation) which may difficult to
determine significant differences concerning the efficiency in the elim-
ination of SARS-CoV-2 RNA within the different treatments.

Scarce information is available regarding the efficiency of water
treatment technologies in the elimination of SARS-CoV-2. For instance,
positive samples of SARS-CoV-2 RNA were observed after conventional
activated sludge treatment in three WWTPs from Germany (Westhaus
et al., 2021). Primary settling followed by activated sludge treatment
provided an elimination rate close to 2 logs for SARS-CoV-2 (Abu Ali
et al., 2020), which is slightly higher than the one reported in the pre-
sent work. Previous studies showed a higher efficiency of MBR treatment
compared to activated sludge process in the elimination of adenovirus
(Amoah et al. 2020). Removal for different types of viruses including
adenovirus, norovirus and F+ coliphages during MBR treatment has
been reported as being between 2 and 7 logs (Amoah et al. 2020). These
results of other viruses™ elimination rate agree with the ones found for
SARS-CoV-2 removal in the present work; MBR treatment has been
shown to be more effective than conventional sludge with a log reduc-
tion for SARS-CoV-2 in a similar range than the ones reported for other
type of viruses. Secondary treatments including activated sludge and
MBR can be effective in reducing SARS-CoV-2 and other type of viruses
from the water line, due to the adverse conditions that viruses are
exposed to in these treatments (Lesimple et al., 2020) and because of
virus sorption to organic particles and further elimination by settling
(Bogler et al., 2020). Further virus removal can be achieved by MBR
through virus particle retention by membrane and cake layer (Bhatt
et al. 2020).

In addition to the secondary treatment evaluation, our study pro-
vided insights on the role of primary treatment only in the removal of
SARS-CoV-2 RNA, as well as the addition of a tertiary process in the
water line. The obtained results on the primary treatment SARS-CoV-2
RNA removal of 0.48 + 1.17 log are in the range of previously re-
ported elimination for WWTPs primary treatment (Abu Ali et al. 2021)
that observed an elimination close to 1 log. Whereas no detection of
SARS-CoV-2 RNA was determined after the addition of chlorination,
applied as tertiary treatment. There is a general agreement that tertiary
treatments are effective in the elimination of SARS-CoV-2 from the
water lines (Bogler et al., 2020; Lesimple et al., 2020; Randazzo et al.,
2020). Specifically, chlorination has been previously determined as an
effective treatment for the elimination of SARS-CoV-2 (Abu Ali et al.,
2020). Nevertheless, further characterization of SARS-CoV-2 RNA
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process comparing influent and effluent concentrations after each treatment.

occurrence after primary treatment only and the addition of a tertiary
treatment should be performed to confirm the insight provided in the
present work.

3.5. SARS-CoV-2 RNA in WWTP sludge lines

Sludge samples were obtained from those WWTPs showing SARS-
CoV-2 RNA positive results in the water influent samples. Firstly, non-
treated sludge was obtained from primary and secondary treatments
and secondly, treated sludge was collected after sludge thickening,
anaerobic digestion and anaerobic digestion plus thermal hydrolysis
(Figure 4),

Non-treated sludge samples presented a high percentage of SARS-
CoV-2 RNA occurrence, being 83% of the samples positive. However,
a small percentage of positive samples at the influent were negative for
SARS-CoV-2 RNA occurrence in primary sludge, that might be related to
heavy rainfall and low solids content in the influent, as no inhibition was
detected in those samples. In the case of secondary sludge, the 57% of
the samples were positive (Figure 4A). These percentages of occurrence
are consistent with the elimination observed in water treatments (with a
detection in only 40% of the effluents after primary treatment and 23%
after secondary treatment). This can be explained by the fact that virus
particles can adsorb to solids and colloidal material because of the lipid
bilayer surrounding the SARS-CoV-2 protein capsid (Balboa et al,
2021). In accordance, previous studies have already reported an
important occurrence of SARS-CoV-2 RNA in primary and secondary
sludge (Alpaslan-Kocamemi et al., 2020; Balboa et al., 2021; Peccia
etal,, 2020), and in some cases with concentrations higher than in water
samples, which highlights SARS-CoV-2 affinity for solids.

Similarly to non-treated sludge, thickened and digested sludge also
presented a high percentage of SARS-CoV-2 RNA positive samples, being

69% and 71%, respectively. In both, thickened and digested sludge, the
reported viral log removal was negative, being mean values of -0.47 =
1.20 and -0.17 + 0.89, respectively (table S2). A negative log removal
indicates higher viral RNA concentration after the treatment when
compared to the entrance. The elimination of water at these steps
certainly contributes to the increase in viral RNA concentration in these
matrices, Previous studies reported an important occurrence of SARS-
CoV-2 in thickened sludge and pinpointed it as a hotspot of virus RNA
in the plant (Balboa et al., 2021). Besides, digested sludge showed an
occurrence of virus RNA in a similar proportion than thickened sludge.
To the best of the authors” knowledge, no previous information
regarding SARS-CoV-2 RNA in digested sludge is available. Previous
studies with other human coronaviruses showed the occurrence of these
types of viruses in sludge samples after anaerobic digestion (Bibby et al.,
2011; Bibby and Peccia, 2013), These results pinpoint that human
coronavirus genome can be found after digestive phases, in line with the
results of the present work with SARS-CoV-2,

The only group of sludge samples with no detection of SARS-CoV-2
RNA was after anaerobic digestion followed by thermal hydrolysis.
The high temperatures applied during this treatment (150-160°C satu-
rated steam) allowed the complete elimination of viral RNA with a log
removal higher than 1.69 + 0.27. Therefore, sludge thermal hydrolysis
enabled a complete inactivation of SARS-CoV-2 and guarantees sludge
safeness if it is applied for agricultural purposes.

3.6. SARS-CoV-2 and F-specific RNA bacteriophages load along WWTP
processes

Bacteriophages are commonly used as viral indicators to determine

the efficiency of water treatments and guaranty safe water use and reuse
(Withey et al., 2005). Figure 5 shows the concentration of genome of
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Bars represent mean values (n=4) with the corresponding standard deviation.

both, SARS-CoV-2 and F-specific RNA bacteriophages in the WWTP14.
This WWTP has a secondary treatment based on activated sludge. Water
was sampled in the influent of the plant and in the effluent (after acti-
vated sludge and clarification). Secondary sludge was collected from the
activated sludge process (Figure 5). Paired samples were taken from 4
different days in the WWTP target processes.

The concentration of bacteriophages in the influent of the WWTP
was higher than the concentration of SARS-CoV-2, with mean values of
7.80 + 0.26 log copies/L and 4.26 + 0.56 log copies/L, respectively.
Bacteriophages presented also a higher concentrations than SARS-CoV-2
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in activated sludge, although the difference in concentration between
both viruses was reduced at this step, bacteriophages and SARS-CoV-2
presenting respectively a mean concentration of 4.19 + 1.9 log
copies/L and 3.23 + 0.46 log copies/L in this matrix (Figure 5, Table §3).
At the effluent of the plant (after activated sludge and clarification),
SARS-CoV-2 RNA was not detected in any of the samples characterized,
whereas bacteriophages were still detected in all of them with a mean
concentration of 2.94 + 1.52 log copies/L. The wastewater treatment
line was able to eliminate SARS-CoV-2 down to below detection limits,
but not bacteriophages. However, bacteriophages presented an initial
concentration about three orders of magnitude higher than SARS-CoV-2.
F-specific RNA bacteriophages may be valid indicators of viral elimi-
nation in water treatment due to its high initial amounts and measurable
concentrations after the treatment process. Nevertheless, further studies
would be needed to determine the sensitivity of both virus along the
wastewater treatment process; considering if possible, higher concen-
trations of SARS-CoV-2 in the influent, enabling a detection of the virus
also in the effluent, in order to compare more precisely the reduction of
both viruses in the same conditions.

4. Conclusions

WWTPs significantly reduced the occurrence and concentration of
SARS-CoV-2 RNA in the water lines. However, a complete removal was
not observed in all cases in this study after secondary treatment, and
viral RNA could be still detected after activated sludge and activated
sludge plus nutrient removal followed by clarification. On the contrary,
SARS-CoV-2 RNA was not detected after MBR and chlorination applied
as a tertiary treatment.
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SARS-CoV-2 RNA was detected in large proportions of all types of
sludge, including sludge from primary and secondary treatments and
treated sludge after thickening and anaerobic digestion. These results
highlight that these treatments are not effective in eliminating SARS-
CoV-2 RNA from sludge, while, only after applying thermal hydrolysis
SARS-CoV-2 RNA was not detected.

The presence of virus RNA in the analyzed samples (wastewater and
sludge) does not imply infectivity nor integrity. Further studies are
required to estimate the infectious state of the virus in the effluents from
secondary treatments and after sludge thickening and digestion to verify
whether additional treatments are needed to protect the receiving
environments.

Finally, F-specific RNA bacteriophages presented high concentra-
tions at the influent which makes these viruses suitable viral indicators
to determine its reduction along treatment processes. However, further
research should be done in order to determine the potential of bacte-
riophages as indicators of SARS-CoV-2 elimination in water and sludge
treatments,
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Material and Methods

Sample processing

Wastewater and liquid sludge samples obtained from French WWTPs were processed according to
Bertrand et al. (2021). An ultrafiltration procedure was performed with a Centricon Plus-70 centrifugal
ultrafilter with a cut-off of 100 kDa (Merck Millipore). The ultrafilter was washed with 60 ml deionized
water by centrifugation at 1,500 x g for 15 min to remove trace amounts of glycine in accordance with
the manufacturer’s recommendations. Two volumes of 50 mL wastewater were both filtered by
centrifugation at 1,500 x g for 15 min. After each centrifugation step, the concentrate was recovered
by inverting the system and applying centrifugation (1,000 x g for 2 min). The resulting concentrate’s
volume was around 1.5 mL. A first washing step of the ultrafilter was done with 3.5 mL of deionized
water and two additional washing steps were performed two times 5 min with 5 mL of lysis buffer.
The 15 mL resulting lysis solution and sample was then purified with 15 mL phenol-chloroform-isoamyl

alcohol (25:24:1 pH 7.8-8.2).

For water sampling from the Spanish WWTPs (except Ourense), 500 mL of water were centrifuged at
8,000 x g for 30 min previous addition of 62.5 mL of glycine buffer (0.05 M glycine, 3% beef extract,
pH 9.6). Then, supernatant was filtered through 0.45 um Polyethersulfone (PES) membrane filters.
Subsequently, PEG 8000 (80 g/L) and NaCl (17.5 g/L) were added and incubated overnight at 4°C with
agitation. Finally, after centrifugation at 13000 x g at 4°C during 90 min, pellet was resuspended in 1
mL of Phosphate Buffered Saline (PBS) and stored at -80°C prior RNA extraction (Hjelmsg et al., 2017).
In each set, a negative and positive sample were included as quality control of the process. The positive
sample was prepared by adding non-infectious and replication deficient SARS-CoV-2 reference
material (Accuplex™ SARS-CoV-2-SERACARE 0505-0133). The water samples obtained from Ourense
WWTP were concentrated by ultrafiltration (Balboa et al.,, 2020). Briefly, 100 mL were gently
centrifuged to remove large particles at 4600 x g during 30 min. Supernatants obtained were further
concentrated by Amicon 15 mL 10 K centrifugal devices. A last step of buffer exchange was performed
using phosphate buffer saline (PBS) pH 7.4. For solid sludges, the procedure was as follows:180 mL of
glycine/beef extract elute buffer were added to the wet sludge sample (wet sample amount
equivalent to 6 g of dry weight), with a subsequent stir for 2h at 4°C. Then, the mixture was centrifuged
at 8,000 x g for 30 min and the supernatant was filtered through 0.45um PES membrane filters. After
filtration, PEG 8000 (80 g/L) and NaCl (17.5 g/L) were added and incubated overnight with agitation
at 4 °C, followed by a centrifugation at 13,000 x g for 90min at 4°C. The resulting pellet was
resuspended in 1 mL of PBS and stored at -80 °C until RNA extraction. Regarding Ourense WWTP,

sludge samples were analyzed according to Balboa et al., 2020.
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Figure S1. SARS-CoV-2 quantification in the influent of the WWTPs monitored (orange dots) and
COVID-19 reported cases in the corresponding area (blue dots) during sampling time. COVID-19 cases
are reported per municipality in Spanish WWTPs and at department level for French plants.

Table S2. SARS-CoV-2 concentration mean + standard deviation for the different water and sludge
treatment steps (cg/L log-transformed values). Log removal (meant standard deviation) is provided

for each treatment step.

Influent concentration (log | Effluent concentration

(copies/L)* (log (copies/L)* log removal
Water line
Primary treatment 3.4610.6 2.98+1.36 0.48+1.17
Secondary treatment 3.66+0.7 2.1+0.3 1.5+0.8
Tertiary treatment 3.9710.08 <2 >1.97+0.08
Water treatment technologies
Activated sludge 3.29+0.67 2.26+0.47 1.03£0.59
Activated sludge plus nutrient removal 3.65+0.68 2.28+0.70 1.37+0.72
MBR 3.89+0.89 2.13+0.35 1.96+0.93
Sludge line
Thickened sludge 3.27+0.68 3.74+1.42 -0.47+1.20
Digested sludge 3.25+0.86 3.41+1.50 -0.16+0.89
Digested sludge plus thermal hydrolisis 3.69+0.27 <2 >1.69+0.27

*For solid sludge samples the concentration is log (copies/Kg)

Table S3 SARS-CoV-2 and F-specific bacteriophages concentration in Log (copies/L) at different steps
of the water treatment process (meanz standard deviation, log values).

SARS-CoV-2 concentration
log (copies/L)

F-specific bacteriophages
concentration log (copies/L)

Influent 4.26+0.56 7.83+0.26
Activated sludge 3.23+0.46 4.19+1.90
Effluent (after clarification) n.d. 2.94+1.52

n.d. not detected

257



ANNEXOS

References

Balboa, S., Mauricio-Iglesias, M., Rodriguez, S., Martinez-Lamas, L., Vasallo, F.J., Regueiro, B., Lema, J.M., 2020.
The fate of SARS-CoV-2 in WWTPS points out the sludge line as a suitable spot for monitoring. medRxiv 1-
24,

Bertrand, 1., Challant, J., Jeulin, H., Hartard, C., Mathieu, L., Lopez, S., Interest, S., Obépine, G., Schvoerer, E.,
Courtois, S., Gantzer, C., 2021. Epidemiological surveillance of SARS-CoV-2 by genome quantification in
wastewater applied to a city in the northeast of France: comparison of ultrafiltration- and protein
precipitation-based methods. Int. J. Hyg. Environ. Health 113692.
https://doi.org/10.1016/j.ijheh.2021.113692

Hjelmsg, M.H., Hellmér, M., Fernandez-Cassi, X., Timoneda, N., Lukjancenko, O., Seidel, M., Elsasser, D.,
Aarestrup, F.M., Lofstrom, C., Bofill-Mas, S., Abril, J.F., Girones, R., Schultz, A.C., 2017. Evaluation of
methods for the concentration and extraction of viruses from sewage in the context of metagenomic

sequencing. PLoS One 12, 1-17. https://doi.org/10.1371/journal.pone.0170199

258





