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ABREVIACIONS

ADN Acid desoxiribonucleic (de
I'anglés “Desoxirribonucleic Acid”)

ADS Seqlienciacié massiva
d’amplicons (de I'angles
“Amplicon Deep Sequencing”)

AdV Adenovirus

ARN Acid ribonucleic (de I'anglés
“Ribonucleic Acid”)

BDD Diamant dopat amb bor (de
I’'anglés, “Boron Doped Diamond”)

BKPyV Poliomaviurs BK (de
I’'anglés “BK Polyomavirus”)

BOE Butlleti Oficial de I'Estat

CDC Centre per al control i

prevencio de malalties (de

I’'anglés, “Center of Disease
Control”)

CEPAL Comissid Economica per a
Ameérica Llatina i el Carib

CeUF Ultrafiltracié centrifuga (de
I'anglés, “Centrifugal
Ultrafiltration”)

CG Copies genomiques
CoV Coronavirus

CT Concentracid de desinfectant
pel temps aplicat

CVB5 Coxsackie virus B5

DALYs Pérdua tolerable d'anys de
vida ajustats a la discapacitat (de

Abreviacions

I'anglés “Disability Adjusted Life
Years”)

DEUF Ultrafiltracio sense sortida
(de I'anglés “Dead-end
Ultrafiltration”)

DMA Directiva Marc de I'Aigua

DSA Anode dimensionalment
estable (de I'angles
“Dimensionally Stable Anode)

dsDNA ADN bicatenari (de I'anglés
“single strand DNA”)

dsRNA ARN mono-catenari (de
I'anglés “single strand RNA”)

E. coli Escherichia coli

EAOP processos electroquimics
avancats (de I'anglées
“Electrochemical Advanced
oxidation processes”)

EDARs Estacions depuradores
d’aiglies residuals

EO Electrooxidacio

EPA Agencia de Proteccio
Ambiental (de I'anglés
“Environmental Protection
Agency”)

et al. | col-laboradors
EUA Estats Units d’America
EV Enterovirus

FIB Indicador de contaminacid
fecal bacteriana (de I'angles
“Feacal Indicator Bacteria”)



Abreviacions

HAdV Adenovirus huma (de
I'anglés “Human adenovirus”)

JCPyV Poliomavirus JC (de I'angles
“JC Polyomavirus”)

Kb Quilo-bases

kDa Quilo-Dalton

kWh/m3 Kilowatts hora metre
cubic

LRV Valor de reduccid logaritmica
(de I'anglés, “Log Reduction
Value”)

MERS Coronavirus de la sindrome
respiratoria de I'Orient Mitja (de
I'anglés “Middle East respiratory
syndrome”)

MgV Mengovirus

MHYV Virus de I'hepatitis murina
(de I'anglés, “Murine Hepatitis
Virus”)

min Minuts

ml/cm? Mili joules centimetre
guadrat

MNV Norovirus muri (de I'angles
“Murine norovirus”)

MPC Control de procés molecular
(de I'anglés “Molecular Process
Control”)

MST Tragar la font de
microorganismes (de I'angles
“Microbial Source Tracking”)

NoV Norovirus

ODS Objectius de
Desenvolupament Sostenible

OMS Organitzacié Mundial de la
Salut

PAA Acid paracétic

PCR Reaccid en cadena de la
polimerasa (de I'anglés
“Polymerade Chain Reaction”)

PFU Unitats Formadores de placa
(de I'anglés “Plaque Forming
Units”)

pH Potencial hidrogenionic

p! punt isoeléctric

Ppb Parts per bilié

Ppm Parts per milio

PSA Plans de Seguretat de I'Aigua

d(RT)PCR PCR de transcripcid
inversa quantitativa en temps real
(de I'anglés “Real-Time
Quantitative Reverse
Transcription PCR”)

QMRA Analisi quantitativa del risc
microbia (de I'anglés “Microbial
Risk Assessment”)

gPCR Reaccié en cadena de la
polimerasa quantitativa (de
I'anglés “quantitative polymerase
chain reaction”)

RCA Republica Centreafricana

RCS Espécies reactives de clor (de
I'anglés “Reactive Chlorine
Species”)



ROS Especies reactives d’oxigen
(de I'anglés “Reactive Oxygen
Species”)

RoV Rotavirus

SARS Sindrome agut respiratori
sever (de I'anglés “Severe Acute
Respiratory Syndrome”)

SD Desviacio estandard (de
I’'anglés “Standard desviation”)

spp. especie

ssDNA ADN monocatenari (de
I'anglés “single strand DNA”)

TES Seqlienciacié amb
enriquiment de dianes (de I'angles
“Target Enrichment Sequencing”)

TuV Tulane Virus
UC Ultracentrifugacid
UE Unid Europea

UF Ultrafiltracio

Abreviacions

UFC Unitats Formadores de
Colonies

UN Nacions Unides (de I'angles
“United Nations”)

UV Radiacié ultraviolada

VIRADEL Adsorci6 i elucié de virus
(de I'anglés VIRal Adsortion and
ELution)

WBE Epidemiologia basada en
aiglies residuals (de I'anglées
“Wastewater Based
Epidemiology”)

WHO Organitzaciéo mundial de la
salut (de I'anglés “World Health
Organization”)

WPC Control de procés complet
(de I'anglés “Whole Process
Control”)






Resum de la tesi

RESUM DE LA TESI

Arrel de la necessitat de garantir la disponibilitat d’aigua en un context
d’escassetat i assegurar-ne un bon Us que no suposi un risc microbiologic per
la poblacid, aquesta Tesi Doctoral ha estat centrada en |'optimitzacid, el
desenvolupament i la validacid de noves técniques pel control de virus
contaminants d’aigua.

Per una banda, s’han optimitzat i desenvolupat metodes rapids, sensibles,
metodologicament senzills i adaptables per a la concentracié i detecci6 in situ
de virus en diferents contextos; i per una altra, s’ha avaluat I'aplicabilitat i
eficiencia de desinfeccié dels sistemes electroquimics d’oxidacié avancada
com a tractaments sostenibles per a la reutilitzacié d’aigles.

Pel que respecta a métodes de concentracid d’aigua per a la deteccié de virus,
en primer lloc s’ha adaptat el métode de floculacid organica amb llet
descremada perque sigui aplicable a contextos de baixa renda donat el seu
baix cost economic, o a situacions d’emergéncia humanitaria en qué no es
disposi d’un laboratori equipat, a més I'equipament s’ha adaptat perque no
es requereixi de corrent eléctrica. Aquest métode, ha estat validat en dos
contextos reals, un camp de refugiats ubicat a Banghi (Republica
Centreafricana) i a la zona de Pedernales (Equador) afectada per un
terratremol. EI meétode i protocol desenvolupats, van demostrar ser
metodologicament senzills per tal de ser duts a terme per usuaris no experts,
demostrant ser un metode eficient detectant contaminacié viral en les
mostres d’aigua testades, podent ser una eina util en la prevencié de brots
virics en els paisos amb menys recursos, els quals sén els més afectats per les
malalties de transmissié hidrica donades les limitacions existents de
sanejament de 'aigua.

La resta de metodes de concentracid avaluats, estan basats en I'Us
d’ultrafiltres per a la deteccid de virus en aigua. Per una banda, s’ha
caracteritzat un metode rapid per a I'analisi de grans volums d’aigua en aiglies
superficials i aigua de mar, aplicant la nova tecnologia d’elucié d’escuma
humida amb la que es redueix el temps de processat de la mostra aixi com la
simplificacid metodologica del metode. A més, s’ha adaptat perqué sigui
realitzable en el mateix punt de presa de la mostra, sent validat en dos
contextos diferents, un on es va realitzar la concentracié completa de mostres
in situ, i I'altre on es va realitzar la filtracié i posterior enviament del filtre al
laboratori per a la seva analisi, demostrant la versatilitat del métode.
Finalment, el metode es va optimitzar amb un segon pas de concentracié
utilitzant un dispositiu d'ultrafiltracié centrifuga (Centricon® Plus-70) per tal
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Resum de la tesi

d’augmentar-ne la sensibilitat. EIl metode ha estat testat mitjangant diverses
tecniques, permetent la deteccid de virus mitjancant metodes tan
d’infectivitat com moleculars, incloent la deteccié per gPCR i técniques de
sequienciaci6 massiva, com son l‘enriquiment per dianes i posterior
sequenciacié massiva d’amplicons.

Amb I'arribada de la pandemia de la COVID-19, i arrel de I'escassetat de
subministraments de material necessaris per a I'analisi del SARS-CoV-2 en
aigles residuals, es van caracteritzar dos métodes rapids de concentracié
d’aiglies residuals per la deteccié de virus embolcallats. Aixi doncs, es va
validar un dispositiu d'ultrafiltracié centrifuga (Centricon® Plus-70) i la pipeta
concentradora automatitzada CP-Select™, com a metodes rapids, i el cas de la
pipeta concentradora, factible per a treballar en vitrines de bioseguretat.
Validant aixi, métodes d’analisi d’aiglies residuals perqué puguin ser
implementats en laboratoris d’analisi rutinaris sense requerir de personal
altament especialitzat.

En la segona part de la tesi, s’"ha avaluat I'aplicabilitat i eficiencia de desinfeccio
dels sistemes electroquimics d’oxidacié avangada com a tractaments
sostenibles per a la reutilitzacié d’aiglies, testant dos tipus de materials, un
anode de Ruteni i un anode de BDD en matrius naturals. Els assajos realitzats,
han estat centrats en la inactivacié de microorganismes patogens amb un
focus especial en els virus, aixi com en l'avaluacié de la idoneitat dels
microorganismes index utilitzats classicament en els tractaments de
desinfeccid, la determinacid dels subproductes toxics i els requeriments
energetics del sistema. Amb tot, s’ha demostrat que els sistemes
electroquimics poden ser aplicats com a pas final de desinfeccié d’aiglies
naturals, encara que els microorganismes index han de ser revisats, donada la
major sensibilitat de bacteris i bacteriofags, en relaci6 a altres
microorganismes, pero demostrant ser efectius per tal d’assolir un logaritme
de reduccié de virus humans amb baixos requeriments energétics, tenint
potencial per ser sistemes descentralitzats de depuracié d’aiglies, tot i que han
de ser adaptats per evitar la formacié de subproductes toxics.



Summary of the thesis

SUMMARY OF THE THESIS

Given the need to guarantee the availability of water in a context of scarcity
and ensure a good use that does not pose a microbiological risk to the
population, this Thesis has been focused on developing and validating new
techniques for the control of viruses contaminants of water.

Firstly, fast, sensitive, methodologically simple, and adaptable methods have
been developed for their application in situ for the detection of viruses in
different contexts; and secondly, the applicability and disinfection efficiency
of advanced oxidation electrochemical systems have been evaluated as
sustainable treatments for water reuse.

Regarding the development of water concentration methods for the detection
of viruses, in the first place the skimmed milk organic flocculation method has
been adapted so that it is applicable to low-income situations given its low
economic cost, or to situations of a humanitarian emergency in which there is
no equipped laboratory, in addition, the equipment has been adapted so that
no electricity is required. This method has been validated in two real contexts,
a refugee camp located in Banghi (Central African Republic) and in Pedernales
(Ecuador) affected by an earthquake. The method and protocol developed
proved to be methodologically simple to be carried out by non-expert users,
proving to be an efficient method for detecting viral contamination in the
tested matrices, being a useful tool in the prevention of viral outbreaks in
countries with fewer resources, which are the most affected by water-borne
diseases given the lesser sanitation of the water sources.

The rest of the concentration methods evaluated are based on the use of
ultrafilters for the detection of viruses in water. Firstly, a fast method has been
characterized for the analysis of large volume water samples in surface water
and seawater, applying the new wet foam elution technology with which the
processing time of the sample is reduced as well as the methodological
simplification of the method. In addition, it has been adapted so that it can be
carried out at the same sampling point, being validated in two different
contexts, one where the complete concentration of samples was carried out
in situ, and the other where the filtration was carried out and later sending
the filter to the laboratory for analysis, demonstrating the versatility of the
method. Finally, the method was optimized with a second concentration step
using a centrifugal ultrafiltration device (Centricon® Plus-70) to increase
sensitivity. The method has been tested using various techniques, allowing the
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detection of viruses using infectivity and molecular techniques, including
detection by gPCR and new generation sequencing techniques, such as target
enrichment and amplicon deep sequencing.

With the advent of the COVID-19 pandemic, and due to the shortage of
material supplies necessary for the analysis of SARS-CoV-2 in wastewater, two
rapid methods of wastewater concentration were characterized for the
detection of enveloped viruses. Thus, a centrifugal ultrafiltration device
(Centricon® Plus-70) and the CP-Select™ automated concentrator pipette
were validated as fast methods, methodologically simple and in the case of
the concentrator pipette, allowing to work under biosafety conditions. Thus,
wastewater analysis methods have been validated, so they can be
implemented in routine analysis laboratories without requiring highly
specialized personnel.

In the second part of the thesis, the applicability and disinfection efficiency of
advanced oxidation electrochemical systems have been evaluated as
sustaining treatments for water reuse, testing two types of materials, a
Ruthenium anode, and an anode of BDD in natural matrices. The disinfection
trials carried out have been focused on the inactivation of bacteria, viruses,
bacterial spores and protozoa, as well as on the evaluation of the suitability of
the index microorganisms classically used in disinfection treatments, the
determination of toxic by-products and energy requirements of the system.
The main results of these studies have shown that electrochemical systems
can be applied as a final step in the disinfection of natural waters, although
the index microorganisms must be reviewed, given the greater sensitivity of
bacteria and bacteriophages, but proving to be effective to achieve a one
logarithm reduction of virus with low energy requirements, having the
potential to be implemented as decentralized water purification systems,
although they must be adapted to avoid the formation of toxic by-products.
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1. INTRODUCCIO

1. AiguaiSalut

L'any 2010, I'Assemblea de les Nacions Unides (UN) va reconeixer
explicitament el dret huma a I'abastament i sanejament de 'aigua. Aixo es
tradueix en que I'aigua ha d’estar disponible de forma continuada, salubre,
fisicament accessible, assequible i de qualitat acceptable, per a I'Us personal i
domestic ja que, la millora en el proveiment i en la gestid dels recursos hidrics
millora la salut de la poblacié, impulsa el creixement economic dels paisos i
contribueix a la reduccié de la pobresa (UN 2010).

Segons dades de I'Organitzacié Mundial de la Salut (OMS), I'any 2020 el 74%
de la poblaci6 mundial (5.800 milions de persones) tenia accés a un
subministrament segur d’aigua. Tanmateix, 2.300 milions pateixen escassetat
d’aigua, abastint-se de fonts contaminades fecalment, la qual cosa implica la
preséncia de contaminacié microbiana. L'Us de fonts d’aigua contaminada
microbiologicament implica un risc per a la salut i la transmissié de malalties
(Figura 1). Aixi doncs, s’estima que 829.000 morts anuals sén degudes a
diarrea causada per la insalubritat de I’aigua, dels quals, 178.000 corresponen
a menors de 5 anys (WHO 2022).

[] <100

[] 100-920
[ rono-a9ss
[ so00-2999
B =000

D Not 2pplicable

| | Mo data

Figura 1. Proporcid de la poblacio que no utilitza serveis de sanejament gestionats de
manera sequra (IHME, Global Burden of Disease, 2019).
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Les perspectives de futur indiquen que la situacio actual empitjorara arrel del
canvi climatic i de I'augment de la poblacié (Rossati, 2017). Aixi, I'Organitzacié
Meteorologica Mundial estima que I'any 2025 dues de cada tres persones
sofriran restriccions en I'abastiment de |'aigua, mentre que les Nacions Unides
consideren que I'any 2050, una de cada quatre persones viura en un pais amb
problemes cronics d’escassetat d’aigua. Com a conseqliéncia, algunes
alternatives a I'abastament d’aigua estant guanyant protagonisme, com la
reutilitzacié de les aiglies residuals destinades per al reg, fent possible la
recuperacio de recursos com sén |'aigua, nutrients i energia. No obstant, la
reutilitzacié d’aiglies implica un risc associat per a la salut, per la qual cosa és
necessaria una gestié adequada per assegurar-ne la seva qualitat i quantitat.

L’OMS recomana un seguit d’accions clau per a millorar I’accés a I’aigua a nivell
global (WHO, 2017). Entre elles destaquen la necessitat de dur-ne a terme una
gestid segura, mitjancant la implementacid de regulacions que considerin els
riscos locals de cada regid, el desenvolupament de metodes de monitoreig i
seguiment dels riscos, la minimitzacid de la contaminacié de I'aigua mitjancant
I'aplicacio de sistemes de tractament multi-barrera i la prevencié de la re-
contaminacié durant la distribuciéd, emmagatzematge i manipulacié (WHO
2022). Seguint aquestes mesures, es podrien assolir en certa manera els
Objectius de Desenvolupament Sostenible (ODS) proposats per les Nacions
Unides per l'any 2030, més concretament ['objectiu 6: Garantir la
disponibilitat d’aigua i la seva gestid sostenible per a tothom.

1.1. Impacte del canvi climatic sobre la qualitat de I'aigua
Donat I'augment en nombre i intensitat d'esdeveniments climatics extrems, hi
ha una creixent preocupacio sobre com el canvi climatic podria afectar la salut
publica. Els canvis climatics accelerats ja estan afectant la salut humana, en
part, alterant I'epidemiologia dels patogens sensibles al clima (Mirsaeidi et al.,
2016), i facilitant la disseminacié d’alguns virus a noves regions geografiques
(Wigginton et al., 2015). Per una banda, la dinamica epidemiologica de les
malalties oportunistes esta profundament impulsada per la variabilitat
ambiental (Anttila et al., 2015; Shamkhali Chenar and Deng, 2017). Per
exemple, 'augment de la temperatura i el nivell del mar han donat lloc a
I'augment de malalties infeccioses relacionades amb toxines transmeses per
I'aigua com sén el colera i les intoxicacions per marisc. L'augment de la
temperatura en certes regions, esdevé en nous ninxols ecologics per a vectors
de malalties com sén els mosquits i paparres (Rossati, 2017). Hi ha estudis que
relacionen canvis climatics rapids en regions concretes amb brots de grip
aviaria (H5N1). A nivell mundial, els augments exponencials dels brots de grip
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aviaria no sén només una qliestido de mutacions casuals en els virus de la grip,
sind també el resultat de factors socials i ambientals (Canavan, 2019).

D’altra banda, I'augment en la intensitat i freqiéncia del desastres naturals
derivats dels canvi climatic, com son les inundacions, tsunamis, terratrémols,
ciclons tropicals (per exemple, huracans i tifons) i tornados, també estan
associats amb malalties infeccioses, incloent malalties diarreiques, infeccions
respiratories agudes, malaria, leptospirosi, xarampio, dengue, hepatitis, febre,
meningitis, aixi com tétanus i mucormicosi cutania, sent els paisos de baixa
renda els més afectats (Kouadio et al., 2012).

Episodis de pluges extremes i inundacions mobilitzen patogens dispersant-los
per lI'ambient en breus periodes de temps, generant una important
escorrentia superficial o un increment de la infiltracié que arrossega els
microorganismes fins a punts de captacié d’aiglies. A més, |'abocament
d'aiglies residuals és comu sobretot en episodis de precipitacions intenses,
quan els sistemes de clavegueram no poden assumir tot el volum d’aigua
d’entrada i per tal de protegir els sistemes de depuracid d’aiglies, mitjancant
sobreeixidors, aboquen I'aigua residual directament fora de la xarxa (Farkas et
al., 2018; Hata et al., 2014).

Com a consequeéncia, s’estan utilitzant models matematics per estimar la
carrega global d'algunes malalties infeccioses com a resultat del canvi climatic.
Segons els models, I'any 2030 s'esperen un 10% més de malalties diarreiques,
gue afecten principalment els nens petits, i si la temperatura global augmenta
entre 2 i 3 °C, com s'espera, la poblaci6 amb risc de patir malaria podria
augmentar entre un 3% i un 5% (Rossati, 2017).

Per tant, I'estudi del paper que juguen els esdeveniments climatics en la
distribucid de malalties transmeses per l'aigua, tenint en compte les
diferéncies regionals, podria ser clau per desenvolupar noves mesures de
prevencio (Gullén et al., 2017; Shamkhali Chenar and Deng, 2017).

Els desastres naturals i les malalties infeccioses continuaran sent una amenaca
globalitindran un gran impacte en el desenvolupament dels paisos. Per la qual
cosa, s'han de reforcar els sistemes nacionals de vigilancia i I'establiment de
protocols de gestié de la informacié sanitaria. En situacions de desastre,
I'educacié sobre la higiene i el rentat de mans, el subministrament de
quantitats adequades d'aigua segura, les instal-lacions de sanejament i un
refugi adequat sén molt importants per a la prevencié de les malalties
infeccioses (Kouadio et al., 2012).
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1.2. Contaminacio fecal de I'aigua
La contaminacié fecal és la principal font de la contaminacié microbiologica de
I'aigua, ja sigui d’origen huma o animal. La femta i l'orina presenten
microorganismes patogens que suposen un risc per la poblacié si aquests
arriben a les diferents fonts d’aigua.

Les fonts de contaminacid poden classificar-se segons si el seu origen és
puntual o d’origen difés. Tot i que els microorganismes patogens poden estar
presents de manera natural en ambients aquatics, s'introdueixen més
freqlientment com a resultat d'activitats humanes, ja sigui de forma directa a
causa de la defecacio d'animals de ramaderia al sol o a les aiglies superficials
0 a través de vies com son les fuites de clavegueres i sistemes septics,
I'escorrentia urbana, I'escorrentia agricola i I'escorrentia de fems d'animals
utilitzats a I'agricultura com a fertilitzants (Farkas et al., 2020; Hata et al.,
2014; Jurado et al., 2019).

Aixi doncs, tenint en compte els diferents usos de I'aigua, com ara l'aigua de
beguda, necessitats domeéstiques, usos recreatius, i usos agricoles, inclos el
regadiu, la produccioé d’aliments i els animals de granja, el seu Us o consum pot
suposar un risc per als humans si les fonts d'aigua (per exemple, aiglies
subterranies, aigua de mar, etc.) o aiglies superficials estan contaminades amb
aigles residuals (Fong et al., 2010; Lowther et al., 2012; Sinclair et al., 2009).

Donat que les diferents vies de transmissié pels quals els patogens poden
arribar a I'ambient sdn diverses i en la majoria dels casos I'aigua és el seu
vehicle, quan el sanejament de I'aigua i la higiene sén escasses, |'aigua de
beguda, els aliments contaminats o les mans, son les vies més importants de
transmissio dels patogens hidrics comunament transmesos per la via fecal-
oral. A banda, les malalties transmeses per I'aigua poden ser causades per
una gran varietat de microorganismes, pertanyents fonamentalment a 3 grans
grups taxonomics: Bacteris, virus, o protozous . De simptomatologia variada,
aquests poden transmetre’s a la poblacid a través de 'aigua contaminada
mitjancant la ingestid (via gastrointestinal), inhalacié (via respiratoria) o a
través del contacte de la pell, mucoses, ferides i ulls. La Figura 2 agrupa les
diferents vies de transmissid a la poblacié dels principals patogens relacionats
amb I'aigua.
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EXCRECIONS

|
VIES DE TRANSMISSIO

e N i
INGESTIO INHALACIO CONTACTE
(gastrointestinal) J (respiratoria) s (pell, mucoses, ferides, ulls)
L.
L ) 1 )} 0 )
L Ll L
f Bacillus spp. \ (Cxgercanis Y [ Klepsiella spp. E ( Acinetabacter spp. Adenovirus
Compylobectersop. || astro | Acromanesspp.
E. coli h agica’ irus Micobacterium spp. . g
(0157:H7) V.Hepatitis A E. coli enterohemorragica
Klepsielia spp. V.Hepatitis E — AOLAL.
Micobacterium spp. Norovirus Naegleria fowleri Helicobacter pylori
Salmonella typhi Rotavirus A2piuspla Spp.
Shigelia spp. Sapovi P T Micobacterium spp.
Vibrio spp. Wty kot Astrovitus Pseudomonas aeruginosa
Yersinia spp. Rotavitlis Salmonella (no tifoidea)
Dracunculus \&/ Stophylococcus aureus
(— \‘ dinensi Tsukamurella spp.
Cyclospora_cqyetonensls 4 Fasciola spp. ) \ Yersinia spp. /
Cr ) W"_’"’" mm Bacteris
Entamoeba histolytica Acanthamoeba w= Protozous
Giargia mresﬁnt?ffs Balantidium coli = Virus
'm "_"rf' Cryptosporidium parvum == Helmints
Microsporidis B Giardia intestinalis
Toxoplasma gondii g )

Figura 2. Vies de transmissié d’agents patogens relacionats amb I'aigua.
Adaptada de Rusifiol, 2014

15



Introduccio

1.3. Principals virus humans contaminants d’aigua

Tot i que una gran varietat de microorganismes poden causar malalties
transmeses per l'aigua, el virus representen la primera causa de
gastroenteritis no bacterianes al mén (Shamkhali Chenar and Deng, 2017) i
estant relacionats a més, amb moltes altres sindromes cliniques. La majoria
dels virus contaminants d’aigua i aliments, es caracteritzen per I'absencia
d’embolcall lipidic que fa que siguin altament estables al medi ambient, fent-
los capacos de resistir a condicions adverses durant llargs periodes de temps
(Rzezutka and Cook, 2004). A més, les estacions depuradores d’aiglies
residuals (EDARs) sovint no son eficients en I'eliminacié per complet de
contaminants virics, ja que els tractaments de desinfeccié classicament
utilitzats estan dirigits a I'eliminacié de parametres quimics i bacterians. Aixi
doncs, s’ha descrit repetidament la preséncia de contaminacié virica en
efluents d’EDARS arreu del mén, fet que pot suposar un risc microbiologic, ja
que tot i estar diluits en I'ambient, els virus solen tenir una baixa dosi
infecciosa (10-100 particules viriques de Norovirus poden causar infeccid)
(Farkas et al., 2020; Thebault et al., 2013).

La simptomatologia més comuna dels virus transmesos per aigua i aliments
solen ser gastroenteritis auto-limitants, encara que depenent de l'agent
etiologic també poden provocar hepatitis, infeccions respiratories, i
conjuntivitis, i en grups de risc com els nens, dones embarassades i persones
immuno-suprimides poden produir complicacions més greus com meningitis,
encefalitis, paralisis, desordres neurologics, avortaments o fins i tot la mort.
Tot i que, en tots els casos I'evolucid de la infeccié dependra de varis factors
com son la via de transmissio, la dosi infecciosa, I'edat, I'estat immunologic
del pacient i de la disponibilitat d’accedir a assisténcia sanitaria (Koopmans
and Duizer, 2004).

Els virus més importants contaminants d’aigua i aliments estan descrits a la
Taula 1, inclouen families amb genoma ADN i families amb genoma d’ARN.
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Taula 1. Caracteristiques dels principals grups de virus contaminants d’aigua

Familia
(genoma, Génere Nom comu Transmissié Malaltia associada
mida)
Gastroenteritis,
Enterovirus malaltia boca-ma-peu,
. Fecal-oral o . L
Enterovirus humans . . encefalitis, meningitis,
respiratori .
(A-D) conjuntivitis,
poliomielitis, paralisis
Picornaviridae Kobuvirus Aichivirus Fecal-oral Gastroenteritis
SSRNA
28-30 nm
Gastroenteritis,
infeccions
, . Fecal-oral o .
Parechovirus  Parechovirus . . respiratories,
respiratori . . .
miocarditis, encefalitis,
hepatitis
Virus de
Hepatovirus la hepatitis Fecal-oral Hepatitis aguda
A
Astroviridae Gastroenteritis
SSRNA Mamastrovirus  Astrovirus Fecal-oral rincipalment en nlens
28-30 nm princip
Norovirus Norovirus Fecal-oral Gastroenteritis
Calciviridae
SSRNA
27-38 nm
Saporovirus Saporovirus  Fecal-oral Gastroenteritis
Hepatitis aguda,
greu en dones
embarassades
Hepeviridae . G1iG2
p . Virus de Fecal-oral ( )
SSRNA Hepeviurs .\ . Problemes
la hepatitisE ~ Zoonosi L.
25-34 nm neurologics en
gentgrani
immunosuprimits
(G3)
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Reoviridae Gastroenteritis
dsRNA Rotavirus Rotavirus Fecal-oral freqlient en individus
70-75 nm joves i vells
Parvoviridae . . e
. . Respiratori, Gastroenteritis i
SSDNA Bocaparvovirus Bocavirus . S
aerosols malalties respiratories
26-28 nm
BKPyV: Nefropaties ,
infeccions
respiratories, cistitis
Polyomaviridae JCPyV:
. . . Fecal-oral o .
dsDNA Polyomavirus  Poliomavirus . . Leucoencefalopatia
respiratori . .
50-60 nm multifocal progressiva
MCPyV: Associats al
carcinoma de cél-lules
Merkel
Adenoviridae . Gastroenteritis,
. Adenovirus  Fecal-oral o N .
dsDNA Mastadenovirus . . conjuntivitis, malalties
(A-G) respiratori . s
90-100 nm respiratories, cistitis

1.3.1.Adenoviridae
Els adenovirus humans (HAdV), pertanyen a la familia Adenoviridae, consistint
en almenys 51 serotips, s'han definit i classificat en sis especies diferents (A—
F) sota el génere Mastadenovirus (Kuo et al., 2010). De doble cadena d’ADN
(dsADN), son virus no embolcallats d’una mida entre 70 i 100 nm, amb un
genoma de 36-37 kb.

Estan implicats en malalties de diversa severitat, incloent gastroenteritis
moderades, infeccions respiratories o oculars (Lynch and Kajon, 2016). Al
voltant del 60% de les infeccions tenen lloc en nens menors de 4 anys, on
aproximadament el 50% sén asimptomatiques. La seva transmissioé depén del
serotip (Hunter 1997). Els serotips HAdV40 i HAdV41, transmesos per la via
fecal-oral, sén un dels principals agents causants de gastroenteritis en nens
petits, amb una incubacié de 3 a 10 dies, provoca una diarrea aquosa, sent
excretats en concentracions molt elevades (Haramoto et al., 2007).

Els adenovirus s'han proposat com a indicadors de la contaminacid viral fecal
per la seva prevalenga, ja que poden ser excretats durant mesos o anys en
femtes sense produir simptomes clinics, per la seva especificitat d’hoste i
estabilitat a les aiglies residuals humanes arreu del mén (Bofill-Mas et al.,
2006, Pina et al., 1998) i per la seva resisténcia a certs estressors ambientals i
desinfectants, degut a |'alta estabilitat del seu genoma d'ADN de doble cadena
en comparacié amb els virus d'ARN (Ogorzaly et al., 2010; Thurston-Enriquez
et al., 2005).
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1.3.2.Poliomaviridae

Polyomaviridae és una familia de virus petits, amb una mida d’entre 40 i 60
nm, sense embolcall, amb genomes dsDNA d'aproximadament 5.000 parells
de bases. Es tracta d’una familia de virus que infecta principalment mamifers
i ocells. La majoria d'aquests virus sén molt comuns i normalment
asimptomatics en la majoria de les poblacions humanes estudiades.
Tanmateix, alguns membres sén coneguts patogens humans, que causen
infeccions simptomatiques o cancer en el seu hoste natural (Moens et al.,
2017).Pertanyent al génere Alfapoliomavirus, el poliomavirus de cél-lules de
Merkel (MCPyV), esta relacionat amb el carcinoma de cel-lules de Merkel, un
cancer de pell rar pero agressiu. Mentre que els membres pertanyents al
genere Betapoliomavirus, com els poliomavirus humans BK i JC, produeixen
infeccions ubiqlies i persistents en individus sans, perd en persones
immunocompromeses poden provocar malalties cliniques. BKPyV pot causar
nefropatia en pacients amb trasplantament renal, suggerint que té un paper
en el cancer de prostata. JCPyV s'associa amb la leucoencefalopatia multifocal
progressiva, i pot estar implicat en cancer de colon i cervell (Calvignac-Spencer
et al., 2016).

A l'igual que els HAdV, sén detectats al llarg de I'any en aigua amb
contaminacié fecal amb una elevada prevalenca a totes les arees geografiques
estudiades. Per exemple, aquests virus es detecten en el 98% de les mostres
d’aigua residual, per la qual cosa han estat proposats com a indicadors de la
contaminacio fecal d’origen huma (Bofill-Mas et al., 2000).

1.1.1.Calciviridae

Els calicivirus sén un grup divers de virus d'ARN de sentit positiu de mida petita
27-30 nm, amb simetria icosaédrica, monocatenaris i que infecten humans i
animals. Els géneres de la familia sdn Vesivirus, Lagovirus, Norovirus, Sapovirus
i Nebovirus. Entre ells, el génere Noroviurs son causants de la major part de
gastroenteritis no bacterianes associades a aigua i aliments, sobretot en fruits
vermells i mol-luscs, i amb una marcada estacionalitat hivernal (Fields et al.,
2013; Shamkhali Chenar and Deng, 2017).

Responsables de gastroenteritis autolimitants de 28-60 h (Glass et al., 2009),
aproximadament un de cada cinc casos de gastroenteritis aguda és causada
per norovirus, provocant al voltant de 685 milions de casos a I'any i més de
200.000 morts, dels quals 50.000 sdn nens en paisos de baixa renda (CDC,
2021). Donada la seva ubiqlitat, que tenen una dosi infecciosa molt baixa
(entre 10 — 1000 particules virals) (Teunis et al., 2008), i que sén molt estables
a 'ambient (poden romandre infecciosos durant llargs periodes de temps
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inclis a pHs molts baixos (Duizer et al., 2004), els norovirus representen un
dels patogens virics més importants a nivell mundial.

Degut a mutacions i recombinacié entre diferents fragments homolegs d’ARN,
el génere presenta una elevada variabilitat genética, subdividit en 5 genogrups
i diversos serotips. Els genogrups Gl, Gll i GIV infecten especificament humans,
encara que la majoria d’infeccions sdn causades pels genogrups Gl i Gll. Més
concretament, el genotip Gll.4 és el més freqlientment detectat en els brots
causats a Europa i EUA, amb el 81,4% de brots associats a Gll i 44,2% al Gll.4
(CDC, 2021; Zheng et al., 2010).

La deteccié de norovirus es realitza a través de meétodes moleculars ja que
actualment no existeixen técniques de cultiu cel-lular eficients per replicar-los
a nivell de laboratori. Mentre que I'estudi de la seva estabilitat front a
tractaments de desinfeccié s’ha de realitzar mitjancant altres virus de
caracteristiques semblants (Cromeans et al.,, 2010). Entre els models més
utilitzats trobem els bacteriofags MS2 i ®X174 i sobretot els norovirus murins
(MNV) i Tulane virus (TV) degut a les seves similituds estructurals i genétiques
(Farkas, 2015; Wobus et al., 2006).

1.1.2.Picornaviridae

Els Picornaviridae compren una de les families de virus més grans i importants,
responsables d’una gran varietat de malalties en humans i animals amb grans
repercussions economiques. La familia Picornaviridae consisteix en virus
d'ARN monocatenari de sentit positiu (+ssARN), sense embolcall, amb una
mida de 30 nm. D’entre els picornavirus que afecten humans, molts
enterovirus, es troben principalment a l'intesti a les vies respiratories
superiors mentre que els hepatovirus (virus de I'hepatitis A) es troben a
I'intesti i fetge (Fields et al., 2013).

Pertanyent al genere Enterovirus, els Coxsackievirus B5 (CVB5) provoquen
malalties de simptomatologia variada. Incloent mal de cap, febre, mal de coll,
malestar gastrointestinal, fatiga extrema, dolor de pit i mialgia aixi com la
malaltia de mans peus i boca (Kimmis et al., 2018). La gravetat de la infeccid
varia en funcié de I'edat de I'hoste i de I'estat immunologic, aixi com de la
sindrome de malaltia que es presenta i del sistema d'organs atacat. El periode
d'incubacié també varia dins de les simptomes, i la transmissid maxima es
produeix durant les dues primeres setmanes de la infeccié. Les infeccions sén
freqlients entre nadons i nens, encara que no hi ha cap vacuna especifica ni
terapia antiviral (Tarig and Kyriakopoulos. 2012).
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Donat que és un dels genotips més prevalents en aiglies residuals (Torii et al.,
2022) i que té una elevada resisténcia front als processos de desinfeccié i que
és facilment cultivable i quantificable mitjangcant teécniques d’infectivitat, és un
virus ampliament utilitzat en assajos de desinfeccié com a virus model de virus
enterics.

1.4. Virus emergents
Els virus emergents o re-emergents son aquells que han aparegut recentment
i/o que han incrementat la seva prevalenca, patogenicitat o distribucid
geografica i/o que poden augmentar en un futur proxim. Exemples de virus re-
emergents sén el cas del xarampid (Fraser-Bell, 2019) o la poliomielitis
(Mbaeyi et al., 2021).

En el camp de la virologia ambiental, els virus sense embolcall, sén els més
abundants i comunament estudiats, ja que els virus embolcallats, generalment
es consideren inestables en el medi. Tanmateix, alguns virus embolcallats,
pero, poden sobreviure durant llargs periodes de temps a les aiglies residuals
i les aigles superficials. Els virus de la grip aviaria i alguns coronavirus, per
exemple, sén relativament estables a l'aigua i també ocasionalment es
transmeten als humans per via respiratoria per provocar brots de malalties
greus (Ye et al., 2016). Aixi doncs, s’han descrit brots rellevants a nivell global
provocats per virus embolcallats transmesos principalment per via
respiratoria o per contacte directe com els brots d’Influenza, els causats per
coronavirus o I'ebola entre d’altres (Wigginton et al., 2015).

Analisis retrospectius assenyalen que durant els Ultims 70 anys, més del 80 per
cent dels brots relacionats amb malalties infeccioses emergents sén causades
per patdogens zoonotics o transmesos per vectors, dels quals la majoria sén
virus. Per la qual cosa, la recerca esta sent dirigida a I'estudi del viroma dels
reservoris més comuns causants de malalties zoonotiques. On els ratpenats i
els rosegadors sén els dos reservoris més importants, sent hostes de molts
virus zoonotics que poden travessar les barreres d'especies per infectar
humans, inclosos Lissavirus, Ebolavirus i Coronavirus. En particular, s'ha
suggerit que els ratpenats sén reservoris potencials del SARS-CoV-2, I'agent
causant de la COVID-19 (Zhou et al., 2022).

1.4.1.Coronaviridae
Relacionat tradicionalment amb refredats comuns, els coronavirus sén virus
embolcallats de 60 a 220 nm de diametre amb un genoma d’entre 25i 32 kb
i ARN de cadena senzilla (ssARN). A dia d’avui els coronavirus son responsables
de 3 grans episodis rellevants. El SARS-CoV-1 va sorgir a Hong Kong I'any 2003
causant de malalties respiratories amb altes taxes de mortalitat. L'any 2012 el

21



Introduccio

MERS-CoV va ser responsable de 456 morts a I’Arabia Saudita (Wigginton et
al., 2015). I a finals de 2019 el SARS-CoV-2 va ser identificat en Wuhan, Xina
com a responsable d’una nova malaltia respiratoria aguda coneguda com
COVID-19, convertint-se en el primer coronavirus pandemic (Gorbalenya et
al., 2020). El brot va ser declarat una emergencia de salut publica d'interes
internacional el 30 de gener del 2020 i I'OMS I'11 de febrer de 2020 va
anunciar un nom per a la nova malaltia del coronavirus: la COVID-19. L'11 de
marg, I'OMS va actualitzar I'estat del brot de COVID-19 d'epidémia a
pandemia. A data de novembre del 2022, s’han registrat en el mén al voltant
de 633 milions de casos i 6,6 milions de morts (WHO, 2022).

El SARS-CoV-2 és un coronavirus relacionat amb el sindrome agut respiratori
sever (SARS), membre emergent del génere Betacoronavirus. La principal via
de transmissio son les gotes i aerosols generats per la respiracid, esternuts,
tos, i contacte estret amb de les persones infectades. La majoria de les
persones que s’infecten amb la COVID-19, o sén asimptomatics o
experimenten des de simptomes respiratoris lleus a moderats i es recuperen
sense tractament especial encara que en alguns casos pot arribar a provocar
la mort (Sharma et al., 2021). Donat que en molts casos els portadors son
asimptomatics, fet que afavoreix el contagi, ha fet que sorgeixin noves variants
rapidament. Aquestes variants, s'han associat a les fluctuacions observades
amb les ones pandémiques, ja que posseeixen mutacions que afecten la
infectivitat i l'antigenicitat virals (ltarte et al., 2021), demostrant aixi
caracteristiques d'evasié immune i un augment de les capacitats infeccioses,
conduint a una reduccié en I'eficacia de les vacunes (Forchette et al., 2021).

1.5. Epidemiologia basada en aiglies residuals

Des que I'any 1939 que el virus de la polio va ser detectat a aiglies residuals
(Nelson, 2022), I'epidemiologia basada en aiglies residuals (Wastewater Based
Epidemiology, WBE) s’ha utilitzat per la deteccid de virus emergents,
detectant-se per exemple la circulacié del virus de I'hepatitis E en paisos
industrialitzats (Clemente-Casares et al., 2003), o reflectint I'efecte de la
vacunacio en la circulacié de soques de virus com els de I’hepatitis A o els
rotavirus (Matthijnssens and Van Ranst, 2012; Pint6 et al., 2007).

Pel que fa els virus amb embolcall, donat que la seva via de transmissio no sol
ser la via fecal oral i que son considerats inestables en el medi ambient, no
solen ser focus d’estudi, per la qual cosa la informacié disponible de virus
embolcallats en aigilies és escassa (Wigginton et al.,, 2015). Alguns virus
embolcallats, com sén el virus respiratoris sincitial, el rinovirus , els
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coronavirus i la grip estacional poden ser excretats en femta, per la qual cosa
han estat detectats en aiglies residuals (Arena et al., 2012; Ye et al., 2016).

Arran de la pandémia de la COVID-19, I'estudi de virus embolcallats en aigiies
ha guanyat protagonisme, i en concret el seguiment del SARS-CoV-2. Donat
que és un virus que també s’excreta en femta, fins al 55 % de les persones
infectades el pot excretar en concentracions de I'ordre de 102 — 107 CG/gr de
femta (Medema et al., 2020; Zhang et al., 2020), la vigilancia microbiologica
de les aiglies residuals funciona com a indicador epidemiologic de |'estat de
salut d’una comunitat. Aixi doncs, les concentracions de virus a les aigles
residuals son indicadores del nombre de persones infectades a la comunitat,
proporcionant una correlacié significativa entre la concentracié de SARS-CoV-
2 ales aiglies residuals i la prevalenca de COVID-19 a la poblacié (Medema et
al., 2020). El monitoreig del SARS-CoV-2 en aiglies residuals, tot i no ser una
font d’infeccions, ha esdevingut clau per a coneixer 'estat de la pandéemia,
actuant com a potencial eina per al seguiment de I'evolucié de la malaltia i
com a suport per a la implementacié d’accions de control (Randazzo et al.,
2020).

Consequentment, un gran nombre d’administracions a nivell global han
desenvolupat xarxes de vigilancia epidemiologica basades en I’analisi de les
aiglies residuals. En la plataforma web COVIDPopps19 es poden consultar els
més de 3600 punts de vigilancia del SARS-CoV-2 que hi ha arreu del moén en
els 70 paisos participants (https://www.covid19wbec.org/covidpoops19). A
Catalunya per exemple, s’analitza setmanalment I’evolucié de la concentracié
del virus (https://sarsaigua.icra.cat) des de I'any 2020, realitzant el seguiment
de 56 plantes de tractament d’aigiies residuals les quals representen el 80%
de la poblacié (Coromines et al., 2020; Guerrero-Latorre et al., 2022).

Aquestes xarxes de vigilancia a nivell global han esdevingut una eina molt
potent per al control no només del SARS-CoV-2, sind també d’altres virus
emergents com és el cas de la verola del mico, un virus d'ADN de doble cadena
(dsADN) embolcallat que pertany al génere Orthopoxvirus de la familia
Poxviridae. El maig de 2022, es van identificar multiples casos de verola del
mico en diversos paisos no endémics. Actualment, amb quasi 60000 casos
confirmats i 19 morts, s'estan realitzant estudis per entendre millor
I'epidemiologia, les fonts d'infeccid i els patrons de transmissid, on les xarxes
de vigilancia d’aigles residuals tenen un paper fonamental (ECDC 2022).
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2. Control de la qualitat de I'aigua i de la contaminacid viral

2.1.Regulacions i normatives

2.2.1. Regulacions i normatives a nivell global
Per a garantir la qualitat de I'aigua, els paisos han adoptat diferents normes.
A més, en tractar-se moltes vegades d'un recurs compartit per diferents
paisos, el consens és necessari per establir politiques de gestié comunes.

Aixi doncs, a nivell mundial depenent del desenvolupament economic de les
regions, podem trobar diferents models de gestié de les aiglies. A nivell
europeu, sota les regulacions de la Unié Europea, es va aprovar I'any 2000 la
Directiva 2000/60/CE per la qual s'estableix un marc comunitari d'actuacié a
I'ambit de la politica d'aiglies, més coneguda com la Directiva Marc de I'Aigua
(DMA), on tots els paisos membres han de seguir per tal d’assegurar el bon
estat de les masses d’aigua. La resta de paisos, tenen regulacions especifiques,
unes més restrictives que altres, com la National Water Quality Management
Strategy a Australia, The Canada Water Act a Canada i, sent un referent a nivell
legislatiu, L'Agéncia de Protecci6 Ambiental (Environmental Protection
Agency, EPA) dels Estats Units.

D’altra banda, altres regions amb profundes desigualtats socioeconomiques,
totitenir les seves regulacions especifiques, disposen d’organitzacions, ja sigui
a nivell continental o regional, que intenten establir regulacions o
recomanacions comunes en els diferents usos de I'aigua. A I’Africa, Les
Directrius de politiques de sanejament africanes (African Sanitation Policy
Guidelines) sdn una iniciativa liderada pel Consell de ministres africans sobre
I'aigua (The African Ministers' Council on Water), amb |’objectiu de promoure
la cooperacid, la seguretat, el desenvolupament social i economic i
I’erradicacio de la pobresa entre els estats membres mitjancant la gestio eficag
dels recursos hidrics del continent. Al continent asiatic, L'Asian Water
Development Outlook avalua la seguretat nacional de I'aigua a I'Asia i el Pacific,
centrant-se en cinc dimensions clau: desastre rural, economic, urba,
ambiental i relacionat amb I'aigua. Proporcionant una instantania pais per pais
de l'estat de la seguretat de l'aigua de la regid, permetent als responsables
politics, les institucions financeres i els planificadors fer una gestid més
eficient de I'aigua. Finalment, a I’America Llatina, tot i no existir un marc comu
de regulacions, la Divisid de Recursos Naturals de la Comissié Economica per
a America Llatina i el Carib (CEPAL), realitza informes dels diferents avengos
en les politiques reguladores del sector de |'aigua potable i sanejament, on cal
destacar la mencié especial als conflictes socials derivats de l'aigua. Al
considerar-se un recurs estrategic, la seva manca deriva en conflictes
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categoritzats com conflictes per 1'Us, pels usuaris, per actors no usuaris,
intergeneracionals, interjurisdiccionals i institucionals.

Totes les regulacions i informes desenvolupats a nivell global en materia
d’aigua han d’estar alineades amb I'Agenda 2030 per al Desenvolupament
Sostenible, aprovada per la 70a Assemblea General de les Nacions Unides
durant la Cimera de Desenvolupament Sostenible 2015, on l'objectiu 6,
estableix que s’ha de garantir la disponibilitat i la gestio sostenible de I'aigua.

Pel que respecta al control microbiologic dels virus en aquestes regulacions,
I’'any 2011 les guies de I'OMS per a la qualitat de I'aigua potable classifiquen
els adenovirus, astrovirus, calicivirus, enterovirus, el virus de I'hepatitis Ai E, i
els rotavirus com a patogens importants amb certa evidencia d'alt risc per a la
salut (WHO, 2011a, 2011b). L’'any 2017, I'EPA incloia parametres especifics
relacionats amb els virus enteérics, destacant els adenovirus, calicivirus
(incloent Norovirus), enterovirus i el virus de la hepatitis A en la llista de
candidats a contaminants, a més de determinar els valors de reduccid
necessaris en el tractament d’aiglies regenerades aixi com I'Us de bacteriofags
com a indicadors.

Finalment, I'any 2020, es publica el Reglament (UE) 2020/741 del Parlament
Europeu del 25 de maig on especifica els requisits minims per la reutilitzacié
de I'aigua i en el mateix any, s’actualitza la normativa relativa a la qualitat
d’aigua destinada al consum huma i es publica la Directiva (UE) 2020/2184 del
Parlament Europeu el 16 de desembre del 2020. En aquesta actualitzacié
s’especifica que durant els programes de control operatiu del
subministrament, si hi ha preséncia de colifags somatics en aigua sense tractar
a concentracions > 50 PFU/100 ml, s'han d'analitzar després de les etapes de
tractament per tal de determinar i avaluar el risc microbiologic associat a la
preséncia de virus patogens.

2.2.2. Regulacions i normatives espanyoles
La Directiva 2000/60/CE, coneguda com la Directiva Marc de I'Aigua (DMA), va
ser traslladada a I'ordenament juridic espanyol mitjancant la Llei 62/2003. En
general, els valors limits dels diferents parametres fisico-quimics i
microbiologics recollits a la legislacid sén variables depenent de I'Us final al
qual esta destinat I'aigua, sempre sent els més restrictius en el cas de l'aigua
potable. Donada la importancia del control sanitari de I'aigua, I'any 2018,
I'ordenament juridic espanyol va establir mitjancant Reial decret 902/2018
I'obligatorietat de la creacio i I'aplicacié de Plans de Seguretat de I’Aigua (PSA),
promoguts des del 2004 per I'OMS en les Directrius sobre la qualitat de I'aigua
potable en zones que subministren aigua a més de 50.000 habitants. Avaluant
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aixi, el risc en totes les etapes del subministrament de I'aigua potable des de
la seva captacid fins al consumidor.

D’altra banda, derivat de la necessitat de reutilitzar I'aigua de forma
sostenible, I'lany 2007, es va publicar el Reial Decret 1620/2007 del 7 de
desembre, que estableix el regim juridic de reutilitzacié d’aiglies depurades.
Conseqiientment, i derivat del risc associat per que pot suposar la conversié
d’un residu com és l'aigua residual a un recurs, el RD diferencia els diferents
usos que se’n pot donar depenent de la qualitat de I'aigua, establint qualitats
diferents limits en funcid del risc que suposi l'activitat per a la salut humana.
Aixi doncs, es distingeixen 6 tipus de qualitat (A, B, C, D, E i F), resumits en la
Taula 2, tenint en compte fonamentalment els limits indicats respecte a E. coli,
nematodes intestinals i Legionella spp.

Taula 2. Tipus de qualitat segons els limits bacteriologics del RD de reutilitzacio

. Legionella
TIPUSDE  E. coli
Usos QUALITAT UFC/100m| Nematodes  spp.

UFC/100 ml
Torres de refrigeracio Abséncia Abséncia Abséncia
residencials A Abséncia <1lou/10L <100
Recarrega d.aqun‘ers injeccid Abséncia <1 ou /10L No,es.ﬁxa
directa limit

Serveis urbans

Reg agricola sense restriccions B <100-200 <1lou/10L <100
Reg de camps de golf

Reg de productes agricoles que no

es consumeixen frescos <1000 <1lou/10L No”(:rs]iilxa
Reg pastura animals productors C
Recarrega d’aquifers per percolacidé < 10000 No 'es_flxa No ,es.flxa
limit limit
Reg de cultius llenyds, vivers i
cultius industrials D <10000 <1lou/10L <100
Masses d'aigua sense accés public
Reg de boscos i zones verdes no £ No esfixa  No es fixa No es fixa
accessibles al public limit limit limit
Ambientals: manteniment . .
F La qualitat s'estudia cas per cas

aiguamolls, cabals minims

Els parametres que cal controlar sempre sén: Nematodes intestinals, E. coli,
solids en suspensido i terbolesa. Els dos primers com a indicadors
microbiologics i els altres dos com a fisicoquimics. Aixi mateix, i depenent del
tipus d'aplicacié o desti de I'aigua regenerada, el RD de reutilitzacid exigeix
controlar un altre tipus de parametres, com ara la Legionella spp. en cas que
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es produeixi aerosolitzacid, o el nitrogen i el fosfor total en el cas de recarrega
d'aqliifers o replenament d'estanys amb risc d'eutrofitzacid.

No obstant aixd, amb la publicaci6 del Reglament (UE) 2020/741 del
Parlament Europeu relatiu als requisits minims per la reutilitzacié de I'aigua
que sera aplicable a tots els estats membres a partir del 26 de juny del 2023.
S’especifica que només per avaluar les instal-lacions de regeneracié d’aigua, i
no com a control rutinari de la seva qualitat, per tal d’avaluar el compliment
dels objectius de rendiment (reduccié de logl0), com a controls de validacio
de les aiglies regenerades per al reg implica el seguiment dels
microorganismes indicadors associats a cada grup de patogens (E. coli, colifags
i espores de Clostridium perfringens/ bacteris formadors d’espores reductores
de sulfat). Sent els colifags F- especifics, colifags somatics o colifags, utilitzats
com a indicadors index de virus patogens. Tanmateix, la normativa deixa lliure
als usuaris d’analitzar Campylobacter, rotavirus o Cryptosporidium, enlloc dels
microorganismes proposats necessitant =5, >6 i 24 logaritmes de reduccio
respectivament.

2.2.3. Microorganismes indicadors per al control de la
contaminacio fecal
Per al control de la qualitat microbiologica de I'aigua, s’utilitzen indicadors de
contaminacié fecal. Degut a que I'analisi de tots els possibles patogens
presents en una mostra és inviable i a |a falta de métodes apropiats per a la
seva deteccid, I'Us de microorganismes indicadors representen una solucié
front a aquesta situacié. Un indicador és un microorganisme que per les seves
caracteristiques presenta un comportament similar als dels patogens.

Els criteris definits per I'OMS que identifiquen un microorganisme indicador
de contaminacid fecal son els seglients (WHO 2017):

e Ser detectable mitjangant metodes senzills, rapids i econdmics.

e Estar present universalment en excrements humans i animals en
nombres elevats.

e No ser un microorganisme patogen.

e Estar present en nombres més elevats que els patogens fecals.

e No multiplicar-se a l'aigua sota condicions naturals.

e Persistir o inactivar-se a l'aigua de manera similar als patogens fecals.

e Respondre tractaments de desinfeccié de manera similar als patogens
fecals.
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Actualment, no s’ha identificat cap indicador que compleixi tots els requisits
establerts per 'OMS. A més, és important entendre exactament per a qué s'ha
d'utilitzar un indicador especific, abans d'establir quina informacié pot o no
pot proporcionar (Momba et al.,, 2019). En la Taula 3 es resumeixen els
diferents tipus d’indicadors.

Taula 3. Definicio dels diferents tipus d’indicadors

Grup Definicio Exemple d’us
. Grup d'organismes que demostra Coliforms per a la desinfeccié
Indicador de P , g . 9 . P
., I'eficacia d'un procés amb clor
procés
Grup d'organismes que indica la E. coli. indicatiu de qué hi
Indicador fecal presencia de contaminacié fecal poden haver patogens
Un grup o especie microbiana E. coli com a index de
Organisme index indicativa de la presencia de Salmonella
patogens
Bacteriofags d'ARN F com a
. . Un grup o espécie microbiana models per a la reduccié de
Microorganisme o - .
indicativa del comportament dels virus entérics humans en
model (surrogate) R . .
patogens sistemes de tractament i
desinfeccid

Hi ha diferents tipus d'indicadors, resumits en la Figura 3, pero en les analisis
de qualitat d'aiglies es fan servir habitualment els indicadors bacterians de
contaminacio fecal (Feacal Indicator Bacteria, FIB). Aquests s’utilitzen per a
detectar la preséencia (o absencia) de contaminacio fecal i controlar I'eficacia
dels processos de desinfeccio o depuracid. Assumint que els mateixos
organismes es poden fer servir tant com a indicadors de contaminacio fecal
com d'eficacia d'un procés o tractament.
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Bifidobacteris

Bacteriofags

Colifags d’'RNA f-
especifics

( Colifags somatics )

Clostridis
sulfit reductors

S
K’.‘!ostridium

perfringens

Enterococs
intestinals

——

Coliforms totals o Fags de Bucteroides
Escherichia, Citrobacter, Klebsiela, Ep—— crAssphage
Entercbacter, Serratia, Hafnia phag
Coliforms fecals : i e
Escherichia, Citrobacter, kiebsiela, Heterotrofs % Virus enterics
Enterobacter.
en placa

Adenovirus

Enterovirus
Rotavirus

2ot Acinetobacter, Actinomyceles,
Escherichia Alcaligenes, Arthrcbacf&rm
coli Corynebacterium, Micrococcus, /
Moraxella, Pseudomonas, Aeromonas, ,*
Citrobacter, Enferobacler, Yersinia, ,*
Hafnia, Kiebsiella, Serratia

Figura 3. Microorganismes indicadors de la contaminacio fecal a I'aigua.
Adaptada de Rusifiol, 2014

Escherichia coli (E. coli), I'indicador de contaminacio fecal més utilitzat, és un
bacteri Gram negatiu en forma de bacil que es troba habitualment a l'intesti
inferior dels organismes de sang calenta (endoterms) sent el membre
predominant de la porcié anaerobica facultativa de la flora normal del colon
huma. L'dnic habitat natural del bacteri és l'intesti gros dels animals de sang
calenta i, amb algunes excepcions, generalment no sobreviu bé fora del tracte
intestinal, per tant la seva preséncia en mostres ambientals, aliments o aigua
sol indicar una contaminacid fecal recent o practiques de sanejament
deficients a les instal-lacions de processament d'aliments (Odonkor and
Ampofo, 2013).

Tanmateix, els FIB no tenen un origen exclusivament fecal, no sén especifics
d’hoste, poden créixer a 'ambient i sén més sensibles als tractaments de
desinfeccié6. A més no correlacionen ni amb la presencia ni amb la
concentracié de virus i protozous (Cabral, 2010; Sano et al., 2016).

Els virus excretats a I'ambient, sén especifics d’hoste i per tant no poden
replicar-se fora del mateix, tot i aixo representen un problema de salut publica
degut a qué la seva dosi infectiva és molt baixa (Kundu et al., 2013; Thebault
et al., 2013). L’excrecid de virus es perllonga normalment durant setmanes,
alguns inclds sdén excretats de forma persistent, i molts virus entérics sén molt
estables a 'ambient i als diversos tractaments de desinfeccié (Carratala et al.,
2013; Rzezutka and Cook, 2004).
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Els adenovirus i els poliomavirus han estat proposats com a indicadors de
contaminacié fecal, ja que poden fer infeccions persistents, generalment
asimptomatiques, sent excretats en orina (JCPyV) o femta (HAdV) pels
individus afectats. A més sén molt resistents a 'ambient i a alguns tractaments
de desinfeccid, i s’"han detectat en gran diversitat de mostres durant tot I'any
en totes les arees geografiques estudiades (Bofill-Mas et al., 2006; Hundesa et
al., 2006; Pina et al., 1998). D’altra banda, el fet de qué n’hi hagi d’especifics
d’humans i d’animals, fa que siguin bons indicadors com a eines per tragar la
contaminacié ambiental microbiana mitjancant MST (Microbial Source
Tracking).

Un altre indicador viral recentment proposat, és el bacteriofag crAssphage (de
I'anglés cross-assembly phage). Descobert el 2014 mitjangant ['analisi
computacional de seqiliéncies metagenomiques fecals, és el grup de
bacteriofags més abundants del viroma fecal huma, infectant els Bacteroides
intestinals (Dutilh et al., 2014). Donada la seva elevada especificitat d'origen
huma, abundancia (detectat en aproximadament el 90% del viroma intestinal
huma) i ubiqiitat, fa que sigui utilitzat com a microorganisme indicador de
contaminacié fecal virica (Dutilh et al.,, 2014; Garcia-Aljaro et al., 2017).
Tanmateix, poc se sap encara sobre I'eliminacié de crAssphage mitjancant
processos de tractament d'aiglies residuals, la seva correlacid6 amb virus
patogens i si existeix alguna variacié estacional en la seva abundancia a les
aigles residuals no tractades (Ahmed et al., 2020b).

La monitoritzacié a llarg termini d'organismes indicadors proporciona una
indicacio fiable del grau potencial de contaminacié patogenica d'una matriu
ambiental i, per tant, permet establir riscos potencials i relatius de manera
conseqlient. Per aix0, és necessari desenvolupar métodes sensibles i escollir
indicadors que realment permeten tracar i identificar la contaminacié en
aigles i els seus riscos associats (Wu et al., 2011).

Aix0 no obstant, no hi ha un indicador que significativament pugui predir la
presencia de tots els possibles patogens. Per tant, s'haurien de considerar
diferents organismes per a diferents proposits.
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3. Metodes per concentrar i detectar virus a I'aigua

La deteccio de la contaminacid viral a 'ambient és de vital importancia pel que
respecta a la seguretat de l'aigua. Tanmateix, avui en dia no existeixen
metodes estandarditzats per a la seva deteccié que siguin de facil
implementacid, economics i eficients. En les diferents matrius d’aigua, el virus
es troben distribuits de manera heterogenia, i degut a que es solen trobar en
baixes concentracions, la seva deteccid a I'ambient és complexa.

Malauradament, no existeix un metode ideal de concentracid, el fet de que
cada virus mostra una comportament diferent depenent de la matriu i del
meétode aplicat, dificulta la seva estandarditzacié (Bofill-Mas and Rusifiol,
2020; Ikner et al., 2012).

Tot i aix0, qualsevol metode de concentracid hauria de complir les segilients
generalitats: 1) Capag de concentrar un gran volum de mostra a un volum final
petit; 2) Concentrar la major diversitat de virus possible; 3) Demostrar una
eficiencia de recuperacié acceptable; 4) Metodologicament senzill i rapid; 5)
Economicament assequible i; 6) Repetible i reproduible.

L'eleccio del métode de concentracié, més que del patogen a detectar,
dependra de I'equipament i recursos disponibles als laboratoris, tenint en
compte que la majoria de métodes requereixen d’equipaments costds i de la
necessitat de personal especialitzat. Es necessari doncs desenvolupar
metodes senzills i econdmics, ja que donada la importancia del monitoreig de
virus en aigles, les técniques haurien de ser assequibles en contextos
d’escassetat de recursos o paisos de baixa renda, els quals, degut a que tenen
menor sanejament de I'aigua, solen ser els més afectats per les malalties de
transmissio hidrica (WHO 2022). A més a més, idealment els metodes haurien
de poder ser adaptats per la concentracié al terreny, fet que facilitaria el
mostreig i analisi de grans volums d’aigua. Ja que les quantitats de virus
entérics humans a I'ambient varien molt segons els tipus d'aigua en qué es
troben. En aigles residuals o llots, els virus es troben en concentracions molt
elevades, per la qual cosa es poden detectar facilment a partir de volums
relativament petits (<100 ml), mentre que per a la seva deteccid en aigles
superficials, recreatives i de consum, es requereixen volums més grans (10-
1000 L o més) degut a que es troben en concentracions virals més baixes, tot
i que s’han reportat concentracions puntuals molt elevades degut a episodis
puntuals de contaminacié, com fuites en sistemes de clavegueram o episodis
de pluja torrencials.
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Rang de concentracions (Log CG/L)
2 -1 0 1 2 3 4 5 6 7 8 9 1011
Noroviurs (tots els genogrups)
Noroviurs Gl
Norovirus Gll
Norovirus GIV
Adenovirus (tots els serotips)
Enteroviurs
HEV
HAV
Rotavirus
Sapovirus
Astrovirus (tots els genogrups)
JC Polyomaviurs
BK Polyomavirus
Aichi virus 1
Torqueteno virus

Pepper mild mottle virus
Noroviurs (tots els genogrups)

Noroviurs Gl

Norovirus Gl

Norovirus GIV

Adenovirus (tots els serotips)
Enteroviurs

HEV

HAV

Rotavirus

Sapovirus

Astrovirus (tots els genogrups)
JC Polyomaviurs

BK Polyomavirus

Aichi virus 2

Torqueteno virus

Pepper mild mottle virus
Noroviurs (tots els genogrups)
Noroviurs Gl

Norovirus Gl

Norovirus GIV

Adenovirus (tots els serotips)
Enteric adenovirus
Enteroviurs

Rotavirus

Sapovirus

Astrovirus

Human Polyomavirus

JC Polyomaviurs

BK Polyomavirus

Aichi virus 2

Torqueteno virus

Hepatitis A virus

Pepper mild mottle virus
Norovirus Gl

Norovirus Gll

Adenovirus

Enterovirus

Hepatitis A virus

Pepper mild mottle virus .
Norovirus Gl

Adenovirus

Enterovirus

Rotavirus

Aichi virus 1

Hepatitis A virus

Pepper mild mottle virus

Aigua residual

Aigua residual tractada

Aiglies superficials

Aigua de mar

Aiglies subterranies

Figura 4. Rang de concentracions virals maximes en varis tipus d’aiglies ambientals
contaminades reportades en multiples publicacions.
Modificada de Haramoto et al., 2018 i Corpuz et al., 2020.
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3.1. Metodes de concentracid

Tot i que s'utilitzen alguns metodes de concentracié d'un sol pas, la majoria
dels metodes de concentracié viral consisteixen en dos passos on diversos
volums en funcid de la mostra, des d’uns millilitres d’aigua residual a
centenars de litres d’aigua de beguda, sén concentrats a pocs mil-lilitres
mitjancant un meétode de concentracié primari, i més tard, a uns quants
microlitres mitjancant un secundari, necessaris per la deteccié i quantificacid.
Per aquest motiu, la majoria dels estudis utilitzen un o0 més metodes en série
per concentrar virus en mostres d'aigua. Actualment, existeix una gran
diversitat de metodes fonamentats en diversos processos fisicoquimics,
basats en I'adsorcid de les particules viriques a diferents matrius, o bé en la
retencié d’aquestes per la seua mida (Bofill-Mas and Rusifiol, 2020).

Els virus i altres (bio-)col-loides posseeixen una carrega superficial en medis
polars com l'aigua que és depenent del pH. Aquesta carrega electrostatica
determina la mobilitat de les particules viriques i el seu comportament
col-loidal, jugant un paper clau en els processos d'adsorcié dels virus. El valor
de pH al qual la carrega superficial neta canvia el seu signe s'anomena punt
isoelectric (pl) i és un parametre caracteristic del virié, estant en equilibri amb
la quimica ambiental de I'aigua (Michen and Graule, 2010). Tenint en compte
que el pH dels diferents tipus d’aiglies sol oscil-lar entre 6.5 i 8.5, i que la
majoria de virus tenen un pl al voltant d’un pH de 4-5, els virus a 'ambient
solen tenir una carrega negativa neta.

Conseqientment, els metodes basats en processos d’adsorcié, com sén els
meétodes VIRADEL (VIRal Adsortion and ELution), ja sigui mitjangant I'Gs de
membranes o filtres carregats positiva o negativament i els metodes basats en
I’Gs de floculants o coagulants, com sén el clorur de ferro, la llet desnatada, el
clorur de lanta, el sulfat d'alumini, el clorur d'alumini i el polietilenglicol, estan
basats en qué els virus es posen en contacte amb una matriu on seran
adsorbits sota condicions especifiques de pH. Un cop adsorbits, en els
meétodes VIRADEL els virus es recuperen mitjangant processos d’elucio si han
sigut adsorbits a filtres o membranes, mentre que en els metodes de floculacié
i coagulacid, per recuperar els virus adsorbits als coagulants o floculants, es
descarta la solucié en la que estaven suspesos originariament mitjancant
centrifugacid, recuperant el flocul sedimentat en un volum final més petit
(Ikner et al., 2012; Langenfeld et al., 2021).

Aquest tipus de metodologies, a excepcié dels filtres electropositius,
requereixen d’'un pre-acondicionament de la mostra, limitant el volum a
processar. A banda de requerir I'addicié de sals (per exemple, MgCl,), es
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necessita un canvi de pH de la matriu per tal de qué els virus s’hi puguin
adsorbir, ja sigui a les membranes o filtres, o als floculants i coagulants, fet
que limita I'aplicacié d’aquests métodes a grans volums d’aigua (> 10L).
Normalment, i depenent del tipus d’aigua, la concentracié que s’assoleix
després d’una primera concentracid de la mostra no és suficient per la
deteccid dels virus, per la qual cosa, és necessari aplicar un segon pas de
concentracié.

Com a alternativa als metodes VIRADEL i la floculacid, trobem meétodes basats
en la mida i densitat de les particules viriques, com és la concentracié
mitjangant la ultracentrifugacid i ultrafiltracié.

Pel que respecta a la ultracentrifugacié (UC), tot i que és capac de concentrar
una gran diversitat de virus aplicant la forca de la gravetat i temps (per
exemple, 100.000 xg durant 1h), el volum que pot processar és molt limitat,
per la qual cosa es sol utilitzar per concentrar volums petits o com a métode
secundari (Pina et al., 1998). A banda, s’ha de tenir en compte que una
ultracentrifuga és un equipament d’alt cost, que dificilment es poden
permetre laboratoris d’analisi rutinari o en paisos de baixa renda.

Pel que fa a la ultrafiltracié (UF), els virus sén retinguts per la seva mida o pes
molecular (Figura 5) i per I'adsorcié a les membranes de I'ultrafiltre mitjangant
forces de van der Waals i/o enllagos hidrofobs.

Tamany de particula Atoms/lons Petites molécules Grans molécules Micro particules Macroparticules

Micrometre 0,001 0,01 0,1 1 10

Pes molecular
(Da) 100 1000 100.000 1.000.000

Col-loides

| Proteines

i

Soluts Virus

[EI me | Bacteris

f

Osmosi
inversa

Tecnologies
de filtracio
amb

membrana . .
Nanofiltracié Microfiltracio

Figura 5. Espectre de separacio per a membranes de filtracio.
Adaptada de Fréhlich et al., 2012.

Ultrafiltracio
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Actualment hi ha diverses metodologies d'ultrafiltracid que difereixen
principalment pel tipus de corrents de flux generats per facilitar la separacid
de les particules pel seu pes molecular. Aquests inclouen el flux sense sortida
(dead-end UF) i diversos tipus de flux creuat (per exemple flux tangencial o
flux de vortex) (lkner et al., 2012). L’avantatge dels métodes d’ultrafiltracio, a
banda de que sén metodes no selectius i que poden concentrar una gran
varietat de microorganismes, (Haramoto et al., 2018), és que poden processar
grans volums de mostra, encara que estan molt limitats per la terbolesa de la
mateixa i que habitualment els filtres utilitzats i les bombes necessaries per
dur a terme la ultrafiltracié solen tenir un cost elevat.

D’altra banda, també existeixen dispositius que combinen la ultrafiltracié
acoblada a I'Us de centrifugues de sobretaula, anomenats CeUF (centrifugal
ultrafiltration), com sén els dispositius Centricon® o Amicon®. La principal
limitacié d’aquests dispositius és el petit volum que sén capacos de
concentrar, al'igual que la ultracentrifugacio, per la qual cosa es solen utilitzar
com a metodes secundaris.

En la Figura 6, es resumeixen els principals metodes de concentracid,
especificant el tipus i volum d’aigua, i les solucions utilitzades com a
adsorbents o eluents en la concentracid primaria i secundaria.
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Cada metode té avantatges i inconvenients (Taula 4), pero de forma general,
quants més passos té un metode de concentracié més lent, costds, poc
estandarditzable i en definitiva menys eficient sera. Per la qual cosa, quan es
consideren metodes de concentracid, diversos factors, com la qualitat de
I'aigua o el volum de la mostra, sén importants perque afecten facilment
I'eficiencia de la concentracié de virus. A més també s’ha de tenir en compte
el tipus estructural de virus, embolcallat o no, i la técnica amb la qual es vols
detectar, ja sigui per detectar o quantificar virus especifics per técniques
moleculars, mitjangant infectivitat o per fer estudis de metagenomica, ja que
depenent del métode de concentracid utilitzat ens limitara les técniques de
deteccid6 que puguem aplicar. Per exemple I'embolcall lipidic dels virus
embolcallats fa que els virus siguin més sensibles als dissolvents organics, la
temperatura i el pH per tant, molts métodes d'extraccié i purificacié utilitzats
per als virus sense embolcall no sén optims per als virus amb embolcall ja que
I’Gs de solucions de cloroform o clorur de cesi, per exemple, destrueixen la
capa externa lipidica (Wigginton et al., 2015).

A més, al concentrar grans volums d’aigua en volums més petits, i que la
deteccid es realitza mitjangant técniques moleculars, s’ha de tenir en compte
que les mateéries organiques presents en mostres ambientals (per exemple,
acids humics) o els productes quimics afegits durant la concentracid/elucio
(per exemple, extracte de vedella o polifosfat de sodi (NaPP)) poden inhibir les
extraccions d'ADN/ARN i els passos posteriors de deteccié (Hata et al., 2011;
Sidstedt et al., 2015).

37



Introduccio

Taula 4. Avantatges i desavantatges dels principals métodes de concentracio de virus
en aigua. PEG, polietilenglicol; SMF, floculacié amb llet descremada;; TFUF,
Ultrafiltracio de flux tangencial; DEUF, Ultrafiltracio sense sortida

Metode de
concentracio

Principi de
concentracio

Avantatges

Inconvenients

Util per a mostres térboles

No es poden processar grans volums
d'aigua

Tots .
. Pot requerir pre-
Baix cost . . L.
acondicionament/centrifugacio
Precipitacio/ Requereix molt de temps
Floculacié Permet analitzar grans volums de . .
PEG g Recuperacions variables
mostra
La llet descremada pot afegir
Adaptable al terren L
SMF P 4 inhibidors a la gPCR
Metode d'un sol pas
Bones recuperacions Equipament car
Centrifugacio Tots - R No es poden processar grans volums
& Util per a mostres terboles P P . g
d'aigua
Concentracié simultania de Pot requerir pre-acondicionament
diversos patogens del filtre
Tots - Patos
Util per a grans volums , R
. No és adequat per mostres terboles
Pot ser automatitzat
TFUF
Ultrafiltracid Depenent del tipus d'aigua pot .
P P guap Material car
DEUF fer-se en un sol pas
Adaptable al terreny
Equipament car
CP Select™ Rapid i reproduible No es poden processar grans volums
d'aigua
Ultrafiltracid Tots Métode d'un sol pas Equipament i material cars
Centrifuga Centricon®, No es poden processar grans volums
g ( NP Rapid i simple P P . &
(CeUF) Amicon®) d'aigua
De baix cost No és adequat per mostres terboles
. ., L'extraccié es pot realitzar . L
Filtracid . P Requereix de pre-acondicionament
. Tots directament des de la membrana
Electronegativa
. No es poden processar grans volums
Bones recuperacions .
d'aigua
Util per a grans volums
Adaptable al terren , .
Tots P . v No és adequat per mostres terboles
No requereix pre-
acondicionament
Filtracid Un cop concentrada la mostra es
Electropositiva NanoCeram®/ pot enviar per al seu analisi al Equipament car
Virocap® laboratori de referéncia

Llana de vidre

Adaptables al terreny
Pot ser automatitzat

Filtracié lenta
Recuperacions variables
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Finalment cal mencionar I'Us de mostrejadors passius com a alternativa als
meétodes descrits anteriorment. Normalment, la presa de mostres per aquest
tipus d’analisi es realitza agafant mostres puntuals, o bé mitjancant I'is de
mostrejadors automatics per tal d’obtenir mostres composades, sobretot en
estudis d’epidemiologia d’aiglies residuals, ja que donat que la composicid de
les aiglies residuals varia substancialment segons I'hora del dia i les activitats
humanes associades, una mostra composada és més representativa (Schang
et al., 2021).

El mostreig passiu és una alternativa economica i practica al mostreig actiu.
Aquest metode, utilitzat des de fa anys en al deteccid de diversos
contaminants quimics (Mackay, 2016) requereix de la instal-lacié d'un
dispositiu en una captacié d'aiglies durant un periode conegut, permetent que
els virus de l'aigua interactuin amb ell. A I'interior del dispositiu, el qual pot
tenir diferents configuracions (per exemple, colador, vaixell, caixa de mistos,
torpede) es deposita una membrana o material on els virus quedin retinguts,
on en acabar el temps de mostreig, aquestes membranes son retirades i
analitzades mitjancant metodes moleculars. Tanmateix, tot i ser una molt bon
aproximacidé, un dels principals inconvenients d’utilitzar aquest tipus de
sistemes és que els resultats no sén quantificables donada la impossibilitat de
saber el cabal exacte que ha estat en contacte amb el mostrejador (Schang et
al., 2021; Wilson et al., 2022).

3.2. Us de controls de procés per a la caracteritzacié de métodes
A I'hora de desenvolupar i caracteritzar un métode per concentrar virus en
qualsevol tipus de matriu s’han de tenir en compte una serie de
consideracions. Pel que fa al mostreig, cal recollir una mostra de suficient
volum, representativa i homogenia de la matriu a analitzar. En quant al procés
de concentracié, independentment del metode escollit, s’Tha de tenir en
compte el volum final en el qual es concentrara la mostra, de tal manera que
podrem coneixer el factor de concentracié del meétode i la representativitat
del mateix, és a dir quin volum de mostra inicial s’esta analitzat realment en
I’'analisi molecular. A banda, s’ha de tenir en consideracié que al concentrar
I'aigua també es concentraran inhibidors, que hauran de ser eliminats en la
major mesura possible en el pas d’extraccid, el qual no tindra una eficiencia
del 100%. Finalment, en la deteccid molecular s’ha de tenir en compte
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I’especificitat de la técnica, la sensibilitat i I'eficiencia de cada assaig, dels quals
es podra obtenir el limit de deteccid i de quantificacié de la mateixa.

Per obtenir resultats precisos, tots els passos s'han de dur a terme amb nivells
acceptables d'eficiencia. Per avaluar ['eficiencia dels processos, s'han
d'utilitzar els anomenats controls de procés o controls interns.

Els controls de procés es poden classificar en tres tipus d'acord amb els punts
en queé els s'incorporen a la mostra: (1) controls de procés complet (Whole
Process Control, WPC), que s'afegeixen a la mostra abans del procés de
concentracié; (2) controls de processos moleculars (Molecular Process
Control, MPC), que s'afegeixen abans de les extraccions d'acids nucleics; i (3)
controls durant el procés de deteccié ((RT-)gPCR control) (Figura 7) (Haramoto
et al., 2018).

— Capsida

f_ﬁ Py
Q Control molecular de
g™ procés (MPC)

| 2
Extraccié d'acids nucleics . .. wa »— ~~ (RT-)GPCR control DNA/RNA
a8
(RT-)gPCR
L L L L
/ L \ AN
ValnVa Ve Ve
Pt 7 \ N
Concentracié del Eficiéncia Eficiéncia de
Virus diana d’extraccid i (RT)gPCR
(RT)qPCR

Figura 7. Control de procés utilitzats per avaluar I’eficiencia de cadascun dels passos
necessaris per la deteccio molecular de virus. Adaptada de Haramoto et al., 2018

Pel que respecta a I'is de controls de procés complet (WPC) s’han de tenir en
compte una serie d’aspectes fonamentals, els quals sén I'Gs de virus models
(surrogates) adequats, la matriu a analitzar i el calcul de les recuperacions
virals del metode.
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Per determinar I'eficiencia del procés pel qual es concentren les particules
viriques, s'afegeixen quantitats conegudes d’un virus model i es recuperen
després del pas de concentracid. Els controls facilment cultivables, com ara els
colifags MS2 i ®X174, el norovirus muri (MNV) o el mengovirus (MgV)
s'utilitzen freqlientment com a WPC. No obstant aix0, la representativitat del
control en molts casos és qliestionable. Per una banda, cada virus es comporta
diferent depenent del metode de concentracid utilitzat, mostrant elevada
variabilitat en les recuperacions virals de fins a sis ordres de magnitud
(Petterson et al., 2015). Un altre problema és que s’assumeix en molts casos
un comportament similar del virus control al del virus diana, per exemple, un
estudi de Petterson i col-laboradors va revelar que I'eficiencia de recuperacié
del MgV utilitzats com a surrogates no correlacionava amb la dels AdVs i NoVs
naturalment presents en les mostres (Petterson et al., 2015). De la mateixa
manera, Hennechart-Collette i col.laboradors van suggerir que un control que
pot ser un bon surrogate en una matriu concreta pot no ser-ho en altres tipus
de matrius, ja que per exemple, MNV és un bon model de NoV-Gl en enciam
perd no en aigua embotellada o en tomaquet semi-sec (Hennechart-Collette
et al., 2015).

D’altra banda, la forma en qué es quantifica el control de procés per tal de
calcular la recuperacid del métode pot infraestimar la recuperacio real. Sovint
els estocs virals sdn quantificats directament enlloc de quantificar-los un cop
afegits a la matriu a analitzar, sense tenir en compte I'efecte de la matriu,
esbiaixant aixi els percentatges de recuperacié o sense tenir en compte el
fenomen d’agregacié de les particules virals, fent que s’obtinguin
recuperacions majors al 100% (Rhodes et al., 2016).

Finalment, durant els processos d’extraccio d’acids nucleics i deteccié també
s’hauran d’incloure controls tant positius com negatius. Durant I'extraccié
diverses particules virals poden ser utilitzades com per exemple, el MgV, MHV
o0 MS2 entre d’altres, i com a control negatiu a sovint s’utilitza el mateix tampé
d’elucié del kit d’extraccié. Respecte als controls de deteccid, com a controls
positius es poden utilitzar cultius virics, plasmids o gBlocks® (fragment d’ADN
sintétic) i com a control negatiu utilitzar aigua comercial lliure de material
geneétic enlloc de mostra. A banda, per minimitzar els efectes de la inhibicié de
la g(RT-)PCR es realitzen dilucions 1/10 per tal d’eliminar inhibidors presents i
afavorir 'amplificacié (Hamza et al., 2011).
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Per la qual cosa, a I’hora de caracteritzar un metode de concentracid, és
necessari utilitzar controls de procés adequats, des dels passos de
concentracio fins la deteccid, sent el més semblant possible estructuralment
als dels virus diana, s’han de quantificar correctament i s’ha de caracteritzar el
meétode per a cada matriu en el que sigui aplicable, ja que depenent de les
caracteristiques de la matriu, un metode de concentracid concret podra variar
en gquant a volum de mostra a processar, factor de concentracié, en la
representativitat i en definitiva en la recuperacio viral.

Amb tot, si s'utilitzen metodes de deteccié viral mal caracteritzats o no
s’apliquen els controls de procés degudament, pot donar lloc a falsos negatius
(Haramoto et al., 2018).
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4. Tractaments de reutilitzacio d’aiglies i desinfeccio
Actualment, les depuradores d'aigilies residuals urbanes (EDAR) redueixen
substancialment els contaminants de les aiglies residuals, produint efluents
que son descarregats a rius o a mars. No obstant aix0, I'escassetat d'aigua
juntament amb l'augment de la poblacié i la intensificacié de les activitats
agricoles i industrials han desencadenat el desenvolupament de metodes
eficients per obtenir aigua depurada o regenerada segura per a regs de cultiu,
recarrega d'aquifers i produccié d'aigua potable (The European Parliament
and the Council, 2020).

Com a exemples més rellevants de reutilitzacid d’aiglies cal mencionar I'estat
de California, amb el projecte Pure Water Southern California, on es construira
I’estacié d’aigua regenerada més gran del mén, amb capacitat de produir fins
a 600.000 m3/dia, suficients per a abastir a més de 500.000 habitatges, o el cas
d’Israel, on aproximadament el 84% de les aiglies residuals domeéstiques son
reutilitzades per al reg (www.health.gov.il). A nivell espanyol, Espanya és el
lider europeu en reutilitzacié d'aigua on entre el 7 i el 13% de I'aigua residual
tractada és reutilitzada (Ministerio para la Transicion Ecoldgica y el Reto
Demografico, 2020).

Les pautes establertes per 'OMS per assegurar la depuracié i desinfeccié de
les aiglies residuals es basen en sistemes de barrera multiple (WHO 2006).
Aquest tipus de sistemes estan basats en tractaments seqliencials de
depuracio i eliminacié de contaminants a través de diferents tractaments
(barreres) fins a assegurar una aigua d'excel-lent qualitat.

De forma general, els tractaments de regeneracid d’aiglies estan basats en un
primer pas d’eliminacié de solids en suspensid, seguit de I'eliminacié de
quimics dissolts, desinfeccié i eliminacié6 de compostos organics traga,
estabilitzacié de I'aigua i un Ultim pas per assegurar una qualitat organoléptica
acceptable. La taula 5 resumeix els objectius generals de cada tractament i els
processos unitaris corresponents.
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Taula 5. Tractaments i processos per la regeneracio d’aigiies.

Tractament Processos
1 Coagulacié/ Floculacié /Sedimentacio
o, " Filtracié amb medis granulars
Eliminacio de solids en . . L,
L Microfiltracié (MF)
suspensid . o
Ultrafiltracié (UF)
Osmosis inversa (Ol)
5 Electrodialisi (ED)/Electrodialisi inversa (EDI)
Eliminacié de quimics Nanofiltraci6 (NF)
. 9 Carbd activat granulat (CAG)
dissolts o
Intercanvi ionic
Filtracié activa biologica (FAB)
Desinfeccié amb llum ultraviolada (UV)
3 Clor / cloramines / Dioxid de clor
Desinfeccio i eliminacio Acid peracetztic (_P'AA)
de compostos organics Pasteuritzacio
traca 0z6

Processos d'oxidacié avangada
(UV/H,0,, 03/H,0,, UV/Cl,) (POA)

4 Hidroxid de sodi / Clorur Calcic
Estabilitzacid
(ajust de pHi Addici6 de calg/ descarbonatacio

remineralitzacio)
5 03/Carbd biologicament activat
Gust, olor i control de
MF/OI
color

4.1. Metodes classics de desinfeccio
Atés que els virus enterics humans no poden créixer fora de les seves céel-lules
hoste, I'eliminacid eficient i/o la inactivacié d'aquests virus a les plantes de
tractament d'aiglies residuals contribueix en gran mesura a reduir la quantitat
de virus abocats al medi. No obstant aixo, és molt dificil aconseguir I'eliminacié
completa dels virus amb els processos convencionals de tractament d'aiglies
residuals (Haramoto et al., 2018).

Les directrius nacionals i internacionals per a la reutilitzacié d'aigles residuals
estipulen que els riscos d'infeccid per virus s'han de regular mitjangant
sistemes de barreres multiples, on els tractaments estan dissenyats en funcié
de |'eficiencia d'eliminacié de cada tractament a fi d’obtenir una reduccié total
suficient de microorganismes patogens (Rachmadi et al., 2020a).
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Per tal d’assolir els estandards basats en la perdua tolerable d'anys de vida
ajustats a la discapacitat (DALY) per persona i any, es requereix una reduccid
de virus de 2 a 3 i de 6 a 7 logaritmes per a aigua regenerada destinada a usos
restringits i no restringits respectivament. D'altra banda, altres estudis
recomanen una reduccié addicional de 2 i 3 logaritmes per garantir la
salubritat de I'aigua destinada per reg de cultius (Gerba et al., 2018; Gonzales-
Gustavso et al., 2019).

Les técniques d'eliminacid de solids com la filtracid, la floculacio, la coagulacio
i la sedimentacio, i les tecniques de desinfeccié com, I'addicié de compostos
clorats, la irradiacié UV i I'ozonitzacié es consideren efectives per reduir els
virus a les aiglies residuals i produir aigua regenerada virologicament segura.

Tot i aix0, els mecanismes d'inactivacio viral proposats pels desinfectants son
molt diversos (Wigginton and Kohn, 2012), resumits en danys en proteines
virals o danys en el genoma (Figura 8). Perqueé un virus sigui infeccids, ha de
tenir intactes les seves funcions basiques. Unid al seu hoste, injeccié del
genoma, replicacid i traduccié. Si una d'aquestes funcions es veu
compromesa, condueix a la inactivacio viral. No obstant aix0, a causa de la
diferent composicié i estructura tridimensional de les proteines i els acids
nucleics, el mecanisme virucida dels desinfectants resulta ser diferent per a
diferents tipus de virus (Ge et al., 2021). A més, |'eficacia del desinfectant varia
en gran mesura segons el tipus i la soca dels virus i el seu estat fisic. Aixi doncs,
virus altament relacionats poden presentar diferents cinétiques de desinfeccié
guan es tracten amb el mateix biocida (Battigelli et al., 1991; Ge et al., 2021;
Gerba et al., 2018).

L'efecte biocida d’un desinfectant s’expressa com un valor de CT, que és un
producte de la concentracio de desinfectant (C) i el temps d’exposicié (T) sota
unes condicions determinades de pH i temperatura. Els valors de CT permeten
realitzar comparacions de I'efectivitat d’inactivacié entre microorganismes
front a una mateixa dosi de desinfectant (US EPA Office of Water, 2010).
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Figura 8. Mecanismes d’inactivacio viral dels diferents desinfectants.
Extreta de Wigginton et al., 2012.

4.1.1.Clor, Cloramines i Dioxid de clor
La desinfecci6 amb clor és la forma de desinfeccié més utilitzada en els
tractaments d'aiglies. El clor es pot aplicar com a gas clor, hipoclorit de sodi
(NaClO) en forma liquida o hipoclorit de calci (Ca(ClO),)en forma solida.

El clor es dismuta amb |'aigua per formar ions clorur, acid hipoclorés (HOCI),

considerat el principal desinfectant, hipoclorit (OCI') i hidrogen (H*) depenent
del pH en aigua, sent més estable en condicions de pH acides (Deborde and
von Gunten, 2008). Pel que fa al mecanisme d'accié del clor, el seu potencial
oxidant no selectiu afecta diversos components cel-lulars, danyant les
capsides virals i destruint els acids nucleics exposats (Wigginton et al., 2012),
a més degut al seu baix pes molecular fa que pugui difondre entre les
membranes cel-lulars (Albrich and Hurst, 1982).

Un altra forma clorada amb un alt potencial d'oxidacid és el dioxid de clor
(ClO,). Es un virucida més eficag que el clor perd molt inestable i es descompon
facilment per la qual cosa s’ha de generar in situ.

Quan es cloren efluents secundaris que contenen nitrogen el clor reacciona
per formar cloramines on les formes dominants sén la monocloramina (NH,Cl)
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i la dicloramina (NHCl,), i la forma menys comuna és la tricloramina (NCls).
Agquests tipus de cloramines també serveixen com a desinfectants, pero, son
significativament menys efectives per inactivar patogens, especialment virus,
a més que reaccionen més lentament en comparacié amb el clor lliure
(Cheremisinoff, 2002).

Un dels principals problemes d’utilitzar clor com a desinfectant és que pot
combinar-se amb la matéria organica per formar subproductes de desinfeccié
toxics i mutagénics, com son trihalometans, acids haloacetics i clorat (EPA,
1999), el quals s'han de controlar post-tractament per no superar els nivells
acceptables pel consum (Krasner et al., 2006), establerts en 100 ppb (ug/L) per
I'OMS i 80 ppb per I'EPA. La formacid i distribucid de subproductes de
desinfeccié (DBP) depén de la dosi de cloracié, dels nivells de precursors
organics, temps de contacte, pH i la concentracié de bromur.

Finalment, després de les reaccions del clor amb altres molecules, I'acid
hipoclords i I'hipoclorit restants seran I'anomenat clor lliure disponible
romanent a l'aigua com a desinfectant residual que pot ser util en cas de
contaminacions posteriors. Conseqlientment, la inactivacié dels diferents
patogens, per tant, dependra de la quantitat de clor lliure disponible, del pH i
temperatura i de la matéria organica i inorganica present en l'aigua.

Entre els agents desinfectants disponibles, el clor lliure (en forma d'hipoclorit
de sodi) i la mono cloramina segueixen sent els desinfectants més utilitzats a
causa del seu baix cost i eficacia per a la inactivacié de patogens (Collivignarelli
et al.,, 2018). No obstant aixo, pel que fa a la inactivacid viral els valors
d’eficiencia d'eliminacié de virus depenen molt del desinfectant, del virus i de
les condicions d'operacio, de manera que les eficiencies poden variar molt fins
i tot dins del mateix reactor per a un tractament determinat (Sano et al., 2016).
En la Figura 9 extreta de Rachmadi et al., 2020 es poden observar les diferents
susceptibilitats dels virus front a un mateix desinfectant.
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Figura 9. Valors de CT necessaris per reduir 4 logaritmes mitjangant clor lliure (dalt) i
cloramines (baix) a condicions especifiques de pH i temperatura.
Extreta de Rachmadi et al., 2020

4.1.2.Acid peracétic (PAA)

El PAA es pot utilitzar com a desinfectant d'aiglies residuals, tot i que
actualment només hi ha poques EDAR que utilitzen PAA, pero té una llarga
historia d'Us a les indUstries alimentaries, médiques i farmaceutiques, ja que
un dels principals avantatges és que no forma subproductes de desinfeccid
nocius conegut. El PAA es lliura com una barreja en equilibri d'acid acetic,
peroxid d'hidrogen, PAA i aigua. El rendiment del PAA com a desinfectant
depeén de la qualitat de I'aigua i les condicions de funcionament (Smith, 2014).
L'acid peraceétic inactiva bacteris, fongs i llevats gram-positius i gram-negatius
en <5 minuts a <100 ppm (mg/mL). En preséncia de matéria organica, es
requereixen 200-500 ppm. Per als virus, el rang de dosificacié és més ampli
(12-2250 ppm), per exemple per inactivar poliovirus en extracte de llevat es
necessita una dosi de 1500 a 2250 ppm durant 15 minuts (US EPA, 2018).
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L'0ozd (Os) és un potent oxidant, capag de
descompondre els compostos organics,
inclosos els compostos responsables del
mal gust i olor i components traces de
components quimics. Al reaccionar amb
I'aigua genera diversos tipus de radicals
lliures i ions com sén HO-, HO,:, O, O,.
Aquests radicals lliures oxiden les
estructures virals fins la pérdua de la
capacitat infecciosa de manera diferencial
depenent del virus (Figura 10).

L'0z6 bé pot oxidar I'embolcall viral si n’hi
ha, les proteines de la capsida, els residus
d’aminoacids exposats donant lloc a una
capacitat de plegament anormal i a canvis
d'estructures o també s’ha descrit oxidacid
preferent en certes bases atacant els
dobles enllagos carboni-nitrogen (Murray
et al., 2008).

Tot i que és un fort oxidant, els principals
inconvenients de 1'0zé és que a banda de
que la seva utilitzacié és més cara que el
clor, al ser un gas tant volatil no té poder
residual i ha de ser generat in situ.

4.1.4.Uv
La lum UV es considera un metode de

Valors de Ct per reduir 4 log mitjancant ozonitzacio (mg x min/L)
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Figura 10. Valors de CT necessaris per
reduir 4 logaritmes de diferents virus
mitjan¢ant ozonitzacio.

Figura extreta de Kong et al., 2021

desinfeccidé biofisica principalment per la seva capacitat per evitar que els
microorganismes es repliquin. Classificada en tres grups segons la seva
longitud d’ona, UVA (315-290 nm), UVB (280-315 nm) i UVC (100-280 nm). La
UVC, molt a prop del 260 nm la longitud d’ona que més absorbeixen els acids
nucleics, produeix danys al genoma dels microorganismes principalment per
la dimeritzacié de timines o uracils, a més els radicals hidroxil produits durant
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la fotocatalisi danyen la capsida proteica contribuint aixi a la inactivacio
(Smith, 2014; US EPA, 2018).

La resisténcia dels virus a la irradiacié UV és generalment més elevada que la
dels bacteris. La inactivacio de 4 logs de bacteris es pot obtenir faciiment amb
una dosi UV de 10 mJ/cm?. Mentre que les dosis per assolir la mateixa taxa
d'eliminacié de virus varien molt entre 10 i 140 mJ/cm? (Figura 11) (Kong et

al., 2021).
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Figura 5. Dosi UV a 254 nm necessaria per a reduir 4 logaritmes de diferents virus.
Figura extreta de Kong et al., 2021.

El manual d'orientacioé de la USEPA per al compliment dels requisits de filtracié
i desinfeccid per als sistemes publics d'aigua que utilitzen fonts d'aigua
superficial, estableix que calen valors de Ct de 3, 4 i 6 mg x min/L per obtenir
un 2, 3 i 4 logaritmes de reduccié de en aigua a 10 °C i pH 6-9 de clor lliure.
Mentre que les pautes d'aigua potable de I'OMS estableixen que un valor de
CT oscil-la entre 2 i 30 mg x min/L per obtenir una reduccié de 2 log10 a 0-10

°CipH 7-9.8.
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Aquest manuals i pautes a seguir estableixen valors de forma generalitzada,
sense establir valors de CT de referencia per a cada virus entéric enumerat
com a contaminant de I'aigua per la USEPA i 'OMS i sense tenir en compte les
diferents susceptibilitats i resistencies dels virus, ni el tipus d’aigua, fet que
pot suposar un risc microbiologic.

4.2.  Tractaments de desinfeccid d’aigua a nivell domiciliar

En moltes regions del mdn no tenen accés ni a una xarxa de distribucio ni al
sanejament de |'aigua. Aixi doncs, els tractaments d’aigua a nivell domiciliar,
(Household Water Treatments and Safe Storage) o tractaments d’aigua al punt
d’us (Point-of-Use water treatments), han esdevingut una alternativa per
millorar la qualitat de I'aigua i reduir les malalties diarreiques (Mohamed et
al., 2016; WHO and UNICEF, 2019).

Els metodes de desinfeccid utilitzats ampliament per al tractament de I'aigua
domestica sén: Filtres d’aigua ceramics, filtres de sorra, cloracid en recipients
tancats i amb aixeta, desinfecci6 amb Ilum solar, desinfeccié térmica i la
combinacio de sistemes de floculacié i cloracid.

Existeixen un seguit de productes comercials per tractar I'aigua a nivell
domiciliar com sén per exemple els sobres de floculacié-cloracié,
(Flocculation-Chlorination Sachets) o els filtres portatils FAIRCAP que es poden
acoblar a botelles de plastic. Tanmateix, per poder comercialitzar un producte
com a tractament d’aigua domiciliar 'OMS estableix guies i requeriments
minims de qualitat, per exemple per poder validar un sistema de filtracié ha
d’estar avaluat microbioldogicament seguint el protocol International Scheme
to Evaluate Houdehold water Treatment Technologies. Filtration Batch System
Technology.

Seleccionar el metode de tractament més adequat per a les circumstancies
especifiques d'una llar o comunitat sovint és una decisi6 complexa. L'opcié
més adequada per a una llar o comunitat depen de les condicions existents
d'aigua i sanejament, la qualitat de I'aigua, I'acceptabilitat cultural, la viabilitat
d'implementacié, les cadenes de subministrament, la disponibilitat de
tecnologia i altres condicions locals (Centers for Disease Control and
Prevention, 2019).
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4.3. Processos d’electro-oxidacio avancada per la desinfeccié
d’aiglies
Els processos electroquimics avangats (EAOP) han sorgit com una alternativa
sostenible i efica¢ per a la remediacié d'aiglies que contenen contaminants
organics persistents i, en menor mesura, per a la desinfeccié de I'aigua (Gassie
and Englehardt, 2017; Moreira et al., 2017; Rajasekhar et al., 2020).

Aguests metodes estan basats en una serie de reaccions quimiques, que tenen
lloc dins de la cel-la electroquimica on hi ha un procés d’oxidacio a I'anode, i
un de reduccid al catode amb despesa d’energia eléctrica, on els electrodes es
troben situats en paral-lel amb les cares enfrontades amb una separacié
minima (Figura 12).
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Figura 6. Reaccions quimiques d’oxidacid (anode) i de reduccio (catode) que es donen
en una cel-la electroquimica.

Els tractaments d'electrooxidacié (EQ), sén els EAOP més senzills per les
minimes restriccions experimentals i I'alta versatilitat per tractar efluents amb
caracteristiques molt diferents (Martinez-Huitle et al., 2015). Els anodes amb
un gran sobrepotencial d'evolucié d'oxigen s'utilitzen per a la generacio in situ
d'espécies reactives d'oxigen (ROS). El radical hidroxil (¢OH) predomina com a
ROS principal, pero va acompanyat de peroxids, radical superoxid i oxigen
singlet (O,), tots ells amb un alt poder oxidatiu.

Aixi doncs, els mecanismes de degradacié de contaminants o inactivacié de
microorganismes es du a terme mitjancant I'oxidacié anodica directa i
mitjangant diferents tipus de reaccions d'oxidacid mediades, com les que
impliquen el clorur com a precursor d'oxidants. Quan la solucié agquosa conté
ions clorur, es generen especies reactives de clor (RCS) o clor actiu (és a dir,
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Cl, HCIO i ClO") mitjangant la combinacié amb els ROS generats a la superficie
de I'anode (Sirés et al., 2014).

Els parametres més importants que afecten el procés electroquimic sén la
composicid de la dissolucié tractada, la hidrodinamica del sistema, el tipus de
material dels electrodes i la densitat de corrent o potencial aplicats, ja que
determinen la distribucié d'oxidants i subproductes.

A més dels ions presents en el medi, el material de I'anode també és un factor
a tenir en compte en l'electrooxidacio perqué esta relacionat amb la quantitat
i I'activitat de les espécies oxidants generades. Els eléctrodes es classifiquen
en electrodes actius o no actius, segons el comportament dels radicals hidroxil
(OH) produits per la descomposicié oxidativa de I'aigua sobre la superficie de
I'eléctrode. Per als anodes actius, com els anodes dimensionalment estables
(DSA) com IrO; i RuO;, la mineralitzacié dels organics és baixa perque la
majoria de I'OH fisisorbit sobre la superficie de I'anode es converteix en
"superoxid" quimiosorbit amb un baix poder d'oxidacié (Dbira et al., 2019;
Moreira et al., 2017; Rajasekhar et al., 2020; Sirés et al., 2014). Per contra, en
els anodes no actius com els anodes de diamant dopats amb bor (BDD), els OH
generats sén més actius perqué s'adsorbeixen menys als anodes i sén més
lliures en el medi, presentant una gran capacitat per degradar la carrega
organica (Dbira et al., 2019). Per tant, s'espera que el clor activat es produeixi
més en anodes dimensionalment estables (DSA) que en anodes de diamant
dopats amb bor (BDD), a causa de la seva major capacitat electrocatalitica amb
especies de clor. En canvi, I'anode BDD genera més OH perque sén menys
adsorbits i més lliures en el medi (Bruguera-Casamada et al., 2016).

Pel que respecta a la densitat de corrent o potencial aplicats, a major intensitat
i llargs periodes de temps, es generen subproductes de desinfeccié (DBP)
toxics i mutagenics, com els trihalometans, acids haloacetics i clorat
(Ghernaout and Elboughdiri, 2020; Jasper et al., 2017) i, per tant, el seu control
és essencial. Com ja s’ha comentat en 'apartat 4.1., quan s’utilitzen formes
clorades com a desinfectant, la preséncia de precursor organics esdevé en
I'aparicié de DBP. Aixi doncs, durant |'oxidacid mediada pel clor també es
formes DBP els quals depenen fortament de la dosi de cloracio, la composicié
de l'aigua (nivells de precursors organics), el temps de contacte, el pH, la
concentracié de bromur i de la densitat de corrent aplicada, que quant major
sigui, major produccié d’oxidants es formaran amb la formacié conseqilient de
subproductes.

53



Introduccio

Pel que fa a la viabilitat tecnica dels EAOP per degradar diverses classes de
compostos organics persistents i alguns patogens en diferents matrius, s'han
reportat altes taxes d’eliminacié de contaminants (Kokkinos et al., 2021a; Li et
al.,, 2021; Mousset et al., 2021; Sanchis et al., 2021; Sirés et al., 2014). No
obstant aix0, els assajos de desinfeccid microbiana s'han centrat
principalment en la inactivacio bacteriana i, en general, en I'Us de solucions
sintetiques. Aquest fet, sumat a I'ampli ventall d'EAOP i als nombrosos
parametres a mantenir sota control, condueix a dades i conclusions
contradictories de complexa interpretacio, limitant ['aplicabilitat real
d'aquests sistemes avangats (Anfruns-Estrada et al., 2017; Huang et al., 20163;
Rajasekhar et al., 2020; Valero et al., 2017).

Tot i aixd, un punt fort d’aquests metodes és el baix consum d'energia
requerit, que obre la porta al tractament sostenible de I'aigua amb dispositius
alimentats amb energies renovables (Ganiyu et al., 2020). En aquest context,
es poden desenvolupar unitats descentralitzades de tractament d'aiglies per
tractar aigles residuals de petites comunitats o per aplicar un tractament final
de desinfeccio a I'aigua d’irrigacio (Huang et al., 2016b; Mousset et al., 2021;
Sirés et al., 2014).

D’altra banda, existeixen altres tecniques d’EAOP com soén |'electro-fenton,
fotoelectro-fenton o la separacid de fases que s'apliquen al tractament
d'aiglies residuals i industrials. En I'electro-fenton es produeixen radicals
altament reactius d’hidroxil (OH-) en condicions acides, pressid i temperatura
ambient, usant peroxid d'hidrogen (H,0,) catalitzat generalment amb ferro.
Existeixen diferents configuracions i modificacions com el Fotoelectro-Fenton
en qué s'aplica una fase amb radiacié ultraviolada de 180-400 nm per
augmentar la capacitat oxidativa, ja que augmenta la velocitat de regeneracié
del Fe?* al fotoreduir-se I'espécie Fe(OH)?* present a la dissolucid i d’altra
banda, els complexes formats pel Fe* i els acids carboxilics generats sén
fotodescarboxilats, permetent una major mineralitzacié dels contaminants.
Finalment, els sistemes de separacié de fases, es basen en la produccid
electroquimica d’un agent coagulant. Normalment s’"empra un anode de ferro
o alumini que genera continuament al medi ions Fe* o AI**. Dins de la
separacio6 de fases trobem [Ielectroflotacid, [I'electrofloculacido i
I’electrocoagulacio (Sirés et al., 2014).

L'ds de reactors amb electrodes en configuracié en forma de placa estan
limitats a causa de la seva baixa area de contacte, requerint més superficie
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d’electrode, més quantitat d’eléctrodes o temps de contacte més llargs per
aconseguir una desinfeccio eficient. Per la qual cosa, estan sorgint alternatives
com son els nous materials tridimensionals (3D) a base de carboni, els quals
s'utilitzen ampliament com a eléctrodes d'anode i/o catode a causa de la seva
gran superficie especifica, conductivitat excepcional i estabilitat quimica (Ni et
al.,, 2020). A més a més, son alternatives més economiques que no els
electrodes esmentats anteriorment. Un exemple sén els reactors
tridimensionals on I'anode/catode el construeixen a partir d’oxid de grafée
liquid al qual li afegeixen urea o altres compostos com bor per afavorir la
produccié d’especies oxidants, donant aixi diferents caracteristiques al
material (Norra et al., 2022). El grafé liquid s’afegeix sobre llana de vidre
perque tingui un suport i formar aixi el que s’"anomena esponja de grafe. En
aquest cas, tant 'anode com el catode del reactor sén dos esponges iguals de
grafe, on en la superficie de cada esponja es col-loca una malla d’acer
inoxidable pel que passa el corrent. Existeixen poc estudis que avaluen la
capacitat de desinfeccié d’aquest sistemes, ja que estan més centrats en
eliminar contaminants organics persistents. Tanmateix, dels estudis realitzats
de desinfeccié descriuen eliminacions de fins a 5 logaritmes per a E. coli a
temps baixos de contacte i amb pocs requeriments energétics (5.70 kWh/m?3).
On el principal mecanisme d'inactivacio bacteriana es basa en I'electrosorcié
dels bacteris a la superficie de I'anode i |a lisi cel-lular a causa de la ruptura de
les parets cel-lulars per electroporacio (Ni et al., 2020; Norra et al., 2022).
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Figura 7. Representacio conceptual d’inactivacid bacteriana mitjancant reactors de
grafé (extreta de Norra et al., 2022).
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La autora de la tesi amb I'equip del laboratori han realitzat assajos preliminars
amb aquest tipus de sistema amb virus humans obtenint reduccions de CVB5
del 80% amb temps de contacte molt breus.

Tot i que els sistemes electroquimics semblen ser una opcié prometedora, avui
en dia estan molt limitats en quant al tipus d’aigua que poden tractar, i
sobretot per I'escalat dels prototips per al tractament de grans volums d’aigua.
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5. Virus model seleccionats

Per I'elaboracié d’aquesta tesi doctoral s’han utilitzat diversos virus model
(Taula 6) per validar i caracteritzar métodes de concentracid i desinfeccidé
d’aiglies.

Taula 6. Principals caracteristiques dels virus model utilitzats per la validacio i caracteritzacio de métodes.

Virus model Mida
(Familia) Genoma (nm) Hoste Caracteristica Aplicacié en aquesta tesi
Ad HAd'V'd ADN 70-100
enoviriaae - a . .z N
36-37 kb Patogen huma Caracteritzacié de metodes de
JCPYV ADN c0.60 Indicador de contaminacié fecal humana concentracié
Polyomaviridae 5,3 kb Humans
CVB5 R
. . ARN Patogen huma
Picornaviridae 30 L . . .
7,4 kb Replicacio senzilla mitjangant cultiu cel-lular
Caracteritzacié de metodes de
Bacteriofag MS2 ARN Genoma similar a les families Picornaviridae, concentracié
Leviviridae 37kb 26 Calciviridae i Astroviridae Validacié de métodes de
’ Facilment cultivables i i
Enterobacteris desinfeccid
Bacteriofag ®X174
Wi f 'g'd ADN 30 Semblanga a viurs entérics d'ADN
icroviridae
5,4 kb Facilment cultivables
MHV . L. \
o ARN i Estructuralment semblant al SARS-CoV-2 Caracteritzacié de metodes de
Coronaviridae 85 Ratolins L R . . L
31 kb Replicacio senzilla mitjangant cultiu cel-lular concentracié
TuVv . . L.
o ARN Macaco Rhesus Estructuralment semblant al HuNoV Assajos de desinfeccié com a
Calciviridae 27-40 L . . . .
7,3-8,3 kb (Macaca mulatta) Replicacio senzilla mitjangant cultiu cel-lular virus model de HuNoV
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2. OBJECTIUS

L‘objectiu global de la tesi és avancgar en el control de la contaminacié viral a
I’aigua, optimitzant, desenvolupant i caracteritzant meétodes per a la deteccio,
quantificacié i desinfeccié de patogens, considerant el marc de transicid
energética i ecologica i la necessitat de reutilitzacio d’aigua mitjangant
I’aplicacio de tecnologies sostenibles.

Els objectius plantejats s’organitzen en dos blocs tematics: El primer, centrat
en I'optimitzacié, desenvolupament i validacié de nous metodes de
concentracié d’aigles, per a la deteccié de virus a I'ambient aplicables a
diferents contextos. | el segon, centrat en l'avaluacié de I'eficiencia de
desinfeccid de sistemes electroquimics d’oxidacié avancada, com a tecnologia
sostenible per a la reutilitzacié d’aiglies.

Els objectius especifics han estat:

1. Desenvolupar tecnologies i equipament per a la deteccid de virus en
mostres d’aigua en arees de baixa renda i situacions de crisi
humanitaria.

2. Avaluar, caracteritzar i optimitzar, un métode rapid, i portatil, de
concentracié de grans volums d’aigua per a la deteccié de virus.

3. Avaluar i caracteritzar metodes rapids de deteccié per a virus
embolcallats en aiglies residuals amb focus en la deteccié de SARS-
CoV-2.

4. Avaluar l'aplicabilitat i eficiencia de desinfecci6 de dos sistemes
electroquimics d’oxidacié avangada com a tractaments sostenibles
per a la reutilitzacié d’aigles.

5. Determinar les cinetiques d’inactivacié de diversos microorganismes
front a la desinfeccid electroquimica d’aiglies naturals i avaluar la
idoneitat dels indicadors microbians actuals.

61






FORME DELS
. ARTICLES







Informe dels articles

3.INFORME DELS ARTICLES

3.1. LLISTAT D’ARTICLES INCLOSOS A LA TESI

La present tesi esta basada en les seglients publicacions detallades per ordre
de presentacio:

Aguado, D., Forés, E., Guerrero-Latorre, L., Rusifiol, M., Martinez-
Puchol, S., Codony, F., Girones, R., Bofill-Mas, S. VirWaTest, A Point-
of-Use Method for the Detection of Viruses in Water Samples. Journal
of Visualized Experiments (147), e59463, doi:10.3791/59463 (2019).

Forés, E., Rusifiol, M., Itarte, M., Martinez-Puchol, S., Calvo, M., Bofill-
Mas, S., 2022. Evaluation of a virus concentration method based on
ultrafiltration and wet foam elution for studying viruses from large-
volume water samples. A: Sci Total Environ. 829, 154431.
https://doi.org/10.1016/j.scitotenv.2022.154431.

Forés, E., Bofill-Mas, S., Itarte, M., Martinez-Puchol, S., Hundesa, A.,
Calvo, M., Borrego, C. M., Corominas, Ll., Girones, R. i Rusifiol, M.,
2021. Evaluation of two rapid ultrafiltration-based methods for SARS-
CoV-2 concentration from wastewater. A: Sci Total Environ. 768,
144786. https://doi.org/10.1016/].scitotenv.2020.144786.

Forés, E., Mejias-Molina, C., Ramos, A., Itarte, M., Hundesa, A,,
Rusifiol, M., Martinez-Puchol, S., Esteve-Bricullé, P., Espejo-Valverde,
A, Sirés, I., Calvo, M., Araujo, R.M., Girones, R. Evaluation of pathogen
disinfection efficiency of electrochemical advanced oxidation to
become a sustainable technology for water reuse. Manuscrit en
procés de revisié a la revista Chemosphere.
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3.2. INFORME DE COAUTORIA

e Aguado, D., Forés, E., Guerrero-Latorre, L., Rusifiol, M., Martinez-Puchol,
S., Codony, F., Girones, R., Bofill-Mas, S., 2019. VirWaTest, A Point-of-Use
Method for the Detection of Viruses in Water Samples. Journal of
Visualized Experiments (147), e59463, doi:10.3791/59463.

L'estudi forma part del projecte VirWaTest, financat per Humantarian
Innovation Fund (HIF) en el que la doctoranda va participar activament.
L’estudiant va participar en el disseny experimental, realitzacid d’experiments,
analisi de dades, organitzacid6 de mostrejos i validacié dels metodes,
conjuntament amb els altres coautors. El treball realitzat es va centrar en el
desenvolupament i validacié dels metodes de concentracid d’aiglies i
extraccié d’acids nucleics VirWaTest, meétodes adaptables a situacions de
cirisis humanitaries o a contextos de baixa renda.

e Forés, E., Rusifiol, M., Itarte, M., Martinez-Puchol, S., Calvo, M., Bofill-Mas,
S., 2022. Evaluation of a virus concentration method based on
ultrafiltration and wet foam elution for studying viruses from large-
volume water samples. A: Sci Total Environ. 829, 154431.
https://doi.org/10.1016/j.scitotenv.2022.154431

L'estudi va formar part dels projectes nacionals MetaPadFood
(AGL2017-86797-C2-1-R) i UNBIASED (RTI2018-097346-B-100), i del projecte
europeu URBANWAT (PCI2019-103643). La doctoranda va participar
activament en el disseny experimental, mostrejos, processament de mostres,
analisi de dades i escriptura del manuscrit sota la supervisié de les
codirectores de tesi.

e Forés, E., Bofill-Mas, S., Itarte, M., Martinez-Puchol, S., Hundesa, A., Calvo,
M., Borrego, C. M., Corominas, Ll., Girones, R. i Rusifol, M., 2021.
Evaluation of two rapid ultrafiltration-based methods for SARS-CoV-2
concentration from wastewater. A: Sci Total Environ. 768, 144786.
https://doi.org/10.1016/j.scitotenv.2020.144786

L'estudi va formar part dels projectes nacionals MetaPadFood
(AGL2017-86797-C2-1-R) i UNBIASED (RTI2018-097346-B-100), del projecte
europeu URBANWAT (PCI2019-103643) i del monitoreig d’aigua residual per a
I’estudi de la incidéncia de SARS-CoV-2 en els que la doctoranda ha participat
activament. L’estudiant va participar en el processament de mostres, analisis
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de dades i escriptura del manuscrit conjuntament amb la resta d’autors, sota
la supervisio de les seves codirectores de tesi.

o Forés, E., Mejias-Molina, C., Ramos, A., Itarte, M., Hundesa, A.,
Rusifiol, M., Martinez-Puchol, S., Esteve-Bricullé, P., Espejo-Valverde,
A, Sirés, I., Calvo, M., Araujo, R.M., Girones, R. Evaluation of pathogen
disinfection efficiency of electrochemical advanced oxidation to
become a sustainable technology for water reuse. Manuscrit en
procés de revisid a la revista Chemosphere.

L’estudi va formar part del projecte nacional MetaPadFood (AGL2017-86797-
C2-1-R) en el que la doctoranda va participar activament en el disseny
experimental, participaci6 en mostrejos, desenvolupament de protocols,
processament de mostres, analisi de parametres virics i analisi global de dades
i escriptura del manuscrit sota la supervisid de les codirectores de tesi.

Signat,

L= G =

Dra. Rosina Girones Llop Dra. Silvia Bofill Mas
Barcelona, Novembre 2022 Barcelona, Novembre 2022
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3.3. INFORME SOBRE ELS FACTORS D’'IMPACTE

Els treballs que formen part de la present tesi doctoral s’han publicat o sotmes
a publicacio en revistes cientifiques rellevants per a la linia d’investigacio en la
qual la doctoranda ha participat durant els 4 anys de tesi.

L’article “VirWaTest, A Point-of-Use Method for the Detection of Viruses in
Water Samples” s’ha publicat a la revista Journal of Visualized Experiments.
L'index d’'impacte de la revista a I'any 2019 era de 1.163 (Q3).

Els articles “Evaluation of a virus concentration method based on
ultrafiltration and wet foam elution for studying viruses from large-volume
water samples” i “Evaluation of two rapid ultrafiltration-based methods for
SARS-CoV-2 concentration from wastewater” s’han publicat a la revista
Science of the Total Environment” I'any 2021 i 2022 respectivament. L'index
d’impacte de la revista durant aquest periode era de 7.963 (Q1).

L'article “Evaluation of pathogen disinfection efficiency of electrochemical
advanced oxidation to become a sustainable technology for water reuse”
esta sota revisié a la revista Chemosphere (Q1).

Signat,
Dra. Rosina Girones Llop Dra. Silvia Bofill Mas
Barcelona, Novembre 2022 Barcelona, Novembre 2022
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4. ARTICLES

4.1. VirWaTest, UN METODE PER A LA DETECCIO DE VIRUS EN
MOSTRES D'AIGUA EN EL PUNT D'US

“VirWaTest, A Point-of-Use Method
for the Detection of Viruses in Water Samples”

Aguado, D., Forés, E., Guerrero-Latorre, L., Rusifiol, M., Martinez-Puchol, S.,
Codony, F., Girones, R., Bofill-Mas, S.

Journal of Visualized Experiments (147), doi:10.3791/59463

Els virus excretats pels éssers humans i els animals poden contaminar les fonts
d’aigua i suposar un risc per a la salut humana quan aquesta aigua s’utilitza
per beure, el reg d’aliments, el rentat, etc. Els indicadors classics com els
enterobacteris fecals no sempre correlacionen amb la preséncia de patogens
virals, per la qual cosa la deteccié de patogens i indicadors virals és rellevant
per a adoptar mesures de mitigacid de riscos, especialment en escenaris de
crisi humanitaria i en zones on els brots virals transmesos pel aigua sén
freqlients. Actualment, hi ha diverses opcions comercials que permeten la
quantificacid dels bacteris indicadors fecals (FIB) en el punt d'Us. No obstant
aix0, aquestes opcions comercials no estan disponibles per a detectar virus, ja
que la seva deteccié esta basada en métodes moleculars que no sén facilment
reproduibles en contextos d’emergéncia humanitaria.

El present estudi descriu un metode que permet la concentracié de virus a
partir de mostres d'aigua de 10 L, aixi com |'extraccio i deteccio d'acids nucleics
en el mateix punt d'Us, amb un equip senzill i portatil. Es va desenvolupar
també un equipament portatil, adaptant diferents components i processos al
treball fora dels laboratoris especialitzats. Aixd0 permet analitzar mostres
d’aigua per a la presencia de diversos virus en escenaris de crisi humanitaria, i
en qualsevol context en qué no es disposi d'un laboratori equipat.
Alternativament, el métode permet concentrar virus presents en les mostres
d'aigua i I'enviament del concentrat a un laboratori a temperatura ambient
per al seu posterior analisi.

El métode desenvolupat consta de tres passos diferents:
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El primer, la concentracié de les particules virals, mitjancant una adaptacié del
meétode de floculacié de llet descremada. El métode original es va modificar
perque fos independent d'una font d'alimentacié, més senzill i sense passos
de centrifugacié. Es va determinar la recuperacido del metode en aiglies
subterranies per al bacteridfag MS2 i l'indicador fecal de contaminacié
humana HAdV, obtenint recuperacions del 3,01% al 18,02% per a MS2 i del
17,52% al 44,22% per a HAdV.

El segon pas, I'extraccid d'acids nucleics VirWaTest, basat en I'Gs particules
magnetiques. Es facil i rapid i permet processar diverses mostres al mateix
temps i mostra una eficiencia de recuperacié equivalent a meétodes
comercials. Aquest meétode es va comparar amb un mini kit d'ARN comercial
(QlAamp Viral RNA Mini Kit) basat en I'Us de columnes de silice. Es van
concentrar 33 mostres d'aigua de riu i subterrania mitjancant el metode de
floculacié de llet descremada i es van realitzar ambdds extraccions d’acids
nucleics. Els resultats de la comparacié van mostrar que la recuperacié del
meétode VirWaTest va ser significativament més alta en 23/33 casos per a
HAdV, aixi com per a MS2.

El tercer i Ultim pas, correspon a la deteccié6 molecular mitjancant gPCR.
L'adaptacid es basa en la preparacié préevia dels tubs de PCR mitjangant
I'assecat a l'aire d’encebadors (primers), sondes i suspensions estandard i
I’'amplificacidé dels acids nucleics gracies a un termociclador portatil que pot
operar amb una bateria.

Per avaluar la viabilitat del métode de concentracié desenvolupat i comprovar
gue pot ser realitzat per usuaris no experts, dos equips d'Oxfam Water,
Sanitation and Hygiene (WASH), un ubicat a Banghi (RCA, Republica
Centreafricana), i I'altre a la zona de Pedernales (Equador), van recollir i
concentrar cinc i sis mostres d'aigua de pou respectivament. Els concentrats
virals d'ambdds llocs es van enviar al laboratori de Barcelona per a |'extraccio
d'acids nucleics VirWaTest i la posterior quantificacio viral. Una de les cinc
mostres de Banghi va resultar positiva per a HAdV a una concentracio de 3,46
x 102 CG/L, mentre que la totalitat de les mostres concentrades a I'Equador
van ser positives per HAdV amb valors de concentracié que oscil-laven entre
3,27 x 10 i 1,80 x 10% GC/L. El bacteridfag MS2 que va ser utilitzat com a
control de procés intern, va ser detectar en totes les mostres, demostrant que
el metode es va realitzar correctament des de la concentracié fins a la
deteccio.

Aixi doncs, el métode VirWaTest, ha permes realitzar la deteccié de virus en
situacions on no es disposava d’un laboratori equipat, posant a disposicié un
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meétode de detecci6 viral de baix cost economic, reproduible,
metodologicament senzill i realitzable per personal no cientific. Amb tot, el
meétode desenvolupat és aplicable a estudis al terreny i a arees de baixa renda,
ajudant en la prevencié de brots virics en situacions d’escassetat de recursos.
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Viruses excreted by humans and animals may contaminate water sources and pose a risk to human health when this water is used for drinking,
food irrigation, washing, etc. The classical fecal bacteria indicator does not always check for the presence of viral pathogens so the detection of
viral pathogens and viral indicators is relevant in order to adopt measures of risk mitigation, especially in humanitarian scenarios and in areas
where water-borne viral outbreaks are frequent.

At present, several commercial tests allowing the quantification of fecal indicator bacteria (FIB) are available for testing at the point of use.
However, such commercial tests are not available for the detection of viruses. The detection of viruses in environmental water samples requires
concentrating several liters into smaller volumes. Moreover, once concentrated, the detection of viruses relies on methods such as nucleic acid
extraction and molecular detection (e.g., polymerase chain reaction [PCR]-based assays) of the viral genomes.

The method described here allows the concentration of viruses from 10 L water samples, as well as the extraction of viral nucleic acids at the
point of use, with simple and portable equipment. This allows the testing of water samples at the point of use for several viruses and is useful in
humanitarian scenarios, as well as at any context where an equipped laboratory is not available. Alternatively, the method allows concentrating
viruses present in water samples and the shipping of the concentrate to a laboratory at room temperature for further analysis.

Video Link

The video component of this article can be found at https://www.jove.com/video/59463/

Introduction

During the first phases of any humanitarian emergency, access to clean water supplies, sanitation, and hygiene are critical for the survival

of those affected. Therefore, monitoring water quality is a priority to prevent waterborne outbreaks. It is well-known that contaminated water

is frequently the origin of diseases, but it is often difficult to determine the sources of viral outbreaks such as Hepatitis E virus (HEV), even

with the availability of conventional laboratory methods. The control of water quality is based on the quantification of FIB"?** However, it has
been extensively documented that there is no correlation between the absence of FIB and the presence of viral waterborne pathogens such

as rotavirus (RoV), norovirus (NoV), or HEV®®. Thus, using the water quality criteria based on FIB might result in an underestimation of risks
associated with the presence of waterborne viral pathogens. The surveillance of indicator viruses, such as human adenoviruses (HAdV;, or
specific pathogens would be helpful in defining the exposure to viral pathogens and identifying the potential source of human infection”**'® and
in validating the efficacy of sanitation measures'".

Until now, the detection of viruses in these scenarios relied on skilled staff and complex logistics. VirWaTest (virwatest.org) is aimed at the
development of a simple, affordable, and portable method for the concentration and subsequent detection of viruses from water samples at the
point of use.

The virus concentration is based on the principle of organic flocculation of 10 L water samples, by which viruses are recovered in smaller
volumes'?"3, The flocs are collected and added to a buffer that lyses the viruses and prevents the nucleic acids from degradation when they
stored at room temperature for not more than 2 weeks.
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The nucleic acid extraction method is based on the use of magnetic particles to which the nucleic acids get adsorbed. They can be transferred
from one washing buffer to another and finally into the elution buffer by using a magnetic pipette to which the particles attach. Viral nucleic acid
suspensions obtained can be shipped to a reference laboratory where the detection can be performed using molecular methods based on PCR.
For each nucleic acid extraction, two different quantities are tested to rule out enzymatic inhibition originated by the sample. Alternatively, with
minimum equipment availability, PCR tests can be run at the point of use. The entire process is designed to be performed independently of a
power supply (Figure 1).

A quantitative PCR assay to detect HAdV, excreted by humans and found in wastewater samples in high concentrations, has been adapted to be
run at the point of use. HAdV are used as human fecal viral indicators. A PCR for the quantification of MS2 bacteriophage has been also adapted
since MS2 is used in VirWaTest as process control. The method can be customized for the detection of any virus of interest.

After development, the VirWaTest method has been applied by the users in two different settings in the Republic of Central Africa (RCA) and
Ecuador, providing feedback on the application of the protocol in real situations.

To our knowledge, this is the first procedure that allows the concentration and detection of viruses at the point of use, independent of any power
supply, large equipment, and freezing/cooling conditions. It is recommended to collect two replicates of each water sample in order to obtain
robust results.

1. Preparation and packaging

NOTE: The materials/equipment to be packed is listed in Table 1. Use gloves to handle the reagents required for the process control, the
concentration reagents, the nucleic acid extraction reagents and the detection reagents. Wear protective glasses to handle the reagents required
for nucleic acid extraction.

1. Process control
1. Prepare MS2 bacteriophage stock culture (American Type Culture Collection [ATCC] 15597-B1) containing 1 x 10'"° PFU/mL in the
laboratory by following the ISO procedure 10705-1:1995".
2. Then, aliquot 10 pL of the suspension per tube containing 1 x 10° PFU into 10 mL tubes and let the water evaporate at 37 °C. Use one
tube per water sample.
3. Additionally, prepare one tube containing 10 mL of sterile distilled water per collected sample.

2. Concentration reagents
1. For the preflocculated skimmed milk solution (PSM), use the following amounts to concentrate five 10 L water samples.
1. Prepare a plastic tube containing 5 g of skimmed milk.
2. Prepare a zipper plastic bag containing 16.66 g of sea salts.
3. Prepare a plastic bottle containing 500 mL of distilled water.

2. Prepare the reagents required for pH adjustment. Use the following amounts to adjust the pH of the PSM and of five 10 L water
samples.

1. Add 5 g of citric acid 1-hydrate to a 10 mL plastic tube.
CAUTION: Citric acid causes serious irritation when it comes in contact with eyes. If this occurs, rinse the eye cautiously with
water for several minutes. If irritation persists, seek medical advice.

2. Put 2 g of sodium hydroxide into a 10 mL plastic tube.
CAUTION: Sodium hydroxide can cause severe skin burns and eye damage. If swallowed, rinse the mouth. Do not induce
vomiting. If it comes in contact with the eyes, rinse cautiously with water for several minutes. Then, seek medical advice.

3. Put 25 mL of sterile distilled water into a plastic container.

4. Put 50 mL of sterile distilled water into a plastic container.

3. Prepare the sample conditioning sachet used for the flocculation, the preservative solution used to preserve the nucleic acids, and the
neutralizing sachet to neutralize the discarded water and materials. Use the following amounts for each 10 L water sample to be tested.

1. Put 15 g of sea salts and 8 g of citric acid 1-hydrate into a zipper plastic bag for the conditioning sachet.

2. Add 2 mL of lysis buffer (Table of Materials) and 0.3 mL of nucleic acid preserving agent (Table of Materials) to a 5 mL tube.
CAUTION: Lysis buffer contains guanidine thiocyanate and Triton X-100. Contact with acid liberates toxic gas, and it is harmful
if swallowed, inhaled, or comes in contact with the skin. If swallowed, rinse the mouth. Do not induce vomiting. If it comes in
contact with the skin, wash with plenty of water. Then, seek medical advice. Nucleic acid preserving agent causes skin and
eye irritation and is harmful if swallowed. If it comes in contact with the skin or the eyes, rinse with abundant water for several
minutes. In any case, especially if swallowed and feeling unwell, seek medical advice.

3. Put 40 g of detergent powder into four zipper plastic bags.

CAUTION: Powder detergent causes eye irritation. If it comes in contact with the eyes, rinse with abundant water for several
minutes. If irritation persists or if swallowed, seek medical advice.

3. Nucleic acid extraction reagents
1. Put 50 pL of magnetic particles (Table of Materials) and 1 mL of ethanol 96% into a 5 mL tube which constitute the Binding Buffer.
CAUTION: The magnetic particles buffer contains sodium azide, which forms a toxic gas when it comes in contact with acids or heavy
metal ions and is toxic if ingested or when it comes in contact with skin. If ingested or in contact with skin, rinse the mouth or the skin
with abundant water and seek medical advice. Ethanol is a highly flammable liquid and vapor and causes serious eye irritation. Keep
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away from heat, hot surfaces, sparks, and any other ignition source. If it comes in contact with the skin or the eyes, rinse with abundant
water. In case of ingestion of large amounts of water and/or if inhaled, go outside into the fresh air. In any case, seek medical advice.
2. Add 500 pL, 600 pL, and 200 pL of washing buffers 1, 2, and 3, respectively (Table of Materials), to three 2 mL tubes.
CAUTION: Washing buffers contain guanidinium thiocyanate and guanidinium chloride, which are harmful if inhaled or swallowed and
irritate the skin and eyes. Contact with acids releases very toxic gas. If they come in contact with the skin or eyes, rinse with abundant
water. If swallowed, rinse the mouth with abundant water. Do not induce vomiting. Always seek medical advice.
3. Add 120 pL of elution buffer (Table of Materials) to a 0.5 mL tube.

4. HAdV and MS2 detection reagents
NOTE: Two different nucleic acid extraction reactions may be analyzed simultaneously in each PCR assay if an 8-well thermocycler is used.
For all PCR assays, prepare molecular biology water aliquoted into 1.5 mL tubes.
1. HAdV detection
1. Prepare a mix containing 10 pL of 22.5 yM AdF forward primer, 10 L of 22.5 uM AdR reverse primer, and 5 yL of 11.25 pM AdP
probe (Table 2).
2. Add 2.5 pL of the mix to tubes 1 to 8 of a tube strip. Let it dry at room temperature, close the tubes, and keep them protected
from the light.
3. Cut the strip dividing it into two strips: tubes 1-5 and tubes 6-8.
4. Prepare a serial dilution of DNA suspensions containing the nucleotide sequence of the amplified HAdV region. Air-dry 1 pL of
suspensions containing 1 x 10°, 1 x 107, and 1 x 10° GC/mL into tubes 6-8.
NOTE: Keep the tubes containing the primers, probe, and the air-dried suspensions protected from light.

2. MS2 detection
1. Prepare a mix containing 10 pL of 25 pM pecson-2F forward primer, 10 pyL of 25 yM pecson-2R reverse primer, and 2.5 pL of 25
UM PecP-2 probe (Table 2).
2. Add 2.25 pL of the mix to tubes 1 to 8 of a tube strip. Let it dry at room temperature, close the tubes, and keep them protected
from the light.
Cut the strip dividing it into two strips: tubes 1-5 and tubes 6-8.
4. Proceed as in step 1.4.1.4 but use a standard suspension designed for MS2 instead.

IS4

2. Viral concentration

NOTE: Use gloves at all times during the sample collection, reagent preparation, flocculation, flocs collection, and waste disposal procedures.
Wear protective glasses during the reagent preparation procedure.

1. Sample collection
1. Collect a 10 L water sample in a flat bottom bucket with a lid. Collect a minimum of two replicates for each sample.
NOTE: It is important to use clear buckets to visualize the pellet. If the water sample contains suspended material (e.g., sand, algae),
let it sediment and, then, collect the water supernatant in a new bucket.
2. Register the collected volume, as well as the location and collection date, for each water sample.
3. Put a magnetic stirrer connected to a battery under a bucket support and place the bucket containing the water sample on its support.
NOTE: Look for a flat surface in a fresh place and keep the buckets containing the water samples from direct sunlight.

2. Reagents preparation
1. pH adjustment reagents
1. Pour the citric acid powder and the sodium hydroxide pellets into the pots containing 25 and 50 mL of distilled water,
respectively.
2. Gently shake by hand until the citric acid and the sodium hydroxide are completely dissolved.
CAUTION: Do not pour the water over the sodium hydroxide pellets. Instead, pour the sodium hydroxide pellets over the water.

2. Preflocculated skimmed milk

1. Place a stand-up bag on a magnetic stirrer and pour 500 mL of distilled water in it. Drop a stirring magnet inside the bag and turn
on the magnetic stirrer.

2. Pour the contents of a sea salt sachet and of a skimmed milk tube into the stand-up bag and stir for 5 min at medium speed to
dissolve them.

3. Add 3 mL of citric acid to the PSM solution using a Pasteur pipette to make sure the pH lies between 3.4 and 3.6. Measure the
pH of the PSM solution using pH indicator strips. Add smaller amounts of citric acid and sodium hydroxide as the pH gets closer
to 3.5.

4. Turn off the magnetic stirrer and make sure the flocs are visible. Use a flashlight to help to visualize the flocs.

3. Flocculation

1. Drop a stirring magnet into the water, set the magnetic stirrer at maximum speed, and turn it on. Make sure the stirring magnet starts
spinning.

2. Add 10 mL of distilled water to a process control tube. Invert the tube a few times to rehydrate the viral stock and pour the solution into
the water.

3. Pour the contents of one sample conditioning sachet into the water and stir for 5 min.

4. Measure the pH of the water sample using pH indicator strips. Add a few drops of citric acid or sodium hydroxide to the water sample to
make sure the pH lies between 3.4 and 3.6. Add smaller amounts of citric acid and sodium hydroxide as the pH gets closer to 3.5.
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5.
6.
7.

Add 100 mL of the PSM solution using a 100 mL container.
Seal the bucket with the lid, set the magnetic stirrer at minimum speed, and leave the water stirring for 8 h.
Turn off the magnetic stirrer and let the water still for at least 5 h to allow the flocs to settle.

4. Floc collection

1.

oor Wb

©®N

10.

Build a siphoning system composed of a pipette controller, two pipettes, and a plastic tube, to aspirate the water supernatant for
discharging the water on the flocs.

1. Attach a 10 mL tape-end pipette to the pipette controller. Then, attach the tip of the pipette to the plastic tube.

2. Remove the filter of a 10 mL open-tip pipette using tweezers and attach the pipette to the plastic tube.

Place an empty bucket on the floor.

Immerse the tip of the open-tip pipette in the water. Make sure to keep it close to the water surface to avoid disturbing the flocs.
Aspirate the water supernatant until it reaches the tape-end pipette.

Pinch the plastic tube by the end attached to the tape-end pipette and detach it from the pipette.

Place the tube in an empty bucket. Release the pressure on the tube to let the water flow into the empty bucket.

Pinch the plastic tube to stop the water flow when the water level is about to reach the stirring magnet and move the pipette away from
the bucket.

Shake the bucket to resuspend the flocs and pour them into a 500 mL stand-up plastic bag. Allow the flocs to settle for 1 h more.
Carefully aspirate the water supernatant using a 50 mL pipette and a manual pipette controller, avoiding disturbing the flocs.

Aspirate the flocs using a 100 mL pipette and transfer them to a 50 mL graduated centrifuge tube. Note down the final volume of
sample concentrate and transfer 1 mL of it to a 5 mL tube containing the preservative solution, using a Pasteur pipette.

NOTE: It is important that the centrifuge tube is graduated so the final volume of the concentrated sample can be measured as
accurately as possible and registered.

Perform the nucleic acid extraction in the field. Alternatively, store the preservative solution containing the viruses at 20-30 °C for up to
15 days or ship them to a reference laboratory for further analysis.

5. Waste disposal and material reuse

1.
2.
3

4.

Add the contents of a neutralizing agent sachet to the bucket containing the discarded water. Mix the water, and then, leave it still for 30
min.

Dispose of the treated water as general waste.

Place the pipettes and the plastic tube inside the bucket. Fill the bucket with water and pour in the contents of one neutralizing agent
sachet.

Wash them for at least 30 min to sterilize them and rinse them with abundant clean water to remove any remaining neutralizing agent.

3. Nucleic acid extraction

NOTE: Use gloves and always wear protective glasses during the nucleic acid extraction procedure.

1. Magnetic pipette operation

1.

Get familiarized with the operation of the magnetic pipette before performing the extraction.

2. Nucleic acid extraction

1.

arw

©®

10.

1.

Arrange the tubes containing the reagents required for the extraction in a rack, from left to right: binding buffer, washing buffers, and
elution buffer. Set the appropriate number of tubes according to the number of samples or replicates being analyzed.

Transfer 1 mL of sample concentrate to the tube containing the binding buffer, using a disposable Pasteur pipette. Invert the tube 8x to
10x to homogenize the solution.

Incubate the solution at room temperature for 10 min while continuously mixing, either using a solar-powered orbital or manually.
Collect the magnetic particles using the magnetic pipette and a clean tip, which can be reused for the three washing buffers.

Release the magnetic particles into the tube containing 500 uL of washing buffer 1. Wash them by gently shaking the solution with the
tip for 30 s and collect them.

Transfer the magnetic particles to the tube containing 600 L of washing buffer 2. Wash them by gently shaking the solution with the tip
for 30 s and collect them.

Transfer the magnetic particles to the tube containing 200 pL of washing buffer 3. Wash them by gently shaking the solution with the tip
for 30 s and collect them.

Release the magnetic particles into the tube containing the elution buffer and discard the tip.

Incubate the solution at room temperature for 5 min while continuously mixing, using the solar-powered orbital.

NOTE: Mixing the magnetic particles in the elution buffer is a crucial step. In case of lacking an orbital, continuously mix by hand during
the incubation time.

Replace the tip on the magnetic pipette by a new one and collect the magnetic particles from the elution buffer. Make sure to
completely remove the magnetic particles from the elution buffer since they can interfere with molecular detection methods.

Discard the tip with the particles attached to it. Proceed with the PCR analysis, ship the elution buffer to a reference laboratory, or store
the elution buffer in at 4 °C for further analysis.

4. Viral detection with a battery-operated eight-tube real-time thermocycler

NOTE: Use gloves and always wear protective glasses during the nucleic acid detection procedure. Replace the gloves for new ones when
performing a new PCR experiment to avoid cross-contamination.
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1. HAdV quantitative PCR

1. Add 14 pL of nuclease-free water to tubes 2, 4, and 5.

2. Add 4 pL of PCR mix to tubes 1-5.

3. Add 14 pL of nucleic acid extraction from sample A to tube 1 and 14 pL from sample B to tube 3.

4. Add 2 pL of extracted nucleic acids from sample A to tube 2 and 2 pL from sample B to tube 4. Close the five-tube strip.

5. Add 14 uL of nuclease-free water to tubes 6, 7, and 8.

6. Add 4 pL of this mix to tubes 6, 7, and 8, and close them.

7. Put both strips in the thermocycler and select the appropriate run (Table 3).

8. Discard the water tube and keep the extracted nucleic acid in the freezer, if possible, or, if not, in a fresh place protected from light in
case a second test needs to be performed.

9. Clean the micropipettes, the rack, the working material, and all material properly with a nucleic acid cleaner, and discard the plastic bag

containing the used tip, gloves, and tubes.
CAUTION: Nucleic acid remover is a very flammable liquid and steam. Do not breathe in the spray mist and avoid any contact of the
liquid with the eyes or the skin. Otherwise, immediately rinse with abundant water and seek medical advice.

10. Collect the results and analyze the obtained data.

2. MS2 quant|tat|ve PCR

Add 14 pL of nuclease-free water to tubes 2, 4, and 5.

Add 4 pL of PCR mix and 0.5 uL of reverse transcriptase enzyme to tubes 1-5.

Add 14 L of nucleic acid extraction from sample A to tube 1 and 14 uL from sample B to tube 3.

Add 1 pL of extracted nucleic acids from sample A to tube 2 and 1 pL from sample B to tube 4. Close the five-tube strip.
Add 15.5 pL of nuclease-free water to tubes 5, 6, 7, and 8, and close them.

Add 4 pL of PCR mix and 0.5 pL of reverse transcriptase enzyme to tubes 6, 7, and 8.

Put both strips in the thermocycler and select the appropriate run (Table 3).

Proceed as described in steps 4.1.8 t0 4.1.10.

Representative Results

Method development

PN AGN =

This procedure has been developed in the Laboratory of Viruses Contaminants of Water and Food with the collaboration of GenlUL and

Oxfam Intermén. It comprises of three different steps. The first one, the viral particle concentration, is an adaptation of a skimmed milk
flocculation method previously described'? '8, The original method was modified as to be independent of a power supply, simpler, and without
centrifugation steps.

The recovery of the VirWaTest concentration method was tested in HAdV and MS2 bacteriophage-spiked groundwater samples. The viral
recovery of the VirWaTest concentration and extraction method was estimated to be 3.01% to 18.02% for MS2 and 17.52% to 44.22% for HAdV.
These recoveries were calculated from the values obtained by quantitative PCR during the development of the method compared to the initial
concentrations of HAdV and MS2 in the water samples after spiking them with known concentrations of these viral stocks.

The VirWaTest magnetic nucleic acid extraction was compared to a commercial RNA mini kit (e.g., QlIAamp Viral RNA Mini Kit), a column-based
extraction method used in the laboratory, by testing 33 river and groundwater samples spiked with HAdV and MS2 and concentrated by skimmed
milk flocculation. The comparison results showed that the VirWaTest method recovery was higher in 23/33 cases for HAdV, as well as for MS2
(Table 4). A Wilcoxon test showed p-values of 0.0005569 for HAdV and 0.02791 for MS2. VirWaTest nucleic acid extraction provides significantly
higher viral recoveries than the commercial one.

Detection of HAdV in environmental water samples concentrated by the VirWaTest method

To test the developed method for viral concentration in the field, the Oxfam Water, Sanitation and Hygiene (WASH) team, located in Banghi
(RCA) in March 2017, collected and concentrated viruses from five well water samples.

Also, in the area of Pedernales (Ecuador), which was affected by earthquakes in 2016 and 2017, six well water samples were collected by an
Oxfam WASH team in February 2017, and its viruses were concentrated by the VirWaTest concentration method. Viral concentrates from both
settings were sent to the laboratory in Barcelona for VirWaTest nucleic acid extraction and viral quantification.

In Ecuador, naturally occurring HAdV were detected in six out of the six samples analyzed, with concentration values ranging from 3.27 x 10" to
1.80 x 10 GCI/L, whereas one out of the five samples collected and concentrated in Banghi (RCA) tested positive for HAdV, at a concentration of
3.46 x 10° GC/L (Table 5).

MS2, added to all tested samples as internal process control, was detected in all samples tested, showing that the method was correctly
performed from concentration to detection.
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Figure 1: VirWaTest method. Overview of the steps the VirWWaTest method is composed of. Please click here to view a larger version of this

figure.
Materials Concentration Nucleic Acid Extraction Detection
Equipment Magnetic Stirrer (2 Units) Magnetic Pipette (1 Unit) Thermocycler (1 Unit)

Battery (2 Units)

Battery/Stirrer Connectors (2 Units)
Power Adapters (2 Units)

Bucket Support (2 Units)

Rope (1 Unit)

Stirring Magnet (3 Units)

Tweezers (1 Unit)

Silicon Tubing (1 Unit)

Pipette Controller (1 Unit)
Marker (1 Unit)

Solar Rotary Platform (1 Unit)
Multi-Size Tube Rack (1 Unit)
Timer (1 Unit)

Battery (1 Unit)

Computer

Tube Rack (1 Unit)

0.5 pL - 10 pL Micropipette (1 Unit)
2 pL - 20 pL Micropipette (1 Unit)

Consumables and Reagents (for
every 2 water samples/replicates)

Bucket (3 Units)

pH Indicator Strips

Tape-End 10 mL Pipette (2 Units)
Open-Tip 10 mL Pipette (2 Units)
Tape-End 50 mL Pipette (2 Units)
Tape-End 100 mL Pipette (2 Units)
Pasteur Pipette (4 Units)
Stand-Up Plastic Bag (4 Units)
Plastic Container with 25 mL of
distilled water (1 Unit)

Plastic Container with 50 mL of
distilled water (1 Unit)

100 mL Empty Container (1 Unit)
Gloves (6 Pairs)

Process Control (2 Tubes)

Tube with 10 mL of distilled water
(2 Units)

Citric Acid (1 Tube)

Sodium Hydroxide (1 Tube)
Skimmed Milk (1 Tube)

Citric Acid Sachet (1 Unit)
Distilled Water (1 500 mL Bottle)
Sample Conditioning (2 Sachets)
Preservative Solution (2 Tubes)
Neutralizing Agent (4 Sachets)

Magnetic Pipette Tips (2 Units)
Pasteur Pipette (2 Units)
Binding Buffer (2 Tubes)
Washing Buffer 1 (2 Tubes)
Washing Buffer 2 (2 Tubes)
Washing Buffer 3 (2 Tubes)
Elution Buffer (2 Tubes)
Gloves (6 Pairs)

10 pL Micropipette Tips (1 box)
20 L Micropipette Tips (1 box)
DNA gPCR Mix (1 Tube)

RNA gPCR Mix (1 Tube)

Reverse Transcriptase Enzyme (1
Tube)

Molecular Biology Water (1 Tube)
HAdV Tube Strip with primers,
probe and standard (1 Unit)

MS2 Tube Strip with primers, probe
and standard (1 Unit)

Nucleic Acid Remover

Gloves (6 Pairs)

Table 1: VirWaTest contents. Equipment, consumables, and reagents that have to be prepared for the concentration, extraction, and detection

of viruses in two water samples/replicates.
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Virus Primers Genbank Position Sequence (5=3’) Length Reference
Accession
No.
Human AdF J01917.1 18869-18887 | CWTACATGCACATCKCSGG 19 Hernroth et al.,
?ﬁzg\‘}‘)’"us AdR 18919-18937 | CRCGGGCRAAYTGCACCAG 19 2002"
AdP1 18890-18916 |6-FAM- 27
CCGGGCTCAGGTACTCCGAGGCGTCCT-
BMN-Q535
MS2 pecson-2F NC_001417.2 [344-363 AAGGTGCCTACAAGCGAAGT 20 Pecson et al.,
gfl‘gtze)mphage pecson-2R 659-678 TTCGTTTAGGGCAAGGTAGC 20 2009
PecP-2 369-388 6-FAM-ATCGTGGGGTCGCCCGTACG-BHQ-1 |20
1'\;Iasb2le 2: Oligonucleotides for quantitative PCR experiments. Primers and probe designed to bind to nucleic acid sequences of HAdV and
Temperature Time Cycles Temperature Time Cycles
95 °C 12 min 1 55 °C 15 min 1
95 °C 10 min 1
95 °C 15s 40 95°C 16s 40
60 °C 1 min 60 °C 1 min

Table 3: Thermal conditions for quantitative PCR experiments. Temperature, time, and cycles used for HAdV and MS2 amplification.

QlAgen VirWaTest
Median 253x10° 2.43x10°
Mean 1.74 x 10* 3.12x10*
SD 5.66 x 10° 2.23x10°

QlAgen VirWaTest
474x10* 5.13 x 10*
4.24x10* 5.97 x 10*
4.49x10* 1.63x 10°

p-value (Wilcoxon) for HAdV: 0.0005569

p-value (Wilcoxon) for MS2: 0.02791

Virus tested Samples Tested QlAgen VirWa Test
HAdv 33 10 23
MS2 33 10 23

Table 4: VirWaTest nucleic acid extraction development. Median, mean, and SD values obtained when comparing the Qiagen and VirWaTest
extraction methods in 33 groundwater samples for HAdV and MS2.

Country Site Sample HAdV GC/L
RCA Eau de la SODECA 1 ND
lle Bongossoua, Village 1 2 ND
lle Bongossoua, Village 3 3 ND
Bangui, Puits Quartier Fondo 4 ND
Bangui, Puits Quartier Yambassa |5 3.64 x 102
Ecuador Borehole A 6 7.96x 10"
Borehole B 7 1.80 x 10°
Borehole C 8 8.88x 10
Well water A 9 6.06 x 10
Well water B 10 1.12 x 102
Well water C 11 3.27 x 10"

Table 5: Quantification of HAdV using the VirWaTest Method. Quantitative PCR results, expressed in GClliter, for HAdV quantified in water
samples collected and concentrated from RCA and Ecuador.
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The VirWaTest method enables the concentration of viruses and nucleic acid extraction from water samples at the point of use by non-
experienced users. It is an affordable, rapid, and simple protocol. The concentration is based on the principle of organic flocculation using
skimmed milk, by which the low pH and high conductivity conditions make skimmed milk proteins aggregate into flocs the viruses adsorb to.
When the flocs sediment, it is easy to collect them, making it possible to concentrate 10 L of water, whereas traditional ultracentrifugation cannot
deal with big water volumes.

The method has been modified for being practicable at the point of sampling without using any electric equipment except for a battery-
operated magnetic stirrer. Some other approaches based on water filtration have been adapted to the concentration of viruses and can also be
performed at the point of use. However, suspended material present in water samples often clogs the filters; thus, the small volume that may be
concentrated with these systems is a serious limitation.

This is the first description of a method for concentrating viruses from water samples at the point of use, regardless of the turbidity of the sample.
The VirWaTest concentration method allows several samples to be processed simultaneously if the appropriate material is available. Moreover,
skimmed milk flocculation has been shown to be useful for bacteria and parasite concentration.

The preparation of the appropriate material is crucial for performing the procedure properly. Consider the number of water samples to be
analysed and prepare the reagents and material before moving to the place where the test is needed for the preparation of the reagents and
material. Several samples can be processed at the same time if the appropriate amount of material is available.

Before starting the concentration of a water sample, a known concentration of a viral stock will be used to spike the sample as process control.
This method uses a dried viral stock which is rehydrated with distilled water before being added to the water sample at the point of use. This is
useful to rule out false-negative results at the end of the procedure and gives an indication of the performance of the method.

Viral concentrates obtained with the VirWaTest may be further tested in the field applying the VirWaTest nucleic acid extraction and detection
methods or, alternatively, concentrates may be sent to a reference laboratory at room temperature. The preservative solution added to the
concentrate enables viruses to remain stable for up to 2 weeks (unpublished results).

VirWaTest nucleic acid extraction is a magnetic particle-based method. It is easy and fast and allows several samples to be processed at the
same time and shows equivalent and even better recovery efficiency than methods currently used for viral nucleic acid extractions. The nucleic
acids may be sent to reference labs at room temperature or, if users are confident in performing molecular detection, a quantitative PCR assay
can be performed at the point of use of the original water sample.

Also, if a small laboratory facility is available, the VirWaTest concentration protocol may be coupled to standard nucleic acid extraction kits that
depend on a centrifuge and standard PCR-based methods that require a freezer to maintain the reagents but that use standard thermocyclers,
which are less expensive than battery-operated ones.

However, since a power supply is sometimes not available, we have optimized detection assays for MS2 bacteriophages as process control

and HAdV as a viral fecal indicator, and the methodology can be customized for any other virus of interest, such as hepatitis viruses, RoV, NoV,
or others, to be run in the field without needing a freezer for maintenance of the reagents, nor conventional thermocyclers but only a battery-
operated one. Several battery-operated thermocyclers are commercially available. Alternatively, if a power supply is available, other conventional
qPCR equipment may be used. If an eight-tube thermocycler is used, up to two nucleic acid extractions (two different samples or two replicates
from the same sample) can be tested in the same PCR assay. For each nucleic acid extraction, two different quantities will be tested to rule

out enzymatic inhibition originated by the sample. The adaptation is based on the previous preparation of PCR tubes by air-drying primers,
probes, and standard suspensions. Several lyophilized commercial qPCR solutions exist that could be used by applying the same procedure as
described here. We have described one possibility that we considered to be easy to perform.

Comparison assays performed during the development of the method showed that the VirWaTest methods of concentration, extraction, and
detection are efficient for the quantification of viruses in water samples.

The limit of detection (LOD) of the described procedure is variable since the volume collected after concentration is variable. Also the LOD can
be slightly different for different viruses. If a volume of approximately 10 L is collected, the LOD for HAdV would be around 1 x 10 viral GC/

L. So, relatively small concentrations of HAdV can be detected by the VirWaTest method In Pedernales (Ecuador), six out of the six samples
tested presented HAdV, in concentrations close to the LOD, ranging from 3.27x 10" to 1.80 x 10 GC/L. In Banghi (RCA), HAdV were detected
in one out of the five samples analyzed, at a concentration of 3.46 x 102 GC/L. The presence of HAdV, as well as the presence of MS2 as the
control process in the tested samples, shows the method is useful for the recovery of viral particles from water samples, even when performed
by nonexperienced users.

Feedback obtained until now indicates that viral concentration is an easy procedure to perform, with no major problems when applied at the
point of use of the samples, although 8 h and 5 h steps are required. It is important to note that these steps occur without any human assistance.
Moreover, a faster method based on filtration is being developed as an alternative for nonturbid waters. However, flocculation seems to be, until
now, the unique method that allows the concentration of samples presenting high turbidity. Viral concentrates may be then sent to any laboratory
around the world at room temperature, which also makes it easier to test viruses since sampling areas do not always have good transportation
services providing cooling conditions. Alternatively, the extraction and detection protocols presented here allow testing for viral detection at the
point of use of the samples.

As far as we know, this is the first method reported to be useful for the concentration and testing for the presence of viruses in water samples
in the field. Further efforts should be conducted to apply the procedure to the evaluation of the presence of human viral pathogens of interest in

Copyright © 2019 Journal of Visualized Experiments May 2019 | 147 | e59463 | Page 8 of 9



lee Journal of Visualized Experiments www.jove.com

several other humanitarian crisis scenarios. Also, the user's feedback will be necessary to provide insights into the potential implementation to
make the procedure friendlier.
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4.2. AVALUACIO D'UN METODE DE CONCENTRACIO DE VIRUS
BASAT EN ULTRAFILTRACIO | ELUCIO D'ESCUMA HUMIDA
(WET FOAM ELUTION) A PARTIR DE MOSTRES D'AIGUA DE
GRAN VOLUM

“Evaluation of a virus concentration method based on
ultrafiltration and wet foam elution for studying viruses from
large-volume water samples.”

Forés, E., Rusifiol, M., Itarte, M., Martinez-Puchol, S., Calvo, M., Bofill-Mas, S.

Science of the Total Environment 829 (2022) 154431,
doi:10.1016/j.scitotenv.2022.154431

Avaluar la presencia de virus en mostres de grans volums d’aigua implica
emprar metodes complexes que requereixen de dos passos i equipament de
laboratori sovint molt costds. En aquest estudi, s’ha avaluat un metode de
concentracié de grans volums d’aigua, anomenat Large Volume Concentration
kit (LVC), basat en una ultrafiltracié de tipus “sense sortida” o Dead end
Ultrdfiltration (DEUF) seguit de la tecnologia amb elucié d’escuma humida o
Wet Foam Elution™, en diferents tipus d'aiglies i per a diferents
microorganismes.

Un cop realitzada la ultrafiltracié de la mostra, el contingut de I'ultrafiltre es
recupera mitjancant l'elucid d’escuma humida. Aquesta es basa en la
utilitzacié d’una llauna que conté I'eluent composat per aigua, tensioactius
(menys del 0,1%), i un tampo de pH pressuritzat amb dioxid de carboni. Durant
el procés de recuperacioé del concentrat, el contingut de la llauna és alliberat
a l'interior de l'ultrafiltre, on el didoxid de carboni s'expandeix arrastrant els
microorganismes retinguts en el filtre. El gas es col-lapsa en liquid podent ser
recuperat per la part inferior del filtre com a concentrat final.

En primer lloc, es va seleccionar el tipus d’eluent més adequat per la
recuperacié de virus. Es van testar dos tipus d’eluent, un composat per una
barreja de PBS i Tween-20 (0.075%) i un altre composat per 25 mM Tris i
Tween-20 (0.075%). Una mostra d’aigua subterrania dopada amb HAdV,
®X174, MS2 i CVB5 va ser dividida en sis repliques de 10 L, ultrafiltrades i
eluides amb ambdds tipus d’eluents. Tot i que la comparacio dels tampons
d'elucié va mostrar que I'elucié de Tris va proporcionar valors de recuperacié
mitjans més alts per a HAdV, ®X174 i CVB5 i valors similars per a MS2, els
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resultats van mostrar que no hi havia diferéncies estadisticament significatives
entre els dos tampons utilitzats. Per la qual cosa, I'eluent escollit per
caracteritzar el metode va ser aquell composat per 25 mM Tris i Tween-20
(0.075%).

L'eficiéncia de recuperacié del meétode es va avaluar mitjancant experiments
de dopatge amb diferents microorganismes indicadors i patogens, quantificats
a través de diferents técniques de deteccid, incloent assajos d’infectivitat i
assajos moleculars com gRT-PCR. Aixi doncs, es van determinar els
percentatges de recuperacid del metode per a E. coli, dos bacteridfags com
sén OX174 i MS2 i un virus patogen huma, Coxsackie virus B5 (CVB5), en dues
matrius d’aigua, aigua de pou i aigua de mar. El metode LVC d’un sol pas va
demostrar ser eficient per la concentracié de tots els microorganismes testats,
toti que I'analisi estadistic de les dades va revelar diferéncies estadisticament
significatives entre les recuperacions dels diferents virus en una mateixa
matriu, i diferéncies per a un mateix virus quan es recupera en matrius
diferents.

Seguidament, per tal d’augmentar la sensibilitat, es va optimitzar el metode
afegint un segon pas de concentracid basat en I'Gs dels ultrafiltres Centricon®
Plus-70, el qual es basen en una ultrafiltracié centrifuga (CeUF). El LVC kit
optimitzat amb un segon pas de concentracio es va comparar amb el metode
de concentracid viral basat en la floculacid de llet descremada. Obtenint valors
mitjans de recuperacié de MS2 per a LVC i SMF de 22,91 + 12,47% i 8,97 +
0,07%, respectivament. Tot i que ambdds metodes van presentar
quantificacions similars, totes les mostres (3/3) van ser positives per a HAdV
quan s'aplicava el métode LVC, mentre que el 67% (2/3) van ser positives amb
el métode SMF.

Finalment, es va aplicar el métode a diferents matrius d’aigua per tal de
detectar contaminacid viral en aiglies de riu, aigua de mar i aigles
subterranies. El LVC kit acoblat a un pas de concentracidé secundari basat en
dispositius CeUF, va permetre detectar virus naturals com HAdV, NoV Gl i NoV
Gll en diferents matrius d’aigua. Com a control del procés es va utilitzar MS2,
obtenint una recuperacié viral mitjana del 22,0 + 12,47%. El HadV, utilitzat
com a indicador de contaminacio fecal huma, va ser detectat a les mostres
d’aigua de riu (100% de les mostres positives), seguit de les mostres d’aigua
de mar (83,33%) i finalment en aiglies subterranies (66,67%). Encara que el
volum que el métode pot processar depéen de la natura de la mostra, es poden
filtrar facilment fins a 100 L, assolint un factor de concentracié del métode de
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fins a 500x% i quan s’aplica un segon pas de concentracio secundaria pot arribar
fins a 250.000x presentant limits de deteccié significativament baixos.

Pel que fa a la validacié del métode per realitzar la concentracid in situ, es van
realitzar dues aproximacions. En la primera, es van concentrar mostres de 50
L d’aigua de riu en el punt de mostreig mitjancant una bomba peristaltica
alimentada per un generador, detectant concentracions de NoV-Gll de 1.34 x
10! CG/L. A més, els eluits van ser analitzats mitjancat técniques de
sequenciaci6 de nova generacid6 com l'enriquiment de dianes o Target
Enrichment Sequencing (TES), detectant la presencia de diverses families
viriques com son Astroviridae i Picornaviridae i mitjancant tecniques
d’Amplicon Deep Sequencing (ADS) on es va detectar la presencia dels serotips
NoV Gl.4, Gl.1, GI.5, Gll.4 i GII.13 en mostres d’aigua de riu tot i ser negatives
per g(RT)PCR. En la segona, i mitjancant I'Us d’'una bomba manual, es va filtrar
aigua de pou en un camp de refugiats de Guara Guara localitzat a Mogcambic.
L'ultrafiltre va ser enviat al laboratori per al seu analisi, detectant
concentracions d’HadV de 3,01 x 10° CG/L, demostrant la senzillesa
metodologica i adaptabilitat del métode.

Com a resultat de I'estudi, s’ha validat el metode LVC kit per a la concentracié
de virus en grans volums d’aigua, caracteritzant les recuperacions virals de
diferents virus model en diferents matrius d’aigua, i s’ha optimitzat aplicant
un segon pas de concentracié augmentant aixi la sensibilitat del metode. A
més, s’ha adaptat per la seva aplicacid in situ en diferents contextos i s’ha
demostrat la seva aplicabilitat mitjancant diferents técniques. Amb tot, el
meétode LVC kit resulta un métode eficient, rapid i sensible per la deteccié de
virus en aigles.
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1. Introduction

Humans and animals excrete viruses in feces and urine. Among these,
members of the Picornaviridae, Caliciviridae, Reoviridae, Hepeviridae and
Adenoviridae families, cause gastroenteritis (adenovirus, norovirus, rotavi-
rus, and astrovirus) or hepatitis (hepatitis A and E viruses) as well as
other pathologies such as meningitis (enterovirus and others). Their most
important routes of transmission are the fecal-oral route and/or the direct
contact with infected individuals (Cook, 2013). Therefore, many viral infec-
tions occur through consumption or contact with sewage-contaminated
water arising from the discharge of untreated or inadequately treated sew-
age into the aquatic environment (Farkas et al., 2020). Whereas diffuse
source pollution occurs when fecal pollution leach into surface waters
and groundwater as a result of rainfall, soil infiltration or surface runoff,
point source pollution comes from specific discharges. Hence, untreated
wastewater can contaminate water sources through different routes.
Large volumes of untreated wastewater can be discharged via sewer over-
flows during heavy rainfall events, tidal infiltration, snowmelt or system
failures and blockages. Considering the different uses of water, such as
drinking, household needs, recreational uses, as well as agricultural uses in-
cluding irrigation and farming animals, its use or consumption may pose a
risk to humans if the water sources (e.g., groundwater, seawater or surface
water) are contaminated by sewage (Fong et al., 2010; Lowther et al., 2012;
Sinclair et al., 2009).

Apart from the aforementioned enteric viruses, other viruses have been
identified in wastewater such us polyomaviruses (Bofill-Mas et al., 2000),
papillomaviruses (La Rosa et al., 2013), small circular viruses (Phan et al.,
2015) and coronaviruses including SARS-CoV-2 (Martinez-Puchol et al.,
2021; Medema et al., 2020) among others.

The presence of viruses in aquatic environments has been widely stud-
ied in water bodies around the world (Farkas et al., 2020). Apart from the
commonly analyzed viral indicators (e.g, HAdV, JC polyomavirus
(JCPyV), or pepper mild mottled virus (PMMYV)), several reports describe
the presence of pathogenic viruses such as NoVs, enterovirus and rotavirus
in surface waters (Hata et al., 2014; Jurzik et al., 2010; Rusifiol et al., 2015;
Sassi et al., 2018).

HAdV, hepatitis A virus, NoVs and sapoviruses have been describe to
occur in coastal and brackish water (Dias et al., 2018a, 2018b; Farkas et al.,
2018; Fongaro et al., 2015; Kaas et al., 2019; Moresco et al., 2012; Rusifiol
etal., 2015; Symonds et al., 2018). Moreover, NoV as the etiological agent re-
sponsible for several groundwater-related outbreaks (Carrique-Mas et al.,
2003; Giammanco et al., 2014; Moreira and Bondelind, 2017;
Papadopoulos et al., 2006; Riera-Montes et al., 2011; Vantarakis et al., 2011).

The infective dose of these pathogens is known to be low (Kirby et al.,
2015; Thebault et al., 2013), and has reported to be of between 0.5 and 6
TCIDs, (Yezli and Otter, 2011). Given that they are present in water matri-
ces at low concentrations, in some cases below of 10? GC/L (Farkas et al.,
2020, 2018; Hata et al., 2014), the detection of waterborne viruses is some-
how cumbersome, because large volumes of water are needed to concen-
trate viruses in smaller volumes suitable for molecular detection,
requiring two step processes, skilled staff, long periods of time, resulting
most of the time in low viral recovery efficiencies or presence of viruses
in the concentrate below the limit of detection of the detection method.

Several methodologies are available to concentrate viruses from water
samples as reviewed by Bofill-Mas and Rusifiol, 2020. Most virus concentra-
tion methods consist of two steps where a few to hundreds of liters of water
are concentrated into smaller volumes by a primary concentration method
and then into a few milliliters by a secondary concentration method. Viruses
are concentrated from water using different strategies based on the structural
properties of viruses, mainly relying on their surface charge (commonly neg-
ative) or size (20 to 300 nm). The main methods based on charge are
flocculation-precipitation with organic/inorganic flocculant such as skimmed
milk flocculation (SMF), beef extract, polyethyleneglycol dextran PEG/Dex,
PEG/NaCl, Al(OH)3 (Calgua et al., 2013a, 2013b; Deboosere et al., 2012,
2011) and virus adsorption-elution (VIRADEL methods) using electronega-
tive (nitrocellulose membranes) or electropositive filters (ViroCap/
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Nanoceram®, glasswool) (Blanco et al., 2019; Ikner et al., 2012). Of all the
methods based on size exclusion, those involving filtration (dead end ultrafil-
tration (DEUF), tangential flow ultrafiltration (TFUF), centrifugal ultrafiltra-
tion (CeUF)) are widely used and have been extensively reviewed in the
literature (Bofill-Mas and Rusifiol, 2020; Cashdollar and Wymer, 2013;
Ikner et al., 2012). A combination of both approaches is commonly used
and there are other virus concentration methods that do not rely exclusively
on size exclusion or surface charge, such as ultracentrifugation and lyophiliza-
tion (Calgua et al., 2013a, 2013b; Hjelmsg et al., 2017; Ye et al., 2016). Every
single method has its own limitations. In some cases, they are difficult to per-
form and require specialized staff and laboratory facilities, making their field
deployment unfeasible.

Among many concentration methods used for viral recovery, ultrafiltra-
tion is based on the retention of low size particles to concentrate viruses in
dead-end, tangential, or axial flow configuration (Gallardo et al., 2019;
TIkner et al., 2012).

Ultrafiltration does not require sample preacidification, can concentrate
multiple pathogens simultaneously and achieve good recoveries (Forés
etal., 2021; Ye et al., 2016) allowing water volumes of up to 1000 L to be
concentrated (Gunnarsdottir et al., 2020; Pascual-Benito et al., 2020;
Smith and Hill, 2009). Most ultrafiltration methods require a second con-
centration step since the elution of viruses from filters requires the use of
200-500 mL of eluent.

The aim of this study was to validate and characterize a large volume
concentration (LVC) protocol for the detection of viruses in large-volume
samples as a fast and user-friendly procedure based on dead-end ultrafiltra-
tion (DEUF) followed by the Wet Foam Elution™ technology. This protocol
can be used either as a one-step method or as a primary method in a two-
step procedure. To accomplish this aim, groundwater and seawater samples
spiked with several different viruses and E. coli were tested and the recovery
of the viruses was estimated. The method was also applied to the molecular
analysis of the presence of naturally occurring viruses in different types of
water. Finally, the possibility of adapting the procedure to in situ concentra-
tion of large-volume water samples was explored.

2. Materials and methods
2.1. Microorganisms and cell lines

Escherichia coli (EC) (CECT 515) was cultured in trypticasein soy broth
(TSB) EP/USP (Pronadisa) and quantified after filtration and dilution in
ringer V4 solution (Scharlau) by plating on trypticasein soy agar (TSA)
EP/USP/ISO (Condalab).

Human adenovirus type 35 (HAdV-35) (ATCC® VR-718™) and
Coxsackie virus B5 (CVB5) (ATCC® VR-185™) were produced by infecting
A549 (ATCC® CCL-185™) and BGM (ECACC 90092601) cells, respectively.
Cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) (Gibco,
Life Technologies) containing 2 x (maintenance medium) or 10 X (growth
medium) of heat-inactivated fetal bovine serum (FBS). DMEM was supple-
mented with 2% glutamine and 1% penicillin-streptomycin (Gibco, Life
Technologies). All viruses were released from cells by freezing and thawing
the cultures three times. A centrifugation step at 3000 x g for 10 min was
then applied to eliminate cell debris. The supernatant obtained was
ultracentrifuged for 1 h at 34,500 xg and resuspended in PBS, before
being quantified using specific qPCR assays (see Section 2.5) and stored
in 10-mL aliquots at —80 °C until use.

PhiX174 (ATCC13706-B1) and MS2 bacteriophages (ATCC 23631)
were cultured in E. coli WG5 (ATCC 13706), following ISO 10705-2:2000,
and in Salmonella typhimurium WG49 (NCTC 12484), following ISO
10705-1:1995, respectively.

2.2. Sample collection
2.2.1. Naturally water samples used for method validation

Water samples were collected in sterile plastic carboys and transported
to the laboratory under cold conditions (4 °C). The turbidity was measured
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using the HI98703 turbidimeter (Hanna Instruments Inc.) just after seeding
107 GC/mL of MS2 (1:100, v/v) as a process control. Groundwater with
turbidities of 0.35 + 0.25 NTU (nephelometric turbidity units) and seawa-
ter with turbidities of 6.94 + 3.20 NTU were used to characterize the LVC
method.

Groundwater, seawater and river water samples were collected from
Barcelona urban area, three different coastal sites close to Barcelona and
four different Catalan rivers. Samples were collected in sterile plastic car-
boys and processed in situ or transported to the laboratory under cold con-
ditions. The processing of all samples was done immediately upon arrival at
the laboratory.

2.3. E. coli determination

E. coli determination, was carried out with the 96-well microplate sys-
tems (MUG/EC 355-3782, BioRad®), according to ISO 9308-2:2012
(International Organization for Standardization, 2012).

2.4. Nucleic acid extraction and RT-qPCR quantification

Viral nucleic acids (NA) were extracted using the QIAmp Viral RNA
Mini kit (Qiagen, Inc., Valencia, CA) in an automated QIAcube platform
(Qiagen, Inc., Valencia, CA), according to the manufacturer's protocol.
The volume of the viral concentrates used for the extraction was 140 pL,
which was finally eluted with 60 pL of the kit elution buffer. A negative
control of the viral nucleic acid extraction was added per each batch of
11 samples.

Based on previous research, specific real-time qPCRs were used to quan-
tify HAAV (Hernroth et al., 2002) and PhiX174 (Verreault et al., 2010),
while RT-qPCR was used to quantify CVB5 (Rusiiiol et al., 2020), MS2
(Pecson et al., 2009), NoV-GI (Da Silva et al., 2007; Hoehne and Schreier,
2006; Svraka et al., 2007) and NoV-GII (Kageyama et al., 2003; Loisy
et al., 2005). Viral nucleic acids were amplified using hydrolysis probes
TagMan™ Environmental Master Mix 2.0 (Thermo Fisher Scientific) or
the RNA UltraSense™ One-Step RT-qPCR System (Invitrogen) for DNA
and RNA viruses, respectively. Quantification was performed in a
StepOnePlus Real-Time PCR System (Applied Biosystems, USA). Undiluted
and 10-fold dilutions of the nucleic acid extracts were analyzed in dupli-
cate. All the qPCR and RT-qPCR assays included non-template controls to
demonstrate that the mix did not produce fluorescence. The standards for
viral quantification were prepared using synthetic gBlocks® Gene Frag-
ments (IDT) and quantified with a Qubit® fluorometer (Thermo Fisher Sci-
entific). For all the standards, 10-fold dilutions were prepared from 10° to
107 copies per reaction. All the qPCR assays performed were considered ac-
ceptable under the following parameters: mean Slope, between —3.1 and
—3.5; 12, 0.999; and mean Efficiency, between 85 and 110%.

2.5. Infectivity assays

Infectious CVB5 viral particles present in viral concentrates were deter-
mined by plaque assays after inoculating cell monolayers with 1 mL of 10-
fold dilutions of the concentrates in 90-mm? Falcon™ standard tissue cul-
ture dishes (Thermo Fisher Scientific). After 1 h of adsorption at 37 °C
and 5% CO,, the infected cells were overlaid with 12 mL of DMEM 2 X con-
taining 2% of Oxoid™ Purified Agar (Thermo Fisher Scientific). Following a
48-h incubation at 37 °C and 5% CO,, the agar was carefully removed and
the attached cells were fixed and stained for 45 min with 6 mL of 1% crystal
violet (Merck) in 11.4% formaldehyde (Panreac) and 5% 2-propanol
(Panreac).

PhiX174 and MS2 bacteriophages were quantified in E. coli WG5 and
S. typhimurium WG49, following ISO 10705-2 and 10705-1, respectively.

2.6. Large volume concentration (LVC) method

Water samples were filtered using the Large Volume Concentration
(LVC) kit from InnovaPrep® (CC01116-T), which couples a Rexeed-25A
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polysulfone hollow-fiver ultrafilter with a Wet Foam Elution™ canister con-
taining the elution fluid. The kit also contains tubing, clamps, and can
fitting. The ultrafiltration setup is shown in Fig. 1a. Water samples were
forced through the membranes of the filter cell in a dead-end configuration
(DEUF), using a Solinst® peristaltic pump (Model 410) set at 350 rpm. Fil-
ters were eluted using the patented Wet Foam Elution™ technology by
pressing the elution canister into the supplied fitting at the top of the filter
cell. The elution fluid contains water, a low concentration of a surfactant
(less than 0.1%), a pH bulffer, all infused with carbon dioxide. During the
extraction process, the dissolved carbon dioxide expands and comes out
of the solution to form microbubbles. These microbubbles increase the vol-
ume of the fluid by sevenfold or more as it recovers the biological organ-
isms from the filter consumable. Upon elution, the foam immediately off-
gasses and collapses into a liquid and the concentrated sample is ready
for analysis or further concentration.

The elution volume used varied from approximately 30 to 75 mL de-
pending on the type of sample (Fig. 1b).

2.6.1. Selection of elution buffer

Elution fluid canisters (HC08000) containing a mixture of PBS and
Tween-20 (0.075%) (n = 3) or a mixture of 25 mM Tris and Tween-20
(0.075%) (n = 3) were compared for the recovery of HAdV, PhiX174,
MS2 and CVB5 present in an artificially spiked groundwater sample
which was divided into six 10-L replicates, ultrafiltered and eluted with
both types of canisters.

2.6.2. Characterization of the LVC method for fresh and seawater samples

To investigate the performance of LVC (25 mM Tris and Tween-20
(0.075%) elution) as a one-step concentration method for large-volume
samples, E. coli, PhiX174, MS2 and CVB5 were used to spike 100-L ground-
water and seawater samples, which were divided into ten 10-L replicates
each. The microorganisms were quantified after ultrafiltration by infectiv-
ity assays (E. coli, PhiX174, MS2 and CVB5). The recovery value was calcu-
lated as follows:

Lo Concentrate titer (GC, PFU or CEU;; )x Sample Vol.(mL)
0 — ml
Microbial recovery(7%) = Inoculum titer(GC, PFU or CFU/ ; )x Sample Vol.(mL)

x 100

2.6.3. Optimization of the LVC method by adding a secondary concentration step

Three 10-L river water samples were primarily concentrated by the LVC
method, as described above, followed by a secondary concentration step in-
volving ultrafiltration with Centricon® Plus-70 devices with a cut-off of
30 kDa (Merck Millipore), following the manufacturer's instructions.

The theoretical limit of detection (LoD) of the whole method (including
primary and secondary concentration steps and RT-qPCR detection) was
calculated by running six replicates of 10-fold dilutions of target DNA/
RNA suspensions around the detection end point (2.5, 5, 25 and 50 GC/re-
action) for each virus analyzed. The concentration that produced at least
95% of the positive replicates was assumed to be the LoD of the qPCR
assay, which was transformed into the LoD of the entire method using the
sample volume tested and assuming 100% efficiency.

2.6.4. Comparison of the LVC method and the secondary concentration step with
the skimmed milk flocculation method

The three 10-L river water samples described in Section 2.6.3 were also
concentrated using the skimmed milk flocculation (SMF) procedure. This
method, previously described to concentrate viruses from river water sam-
ples (Calgua et al., 2013a, 2013b), relies on the adsorption of viral particles
to flocculated skimmed milk. It was used here as a reference method to val-
idate the LVC method for environmental samples. The LoD of this concen-
tration method was also estimated as described above.
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Fig. 1. a. Ultrafltration setup. b. Elution setup.

2.7. Application of the LVC method to viruses present in diverse environmental
samples

Environmental surveillance of HAdV, NoV-GI and NoV-GII was
performed in 7 river water (10 L), 6 seawater (50 L) and 12 groundwater
(100 L) samples collected from different locations in Catalonia (Northeast
Spain) and presenting different turbidities. All the samples were collected
in sterile carboys, spiked with MS2 as a control and shipped to the labora-
tory under cold conditions. Viral particles were concentrated by LVC and
asecondary concentration step performed with Centricon® Plus-70 centrif-
ugal ultrafiltration units, obtaining a final volume of 200-300 pL.

2.8. Application of the LVC method for the concentration of viruses in the field

To evaluate the efficiency and applicability of the LVC method in the
field, two different approaches were applied. Firstly, four 50-L groundwater
and two 100-L river water samples collected from different locations in Cat-
alonia (Northeast Spain) and presenting different turbidities were concen-
trated in the field by adapting the LVC to the field as shown in Fig. Sla
(Supplementary Material). Eluates were transported to the laboratory for
further analysis. In this case, the Hyundai HY900Si inverter generator
was used to feed the pump. Secondly, one filter unit was sent to the
Guara Guara refugee camp in Mozambique and several liters of groundwa-
ter were filtrated by manual pumping (Fig. S1b). The cartridge was then
sent to the laboratory in Barcelona by plane, which took 10 days. Upon ar-
rival, Tris elution with wet foam canisters was performed. In both cases, a
secondary concentration step was performed with the Centricon® Plus-70
CeUF units, obtaining a final volume of 200-300 pL.

2.9. Viral metagenomics

Viral nucleic acid extractions obtained from 2 river water and 6 ground-
water samples were used to conduct target enrichment next-generation
sequencing (TES) and amplicon deep sequencing (ADS) for NoV-GI and
NoV-GIJ, as recently described by Itarte et al. (2021).

Briefly, for the TES, sequencing libraries were constructed with the
KAPA HyperPlus Library Preparation Kit (KAPA Biosystems, Roche) and
hybridized with probes to select viruses infecting vertebrates using the
VirCapSeq-VERT Capture Panel (Roche). This procedure was applied to ex-
amine the sample for the presence of vertebrate viral sequences.

For the ADS assay, specific nested PCRs for the selected genogroups
were performed using primers incorporating Illumina adapters to study
the genetic diversity of the NoV detected in this samples. In both cases,
libraries and amplicons were sequenced in an I[llumina 2 x 300 bp
platform.

2.10. Data visualization and statistical analysis

Statistical analysis was conducted with the R package (R Core Team,
2021). Welch's test was used in order to compare the two eluents, while a
paired t-test was performed for the comparison of both methods.

To evaluate a potential association between MS2 recoveries and enzy-
matic inhibition, a Pearson's correlation coefficient test was run. Signifi-
cance for all the comparisons was indicated by a p-value less than 0.05.
Data of infectivity obtained from the characterization of the LVC method
for fresh and seawater samples (Section 2.6.2), was analyzed considering
a full two factorial model with organism, water type and their interaction
as sources of variation. We used a generalized least squares approach imple-
mented in the gls method (Pinheiro et al., 2021), in order to correct the
heterokedasticity shown by the data. Welch's test was used for all the
pairwise comparisons between organisms and water types of interest,
adjusting this multiple testing procedure with the p.adjust method of R,
using a false discovery rate level of 5%.

3. Results and discussion

This manuscript analyzed the performance of wet foam elution as a pro-
cedure to elute viruses from ultrafilter cells. Wet foam elution is supposed
to be much more efficient than liquid rinsing since it contains gas that pro-
motes eluent expansion, maximizing the contact with the filter surface. Its
viscosity creates a more uniform flow across the filter surface, with the
microbubbles in the foam behaving as deformable solids. As they travel
across the surface of the filter, they move as a ridged body with a narrow
lubricating layer, effectively squeegeeing the particles off of the surface.
As the microbubbles in the foam make impact against one other and
burst, the turbulence and energy produced help to lift the particles adhering
to the membrane (Innovaprep, 2019).

3.1. Selection of the LVC elution buffer

One groundwater sample was divided into six aliquots and spiked with
HAdV, PhiX174, MS2 and CVB5 before being concentrated by LVC. Tris
elution was performed in three of the aliquots and PBS elution in the
other three. Recovery values were determined by qPCR for HAdV and by in-
fectivity assays for CVB5, MS2 and PhiX174. Although, comparison of the
elution buffers showed that Tris elution provided higher mean recovery
values for HAdV, PhiX174 and CVB5 and similar values for MS2
(Table S1, Supplementary Material) although no significant differences be-
tween the buffers used statistically determined (p-values > 0.05).

Infectivity assays provided recovery values higher than 100% in some
cases, as has been previously reported in the literature (Cooksey et al.,
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Table 1

Mean recovery values, minimum (min), maximum (max), standard desviation (SD)
and coefficient of variation (CV) of seeded viruses in Groundwater (N: 10) and
Seawater (N: 10).

Groundwater Seawater

E. coli PhiX174 MS2 CVB5 E. coli PhiX74 MS2 CVB5
Min 0.96 3.12 6.79 1.14 17.48 7.66 7.47  27.69
Max  51.33  300.00 270.71 144.00 88.89 47.19 402.86 516.92
Mean 22.58 88.60 158.12 4572 51.50 27.91 91.14 175.64
SD 18.88 100.78 93.18 49.88 17.63 12.33 112.32  143.16
cv 0.84 1.14 0.59 1.09 0.34 0.44 1.23 0.82

2019; Smith and Hill, 2009). This phenomenon may be caused by the
under-quantification of viral stocks used for the spiking, which might con-
tain viral aggregates. Viral stocks tend to aggregate when resuspended in
solutions with a pH close to the isoelectric point of the virus under the influ-
ence of certain salt concentrations in solution, cationic polymers, and
suspended organic matter. The conditions under which aggregates form
are highly dependent on the type of virus, type of salts in the solution and
pH (Gerba and Betancourt, 2017). Previous studies have also indicated a
clear effect of the matrix in which the viral stock is suspended on the final
recovery value obtained (Forés et al., 2021). In any case, both elution
fluid canisters contain surfactant compounds that may disaggregate the vi-
ruses present in the cartridge, providing a highly disaggregated concen-
trate. Viral disaggregation using detergents has been widely reported in
the literature (Brakke, 1959; Gerba and Betancourt, 2017; Konz et al.,
2005; Mattle et al., 2011; Sobsey et al., 1988). This could have explained
the values higher than 100% for CVB5 and the bacteriophages. For HAdV
that was quantified by qPCR, recovery values higher than 100% were not
observed.

Taking all this into consideration and based on the results obtained, the
Tris elution buffer was selected to be used in the rest of the study.

3.2. Characterization of the LVC method for freshwater and seawater samples

LVC and viral elution with pressurized Tris buffer were evaluated by
concentrating 10 groundwater and 10 seawater samples spiked with
E. coli, PhiX174, MS2 and CVBS5. Viral recovery values were determined
by infectivity assays for E. coli, CVB5, MS2 and PhiX174.
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Mean recoveries values for the artificially spiked samples were: 22.58 =
18.88% for E. coli, 88.60 + 100.78% for PhiX174, 158.12 + 93.18% for MS2
and 45.72 = 49.88% for CVB5 in groundwater samples; and 51.50 +
17.63% for E. coli, 27.91 *= 12.33% for PhiX174, 91.14 + 112.32% for
MS2 and 175.64 * 143.16% for CVB5 in seawater samples. In general,
DNA viruses and MS2 were recovered more efficiently from groundwater
than from seawater, whereas CVB5 recovery was higher in seawater samples
(Table 1 and Fig. 2). Values over 100% were considered as 100% for plotting
the recoveries. The concentration factor of the method, considering it as a
one-step method, allowed the concentration of 10 L into a range of 20 to
75 mlL, producing a 133-500-fold concentration factor and a sample volume
of 1.17-8.75 mL analyzed per qPCR reaction. These values could have been
even higher if a second concentration step had been performed.

Using Rexeed-25S in the same DEUF configuration, the recovery effi-
ciency for a list of microbes was assessed by Smith and Hill (2009). They re-
ported that the average recovery efficiencies of DEUF for MS2 seeded in
100 L of water were 57 + 7.7%, 82 + 14% and 73 + 13% for water sam-
ples with a low range (0.29 NTU), mid-range (1.5 NTU) and high range
(4.3 NTU) of turbidity, respectively. This agrees with the recoveries ob-
tained in this study and support Rexeed-25A filters as an effective way of
recovering different microorganisms from large-volume water samples
with moderate to high turbidity. Previous studies using Rexeed-25A
ultrafilters in the tangential flow configuration (TFUF) reported mean re-
covery values of 70% and 60% for the dsDNA bacteriophages T3 and HS2
in river water and seawater, respectively (Langenfeld et al., 2021).

Overall, viruses were recovered more efficiently from groundwater, ex-
cept for CVB5 and E. coli, which were recovered more efficiently from sea-
water. It should be noted that different viruses may show different
behaviors when using the same concentration method (De Keuckelaere
et al., 2013; Forés et al., 2021) and the same virus can behave differently
for the same method if the matrix it is embedded in is different.

Statistical analysis showed significant differences for the interactions
between the microorganism and the type of water sample (two-way
ANOVA p-values: microorganism, 0.0156; water, 0.0003; and microorgan-
ism:water, 0.0205). Regarding the paired comparisons between
different microorganisms evaluated in groundwater, none of the microor-
ganisms showed significant differences in their mean recovery values
once the p-values had been adjusted. Regarding the paired comparisons
between the microorganisms for the seawater samples, only PhiX174 and
E. coli (adjusted p-value, 0.045) showed a significant difference in their
mean recovery values. Finally, in the paired comparisons between both

Fig. 2. Barplots showing LVC mean recovery values (%) obtained by infectivity assays (PFU) for different microorganisms used to spike groundwater (GW) and seawater

(SW).
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Table 2

Characterizacion of LVC compared to SMF using quantification of seeded and natu-
rally ocurring viruses. Limit of detection (LOD), samples volumes equivalent and
concentration factor are shown. ND, non detected.

Seeded MS2 Natural HAdV

LVC + CeUF SMF LvC SMF

Recovery (%) GC/L of sample

RIV1 35.27 8.85 3.25E+03 6.96E+03
RIV2 23.13 8.97 6.38E+03 4.23E+03
RIV3 10.34 8.97 2.33E+02 N.D.
LOD (GC/10 L of 2420-3010 6850-8000 907-1130 2571-3000
sample)
Sample volume 100-175 mL 13-15mL
equivalent

Concentration factor  15,000-20,000 X  2000-2857 x

water samples for every single microorganism, only E. coli (adjusted p-
value, 0.016) showed significant differences in their recoveries for the
two different types of water.

3.3. Optimization of the LVC method by adding a secondary concentration step

When a secondary concentration step was applied to river water samples,
mean recovery value of seeded MS2 was 22 + 12.47% and the quantifications
obtained for naturally occurring HAdV were within the range of 2.33 X 10 to
6.38 x 10° GC/L. Rusifiol et al. (2015, 2014), reported similar values from
Llobregat River (mean value 10° GC/L). The sample volume analyzed per re-
action of qPCR increased from 1.17-8.7 mL to 105-175 mL, while the concen-
tration factor increased from 133-550 % to 15,000-20,000 X, providing
greater sensitivity to the method. However, when the concentration factor in-
creases, qQPCR inhibitors were observed. Hence, 10-fold dilutions of the sam-
ples are recommended for molecular detection.

3.4. Comparison of the LVC method + secondary concentration to SMF method

The LVC method followed by a second concentration step was com-
pared to the SMF method, which has been extensively used for virus

Table 3
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concentration from diverse types of environmental samples (Assis et al.,
2017; Calgua et al.,, 2013a, 2013b; Calgua et al., 2008; Gonzales-
Gustavson et al., 2017a, 2017b; Melgaco et al., 2018).

Table 2 shows the recovery values of spiked MS2 and naturally occur-
ring HAdV and describes the equivalent sample volume, concentration fac-
tor and LoD of each method for the concentration of 10-L water samples.
Mean MS2 recovery values for the LVC and SMF were 22.91 * 12.47%
and 8.97 + 0.07%, respectively. All tested samples (3/3) were positive
for HAdV when applying the LVC method, while 67% (2/3) tested positive
when using the SMF method, with both methods presenting similar quanti-
fications. This can be explained by the equivalent sample volume analyzed
for each method. A higher sample volume in the PCR can be used with the
LVC method compared to the SMF method, as commented before. This also
means that the LVC method has a smaller LoD than the SMF method. Fi-
nally, the observed differences between both methods were statistically sig-
nificant (paired t-test p-values were 0.027 for MS2 and 0.02 for HAdV).

3.5. Application of the LVC method for the concentration of viruses from different
types of environmental samples

Seawater, groundwater and river water were tested for the presence and
concentration of naturally occurring HAdV, NoV-GI and NoV-GIIL. MS2 was
used as a control and used to spike all the tested samples. A second concen-
tration step was performed in these samples using Centricon® Plus-70
CeUF units, which allowed the concentration by up to 250,000 X of a
100-L sample and the analysis of 4375-2187 mL of water per qPCR reac-
tion. Enzymatic inhibition was monitored, with seawater followed by
river water showing the highest enzymatic inhibition. MS2, which was
used as a process control, showed recovery values in accordance with
those obtained for the characterization of the method. Nevertheless, a
strong influence of the type of water sample was observed. There was an in-
verse relationship between MS2 recovery values and enzymatic inhibition
(Pearson's correlation coefficient, —0.66). River water samples presented
the highest level of human fecal viral pollution, as expected.

Table 3 shows the main results obtained. HAdV, an indicator of human
fecal contamination, was present in 5/6 seawater samples (83.33%) at con-
centrations ranging from 2.14 to 2.39 x 102 GC/L, 8/12 (66.67%) urban

Viral quantification in environmental samples concentrated by LVC + CeUf for naturally occurring viruses and enzimatic inhibition observed in each sample. Enzimatic levels
of inhibition have been considerated in the qPCR as follows: (—), no inhibition; (+), direct quantification at the same Ct than diluted sample; (+ +), Ct of the direct quan-
tification higher than in the diluted sample; and, (+ + +), No Ct seen in the direct quantification but only in the diluted one.

Water type Sample Sample volume (L) MS2 recovery (%) HAdV NoV GI NoV GII Enzimatic Mean turbidity (NTU) Location
inhibition
Seawater GC/50 L SW1 50 ND 1.43E+02 NT NT +++ 6.94 + 3.20 Catalan coast
SW2 6.1 1.07E+02 +++
SW3 4.6 ND +++
SwW4 4.5 1.25E+03 9.46E + 02 9.72E+02 +
SW5 5.6 1.20E+04 4.52E + 04 1.21E+04 +++
SW6 2.8 6.09E+02 <LOD 2.41E+02 +
Groundwater GC/100L  GW1 100 21.42 3.14E+01 ND ND - 3.2 £227 Barcelona Urban area
GW2 4.58 ND ND ND ++
GW3 92.24 ND ND ND -
GW4 78.07 ND ND ND -
GW5 1.62 2.38E+01 ND ND ++
GW6 132.54 2.25E+02 ND ND -
GW7 68.35 7.85E+01 ND ND -
GW8 NT 1.18E+01 ND ND -
GW9 NT 4.67E+02 5.89E+01 ND ++
GW10 NT 9.01E+01 ND ND -
GW11 52.91 ND ND ND -
GW12 44.41 4.67E+ 00 1.69E+02 ND ++
Riverwater GC/L RV1 10 23.69 3.47E+04 6.36E+03 1.33E+04 - 6.01 = 1.00 Besés
RV2 23.13 6.38E+03 1.33E+03 ND ++ Llobregat
RV3 10.34 2.33E+02 1.81E+02 <LOD ++
RV4 10.32 5.71E+02 <LOD ND +++
RV5 5.94 1.73E+02 1.19E+02 ND +++
RV6 35.27 3.25E+03 <LOD <LOD ++ Anoia
RV7 38.24 9.26E+02 1.50E+03 5.32E+02 ++
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Limit of detection vs water sample starting volume
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Fig. 3. Estimated LOD according to the starting sample volume. LOD has been
calculated assuming 7.5, 7.2, 51.8 and 10 GC as the minimum amount of
genomes detected in one qPCR or RT-qPCR reaction for HAdV, NoVGI, NoVGII
and MS2 respectively and a mean volume of sample concentrate for each
concentration methodology. A 100% recovery has been assumed for the whole
concentration, nucleic extraction and detection process.

groundwater samples with concentrations ranging from 4.67 to 4.67 x 10>
GC/100 L and 7/7 river water samples with values ranging from 2.33 x
10" to 3.47 x 10° GC/L.

Two groundwater samples positive for HAdV also tested positive for
NoV-GI while 6/7 (85%) and 4/7 (57%) river water samples tested positive
for NoV-GI and GII, with concentrations ranging from 1.81 x 10 to
6.36 X 102 GC/L and 5.32 x 10" to 1.33 x 10°® GC/L, respectively.

These results are in accordance with previous ones described in the lit-
erature. Rusifiol et al. (2015) found concentrations around 10° GC/L for
HAdV and up to 10* GC/L for NoV-GII in the Llobregat River, while
Jurado et al. (2019) describe concentrations of 10° GC/L for HAdV and
10" and 10® GC/L for NoV-GI and NoV-GII respectively in Besés River,
whose concentrations correlated with the distance of the sampling point
from the source of contamination (wastewater treatment plant). Seawater
samples were collected after heavy rainfall events and the quantifications
obtained for HAdV and NoV were also in accordance with those of other
studies. For example, after rainfall events, Farkas et al. (2018) described
HAdV concentrations ranging from 10 to 10* GC/L at Conwy estuary,
Wales, while Rusifol et al. (2015) reported concentrations ranging from
10" to 10° GC/L in the Catalan coast and Kaas et al. (2019) found that
the concentrations of human fecal indicators and NoV-GII were approxi-
mately 10* GC/L at the Tahiti coast. As for the groundwater samples, sev-
eral studies have described the presence of enteric viruses in groundwater
at similar concentrations as the ones reported above. Viral pollution in
groundwater is mainly due to system failures and blockages (Kauppinen
et al., 2018), rainy periods followed by prolonged floodwater injections
into groundwater (Fongaro et al., 2015; Masciopinto et al., 2019), or the
proximity of a polluted river (Jurado et al., 2019), with viruses present
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for long periods of time after episodes of pollution. Groundwater pollution
is influenced by many factors, such as aquifer typology and the hydraulics
and flow dynamics of groundwater, pathogen structure, episodes of ex-
treme climate, proximity of the source of pollution and system failures
(Fongaro et al., 2015; Masciopinto et al., 2019). However, a natural de-
crease in pathogens has also been described when polluted water infiltrates
an aquifer (Jurado et al., 2019). Therefore, the HAdV quantifications re-
ported in this study indicate low, but widespread viral pollution in the
urban area of Barcelona.

Fig. 3 shows theoretical estimates of the LoD of the different viruses
tested in this study, depending on the volume of groundwater filtered.
The concentration factor of the method depended on the sample volume.
When 10 L of water were processed, the concentration factor ranged from
15,000 x to 20,000 x , allowing the analysis of an equivalent sample vol-
ume per reaction of gPCR ranging from 105 to 175 mL. For large-volume
samples (100 L), the concentration factor was 250,000 x , meaning that
an equivalent sample volume of 4.37 L of groundwater was being tested
in the qPCR. In addition, the LVC kit was a very sensitive method for detect-
ing viruses, presenting a LoD (GC/L) ranging from 1.01 GC/L for HAdV to
13.91 GC/L for NoV-GIL. This explains the low HAdV concentrations de-
tected in the groundwater samples. Therefore, it seems significant to con-
centrate a minimum of 100 L of the water sample, with volumes from
100 to 500 L guaranteeing the detection of viruses.

3.6. Application of the LVC method for the concentration of viruses in situ

Two different experiments were conducted as described in the Materials
and methods section. Table 4 shows the main results obtained for the sam-
ples concentrated completely in situ, one river water sample was positive for
NoV-GII by with a concentration of 1.34 E+ 01 GC/L. Another groundwater
sample was filtered in situ and the filter unit transported to the laboratory at
room temperature. This sample was positive for HAV at a concentration of
3.01 E+03 GC/L in the first concentrate obtained after elution. The LVC
system proved to be easy to use in the field. Samples can be ultrafiltrated
directly through the cartridge (single-pass method), pumping the water di-
rectly from the source, or, if sampling with a pressurized system, the system
pressure can be used to force the water through the ultrafilter without the
need for pumping. The elution takes place rapidly thanks to the pressurized
wet foam canisters in the DEUF configuration, which does not require car-
tridge back flushing (TFUF). This provides the possibility of testing viruses
in water samples from remote areas.

3.7. Viral metagenomics

Viral concentrates obtained by using LVC from two river water and six
groundwater samples were used to conduct two different metagenomic ap-
proaches, TES and ADS, as described in Materials and methods. Massive se-
quencing results have been extensively described as part of a larger study
(Itarte et al., 2021).

TES provided a list of human viral pathogens belonging to Astroviridae,
serotypes HAstV-1 and HAstV-5, and Picornaviridae, serotype Aichi virus 1
(Table 5).

Table 4
Detection of naturally occurring viruses applying LVC kit in the point-of-use. ND, non detected; NT, non tested.
Method Location Typeof  Samplevolume  Naturally ocurring  qPCR Positive Mean turbidity
water @w viruses (GC/L) samples (NTU)
LCV Kit, elution and transport Mataré GW 50 HAdV ND 0/2 0.3 = 0.1
NoV GI ND 0/2
NoV GII ND 0/2
Orrius GW 50 HAdV ND 0/2 0.42 + 0.2
NoV GI ND 0/2
NoV GII ND 0/2
Cardedeu RW 50 HAdV ND 0/2 2.00 £ 0.5
NoV GI ND 0/2
NoV GII 1.34E+01 172
LVC Kit, cartridge shippment to UB laboratory =~ Guara Guara (Mozambique) GW 10 HAdV 3.01E+03 171 NT
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Table 5
Target Enrichment Sequencing (TES) results of human viral pathogens. ND, non detected; GW, groundwater; RW, riverwater.
Type of water TES
Family Genus Species Genogroup/genotype/serotype
GwW Circoviridae Cyclovirus Human associated cyclovirus 6 NG12
GW Parvoviridae Dependoparvovirus Ad iated dependoparvovirus A AAV2
RW Astroviridae Mamastrovirus Mamastrovirus 1 HAstV-1 and HAstV-5
Picornaviridae Kobuvirus Aichivirus A Aichi virus 1
ADS revealed the presence of NoV serotypes GI.4, GI.1, GL.5, GIL.4 References

and GII.13 in river water samples even though the sample was negative
by q(RT)PCR. These results prove that the LVC method can be success-
fully applied when performing the metagenomics of large water
volumes.

4. Conclusions

LVC involving an ultrafilter cell and elution with a pressurized buffer was
useful for one-step virus concentration for all the water matrices and vi-
ruses tested. The volume that the method can process depends on the
sample nature and up to 100 L can be easily filtered. The concentration
factor of the LVC method is of up to 500 X . When a secondary concentra-
tion step is coupled to LVG, it can be of 250,000 x .
The use of Innovaprep® wet foam elution, which is applied after the
DEUF filter cell concentration, reduces the duration of the process and
makes it less cumbersome. This makes it possible to deploy the method
in the field (which can be conducted by non-specialized staff).
The LVC method is efficient and can be coupled with CeUF if higher
sensitivity is needed for virus concentration from water samples,
allowing the quantification and characterization of viruses by molecu-
lar assays such as PCR-based methods and next-generation sequencing
techniques.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.154431.
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4.3. AVALUACIO DE DOS METODES RAPIDS BASATS EN
ULTRAFILTRACIO PER A LA CONCENTRACIO DE SARS-COV-2 A
PARTIR D'AIGUES RESIDUALS.

“Evaluation of two rapid ultrafiltration-based methods for
SARS-CoV-2
concentration from wastewater.”

E. Forés, S. Bofill-Mas, M. Itarte, S. Martinez-Puchol, A. Hundesa, M. Calvo,
C.M. Borrego, L.L. Corominas, R. Girones, M. Rusifiol
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L'epidemiologia basada en I'estudi d’aiglies residuals s’ha dut a terme
generalment per a la deteccid de virus nus com els causants de la poliomielitis,
hepatitis o gastroenteritis. Arrel de la pandémia de la COVID-19, ha sorgit la
necessitat de desenvolupar i implementar metodes rapids per a la
quantificacid de la presencia de virus embolcallats, com el SARS-CoV-2, en
aiglies residuals com a eina de monitoreig, control i prevalenca de la COVID en
la poblacid o altres infeccions virals causades per virus embolcallats.

Els métodes d’ultrafiltracié com sén els Centricon® Plus-70, han estat descrits
com a metodes eficients per a la concentracié de SARS-CoV-2 a partir d’aigua
residual. Tanmateix, a conseqiéncia de la pandémia, van sorgir problemes de
subministrament d’aquests ultrafiltres i altres materials, impossibilitant
I’analisi rutinari del SARS-CoV-2. Per la qual cosa, va sorgir la necessitat de
validar altres métodes rapids per a I'analisi de virus en aiglies residuals. Aixi
doncs, I'objectiu d’aquest estudi ha estat el d’avaluar dos métodes rapids
basats en processos d’ultrafiltracié per a la deteccié del SARS-CoV-2 en aiglies
residuals. Un dispositiu d'ultrafiltracié centrifuga (Centricon® Plus-70) i la
pipeta concentradora automatitzada CP-Select™.

Per caracteritzar i comparar els dos métodes, es van utilitzar un conjunt de 22
mostres d'aigua residual dopades amb el virus de I'hepatitis murina (MHV),
membre de la familia Coronaviridae, i el bacteriofag MS2, i es van quantificar
virus indicadors de contaminacié fecal humana que es troben naturalment en
les mostres d’aigua residual, com sén adenovirus humans (HAdV), el
poliomavirus JC (JCPyV) i finalment el patogen viral SARS-CoV-2. Un pas previ
a la ultrafiltracid, és I’eliminacié de material en suspensio realitzant un pas de
centrifugacid, del qual es va analitzar I'impacte. Aixi doncs, es va avaluar el
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percentatge de virus retinguts en el pellet obtingut de centrifugar les mostres
préviament a la ultrafiltracid, pas necessari per eliminar particules més grans
i aixi evitar I'obstruccié quan s'utilitzen metodes d'ultrafiltracié. Finalment, es
va avaluar la variabilitat de recuperacié dels métodes depenent de com es feia
la quantificacid de I'estoc viral utilitzat com a control de procés.

A partir de les eficiencies de recuperacié, es van observar diferencies
significatives entre ambdds metodes per a MHV, sent Centricon® Plus-70
(24%) el metode més eficient. No obstant, les concentracions de SARS-CoV-2,
HAdV i JCPyV i MS2 com a control de procés, no van donar lloc a I'observacié
de diferéncies estadisticament significatives entre metodes. Aquest resultats
suggereixen que la quantificacid de virus presents de manera natural en aigua
residual poden complementar |'avaluacié de noves metodologies per la
deteccio viral, tot i que no permetrien calcular les eficiencies de recuperacié
de virus del metode.

De I'analisi de la fraccio solida de les mostres, es va determinar que al voltant
del 23% del SARS-CoV-2 detectat es descartaria durant el pas d'eliminacié de
particules en suspensid i que no es tindria en compte en la deteccid posterior
mitjancant qRT-PCR. Pel que fa a la quantificacié de I'estoc viral de MS2, no es
van observar diferéncies al quantificar I'estoc directament o fer-ho un cop s’ha
afegit a la mostra a quantificar. Tanmateix, en el cas del MHV es va observar
un efecte de matriu que suggereix que la forma en que es quantifica I'estoc
viral pot influir en els valors de recuperacié obtinguts, mostrant recuperacions
virals més elevades quan es quantifica immers en la matriu, per tant cal tenir
en compte que la matriu pot afectar als calculs de recuperacié.

Com a resultat principal de l'estudi, es van avaluar dos meétodes de
concentracio de virus en aiglies residuals per la deteccié de virus embolcallats,
donant una resposta rapida a la necessitat de posar a la disposicié métodes
rapids i metodologicament senzills per la deteccié del SARS-CoV-2 de forma
rutinaria. A banda, els métodes van ser caracteritzats per a dos virus model,
avaluant la idoneitat dels virus utilitzats com a controls de procés, a més
d’avaluar l'efecte de la matriu en qué estan immersos, proposant com a
alternativa I'analisi dels virus presents naturalment a les mostres com a
indicadors del funcionament correcte dels metodes aplicats.
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1. Introduction

There is increasing evidence that untreated wastewater is a promis-
ing unbiased indicator of the presence of SARS-CoV-2 virus in the popu-
lation as it has been reported by different research groups as a possible
way to monitor trends and the approximate overall prevalence of
COVID-19 in the population (Kitajima et al., 2020; Medema et al., 2020a).

Given the coronavirus pandemic impacts, the method to detect
SARS-CoV-2 RNA in wastewater had, by necessity, to be developed
and implemented at warp-speed. One of the major challenges in
SARS-CoV-2 research in wastewater has been the lack of standardized
protocols for its detection. The way the virus is concentrated seems to
be crucial in order to avoid false negative results or inaccurate reported
concentrations.

On the lack of much data regarding coronavirus recovery efficiency
when using common methods for viral concentration, we should rely
on what it is known for other enveloped viruses considering that every
single virus will have a different behaviour during viral concentration.
Alone or combined, electropositive and electronegative filtration, centrif-
ugal ultrafiltration, organic flocculation and PEG/AI(OH); precipitation
methods have been used in different studies targeting enveloped viruses'
in environmental waters as recently reviewed (Rusifiol et al., 2020).

Preliminary data obtained by our research group in a study evaluat-
ing different concentration methods for the detection of SARS-CoV-2 in
wastewater showed no significant differences between skimmed milk
organic flocculation and Centricon® Plus-70 and CP-Select™ ultrafiltra-
tion devices (Rusifiol et al., 2020). Centricon® Plus-70 ultrafilters have
been described as a useful method for SARS-CoV-2 concentration from
wastewater. Ultrafiltration is an interesting method since: i) samples
do not need preacidification, ii) nor a long time of precipitation, which
could not favour the stability of enveloped viruses, and iii) their concen-
tration relies mainly on their size. However, and due to COVID-19 pan-
demic, there has been a shortage of these ultrafiltration devices. For this
reason, this study was focused on the evaluation of two ultrafiltration
methods described as useful for SARS-CoV-2 concentration from waste-
water. Centricon® Plus-70 30 kDa devices and the Concentrator Pipette
CP-Select™ from Innovaprep were tested to concentrate raw wastewa-
ter samples artificially spiked with MS2 bacteriophage and Murine
Hepatitis Coronavirus (MHV) and presenting also naturally occurring
SARS-CoV-2, Human adenoviruses (HAdV) and ]JC polyomaviruses
(JCPyV). Centricon® of different cut-off size (10, 30 and 100 kDa)
have been applied to concentrate SARS-CoV-2 (Medema et al., 2020a;
Rusifiol et al., 2020). In this issue 30 kDa were the filters of election, try-
ing to favour viral retention while avoiding the retention of smaller
molecules that could act as enzymatic inhibitors. Regarding filter tips
to be coupled to CP-Select™, the smallest available pore size tips
(150 kDa) were used. The novelty of this method resides in the use of
a pressurized eluent in the form of wet foam.

2. Material and methods
2.1. Viruses and cell lines

Bacteriophage MS2 (ATCC 23631), a model for non-enveloped RNA vi-
ruses and Murine Hepatitis Virus-A59 (MHV-A59), a model for enveloped
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betacoronaviruses (like SARS-CoV-2), were propagated using the follow-
ing protocols. Bacteriophage MS2 was cultured in Salmonella typhimurium
strain WG49 (NCTC 12484) following ISO 10705-1 indications. MHV-A59
and DBT murine cell line were kindly provided by Wigginton Group
Research, Michigan University, Michigan. MHV were propagated by
infecting confluent monolayers of DBT cells following previously
described instructions (Leibowitz et al.,, 2011). Viruses were clarified
from the supernatant by centrifugation at 3,000 xg for 15 min and the
supernatants were kept at —80 °C.

2.2. Sample collection

A total of 22 24-h-composite raw wastewater samples (500 ml)
were collected between March and September 2020 from 6 WWTPs,
located in Catalonia (Spain) (Table 1). The selected WWTPs treat
urban and industrial wastewater from approximately 20% of the Catalan
population. Samples were either shipped to the laboratory under cool
conditions or alternatively stored after collection at —20 °C.

Additionally, to determine the relation between the viral recovery
and wastewater physicochemical characteristics, the turbidity was
measured using a turbidimeter HI98703 (Hanna Instruments Inc.), the
pH was measured using a pHmeter 902/4 (Nahita Inc.) and the BODs
values were provided by WWTP managers.

2.3. Viral concentration methods

An aliquot of 200 ml of each wastewater sample was seeded with
107 GC/ml of MS2 and MHV (1:100, v/v). Samples were centrifuged at
4,750 xg for 30 min in order to remove suspended solids that may inter-
fere with the ultrafiltration. The resulting supernatant was divided into
two aliquots of 100 ml and subjected to two different viral concentra-
tion methods:

1) Concentration Pipette CP-Select™ using Hollow Fiber Polysulfone
PVP high-flow pipette ultrafilter tips (CPT) with a cut-off of 150 KDa
(InnovaPrep) and 2) Centricon® Plus-70 centrifugal ultrafiltration
(CeUF) devices, with a cut-off of 30 KDa (Millipore). CP-Select™ method
began with filtration of 80 ml of supernatant through single-use CPT.
Viral particles were eluted with 0.075% Tween-20/Tris using Wet Foam
Elution™ cans (Innovaprep) into a final volume of between 240 pl and
600 pl.

The CeUF devices were pre-rinsed before use, following manufac-
turer instructions, and then 70 ml of supernatant was centrifuged at
3,000 xg for 30 min. Viruses were eluted inverting the CeUF device
and centrifuged at 1,000 xg for 3 min to obtain the final concentrate
of approximately 280-900 pl.

24. Nucleic acid extraction and q(RT)PCR quantification

Viral nucleic acids (NA) were extracted using the QIAmp Viral
RNA Mini kit (Qiagen, Inc., Valencia, CA) according to the manufac-
turer's protocol in an automated QIAcube platform (Qiagen, Inc.,
Valencia, CA). The volume of the concentrates used for the extraction
were 140 pl and the elution volumes were 60-80 ul. A negative
control of the viral nucleic acid extraction was added per batch of
samples.

Table 1

Characteristics of the selected wastewater treatment plants (WWTP). Mean values and standard deviations. BODs: biological organic demand.
WWTP Number of samples Design capacity Turbidity pH BODs

(Hab. Eq.) (NTU) (mgO0o/1)

1 10 2,843,750 816 + 17 7.39 +£ 0.13 364 + 72
2 2 451,250 218 + 231 7.54 + 0.15 390 + 72
3 2 285,666 113 + 8.14 8.17 +£ 0.21 69 + 30
4 3 196,167 165 + 436 7.62 + 0.10 217 + 63
5 2 165,450 106 + 1.15 7.55 +£ 0.20 316 + 126
6 3 99,166 222 + 5.86 7.80 + 0.15 191 + 47
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Specific real-time qPCR and RT-qPCR assays previously described
were used to quantify SARS-CoV-2 N1 and N2 (probes, primers and cy-
cling conditions described in the CDC-006-00019 CDC/DDID/NCIRD/
Division of Viral Diseases protocol), MS2 bacteriophage (Pecson et al.,
2009), MHV (Ahmed et al., 2020), HAdV (Hernroth et al., 2002) and
JCPyV (Pal et al., 2006) by using TagMan™ Environmental Master Mix
2.0 and RNA UltraSense™ One-Step RT-qPCR System (Invitrogen) for
DNA and RNA viruses respectively. Quantification was performed in a
StepOne plus Real-Time PCR System (Applied Biosystems, USA). Undi-
luted and 10-fold dilutions of the nucleic acid extracts were analyzed
in duplicate. All the qPCR and RT-qPCR assays included non-template
controls to demonstrate that the mix did not produce fluorescence
and bovine serum albumina (BSA) (1 mg/ml), was added to RT-qPCR as-
says to reduce PCR inhibitors. The standards for viruses were prepared
using synthetic gBlocks® Gene Fragments (IDT) and quantified with a
Qubit® fluorometer (Thermo Fisher Scientific) except for SARS-CoV-2
standard which was constructed using the EURM-019 single stranded
RNA fragments of SARS-CoV-2, provided by the European Commission
Joint Research Centre. For all the standards, ten-fold dilutions were pre-
pared from 10° to 107 copies per reaction.

As for enzymatic inhibition we performed previous tests, when set-
ting up qPCR for N1 and N2 assays for SARS-CoV-2 detection, by adding
known amounts of target RNA into wastewater. Inhibition was reduced
when including BSA to the qPCR master mix. Every tested sample was
previously spiked with MS2 bacteriophages that were used as a process
control as well as for controlling inhibition by analysing tenfold dilu-
tions of every nucleic acid extraction.

2.5. LOD/LOQ determination

The limit of detection (LoD) of the whole method (including ultrafil-
tration, extraction and RT-qPCR detection) was calculated by running six
replicate tenfold dilutions of target DNA/RNA suspensions around the
detection end point (2.5, 5, 25 and 50 GC/reaction), for each analyzed
virus. The concentration that produced at least 95% positive replicates
was assumed to be the LoD of the qPCR assay, which was transformed
to LoD of the entire method using the sample volume tested in each of
the methodologies. The limit of quantification (LoQ) was estimated
using the procedure described by Foorotan and colleagues (Forootan
etal, 2017).

2.6. Evaluation of viral recovery

Viral recovery percentage was calculated according to experimental
values obtained by spiking samples with MS2 and MHV viral stocks,
shaking for 10 min and using as input viral concentration the direct
quantification of the viral stock added:

Virus recovery (%)
_ Concentrate Titer (GC/ml) X Sample Volume (ml)
"~ Inoculum Titer (GC/ml) X (Sample Volume (ml)/100)

X100

To shed some light into the role that the matrix into which viral
stock is embedded may play when calculating viral recoveries, four dif-
ferent quantification strategies were conducted: 1) direct quantification
of the viral stocks; 2) quantification of raw wastewater spiked with
known concentrations of the viral stocks; 3) same as 2 but after debris
removal, and 4) quantification of the viral stocks in a concentrated
wastewater sample. All these quantifications were assayed in triplicate.

2.7. Virus attachment to suspended solids

To investigate the percentage of coronaviruses which could remain
attached to suspended material and not be properly quantified using ul-
trafiltration methods, viruses present in pellets obtained after centrifu-
gation of 9 raw wastewater samples were further eluted in 3.5 ml of
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glycine buffer pH 9.5 for 30 min and after the addition of 3.5 ml of
2xPBS centrifuged at 3000 xg for 20 min. The resulting supernatant
(6.5-7.5 ml) was filtered using Amicon® Ultra-15 Centrifuge Filters
Ultracell® 50KDa (Merck Millipore) and eluted for further viral quanti-
fication. Simultaneously supernatants obtained after first centrifugation
were further concentrated as described in section 2.3 using Centricon®
Plus-70 devices.

2.8. Tween-20 addition in the pre-concentration step before ultrafiltration
with CP-Select™

CP-Select™ manufacturer recommends the addition of Tween-20
before ultrafiltration in order to increase viral recovery. The appropri-
ateness of including this step to the CP-Select™ concentration protocol
step was evaluated in 3 selected wastewater samples (100 ml). Prior to
ultrafiltration, 5% Tween 20 (1:100, v/v) was added to raw wastewater
and processed as described above.

2.9. Data visualization and statistical analysis

Data visualization, plotting and statistical test was done using R
version 4.0.2. For each virus, Wilcoxon signed rank tests for paired
data were used to evaluate whether there were statistically significant
differences between both ultrafiltration methods. To evaluate potential
associations between viral recovery and raw wastewater turbidity we
run Pearson's correlation coefficient tests.

3. Results
3.1. Comparison between CP-Select™ and Centricon® Plus-70 devices

The MS2 phage, a non-enveloped RNA virus frequently used as a
process control in environmental studies (Coulliette et al., 2014; Ikner
etal, 2011; Ye et al., 2016) and the MHV, an enveloped RNA surrogate
for human coronavirus (Ahmed et al., 2020; Casanova et al., 2009; Ye
et al., 2016), were seeded to calculate viral concentration methods re-
covery efficiencies.

Mean recovery values for MS2 and MHV in wastewater are repre-
sented in Fig. 1. No statistically significant differences were observed
between concentration methods regarding MS2 recovery (p-value =
0.75) but CeUF provided significant highest mean recoveries for
MHYV (p-value = 0.004). However, no statistical differences were ob-
served between the two methods when naturally occurring viruses
were quantified (Fig. 2): SARS-CoV-2 (p-value of 0.27 and 0.73 for
N1 and N2, respectively), HAdV, JCPyV (p-values >0.05). CeUF pro-
vided higher mean recovery percentages for MHV whereas CP-
Select™ provided higher recovery rates for MS2.

Table 2 summarizes equivalent sample volumes analyzed and the
resulting concentration factors by using CP-Select™ or CeUF methods
as well as the limits of detection and quantification (LoDgsy and LoQ),
calculated mean recoveries, standard deviations and coefficients of var-
iation of the compared concentration methods based on MS2 and MHV
quantifications. By using the concentrating pipette, a higher concentra-
tion factor was obtained, and a larger sample volume was analyzed in
each RT-qPCR reaction.

After addition of Tween-20 into wastewater previously to concen-
tration with CP-Select™, no statistical differences were observed
when adding Tween-20 (p-value = 0.105), obtaining mean values of
50.7 and 20.9 GC/ml SARS-CoV-2 with and without Tween-20 addition
respectively. However, the ultrafiltration time when adding Tween-20
was reduced.

3.2. Viral stock quantification

When evaluating if calculation of viral recoveries could be biased by
the effect of the matrix in which viral stocks were embedded, no
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Fig. 1. Barplots of the mean recovery values (%) of MS2 and MHV by using two different ultrafiltration methods: InnovaPrep concentrating pipette with single-use ultrafiltration tips
150KDa (CP Select™) and centrifugal ultrafiltration with Centricon® Plus-70 30KDa (CeUF).

Fig. 2. Barplots of the concentrations of naturally occurring SARS-CoV-2 (N1 and N2 assays), HAdV and JCPyV (expressed in genome copies per liter) by using two different ultrafiltration
methods: InnovaPrep concentrating pipette with single-use ultrafiltration tips 150KDa (CP Select™) and centrifugal ultrafiltration with Centricon® Plus-70 30KDa (CeUF).
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Table 2

Characterization of the concentration methods: volume of wastewater sample analyzed in
each reaction, mean concentration factor, estimated 95% limit of detection (LoDgs) and
limit of quantification (LoQ) and mean recovery values for each of the seeded viruses.

CP-Select™ CeUF
Sample volume 1,56-2,92 ml 0,91-2,19 ml
analyzed per
reaction
Concentration 133-333x 77-250x
factor
LoDgss, (CI)? MS2: 5,14 x 10° MS2: 5,67 x 10°

(3,02 x 10°-9,40 x 10°)
MHV: 6,19 x 10°
(243 x 10°-1,58 x 10%)
LoQ? MS2: 2,32 x 10°
MHV: 2,35 x 10%
MS2: 27,72 + 24,46% (0,65)
MHV: 7,51 + 6,14% (0,68)

(322 x 10°-1,03 x 10%)
MHV: 6,61 x 10

(2,59 x 10°-1,68 x 10%)
MS2: 3,56 x 10°

MHV: 2,51 x 10%

MS2: 26,34 + 22,71% (0,66)
MHV: 24,07 + 14,48% (0,58)

Mean recovery
+ SD (CV)

@ LoDgsy and LoQ values are given in genome copies detected per liter of the original
wastewater sample. CI: confidence interval; SD: Standard deviation; CV: coefficient of
variation.

significant differences were observed when quantifying MS2 stocks di-
rectly or within different wastewater matrices (p-values >0.05) (Fig. 3).
On the other hand, MHV stock quantification showed a matrix effect
suggesting that the way the viral stock, used for spiking recovery assays,
is quantified may influence recovery values obtained. In this study, the
recoveries represented in Fig. 1 were calculated according to the direct
quantification of the MHV used for spiking whereas MHV stock quanti-
fication in wastewater matrices would have showed higher viral recov-
eries (data not shown).

3.3. Virus attachment to suspended solids

Seeded MS2 and naturally occurring SARS-CoV-2 (N1 gene) were
quantified from sample concentrates and in the generated pellets at
the debris removal step (Fig. 4). For MS2, similar fractions were mea-
sured from the pellet (49%) and the supernatant (51%). For the naturally
occurring SARS-CoV-2 (N1 assay), those samples that could be quanti-
fied showed more variability. In samples 1-9, most of the detectable
SARS-CoV-2 fraction (mean values of 77%) was measured in the super-
natant whereas the remaining 23% was detected in the pellets.

The turbidity of the wastewater samples was highly variable,
ranging from 106 to 830 NTU (Nephelometric Turbidity Units).
Weak correlations were observed between sample turbidity and
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viral quantifications obtained by using the CP-Select™ method
(Pearson's correlation coefficients of 0.2 and 0.4 for MS2 and MHV,
respectively) and inverse relation with sample turbidity was ob-
served when using CeUF (Pearson's correlation coefficients of 0.2
and 0.1 for MS2 and MHYV, respectively). No correlations between
viral concentrations and pH and BODs were observed (<0.3).

4. Discussion

In the actual pandemic scenario, viral concentration methods show-
ing acceptable performance for both enveloped and non-enveloped vi-
ruses have received increased attention. As recently reviewed, a wide
variety of strategies are being used to study viral presence in wastewater
(Corpuz et al., 2020) but few of those concentration methodologies has
been implemented for SARS-CoV-2 surveillance (Rusifiol et al., 2020).
When comparing methodologies, ultrafiltration achieves higher MHV
recoveries (25%) than PEG precipitation (5%), but the ultrafiltration de-
vices are less used than flocculation/precipitation methods (Ye et al.,
2016). This has been mainly caused by the shortage of supplies and
the lack of readily material in many countries during lockdowns. Never-
theless, the one-step centrifugal ultrafiltration techniques enable the de-
tection of viruses from relatively small sample volumes (70-80 ml).

Three ultrafiltration devices: the Centricon® Plus-70 (Medema et al.,
2020b), the Amicon® Ultra-15 (Ahmed et al., 2020) and the new
automatic Concentrating Pipette (CP-Select™) from Innovaprep
(Gonzalez et al., 2020; Rusifiol et al.,, 2020) have been successfully used
to detect SARS-CoV-2 from wastewater. The first two devices have also
been used to concentrate other human enteric viruses from water (Qiu
et al., 2016; Sidhu et al., 2018). Viruses are retained based on size
exclusion and backwashed from the ultrafilters. Both CeUF devices
(Centricon® and Amicon®) contain an Ultracell® regenerated cellulose
membrane that results in 19 cm? and 7.6 cm? respectively, whereas the
CP-Select™ with Hollow Fiber Polysulfone ultrafiltration tips has a sur-
face are of 98 cm?, which is 5 to 13 times larger than those of the other
CeUF devices. To our knowledge this is the first study that compares
the performance of the CP-Select™ with Centricon® Plus-70 to concen-
trate SARS-CoV-2 and other viruses from wastewater samples. It should
be noticed that this system includes a wet foam elution step which
according to the manufacturer's improves viral elution from filter cells.

When applying ultrafiltration to wastewater, samples need to be
pre-centrifuged to remove larger particles and avoid clogging. The
resulting supernatant (70 - 80 ml) is then passed in a single-step
through the ultrafilter. Viruses have been reported to adsorb to the

Viral stock quantification

6

Log,, GC/ml

MHV

Odirect stock  Ostock in raw WW

Ostock in WW after debris removal

MS2

Ostock after CP-Select™

Fig. 3. Mean concentration values of the viral stocks, using 4 different quantification strategies.
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Fig. 4. Detection of naturally occurring SARS-CoV-2 (N1 assay) and seeded MS2 in the pellet or supernatant fractions of nine wastewater samples after 4700 xg 30 min centrifugation

expressed as the percentage of total viruses detected.

solid fraction of wastewater (Ye et al., 2016). According to our results,
23% of total detected SARS-CoV-2 would be discarded during the debris
removal step while higher percentage of the detectable MS2 (49%)
would be retained in the pellet. Ye et al. (2016) reported MHV to adsorb
to the solid fraction of wastewater samples in higher percentages (26%)
than MS2 (6%) while Ahmed et al., reported similar loss for seeded
MHYV (30%) at the pre-filtration step (Ahmed et al., 2020). According to
our results and considering the need of easy and fast method for
SARS-CoV-2 detection in wastewater as an early warning tool, a straight-
forward and routinely adopted method shouldn't consider including
viruses attached to the debris. This would imply an extra elution step,
from the debris, and addition to the wastewater sample, which would
suppose an addition of only a percentage of viruses attached to solid
material. Thus, in our opinion, this step is not worth doing for routine
testing and only when very high sensitivities and accurate quantifica-
tions are needed. Regarding the two ultrafiltration methods evaluated
in this study, significant differences were only observed for MHV for
which CeUF devices performed better than CP-Select™. In contrast, for
naturally occurring SARS-CoV-2 both methods provided similar results
showing that, as expected, each single virus behave differently under
the same concentration procedure. Despite MHYV is also a member of
the Genus Betacoronavirus (as SARS-CoV-2), it did not show equivalent
recovery rates to CeUF. Interestingly, however, the concentration of nat-
urally occurring SARS-CoV-2 from wastewater using both concentration
methods resulted in equivalent outcomes. This suggest that the best way
to compare concentration methods for SARS-CoV-2 could be testing real
environmental samples since, as observed for other viruses and other
concentration methods, each virus has a particular behaviour for each
of the methodologies applied. The way the MHV stock was quantified
seemed to affect the recovery value obtained thus pointing at a clear ef-
fect of the matrix into which the viral stock is suspended. This could be
probably due to different RNA protection/degradation phenomena or
to the presence/absence of enzymatic inhibition in the different matrices
assayed. This is another reason to consider when evaluating viral con-
centration methods and another argument in favour of using naturally
occurring virus to complement concentration methods comparison
studies, although this strategy does not allow the estimation of recovery
rates.

Overall, CeUF devices were confirmed as an efficient ultrafiltration
procedure for SARS-CoV-2 as it has been previously reported by others
(Ahmed et al., 2020; Medema et al., 2020b). Moreover, CP-Select™ with
Hollow Fiber Polysulfone tips showed to be useful for SARS-CoV-2
concentration from wastewater as well as for the concentration of
other wastewater occurring viruses independently of the turbidity of
the samples. It is worth mentioning that equipment fits into a BSL-2

cabinet which makes this procedure strongly recommended for viruses
requiring biosafety containment. In turn, CeUF devices should be used
in a superspeed centrifuge that is difficult to fit into BSL-2 facility espe-
cially in routine laboratories that require extreme security measures to
avoid spill overs.

Also, CP-Select™ provides with good concentration factor and equiv-
alent LoD, LoQ and variance than CeUF devices. The use of Tween-20, as
it has been recommended by manufacturers, has not proven to increase
SARS-CoV-2 recovery although it has been observed it may help to fil-
trate samples reducing the time required for ultrafiltration.

CP-Select™ is a handy equipment that can be applied without previ-
ous debris elimination or by only using syringe filters or vacuum filtra-
tion devices. This device allows concentration at the point-of-use by
simply connecting the CP-Select™ equipment to a power supply. The
number of methods available for SARS-CoV-2 concentration from
wastewater is increasing, as well as data on their performance, which
will be relevant for researchers and routine laboratories in order to
make a good election on their SARS-CoV-2 testing strategies. Detection
of other potential pandemic enveloped viruses, that could emerge soon,
would require optimized and well characterized viral concentration
methods.

5. Conclusions

« Ultrafiltration devices (Centricon® and CP-Select™) performed equally
for different naturally occurring viruses, including SARS-CoV-2,
whereas for the spiked MHV, used as a model of enveloped viruses of
the genus betacoronavirus, the CeUF achieved higher recoveries.

» The way the viral stock is quantified may influence recovery values
calculations.

= Up to 23% of detected SARS-CoV-2 adsorb to the solid fraction and is
not considered in the further detection by quantitative PCR.

» The CP-Select™ fits into a BSL-2 cabinet enabling to work under
biosafety containment
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4.4, AVALUACIO DE L’EFICIENCIA DE DESINFECCIO DE
PATOGENS DE L'OXIDACIO ELECTROQUIMICA AVANCADA PER
CONVERTIR-SE EN UNA TECNOLOGIA SOSTENIBLE PER A LA
REUTILITZACIO DE L’AIGUA

“Evaluation of pathogen disinfection efficiency of
electrochemical advanced oxidation to become a sustainable
technology for water reuse”

Forés, E., Mejias-Molina, C., Ramos, A., Itarte, M., Hundesa, A., Rusifiol, M.,
Martinez-Puchol, S., Esteve-Bricullé, P., Espejo-Valverde, A, Sirés, I., Calvo,
M., Araujo, R.M., Girones, R.

Manuscrit en procés de revisio a la revista Chemosphere.

La reutilitzacio de I'aigua contribueix a la preservacio dels recursos hidrics i a
reduir l'estrés hidric de les masses d’aigua, encara que requereix de
tractaments complexos per la produccié d’aigua segura. Els processos
electroquimics avancats (EOAP) han sorgit com a alternativa sostenible per a
la reutilitzaciéd de I'aigua, on I'eficiencia d’aquests sistemes per degradar
compostos organics persistents i alguns patogens en diferents matrius ha estat
demostrada.

Tanmateix, els assajos de desinfeccio s'han centrat en la inactivacié bacteriana
i, en general, mitjancant I'Us de solucions sintetiques. A més a més, existeixen
gran diversitat de sistemes electroquimics, que sumat als nombrosos
parametres a mantenir sota control, condueix a dades i conclusions
contradictories de complexa interpretacid, limitant ['aplicabilitat real
d'aquests sistemes avancgats. Per la qual cosa, I'objectiu principal d’aquest
estudi ha sigut demostrar a escala de laboratori la viabilitat d’'un sistema
electroquimic per inactivar la diversitat de microorganismes que poden
representar diferents nivells de risc com a contaminants d’aigua. En aquest
estudi s’han analitzat bacteris, espores bacterianes, protozous, bacteriofags i
virus en una solucié d’aigua sintetica NaCl 7 mM utilitzada com a aigua de
referéncia i matrius d’aigua provinents d'un efluent d’EDAR tractada
mitjangant un sistema de llacunatge com a tractament terciari, i I'estudi es
complementa amb I|'estudi preliminar de mostres d’aigua de riu i agua
mineral.
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Els dos tipus d'electrodes estudiats van ser una anode de DSA de Ti|RuO2 i un
anode de Si|BDD, utilitzant com a catode un eléctrode d'acer inoxidable a un
voltatge de 12 V. Malgrat la baixa densitat de corrent a que operaven els
sistemes, ambdds anodes han demostrat la produccié d'especies oxidants en
aiglies naturals com és |’aigua d'aiguamoll.

Arrel del resultats obtinguts dels assajos de desinfeccid, s’"han modelitzat les
cinetiques d’inactivacid dels microorganismes testats mitjancant models
logistics de regressid. L'eficacia de desinfeccié dels tractaments aplicats als
efluents d’aiguamoll va ser alta per al bacteriofag MS2 (T90 < 0,9 min; T99 <
1,4 min), i per als bacteris assajats (T90 < 26,5 min; T99 < 32,4), pero limitada
per a CBVS5, tot i que es va assolir una eliminacié d’un logaritme en un temps
breu (T90 £ 7,8 min; T99 > 300 min) i TuV (T90 > 300 min), espores (T90 < 156
min; T99 > 300 min) i amebes (T90 > 300 min).

Amb tot, el tractament aplicat ha reduit la concentracié de patogens a l'aigua
a diferents nivells, mostrant diferents cinetiques de desinfeccié. Per a tots dos
anodes provats, el MS2 va presentar una rapida inactivacié mostrant una
cinetica exponencial. Els bacteris van presentar corbes sigmoidals similars als
de MS2, mentre que els virus humans, les espores i les amebes van resultar en
corbes cinétiques lineals. Aixi doncs, donada la diferent susceptibilitat dels
diferents microorganismes front a un mateix tractament, s’han de considerar
diferents models per tal de predir les cinétiques d’inactivacié amb precisid. A
més a més, els resultats d’aquest estudi demostren que I’Us de certs indicadors
com son els bacteriofags o bacteris per avaluar la inactivacié viral no sén
models adequats per la desinfeccié de virus.

D’altra banda, malgrat que les densitats de corrent aplicades no han estat
suficients per a modificar les propietats fisicoquimiques de les matrius
estudiades, les concentracions de subproductes toxics com sén els
trihalometans (THM) després dels tractaments d’electrooxidaciéo en ambdds
anodes, van ser superiors als permesos per les directrius d'aigua potable de
I'OMS, establertes en 100 ppb, per la qual cosa, la produccié de subproductes
ha de ser controlada quan s’apliquen aquest tipus de sistemes per tal d’evitar
la seva acumulacio.

Tot i aix0, I'addicié com a pas final de desinfeccié en efluents d’aiguamolls pot
contribuir a una reduccioé significativa dels patogens bacterians i a la reduccio
d’un logaritme de la concentracié viral facilitant la seva reutilitzacié per al reg.
A més, tenint en compte el baix consum d'energia requerit, es poden
desenvolupar unitats descentralitzades de tractament d'aigua alimentades
per plafons fotovoltaics per tractar les aiglies residuals a petites comunitats.
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HIGHLIGHTS

e Electrochemical disinfection for safe water production with low energy consumption.
o Disinfection of bacteria, bacteria spores, bacteriophages, virus, and protozoa.

e Description of inactivation kinetics using logistic, exponential, and linear models.

o Disinfection efficiency is limited for virus, spores and amoebas.

e Bacteria and bacteriophages are not a suitable model for viral disinfection.
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Abstract

Water treatment and reuse is gaining acceptance as a strategy to fight against water contamination
and scarcity, but it usually requires complex treatments to ensure safety. Consequently, the
electrochemical advanced processes have emerged as an effective alternative for water
remediation. The main objective here is to perform a systematic study that quantifies the
efficiency of a laboratory-scale electrochemical system to inactivate bacteria, bacterial spores,
protozoa, bacteriophages and viruses in synthetic water, as well as in urban wastewater once
treated in a wetland for reuse in irrigation. A Ti|RuO»-based plate and Si|BDD thin-film were
comparatively employed as the anode, which was combined with a stainless-steel cathode in an
undivided cell operating at 12 V. Despite the low resulting current density (< 15 mA/cm?), both
anodes demonstrated the production of oxidants in wetland effluent water. The disinfection
efficiency was high for the bacteriophage MS2 (T99 in less than 7.1 min) and bacteria (T99 in
about 30 min as maximum), but limited for CBVS5 and TuV, spores and amoebas (T99 in more
than 300 min). MS2 presented a rapid exponential inactivation regardless of the anode and
bacteria showed similar sigmoidal curves, whereas human viruses, spores and amoebas resulted
in linear profiles. Due the different sensitivity of microorganisms, different models must be
considered to predict their inactivation kinetics. On this basis, it can be concluded that evaluating
the viral inactivation from inactivation profiles determined for bacteria or some bacteriophages
may be misleading. Therefore, neither bacteria nor bacteriophages are suitable models for the
disinfection of water containing enteric viruses. The electrochemical treatment added as a final
disinfection step enhances the inactivation of microorganisms, which could contribute to safe
water reuse for irrigation. Considering the calculated low energy consumption, decentralized

water treatment units powered by photovoltaic modules might be a near reality.

Keywords: Electrochemical disinfection, microbial pathogens, microbial indicators, inactivation

kinetics, viruses, water reuse
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1. Introduction

There is general consensus on the unceasing pressure undergone by natural water resources
worldwide. Freshwater, representing only a 3% of the total water on Earth, is threatened by
several menaces such as uncontrolled development or unpredictable weather patterns caused by
global warming and other phenomena (UN 2020). This situation is particularly critical for food
production, which is one of the most water-consuming sectors nowadays (Food and Agriculture
Organization (FAQ), 2018). To decrease current water stress with the aim of preserving resources

for future generations, water reuse has been adopted as a potential strategy to follow.

Water reuse for irrigation requires safe water production, understood as water free of pollutants,
both chemical and microbiological that could represent a public health risk. Nevertheless,
commonly applied wastewater treatment technologies do not remove all pollutants and thus,
improved and/or additional treatments are needed before reuse of treated wastewater is allowed
for all potable water uses (Aquino De Carvalho et al., 2017; Soller et al., 2018). Focusing on
microbiological contaminants, it has been described that wastewater effluents may contain a
significant concentration of several pathogens, including bacteria, viruses, protozoa, and
helminths (Gunnarsdottir et al., 2020; Qiu et al., 2015; Rusifiol et al., 2015; Sassi et al., 2018).
Among them, viruses and protozoa tend to be highly resistant to conventional disinfection
treatments employed in wastewater treatment plants (WWTPs) (US EPA, 2018). These
microorganisms are responsible for waterborne diseases, associated to the faecal-oral route,
mainly causing gastroenteritis alongside other pathologies depending on the etiological agent
(Cook 2013, Cabral 2010). Therefore, if WWTPs are not efficient in removing these
contaminants, water reuse for irrigation may compromise water bodies and human health. Fresh
vegetables are often eaten raw or minimally processed, being the irrigation water the most
probable source of contamination (Balali et al., 2020; Callejon et al., 2015; Fernandez-Cassi et
al., 2017; Ttarte et al., 2021). To mitigate these events, it is crucial to develop simple and green
technologies capable of producing safe water for irrigation, eventually diminishing the pressure

on water bodies.
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In recent years, the electrochemical advanced oxidation processes (EAOPs) have emerged as an
effective alternative for remediation of water containing persistent organic pollutants, being also
proposed as water disinfection technologies (Anfruns-Estrada et al., 2017; Gassie and Englehardt,
2017; Moreira et al., 2017; Rajasekhar et al., 2020). For example, recent studies are focused on
improving the antimicrobial activity of electrode surfaces at low cell voltage for effective
biofouling control using chelators (Lin et al., 2020). Others authors have designed new reactor
configurations such as tubular coaxial-electrode copper ionization cells or nanowire-based
technologies for harnessing the electric field; the resulting electroporation mechanisms yielded
the complete inactivation of microorganisms at low voltages (Huo et al., 2022; Zhou et al 2019),
An additional strength of these methods is the low energy consumption required, which opens the
door to sustainable water treatment with renewable energy-powered devices (Ganiyu et al., 2020).
In this context, decentralized water treatment units may be developed for treating wastewater of
small communities or for applying a final disinfection treatment for irrigation purposes (Huang

et al., 2016; Mosquera-Romero et al., 2022; Mousset et al., 2021; Sirés et al., 2014).

Electrooxidation (EO) is the simplest EAOP because of the minimal experimental restrictions and
high versatility to treat effluents with very different characteristics (Martinez-Huitle et al., 2015,
2018). In EO process, anodes with a large oxygen evolution overpotential are employed for in-
situ generation of reactive oxygen species (ROS). Hydroxyl radical (*OH) predominates as main
ROS, but it is accompanied by peroxides, superoxide radical and singlet oxygen, all of them
possessing a high oxidation power. During the application of EO, decontamination mechanisms
can occur through direct anodic oxidation and different types of mediated oxidation reactions,
such as those that involve chloride as precursor of effective oxidants against pollutants. When the
aqueous solution contains chloride ions, reactive chlorine species (RCS) or active chlorine (i.e.,
Cl,, HCIO and ClO") is generated through the combination with ROS generated on the anode
surface (Sirés et al., 2014). In addition to the electrolyte composition, the anode material is another
key factor to consider in EO because it determines the type, amount and activity of the oxidizing

species generated during the treatment. Anodes are typically classified as active or non-active, on



95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

the basis of the behaviour of the *OH produced as intermediate from water oxidation on the anode
surface. Active anodes, such as IrO- and RuO»-based dimensionally stable anodes (DSA), show
a poor mineralization ability because the *OH is readily converted into a chemisorbed higher metal
oxide (MO) with relatively low oxidation power (Dbira et al., 2019; Lanzalaco et al., 2018;
Moreira et al., 2017; Rajasekhar et al., 2020). Conversely, the non-active anodes like boron-doped
diamond (BDD) allow generating physisorbed *OH (Bruguera-Casamada et al., 2016), whose
weak bond with the anode surface confers a high reactivity with pollutants (Dbira et al., 2019;
Martinez-Huitle et al., 2015). Conversely, active chlorine is expected to be produced in a larger
amount using DSA as compared to BDD, as the greater adsorption of the anion on the former

anode surface promotes its conversion to Cl, (Sirés et al., 2014).

The technical feasibility of EAOPs to degrade various classes of persistent organic compounds
and some pathogens in different matrices has been proven, usually reporting high
decontamination rates and quantitative pollutant removals (Kokkinos et al., 2021; Li et al., 2021;
Mousset et al., 2021; Sanchis et al., 2021; Sirés et al., 2014). Nevertheless, microbial disinfection
trials have been mostly focused on bacterial inactivation and, to a lesser extent, bacteriophages
(Huo et al., 2022), assuming same susceptibilities to disinfection treatments for these
microorganisms and for others such as human viruses, amoebas or resistant forms such as spores.
Furthermore, in general, the use of synthetic solutions does not allow accounting for relevant
physicochemical properties of actual matrices, such as irrigation water characterized for
presenting high contents of organic matter and presence of pathogen mixtures (Gonzales-
Gustavson et al., 2019). This fact, added to the wide range of EAOPs and the numerous
parameters to keep under control, leads to contradictory data and conclusions that are complex to
interpret, thus limiting the actual applicability of these advanced systems (Anfruns-Estrada et al.,
2017; Huang et al., 2016; Rajasekhar et al., 2020; Valero et al., 2017). Consequently, to our
understanding, more systematic research has to be carried out with different microorganisms,
aiming to demonstrate the disinfection efficiency of EO. At the moment, published studies on

water disinfection seem to establish that bacteria are highly sensitive, whereas viruses or protozoa
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present much higher resistance, but these ideas are extrapolated from a limited number of
inactivation trials with single microorganisms (Chen et al., 2021, Ghernaout et al., 2019, Cossali
etal., 2016). Indeed, the performance of EO with DSA and BDD has been investigated elsewhere;
for example, DSA anodes have been applied to disinfect effluents of constructed wetland, but
only focusing on bacterial indicators (Mosquera-Romero et al., 2022). The novelty of the present
work arises from the large set of microorganisms representing the main microbial structures, such
as microorganism with cellular membranes like bacteria, protein structures like viruses and
resistance forms with several layers such as spores or amoebas. A systematic study has been
planned and, moreover, actual natural water used for irrigation purposes has been included, which

becomes relevant because its characteristics can interfere in the EO disinfection efficiency.

Given the importance and necessity of water reuse and the public health risks that it may pose, a
multi-barrier approach to water purification is key to ensuring safe water production. In this study,
an electrochemical system that could potentially be applied as a final disinfection step has been
evaluated, providing greater assurance of safe water production. In particular, the aim of this work
was to assess the disinfection potential of two different anodes, a RuO»-based DSA and BDD,
under different electrolytic conditions. A range of model microorganisms including bacteria,
bacteria spores, protozoa, bacteriophages, and viruses has been selected to compare the
inactivation kinetics when they are embedded in either a synthetic solution or actual surface water

from a wetland, at laboratory scale.

2. Experimental

2.1 Water matrices

First trials were designed to define conditions and to assess the feasibility of the system in diverse
types of water. Several water samples were tested, including river water collected from Besos
river, which shows high consistent presence of faecal contamination (Jurado et al., 2019) and
commercial mineral water purchased from a grocery store, belonging to mountain spring water
located in Sant Hilari Sacalm (Girona). Synthetic water prepared with a 7 mM NaCl solution and

the effluent from wetlands analysed in previous studies (Gonzales-Gustavson et al., 2019) were
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selected to conduct the electrochemical disinfection experiments. Wetland water, part of tertiary
wastewater treatment, belongs to a lagooning system located in Granollers (Barcelona) composed
by shallow planted areas (Phragmites australis and Typha latifolia) with a water depth between
0.3 and 0.4 m, and deep unplanted areas with a water depth of 1.5 m. The constructed wetland
treats a 10% of the discharges of the secondary treatment of a WWTP with a flow capacity of
30,000 m*/day. The reclaimed water produced is used by locals for irrigation and farming

proposes.

Samples were collected in sterile glass bottles and transported to the laboratory under cold
conditions (4 °C) until performing the experiments. Samples of 2 L of wetland water were
homogenized and aliquoted to develop triplicate experiments. Aliquots of 250 mL were used for

each trial.

2.2 Microorganisms production and quantification

(i) Bacteriophages: PhiX174 and MS2

Two bacteriophages, PhiX174 (ATCC13706-B1) with DNA genome and MS2 (ATCC 23631)
with RNA genome, widely used as a viral enteric surrogates of inactivation studies (Casteel, 2008,
Kokkinos, 2021), were cultured and quantified in Escherichia coli (E. coli) WG5S (ATCC 13706),
following ISO 10705-2:2000 protocol, and in Salmonella typhimurium WG49 (NCTC 12484),

following ISO 10705-1:1995 protocol, respectively.

(ii) Viruses: CVBS5 and TuV

Coxsackie virus B5 (CVB5) was selected as representative of a human enteric virus highly
resistant to inactivation, and Tulane virus has been used as a calicivirus surrogate for human
norovirus. CVB5 (ATCC® VR-185™) and Tulane virus (TuV) (kindly donated by VISAFELAB)
were produced by infecting BGM (ECACC 90092601) cells and LLC-MK2 cells (ATCC CCL-
7), respectively. Cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) (Gibco,

Life Technologies) containing 2x(maintenance medium) or 5x(growth medium) of heat-
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inactivated fetal bovine serum (FBS) for BGM cells and 2*(maintenance medium) or 10x(growth
medium) for LLC-MK2. DMEM was supplemented with 2% glutamine and 1% penicillin-
streptomycin (Gibco, Life Technologies). All viruses were released from cells by freezing and
thawing the cultures three times. To eliminate cell debris, a centrifugation step at 3000 xg for 10
min was applied. The supernatant obtained was ultracentrifuged for 1 h at 34,500 xg and

resuspended in PBS and stored in 1.5 mL aliquots at —80 °C until use.

Infectious CVB5 and TuV viral particles were quantified by plaque assays after inoculating 1 mL
of 10-fold dilutions of the concentrates to cell monolayers in 90-mm? Falcon™ standard tissue
culture dishes (Thermo Fisher Scientific). After 1 h of adsorption at 37 °C and 5% CO,, the
infected cells were overlaid with 12 mL of DMEM 2xcontaining 2% of Oxoid™ Purified Agar
(Thermo Fisher Scientific). Following a 48 h incubation for CVBS5 and 96 h for TuV at 37 °C and
5% CO,, the agar was removed, and the attached cells were fixed and stained for 45 min with 6

mL of 1% crystal violet (Merck) in 11.4% formaldehyde (Panreac) and 2%-propanol (Panreac).

(iii) Bacteria: Escherichia coli, Legionella pneumophila, Campylobacter jejuni

Three bacteria were selected as representatives of faecal indicators. E. coli and two representative
pathogens with different ecological characteristics, Legionella pneumophila (L. preumophila)
and Campylobacter jejuni (C. jejuni). The production of the bacteria consisted of obtaining a
culture of each bacterium. E. coli (ATCC 23725) in TSA at 37 °C for 24 h, L. pneumophila sgl
(ATTC 33152), in BCYE at 37 °C for 72 h and C. jejuni (DSMZ 4688) in CCDA at 42 °C with
microaerophilia for 48 h. Subsequently, each bacterial growth was resuspended in % Ringer's
solution, and the dilution was measured by spectrophotometer and adjusted to an optical density

equivalent to a bacterial concentration of 103 CFU/mL.

E. coli counts were performed according to ISO 9308-1:2014, on Endo Agar at 37 °C for 24 h.
Endo Agar is a chromogenic medium in which E. coli can be distinguished from other coliforms.
C. jejuni enumeration was performed based on ISO 17995:2019, using the most probable number

technique with Preston Campylobacter Selective Enrichment Broth and Campylobacter Blood-
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free Agar Base (CCDA) media, both at 42 °C for 48 h and with microaerophilia. L. pneumophila

counts were performed according to ISO 11731:2017 with GVPC medium at 37 °C for 72h.

(iv) Bacteria endospores: Clostridium perfringens spores, Bacillus cereus spores

Clostridium perfringens (C. perfringens) spores were analysed for being an indicator of faecal
pollution and for being a surrogate of Cryptosporidium cyst, a protozoan parasite (Brendan
Headd, Scott A. Bradford 2016). Bacillus cereus (B. cereus), was chosen for causing foodborne
illnesses and for creating resistance spores. B. cereus spores were analysed for being a high
resistance structures that persist in water, food, and in the environment. For the spores production,
B. cereus (ATCC 27348) was grown on TSA plate at 37 °C for 24 h and C. perfringens (CECT
136) was grown on SPS plate at 37 °C and anaerobiosis for 48h. These cultures were left for two
weeks at room temperature (20 - 25 °C) instead of 37 °C to allow the culture to age and be in
unfavourable conditions, which favours spore formation. The spores were then resuspended in %4
Ringer's solution and were counted as 107 spores/mL of B. cereus and 10° spores/mL of C.

perfringens by malachite green staining.

Bacterial spores of B. cereus and C. perfiingens were quantified after a pretreatment, the samples
were heat shocked to activate the spores and form CFU. The heat shock was performed in a water
bath at 80 °C for 10 min. To count B. cereus spores, B. cereus spores were seeded in 1/10 serial
dilution in TSA at 37 °C for 24 h and counted CFU/mL between 30 and 300. C. perfringens spores
enumeration was performed according to ISO 7937:2004. In a 10 mL tube, 200 puL of the 1/10
serial dilution of the sample was placed in 4.8 mL of sterile Milli-Q water. To this mixture, 5 mL
of 2X SPS agar was added and allowed to solidify, thus providing anaerobiosis. The tubes were
incubated at 42 °C for 24 h and the CFU/mL were counted in tubes containing between 15 and

150 CFU.

(v) Protozoa: Acanthamoeba castellanii
Acanthamoeba castellanii (A. castellanii) (CCAP 1534/2) was cultured with PYG (Peptone-
Yeast-Glucose Medium) at 37 °C for 72h. The culture medium was then changed from PYG to

9
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PAS (Page Amoeba Saline Solution) and resuspended and counted with a Neubauer chamber to
determine the concentration, adjusted to 10° cells/mL. Acanthamoeba spp. are distributed in
aqueous environments worldwide, and some of them can be opportunistic pathogens, causing
keratitis infections and other types of infections, whereas others can host pathogenic bacteria like

Legionella or Chlamydia.

A. castellanii concentration was determinate using a Neubauer chamber. After the treatment only
the cells with a similar morphology to the inoculated were counted. Moreover, to validate that
counts in some experiments the cells were counted at the beginning and the end of the treatment
by culturing the diluted samples in PYG by triplicate and quantified by the MPN (Most Probable

Number).

2.3 Electrolytic system and disinfection assays

Electrochemical disinfection experiments were carried out by EO process at bench scale in
triplicate, employing a working volume of 250 mL of different types of aqueous solutions
thermostatized at room temperature (25 °C). The two types of anodes investigated in the study
were a Ti|[RuO-based DSA plate supplied by NMT Electrodes (Pinetown, South Africa) and a
Si|BDD thin-film anode purchased from NeoCoat (La-Chaux-de-Fonds, Switzerland). In all the
assays, a single anode/cathode pair was employed, with an AISI 304 stainless-steel plate used as
the cathode. The electrode area exposed to the electrolyte was always 3 cm? and the interelectrode
gap was 1 cm. The trials were performed under potentiostatic conditions, at a cell voltage of 12
V supplied by a DC PowerPac™ HC Power Supply (Bio-Rad). Single model microorganisms at
known concentrations were spiked into each water matrix under study. The target microorganisms
included bacteriophages and viruses, bacteria, bacteria spores and protozoa. The first disinfection
trials were planned to assess the inactivation of the MS2 and PhiX174 bacteriophages in a 7 mM
NaCl solution and in wetland water. Promptly, the same tests were carried out with bottled mineral
water and river water in order to assess the feasibility of the system in other types of water. Once
optimized the experimental conditions, disinfection trials were performed with the other

microorganisms.

10
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The electrolyses were carried out under constant magnetic stirring at 800 rpm, and 10 mL of
sample were withdrawn at different times for active chlorine and pathogen quantification. In the
aliquots for microbial analysis, 100 pL of 10 mM Na,S,0s solution were immediately added to

neutralize the residual active chlorine, thus stopping the action of the oxidants.

The specific energy consumption (EC) per unit of treated volume (¥, in m®) was calculated as

follows:

EC (kWh/m3) = ﬁ (1)

where Ecq is the applied cell voltage (in V), I the resulting current (in A), and ¢ is the time (in h)
needed for reaching 0.5, 1 and 2 log reduction (i.e., TS50, T90 and T99) (Murrieta et al 2020).
These calculations have allowed the determination of EC values at each of these times (ECrso,

ECr9 and ECrg9).

2.4 Instruments and analytical methods

Active chlorine production was assessed using the N, N’-diethyl-p-phenylenediamine (DPD)
method, employing a HI97734 auto-diagnostic portable photometer and reagents from Hanna
Instruments. Turbidity and pH were measured at 0 and 60 min with a Hanna Instruments
turbidimeter (HI 98703) and a Crison 2000 pH-meter, respectively. By-products formation was
evaluated at different times by gas chromatography-mass spectrometry (GC-MS). ITon
concentrations were analysed by ion chromatography (IC). Total organic carbon (TOC)
measurements were obtained by injecting 50 puL aliquots into a Shimadzu TOC-VCSN analyser

operated in non-purgeable organic carbon (NPOC) mode.

2.5 Modelling inactivation kinetics

Inactivation kinetics were calculated from the logarithmic inactivation data for each
microorganism and were adjusted to a modified logistic regression model based on Bruguera-
Casamada et al., 2016 expressed as follows: log (N/No) = k/(1+ a exp (it)), where k denotes the

theoretical maximum log reduction achieved upon the EO treatment, a is a parameter of
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adjustment related to the shape of the first shoulder, i is the inactivation rate (in min™') and ¢ is the
electrolysis time (in min). In those cases where the model did not fit, an exponential regression
model or a linear regression model have been applied to depict all the data in a descriptive way.
Note that, although the electrochemical disinfection experiments were made in triplicate, only

replicates with enough reliable data have been considered for the kinetic study.

3. Results and discussion

The disinfection of water by means of the EO process has reduced the concentration of pathogens
in water at different levels and it is remarkable the resistance observed of some viruses and
bacterial spores. Changes in general water parameters, active chlorine accumulation and evolution
of DBPs have been evaluated during the electrochemical trials performed with each anode. To
sum up, the feasibility of a decentralized water disinfection system is briefly discussed

considering the energy needs.

3.1 Relation between virus inactivation and changes in physicochemical parameters of water

In Figure 1, the time course of active chlorine concentration upon EO treatment of synthetic water
and wetland water containing MS2 with DSA or BDD anode is depicted, whereas Table 1
summarizes the values of pH, electric conductivity, and turbidity for the two main solutions under
study. The treatment of the 7 mM NaCl synthetic solution used as a model water with DSA at 12
V (i.e., 40 mA and 13.3 mA/cm?) yielded the highest active chlorine accumulation, reaching 40
mg/L at 60 min. This led to a fast total inactivation of MS2 (7 log decay) within just 1 min of
electrolysis. Note that at that time, less than 1 mg/L chlorine was accumulated in solution (Figure
1A). In contrast, when analogous conditions were applied to the wetland water, with a chloride
ion content of 8.3 mM that is similar to that of the synthetic solution, only 1.1 mg/L chlorine were
accumulated at 30 min, achieving 7 log decay of MS2 after 5 min, when the chlorine concentration
was 0.1 mg/L (Figure 1B). Promptly, the same trials were performed with bottled mineral water
and river water (data not shown). The former had a very low conductivity (141.9 uS/cm?) and

hence, the cell voltage had to be increased to 15 V to achieve the minimum current density

12
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provided by the power source (10 mA). Despite this greater voltage, the current density was as
low as 3.3 mA/cm?, giving rise to a poor accumulation of active chlorine at 30 min (0.02 mg/L)
and, consequently, to a weak inactivation of MS2 in mineral water (0.93 log decay). In the case
of river water, at 12 V the current density was 10 mA/cm?, accumulating up to 1.8 mg/L active

chlorine at 30 min and achieving the total inactivation of MS2 after 10 min (0.7 mg/L chlorine).

Using the BDD anode at same applied voltage (12 V), the same current density was found
regardless of the water matrix (i.e., 6.7 mA/cm? using either the synthetic solution or wetland
water). For both matrices, the active chlorine accumulation was lower than that found in trials
with DSA. Figure 1C and 1D depict the chlorine concentration profiles over time, as well as the
MS?2 inactivation in the synthetic solution and wetland water, respectively. In the synthetic
solution, 0.4 mg/L chlorine were attained at 30 min, reaching 5.9 log decay for MS2. In order to
compare with another viral surrogate, a single experiment was performed using synthetic water
spiked with PhiX174. An electrolysis under the same conditions allowed achieving 4.8 log decay
at 30 min (not depicted). Despite the 1-log difference between both disinfection trials, the
inactivation kinetics (see section b) revealed the same susceptibility of bacteriophages to EO. For
this reason, the following experiments were performed with MS2 for process control. Regarding
the wetland water, only 0.1 mg/L chlorine were accumulated after 30 min, achieving 8 log decay

of MS2 after only 10 min.

The lower accumulation of active chlorine in wetland water as compared to that attained in the
synthetic solution is mainly attributed to its partial destruction upon reaction with the natural
organic matter (NOM), since the other relevant component (i.e., chloride ion) had a similar
concentration (8.3 and 7.0 mM, see above) in both matrices. Worth noting, once generated at the
anode, free chlorine (Cl,) diffuses into the bulk solution and depending on the solution pH
(between 6.7 and 8.3), it becomes hydrolysed, yielding hypochlorite (C10) or hypochlorous acid
(HCIO). Additionally, HCIO thus formed participates in oxidation reactions that include dissolved
organic nitrogen and NH;4", giving rise to secondary chlorine species such as organic chloramines

(How et al., 2017). However, considering the low concentration of ammonia (see discussion
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below about Table 2) during the treatment and the comparatively mild oxidizing power of
chloramines (Huang et al., 2016), their virucidal effect can be considered as negligible in the
present study. Furthermore, note that other authors have assessed that a high concentration of
chloramines is needed to inactivate viruses; for example, the contact times (i.e., CT values) of
monochloramine range from 430 to 1240 mgxmin/L for a 2 logarithm reduction of virus at a pH
of 6—9 and a temperature of 1 and 15 °C, respectively (Rachmadi et al., 2020). The presence of
NOM in wetland water did not impede to obtain a greater inactivation of MS2 in that matrix when
BDD was used, as compared to the profile in synthetic water (Figure 1D vs 1C); this can be
accounted for by the action of *OH on both NOM and active chlorine to generate highly reactive
organic and chlorine radicals (e.g., CI°*, Cl,*) (Bruguera-Casamada et al., 2016; Luna-Trujillo et
al., 2020; Sirés et al., 2014). Conversely, in the case of DSA, the inactivation was slower in
wetland water, which is attributed to the partial consumption of chlorine (the main oxidant in
systems with DSA) with NOM, yielding weaker oxidants. Our data confirm, as expected, the
different disinfection efficiency of EO depending on the matrix to be treated and the anode

employed.

Table 1. Changes in quality parameters of synthetic water and wetland water upon EO treatment
with DSA and BDD anodes at 12 V. CE: electric conductivity; NTU: nephelometric units.

DSA
pH CE (uS/cm) NTU
t0 t30 t0 t30 t0 t30
Synthetic water (7 mM NaCl) 684 670 746 712 0.60 0.40
Wetland 8.08 7.88 979 582 577 5.18
BDD
pH CE (uS/cm) NTU
t0 t60 t0 t60 t0 t60
Synthetic water (7 mM NaCl) 690 685 746 730 0.60 0.55
Wetland 725 7.67 970 803 348 10.2
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Figure. 1. Free chlorine production and MS2 inactivation data obtained during the EO treatment
of MS2 suspensions in synthetic water and wetland water using DSA and BDD anodes at 12 V.

Changes in the ionic composition of water were monitored before and after each EO treatment.
Table 2 shows the changes in concentration of chloride ion (CI°), nitrogenated anions (NO, and
NO5"), bromide ion (Br) and sulphate ion (SO4?2). Although it is described that changes in the
physicochemical properties of an aqueous matrix during EO treatment depend largely on the type
of anode material, small changes are evidenced in this study, which can be explained by the low
current density at which the systems operated (Bruguera-Casamada et al., 2016; Dbira et al.,
2019). TOC content was also analysed during the trials, revealing that the low current densities

were unable to cause mineralization (data not shown).

Table 2. Changes in wetland water ion concentration upon EO treatment with DSA and BDD
anodes at 12 V.

Cr NOz Br NOs NH4* SO4*
(mg/L) (mg/l) (mg/L) (mg/L) (mg/l) (mg/L)
t0 294.83 <04 <1 <04 1.6 115.60
DSA t30 282.42 <04 <1 <04 <04 144.66
BDD t60 279.23 <04 <1 1.93 <04 122.12
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Regarding the ion conversion (Table 2), for chlorine ion (CIl") in wetland water, the initial
concentration of 294.83 mg/L (i.e., 8.3 mM) decayed down to 282.42 mg/L at 30 min using DSA,
in good agreement with the active chlorine accumulation commented above. Using BDD anode,
the chloride concentration decreased to 279.23 mg/L in 60 min. Worth mentioning, the decay of
chloride concentration was not accompanied by the accumulation of chlorate or perchlorate,
which is expected due to the low output current that impedes a substantial conversion of
hypochlorous acid mediated by hydroxyl radicals (Bruguera-Casamada et al., 2017). The
concentrations of other ions such as NO,7, NO;™ and Br were below 1 mg/L, except for NOs™ after
EO with BDD, which attained a concentration of up to 1.93 mg/L. Finally, regarding the increase
of sulfate concentration regardless of the anode used, it must be considered that sulfur occurs in
all living matter as a component of certain aminoacids. In natural water such as wetlands, sulfur-
containing proteins have been shown to be degraded into their constituent aminoacids and, in the
presence of oxygen, sulfur is accumulated as sulfate ion, process further enhanced by EO

processes (Chen et al., 2018; Editors of Britannica, The, 2022).

The operation at high cell voltage and long reaction may generate disinfection by-products
(DBPs) that could have relevant toxic properties (Ghernaout and Elboughdiri, 2020; Jasper et al.,
2017) and hence, their monitoring is essential. It is well known that the formation and distribution
of DBPs during chlorine-mediated oxidation is strongly dependent on the chlorination dose, the
water composition (levels of organic precursors), contact time, pH and bromide concentration. In
the present study, trihalomethanes (THMs) formation was evaluated after EO experiments of the
wetland water with each anode studied. Using DSA at output current of 16.7 mA/cm? for 30 min
or BDD anode at 6.7 mA/cm? for 60 min, total THMs increased rapidly, being chloroform the
most abundant DBP that arises from chlorine attack on organic matter, with only minor
accumulation of brominated DBPs. With DSA, 1860.4 ug/L. CHCIl; and 9.5 pg/L of brominated
species were detected at the end of the electrolysis. Meanwhile, with BDD, being the treatment
conducted at a lower current density but with a longer duration, 571.3 pg/L CHCI; and 5.5 pg/L

of brominated species were detected at 60 min. These differences can be attributed to the greater
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production of active chlorine (and, plausibly, bromine) using DSA, in agreement with the analysis

of active chlorine discussed above (Figure 1).

Despite the fact that the current densities applied were not high enough to modify the
physicochemical properties of the matrices under study, the concentrations of DBPs with both
anodes were above the WHO drinking water guidelines, establishing 100 pg/L. as maximum
(WHO 1997). In contrast, currently there are no guidelines establishing limits for DBPs to allow
wastewater reuse, but ever higher concerns are arising from the presence of these by-products in
treated water. The monitoring of DBPs is thus important because of their potential role as hazards
for ecosystems (EPA, 2006; The European Parliament and the Council of the European Union,
2020; USEPA, 2018; USEPA Office of Water, 2010; WHO and WHO, 1997). The mitigation of
DBPs accumulation during EO treatment is difficult due to the presence of both, inorganic and
organic reactive species. Nevertheless, some strategies can be followed to reduce their
concentration. The simplest strategy proposed by some researchers (Huang et al., 2016; Jasper et
al., 2017) consists in ensuring sufficient dilution of the treated water before discharge in
freshwater reservoirs (i.e., more than 1000-fold dilution), thereby containing DBPs below the
threshold limits. Another strategy consists in pre-treating the contaminated matrix to remove
organic by-product precursors, for example by applying adsorption with powered activated
carbon (Huang et al., 2021). A third possibility consists in optimizing the electrochemical setup

(i.e., anode composition) and electrolysis conditions to minimize the formation of DBPs.

3.2 Inactivation kinetics of microorganisms

Disinfection kinetics obtained with the modified logistic model from the logarithmic inactivation
data confirmed the different susceptibility of each microorganism during the EO treatment.
Besides, our data shows different variability at different levels. Therefore, a deep analysis of the

electrochemical disinfection variability has been conducted.

Traditionally, inactivation kinetics developed for water disinfection are modelled from

microorganism inactivation as a function of disinfectant concentration and time, or Ct values, to
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obtain mathematical models that can predict the survival rates. Nevertheless, construct robust
predictive models for water-related pathogens is difficult due to the variety of pathogen types and
the complexity of natural water composition, which impedes to elaborate simple mathematical
models (Kadoya et al., 2019; Peleg, 2021). Moreover, in the case of electrochemical disinfection
by EAOPs the situation is even more complex since the disinfectant concentration generally
increases over time (Figure 1). Therefore, modelling the inactivation kinetics is complicated

because initial concentrations of disinfectant are generally employed for calculations.

Pathogen inactivation kinetics usually do not follow an ideal first-order kinetics, especially in
natural matrices where other variables become equally or even more relevant. As a general rule,
the inactivation kinetics present two stages (so-called biphasic kinetics): (i) an initial rapid
inactivation stage or induction period, followed by (ii) a tailing stage or decrease in inactivation
rate as time is extended. Depending on different microbial resistances these curves can present
different shapes such as sigmoidal, linear, linear with tail, etc. (Coroller et al., 2006). Changes in
the slope are attributed to many factors such as the presence of viral aggregates, the occurrence
of adsorption onto organic matter (i.e., matrix heterogeneity) or the influence of physicochemical
properties of the matrix where these pathogens are suspended (i.e., temperature, pH or dissolved
organic matter, which can change the availability of certain species) (Ge et al., 2021; HIATT,
1964). On the other hand, different inactivation kinetics curves can appear for the same
microorganism when the same treatment is applied. This could be explained by the production of
different types and concentration of oxidants during the treatment, showing discontinuous
disinfection efficiency (HIATT, 1964; Bruguera-Casamada et al., 2017). The appearance of an
initial shoulder has been related to an activation period needed to produce the disinfectants from
the anodic oxidation of the solvent and/or the redox active ions, thus being the inactivation poor
until a certain concentration of oxidants has been generated. The duration of each stage can be

observed from the modelled kinetics for each microorganism.

As commented above, different inactivation kinetics curves appear during the EO treatments

analysed. For this reason, a study of the repeatability of the applied process has been conducted
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443  through the analysis of the variability between the different replicates assayed. For an in-depth
444  analysis of the variability between replicates, an ANOVA analysis has been carried out for each
445  microorganism separately, in order to know whether the different replicates fit in the logistic
446  model for all the trials conducted. This ANOVA compares two logistic models: a full model
447  including the replicate information and a reduced model without the replicate labels. Thus, the
448  full model associates a different logistic curve to each replicate while the reduced one fits a single
449  logistic curve. To assess the degree of the variability of replicates, the residual variabilities have
450  also been calculated considering these two models. Table 3 shows the different p-values for each
451  microorganism upon treatment by EO with DSA or BDD anode in both matrices, for cases in
452  which a mathematical solution could be found, alongside the calculated residues (i.e., residual
453  variances) accompanied by their percent differences (inc values) between the two models, which
454  informs about the degree of variability. Values close to zero suggest a low variability between
455  replicates, whereas values close to 100 are typical of highly different replicates.
456  Table 3. Summary of residual variances of the inactivation models calculated for each
457  microorganism. v_Seg, residual variance for the logistic model with replicate and time terms;
458  v_noSeg, residual variance for the logistic model with no replicate term; inc, percentual difference
459  between v_Seg and v_noSeg; (-) indicate that the model can not be solved with the data obtained,;
460  NT: non-tested.
DSA BDD
rep v Seg v noSeg inc pval rep v Seg v noSeg inc pval
Wetland
Bacteria E. coli 3 0029 0.618 953 0.000 2 0.022 0331 932 0.000
C. jejuni 3 0235 1.121 79.0 0.010 3 0.066 1.488 95.6 0.000
L. preumophila 3 0.015  0.062  76.2 0.000 3 0235 0.062 88.5 0.000
Spores C.perfringens 2 - - - - 2 0.055 0.113  50.8 0.060
P B. cereus 3 - - - - 3 0.052  0.059 11.7 0.580
Amoeba A. castellanii 2 0.027  0.030 9.4 0.253 1 - 0.026 . -
MS2 2 - - - - 1 - 0.005 - -
CVB5 3 0.012 0.012 3.5 0978 3 - - - -
Viruses and TuV NT 1 - 0.068 - -
phages Synthetic water (7 mM NaCl)
MS2 3 - - - - 3 0.019 0718 97.4 0.000
PhiX174 NT 2 0.107 0.308 65.2 0.000
461
462  The matrix heterogeneity, combined with the presence of oxidizing species with different
463  reactivity and concentration and the fact that the microorganisms can form aggregates or be
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adsorbed onto organic matter, resulted in a lack of consistency in some of the inactivation kinetics.
Those microorganisms that presented a larger resistance, such as CVBS5, spores and amoebas,
especially in EO treatment with DSA, showed the greatest consistency, supported by p-values >
0.050 and inc values lower than 12%. Conversely, the rest of microorganisms, especially bacteria,
showed high differences between replicates, with inc values higher than 90%, evidencing the

large variability of the disinfection system for these microorganisms.

Modelling the different kinetics allowed predicting T50, T90 and T99 (time required to inactivate
0.5 log, 1 log and 2 logs respectively) reductions (Table 4). In those cases where the model did
not fit, neither model coefficients nor T50, T90 and T99 could be calculated. When the
inactivation rates were too fast, as occurred for MS2 bacteriophage, an exponential model was
applied. When the microorganisms presented high resistance to disinfection treatment, as found
for human viruses, spores or amoebas, a linear model was applied to depict all the data together
in a descriptive way, corresponding to those cases where the logistic model cannot be calculated
(Figure 2 and 3, see description below). Hence, modelling the inactivation kinetics for a wide
spectrum of microorganisms, especially for this type of disinfection system in which the
disinfectants are not present from the beginning, but they are gradually generated during the
electrolysis, is rather complex and far from the simplistic approaches typically reported for
chemical disinfection of common indicators in model solutions. This means that different models

must be considered to predict the inactivation kinetics under realistic conditions with accuracy.
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Regarding the calculated T50, T90 and T99 reductions for a given microorganism (Table 4), the
differences obtained depending on the applied model are worth mentioning. For example, in the
case of the studied bacteria, all of them were correctly fitted to the same logistic model presenting
well-defined sigmoidal shape, thus yielding calculated inactivation times that did not differ
substantially when comparing the EO process with each anode. This suggests similar sensitivities
for both electrochemical systems. On the other hand, depending on the anode used, a linear or a
logistic model had to be applied to calculate the spore reduction times, always showing large
resistance to inactivation, as expected for such protected structures. Amoebas were revealed as
the most resistant microorganisms studied, since in none of the treatments a 1-log reduction could
be achieved. Regarding the viruses, a greater variety of inactivation models and inactivation times
can be observed. Human viruses were more resistant than bacteria, as expected, also confirming
their different susceptibility to disinfectants. However, the bacteriophage MS2 demonstrated to
be highly sensitive to chlorine disinfection, presenting the shortest inactivation times calculated
through an exponential model. Meanwhile for human viruses such as CVBS5, it seems that EO

process with DSA could reduce around one logarithm.
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501
502  Figure 2. Inactivation kinetics for each microorganism upon EO treatment of wetland water using

503  DSA anode at 12 V. Logistic, linear, and exponential models are plotted together.
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504

505  Figure 3. Inactivation kinetics for each microorganism upon EO treatment of wetland water using
506 BDD anode at 12 V. Logistic, linear, and exponential models are plotted together.

507  The inactivation profiles of Figure 2 and 3 (the corresponding raw experimental data obtained for

508 different replicates can be found in Supplementary Material, Fig. SM-1) can be associated to the
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reactive species produced during the electrochemical treatment, which oxidize the molecular
structures of the microorganisms. As a result, some essential functions are disrupted, eventually
leading to microorganism inactivation. Disinfection mechanisms described for bacteria
inactivation are generally explained by two types of damages: (i) disinfectants can react with the
cell surface components (i.e., oxidizing the lipids and proteins), increasing the cell membrane
permeability that changes or causes malfunctioning of the enzymatic transport system; (ii)
genome can be damaged, especially referred to loss of genome integrity that can occur with or
without obvious surface damage (Chen et al., 2021; Huang et al., 2016). In contrast, proposed
viral inactivation mechanisms by disinfectants vary widely and tend to be contradictory
(Wigginton and Kohn, 2012), although they can be summarized as damage in viral proteins or
damage in the genome. For a virus to be infectious, it must have its basic functions intact: binding
to its host cell, genome injection into the host cell, replication, and translation. If one of these
functions are compromised, viral inactivation is promoted. Nevertheless, due to the different
composition and three-dimensional structure of proteins and nucleic acids, the virucidal
mechanism of disinfectants is usually dissimilar for different types of viruses (Ge et al., 2021).
Moreover, the disinfectant efficacy varies largely depending on the type and strain of viruses and
their physical condition (Meister et al., 2018). Thus, it has been reported that closely related
viruses can exhibit different disinfection kinetics when treated with the same biocide (Battigelli

etal., 1991; Ge et al., 2021; Gerba et al., 2018).

Spores have large resistance to disinfection treatments, as corroborated in the present study, due
to their structure composed by several layers, especially a hydrophobic protein coating and a
cortex made of a thick peptidoglycan, which protect the cell membrane and the DNA genome.
Moreover, DNA and ribosomes are in a dehydrated protoplast protected with small acid soluble
proteins, dipicolinic acid and calcium. Other studies have shown large resistance to the oxidizing

agents generated by the types of electrodes investigated here (Silvia et al., 2013).

Acanthamoeba has two life cycle stages: trophozoite and cyst. In this work, trophozoites have

been analysed, since these are the active forms. The results, confirmed by MPN, have shown that
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the Acanthamoeba is more resistant than the rest of the microorganisms tested by EO. Previous
disinfection studies (Cervero-Arago et al., 2015; Canals et al., 2015) showed that this protozoan
is more resistant to the oxidation by chlorine than bacteria. However, the application of other
electrochemical methods, such as electrocoagulation or Fenton-based EAOPs like electro-Fenton,
to raw sewage showed that the amoeba can be eliminated more quickly than Clostridium spores

(Anfruns-Estrada et al., 2017).

When comparing anode materials, DSA seems to present a greater disinfection efficiency,
achieving higher log reductions, although the variability of kinetic curves was also more
pronounced as compared of those obtained using BDD anode. In EO with BDD, three distinct
inactivation profiles can be clearly evidenced: one for MS2, another for bacteria, and last one that
is valid for human viruses, spores, and amoebas (Figure 2 and 3). As described above, active, and
non-active anode materials produce different oxidizing species, all of them usually acting in a

nonselective manner.

Regarding bacteria inactivation, E. coli has been chosen as indicator of human faecal
contamination, whereas C. jejuni and L. pneumophila have been chosen by their pathogenicity.
Despite presenting similar structures (i.e., Gram-negative), their inactivation rates were quite
different, with L. preumophila presenting greater resistance. Dependence with the anode material
is evidenced by the higher resistance of E. coli when it was treated by EO with BDD anodes
instead of DSA. These results are consistent with those presented by Cossali (2017), which
showed that although E. coli and Legionella could be inactivated by electrochemical disinfection
using a Pt anode (similar to DSA in terms of activity), Legionella was more resistant to
disinfection. Concerning those microorganisms that typically present higher resistance, like
spores or amoebas, Figures 2 and 3 show a similar kinetics regardless of the anode, always with
limited inactivation. C. perfiingens, proposed as an indicator of water pollution and a model of
protozoa cyst, presents major susceptibility to inactivation than spores of B. cereus, characterized
by being an etiologic agent of food disease, and A. castellanii. Finally, regarding viral inactivation

and its proposed indicators, our data reveal large differences between bacteriophages and viruses.
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Human viruses (CVBS5) and surrogates (TuV) presented high resistance, whereas MS2 as a
proposed indicator showed the greatest susceptibility to the electrochemical disinfection
treatment. These findings suggest that viral indicators should be revised, since current disinfection
treatments could be overestimating their viral inactivation efficiencies, as they are restricted to

some indicator organisms, thus posing a risk to human health.

The use of effluents of wetlands as a source of irrigation has shown limitations. Even though
constructed wetlands as a tertiary treatment of WWTP have demonstrated higher viral reductions
than those yielded by conventional treatments, recent studies in microbial risk assessment
recommend additional reductions to achieve the WHO Guidelines of 10° Disability Adjusted Life
Years per patient per year (DALY's pppy) to assume an acceptable risk level at least for irrigation
proposes (Gonzales-Gustavson et al., 2019; WHO, 2006).Therefore, sustainable nature-based
water treatment processes could be complemented by additional disinfection treatments in the

field, such as an EO treatment powered by renewable energy.

3.3 Energy consumption

In order to discern whether the implementation of the selected electrochemical technology for
water disinfection is potentially viable or not, the energy consumption (EC) of each system for
the treatment of each microorganism has been calculated. The energy requirements considering
the electricity consumed by the power supply can be calculated from the applied cell voltage, the
output current, the disinfection time and the treated volume (Murrieta et al., 2020, Thiam et al.,
2015). The resulting value may be highly dependent on the anode nature, since large oxygen
overpotential anodes like BDD give rise to greater cell voltages, usually ending in more costly

systems. However, this general trend may differ depending on the specific inactivation kinetics.

For the disinfection trials performed in this study, the estimated EC after 30 min of electrolysis
was 0.48 Wh/L in the treatments with BDD (i.e., current output of 20 mA in both synthetic water
and wetland water) and about 1.0 Wh/L when using DSA (i.e., 45 mA), thus accounting for an

average electrical consumption of 0.5-1.0 kWh/m? to attain different inactivation percentages.
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Nevertheless, taking into account the significantly different resistance shown by each
microorganism under study, it can be concluded that the energy requirements will vary
considerably to achieve removal efficiencies sufficiently high to ensure the production of safe
water. Table 4 summarizes the energy consumption values needed to inactivate 50% (ECrso), 90%
(EC190) and 99% (ECrs9) of each microorganism. The low energy requirements of both systems
to inactivate up to 99% of bacteriophages and bacteria are evidenced, ranging from 0.06 kWh/m?
to inactivate the 99% of MS2 to 1.29 kWh/m? to inactivate L. pneumophila as the most resistant
bacteria. This is in good agreement with the results obtained by Mosquera-Romero et al., 2022,
when treating wetland water, achieving 5 log reduction of bacterial indicators with less than 0.1
kWh/m?. Regarding the most resistant microorganisms, bacteria spores can be inactivated up to
99% using DSA anode with an ECro9 between 3.31 and 12.45 kWh/m®, whereas to inactivate 2
log of amoebas or viruses the ECroo increased to more than 12 kWh/m? using DSA and more than

4.8 kWh/m> using BDD.

This are quite positive results, since despite the small volume treated in a non-optimized
electrochemical cell (more inefficient than optimized flow reactors operated in recirculation or
continuous mode) and the low conductivity of the matrices, the EC values are of the same order
of magnitude of those determined for degradation of organic pollutants by EAOPs. For example,
an organic dye in highly conducting electrolyte (i.e., 100 mM Na,SO,) was treated by a Fenton-
based EAOPs in a 2.5-L pre-pilot plant equipped with a filter-press reactor, requiring 6-7 kWh/m?.
In another study dealing with the EO treatment of a 3 L solution of 80 mM Na,SO; using a DSA
plate of 40 cm?, T50 of 60 min was needed for inactivating E. coli at 25 mA/cm?, with an ECrso
of 1.27 kWh/m?® (Gusmao et al., 2010). In our current study, the ECrs for E. coli was as low as

0.17 and 0.13 kWh/m® using DSA and BDD anode, respectively.

The obtained results suggest that the energy requirements for this type of electrolytic cell can be
fulfilled by powering with photovoltaic panels in series or parallel (Ganiyu et al., 2020),

considering that panels of 300 W can produce 1.5 kWh per day (NREL's, 2018). This approach
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would allow developing a decentralized water disinfection based on EO process (Norra et al.,

2022, Huang et al., 2016).

4. Conclusions

e EO treatments based on DSA and BDD anodes are efficient for wetland water
disinfection, achieving more than 6 log removal for all bacteria and bacteriophages
studied; conversely, they seem much less effective against viruses and spores, achieving
1 log reduction, and are ineffective for amoebas. Therefore, adding an optimized EO
treatment to treat wetland effluents may facilitate water reuse for irrigation.

¢ Evaluating viral inactivation based on results determined from bacteria or model viruses
such as MS2 is not appropriate. Therefore, neither bacteria nor bacteriophages can be
established as a suitable model for the disinfection of enteric viruses.

e The investigated EO process should be optimized and combined with a pre- or post-
treatment for better control of DBP accumulation when treating natural water.

o The energy consumption of EO treatments varies depending on target microorganisms to
inactivate, ranging from 0.5 to 1.0 KkWh/m? to achieve complete inactivation of bacteria
and bacteriophages, and ranging from 4.8 to more than 12 kWh/m? to achieve 2 log of
reduction for spores, amoebas or viruses.

o Considering the preliminary calculations of energy requirements, the electrolytic cell for
EO treatment could be powered by solar panels, thus opening the door to devising

decentralized water disinfection systems.
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Discussio

5. DISCUSSIO

La contaminacid fecal de les masses d’aigua és un problema que incideix
directament en la salut humana atesa la transmissié de microorganismes
patogens com virus, bacteris, protozous i altres parasits. Per la qual cosa,
I’estudi de la contaminacié microbiana de I'aigua i el seu control és un tema
fonamental de salut publica, inclos en els objectius de desenvolupament
sostenible per a l'any 2030 de les Nacions Unides (United Nations
Development Group, 2017).

Aixi doncs, el desenvolupament i millora continua de técniques per a la
deteccid de virus en aiglies, esdevé clau per coneixer I'estat microbiologic de
les masses d’aigua, aixi com per a fer una deteccié primerenca de possibles
brots virics. Concretament, donada I’heterogeneitat de les diverses matrius
d’aiguai dels diferents tipus estructurals de virus, els metodes de concentracié
d’aiglies esdevenen un punt critic per a la seva deteccid.

D’altra banda, els virus sdn microorganismes dificils d’eliminar en els
tractaments d’aigua comunament utilitzats, per la qual cosa, noves
tecnologies com els processos electroquimics avangats (EOAP) estan sorgint
com a alternativa sostenible per complementar tractaments de depuracié
d’aiglies. Tot i que aquests sistemes s’utilitzen per la desinfeccié d’aiglies de
piscina i spas, i s’"han proposat com a métodes de desinfeccié d’efluents de
plantes de tractament d’aiglies urbanes com potables, manquen estudis més
complets sobre la seva eficiéncia d’inactivacié per tractar aiglies naturals.

Emmarcat dintre d’aquest context, I'objectiu de la tesi va ser el d’avancar en
el control de la contaminacio viral a I'aigua, optimitzant, desenvolupant i
caracteritzant, per una banda, diferents métodes per a la concentracid de
virus presents en diferents tipus d’aigua i, per I'altra, estudiant I'eficieéncia de
desinfeccié de diferents patogens en sistemes electroquimics com a
tecnologia sostenible per a la reutilitzacié d’aigles.

Consideracions al caracteritzar métodes mitjancant virus model

En aplicar qualsevol metode de concentracio, és necessari coneixer |'eficiencia
de recuperacié del metode pel virus diana a detectar, donat que els virus
tenen taxes de recuperacié molt diferents depenent del métode aplicat o del
tipus d’aigua analitzat.
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Sovint no és possible treballar al laboratori amb els virus patogens d’interes.
Consequentment, per a dur a terme l'avaluacié de I'eficiencia de diferents
meétodes de concentracio cal utilitzar virus model o surrogates.

Per tal d’avaluar I'eficiéncia i aplicabilitat del meétode d’ultrafiltracié per a
concentrar grans volums d’aigua, es va estimar la recuperacio de diversos virus
i E. coli com a indicador classic de contaminacié fecal en dues matrius
diferents, aigua de pou i aigua de mar, representatives de matrius de baixa i
alta terbolesa i conductivitat respectivament. Els virus model van ser escollits
segons les seves caracteristiques estructurals, aixi doncs, com a representants
dels virus amb genoma d’ADN es va escollir el bacteriofag ®X174, i el virus
huma HAdV, mentre que per als virus d’ARN es va optar pel bacteriofag MS2 i
el virus huma CVBS.

Per a I'estudi d’avaluacié de dos metodes de concentracid de virus en aigua
residual es van escollir com a virus model el bacteriofag MS2 i el coronavirus
MHV.

Donat que el métode de floculacié amb llet descremada ha sigut ampliament
utilitzat, la recuperacié del métode VirWaTest, incloent concentracié i
extraccié basada en I'Us de particules magnéetiques, només va ser
caracteritzada en aigua subterrania per a MS2, utilitzat com a control de
procés, i per al HAdV com a indicador de contaminacioé fecal humana. On les
percentatges de recuperacid van ser el 3,01% al 18,02% i del 17,52% al 44,22%
respectivament, en concordanca amb estudis previs (Calgua et al., 2013, 2008;
Gonzales-Gustavson et al., 2017).

D’altra banda, per als métodes d’ultrafiltracié, al ser aplicats a diferents
matrius i ser avaluats per diferents microorganismes, els resultats obtinguts
van ser analitzats estadisticament, revelant diferencies significatives entre
aiglies i virus. Es a dir, un mateix virus presentava percentatges de recuperacioé
diferents depenent de la matriu d’aigua analitzada, encara que s’utilitzi el
mateix metode de concentracid. A més, per a una mateixa matriu, els virus
estudiats presentaven percentatges de recuperaciod estadisticament diferents
totiser virus estructuralment semblants. Aquest fet, observat tant en I'estudi
del métode de concentracié per grans volums d’aigua com en I'avaluacié de
dos metodes de concentracié d’aigua residual, és ampliament descrit en la
bibliografia, on degut a les diferencies estructurals dels virus i les diferéncies
fisicoquimiques de les aiglies analitzades que influencien I'adsorcid dels virus
a la mateéria en suspensié de les matrius, fa que els metodes de concentracio
presentin recuperacions molt variables i dependents de la matriu d’estudi
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(Bofill-Mas and Rusifiol, 2020; Gerba and Betancourt, 2017; Haramoto et al.,
2018; Ikner et al., 2012; Michen and Graule, 2010).

En contraposicio a aixo, en l'estudi de dos metodes rapids basats en
ultrafiltracié per a la concentracié de virus a partir d'aiglies residuals, es va
observar que no hi havia diferencies estadisticament significatives entre les
concentracions obtingudes per al SARS-CoV-2 i altres virus naturalment
presents en les mostres, com son els HAdV i els JCPyV utilitzats com a
indicadors de contaminacié fecal humana.

Per aix0, una alternativa seria analitzar els virus que estan presents en aigles
residuals de forma natural a concentracions relativament constants, com son
els HAdV i els JCPyV. Els metodes estudiats van ser caracteritzats per la
deteccié del SARS-CoV-2 en aiglies residuals, perd donat que la concentracié
del SARS-CoV-2 depén dels individus infectats en un moment donat, les
concentracions en aigua residual sén molt variables, des de concentracions
per sota del limit de deteccid (LOD) fins a 10° CG/L (Barrios et al., 2020). Per la
qual cosa, si els virus model utilitzats no sén adequats, per tal de discernir si
una mostra és realment negativa perque el virus no hi és present o és negativa
perque el métode no ha funcionat, quantificar altres virus naturalment
presents en aiglies residuals també poden servir com a indicadors del
funcionament correcte del meétode, tot i que no es podrien utilitzar per
calcular la seva recuperacio (Rusifiol et al., 2021).

El mateix podria considerar-se quan s’avaluen métodes de concentracié de
virus en altres tipus d’aigua i cercar aquell virus amb més probabilitat de ser
presents de forma natural en les mostres avaluades. Podrien servir per aquest
proposit virus persistentment excretats pels humans com els HAdV, o
bacteriofags com Crassphage o inclus virus de plantes com el Pepper Mild
Mottle Virus (PPMV).

D’altra banda, els estudis realitzats posen de manifest la importancia de com
es quantifiquen els estoc virals i com es calculen les recuperacions virals. Per
al metode de concentracié de grans volums d’aigua, tot i que les recuperacions
mitjanes obtingudes per a tots els microorganismes estudiats van ser
superiors al 20%, en alguns casos es van assolir recuperacions majors al 100%.
Aquest fet, descrit en estudis anteriors (Smith and Hill, 2009), és degut a que
la técnica utilitzada per quantificar les taxes de recuperacié, també esbiaixa
els resultats finals. Ja que, si les recuperacions sén calculades mitjancant
técniques d’infectivitat, com és el cas del metode de concentracié de grans
volums, cal tenir present que els virus tendeixen a I'agregacié (Gerba and
Betancourt, 2017), i donat que els eluents utilitzats per recuperar el contingut
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del filtre contenen solucions surfactants que provoquen la desagregacié dels
virus, es poden obtenir quantificacions majors en la mostra que no en |'estoc
inicial, donant recuperacions majors al 100%.

Pel contrari, els resultats derivats de I'estudi d’avaluacié dels dos métodes de
concentracié d’aiglies residuals, revelen que es poden obtenir diferents valors
guan la quantificacié es fa directament a partir dels estocs virals o quan es
quantifiquen després d'afegir-los a la mostra d’aigua a analitzar, ja que existeix
un efecte clar de la matriu sobre les recuperacions (Lambertini et al., 2008).
En aquest estudi per exemple, per tal d’analitzar I'aigua residual mitjangant
processos d’ultrafiltracié, s’ha aplicat un pas previ de centrifugacié de la
mostra per eliminar materia organica. Per tal d’avaluar la carrega viral
retinguda en la fraccid solida descartada, es va analitzar el pellet resultant de
centrifugar les mostres, on es va concloure que el 49% de MS2 i el 23% del
SARS-CoV-2 detectat, quedarien retinguts. Altres estudis en aigua residual,
reporten percentatges de fins al 30% per a MHV i del 6% de MS2 retinguts a la
fraccio solida descartada (Ahmed et al., 2020a; Ye et al., 2016).

Amb tot, donat que no existeixen procediments estandarditzats per a la
caracteritzacié de méetodes, és important tenir en consideracié la matriu, el
virus diana, el virus model utilitzat i en quin moment és quantificat, i la técnica
utilitzada de manera que la caracteritzacié de métodes sigui el més acurada
possible.

Metodes rapids, sensibles i metodologicament senzills

La deteccid i quantificacid de virus contaminants a l'aigua és un procés
complex necessari per identificar brots d’origen hidric, monitoritzar el risc
d’infeccié i protegir la salut de la poblacié. L'elecci6 del metode de
concentracié dependra del tipus d’aigua a analitzar, de la concentracio
esperada del virus diana, dels mitjans dels que es disposi, tant materials com
economics, i de la formacié del personal involucrat. Avaluar la presencia de
virus en mostres d’aigua implica generalment I'aplicacié de meétodes
complexes que requereixen de personal altament qualificat, instal-lacions
especialitzades i temps llargs de processament de les mostres.

En aquesta tesi, es va avaluar un métode de concentracié de grans volums
d’aigua per a la deteccié de virus com a un procediment rapid i sensible. El
meétode, anomenat protocol LVC per les seves sigles en anglés (Large Volume
Concentration kit), esta basat en una ultrafiltracié amb flux de corrent sense
sortida o DEUF (dead-end UF) seguit d’una elucié d’escuma humida (Wet Foam
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Elution™). Els filtres utilitzats sén ultrafiltres de fibres de polisulfona amb una
superficie efectiva de 2,5 m? Inicialment creat per a ultrafiltrar sang en
processos de dialisi, pel que sén capacos de retenir particules de mida més
petita que els virus (Gallardo et al., 2019; Hill et al., 2005).

Tot i ser una metodologia senzilla, basada en passar I'aigua a analitzar a través
del filtre i fer-ne una posterior elucid, el principal inconvenient d’aquests
filtres és el pas final d’elucid, el qual es realitza mitjancant el rentat del filtre
amb solucions surfactants i una posterior recuperacio de I'eluent back-flush,
és a dir recuperar el contingut retingut al filtre fent passar I'eluent en sentit
invers al de filtracié mitjangant una bomba peristaltica, obtenint volums finals
de concentrat d’aproximadament 500 mL (Hill et al., 2005; Ikner et al., 2012).

En aquesta tesi, s’ha avaluat la nova tecnologia d’escuma humida (Wet Foam
Elution™) per eluir els ultrafiltres en segons i en un volum reduit d’entre 20 i
75 mL depenent de la terbolesa de la mostra, sense necessitat de realitzar un
segon pas de concentracio si no es precisa major sensibilitat. Concentrant 10
L d’aigua s’assoleix un factor de concentracié de la mateixa de fins a 500x
ordres de magnitud, analitzant un volum de mostra inicial a la qPCR d’entre
1,17 mL fins a 8,75 mL. Tanmateix, si es realitza un segon pas de concentracio,
en aquest cas mitjangant dispositius Centricon® (CeUF), el factor de
concentracio de la mostra incrementa fins a 20.000x, analitzant fins a 175 mL
de mostra inicial per reaccié de gPCR. D’altra banda, si s’analitzen mostres de
gran volum, amb aquesta metodologia, el factor de concentracié augmenta
250.000x vegades, sent capacos d’analitzar fins a 4,37 L de mostra inicial de
100 L per reaccié de gPCR.

A efectes practics, aquests valors es tradueixen en que el métode mostra una
gran sensibilitat per detectar virus en aiglies tot i que s’hi trobin a baixes
concentracions. Aixi doncs, a banda de detectar diferents virus patdgens en
diferents matrius d’aigua, a les concentracions esperables segons la
bibliografia existent (Haramoto et al., 2018), s’han aconseguit detectar HAdV
en mostres d’aigua subterrania de Barcelona a concentracions de 1,1 CG/100
L. Aquest fet que posa de manifest la necessitat d’analitzar grans volums
d’aigua per tal de detectar concentracions baixes de virus.

Tanmateix, quan s’incrementa el factor de concentracié també s’incrementa
la preséncia d’inhibidors a la qPCR, mostrant correlacions negatives de -0.66
per al coeficient de correlacié de Pearson en la recuperacié de MS2 amb la
preséncia d’inhibidors. La preséncia d'inhibidors (és a dir, acids humics, restes
bacterianes, polisacarids complexos i ions metal-lics) en assajos de gPCR
augmenta la dificultat d'amplificar els acids nucleics diana i potencialment
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condueix a falsos negatius (Gibson and Schwab, 2011). Aixi docs, per evitar
I’efecte dels inhibidors a la qPCR es poden utilitzar métodes d’extraccié d’acids
nucleics especialment dissenyats per mostres amb alt contingut d’inhibidors,
realitzar dilucions seriades d’'un o dos ordres de magnitud per diluir la
preséncia d’inhibidor a I'extraccié d’acids nucleics i/o afegir albumina de
seérum bovi capag¢ d’eliminar les substancies inhibidores a la barreja de PCR
(Plante et al., 2011; Scipioni et al., 2008).

La técnica de I'elucié amb escuma humida s’ha aplicat també a I'elucié de virus
dels ultrafiltres utilitzats en la filtracié de volums més petits mitjancant la
pipeta automatica CP-Select. Tot i que en aquesta tesi aquest metode ha estat
aplicat a I'analisi d’aigua residual, pot ser aplicat a altres tipus de matrius més
netes i també a la concentracid d’estocs virals a partir de cultius cel-lulars. A
banda de la senzillesa metodologica, que redueix el protocol a prémer un
botod, la pipeta automatitzada CP-Select™ pot ser instal-lada a qualsevol lloc
amb un endoll disponible incloent I'interior d’'una cabina de bioseguretat
permetent aixi el treball amb mostres que aixi ho requereixin.

En la Taula 7 es mostra una comparativa de les principals caracteristiques
dels metodes desenvolupats per la deteccid de virus en mostres d’aigua.

Meétodes adaptables al terreny

Finalment, un dels majors reptes en metodes per a |'analisi de virus en aigua,
és la seva adaptabilitat al terreny o que siguin realitzables in situ, és a dir, en
el mateix punt de presa de la mostra. De vegades el gran volum que ha de ser
analitzat i depenent de la localitzacio del punt del mostreig, impossibilita el
transport de la mateixa. Altres vegades no hi ha un laboratori proper on
traslladar I'aigua per a ser concentrada. El desenvolupament de métodes in
situ suposa doncs un gran aveng amb multiples possibilitats d’aplicacid.

Tan el métode de concentracio VirWaTest basat en I'Us de llet descremada
com el métode LVC kit han estat adaptats per a la seva aplicacié in situ.

El metode VirWaTest, va ser adaptat arrel de la necessitat de desenvolupar un
metode senzill i econdmic per a la seva aplicacid en un context d’escassetat
de recursos o paisos de baixa renda. El métode complert, concentracié,
extraccié i deteccid, va ser adaptat per a que fos realitzable sense necessitat
de disposar d’un laboratori equipat i, si la situacid ho requereix, ser dut a
terme sense necessitat de cap font eléctrica, ja que tot I'equipament no té
grans requeriments energétics pel que pot alimentar-se a base de bateries.

162



Discussio

Tanmateix, és un meétode facil per personal no especialitzat. La concentracio
de virus VirWaTest es basa en I'Gs de llet descremada com a floculant,
requerint un ajust del pH de la mostra i addicié de la llet on els virus seran
adsorbits. Per poder adaptar aquest métode com a un metode portatil, els
reactius es presenten empaquetats perque siguin d’un sol Us i en les quantitats
necessaries sense haver de pesar-los ni mesurar-los.

De forma resumida, el protocol de concentracié es basa en ajustar el pH de
mostres de 10 L d’aigua, confirmar la baixada de pH mitjancant tires de pH,
afegir la llet descremada en pols com a floculant i deixar en agitacié durant
unes hores mitjangant I'Us de bateries portatils. Un cop aturada I'agitacié i
deixar sedimentar els floculs, es pot retirar el volum sobrant mitjancant una
pipeta serologica i recollir una part del flocul resultant. Finalment, al
concentrat final se li afegeix una solucioé que lisa les particules virals i un reactiu
conservant del material genétic (DNA/RNA Shield) per poder enviar el
concentrat a un laboratori de referéncia. A banda, el kit inclou un estoc de
MS2 liofilitzat que s’utilitza com a control de procés.

Aguesta metodologia ha estat testada per personal no cientific en dos
contextos diferents, un campament de refugiats situat a Banghi (RCA), i I'altre
a una zona afectada per un terratrémol a Pedernales (Equador). Els
concentrats van ser enviats i analitzats al laboratori mitjancant I'extraccié
d’acids nucleics VirWaTest, detectant MS2 en totes les mostres analitzades.
Finalment, I'HAdV utilitzat com a indicador fecal de contaminacié humana, va
ser detectat en una de les cinc mostres de Banghi, i en la totalitat de les
mostres concentrades a 'Equador. Demostrant aixi, la viabilitat del métode
per detectar la preséncia de contaminacié viral en situacions d’emergencia
humanitaria o escassetat de recursos.

Tot i que el metode d’extraccid i deteccidé VirWaTest no va poder ser validat in
situ per personal no expert durant el transcurs del projecte, si que es va dur a
terme en un context on no es disposava d’un laboratori equipat. Durant
I'estada realitzada per la doctoranda a Chillan (Xile), es van realitzar
concentracions de 100 L d’aigua corresponents a aigua de rentat de fruita
mitjangant el metode de concentracié de grans volums LVC kit seguit de
I’extraccié d’acids nucleics VirWaTest amb la posterior deteccié mitjangcant un
termociclador portatil, detectant en totes les mostres analitzades ®X174
utilitzat com a control de procés. Aquesta experiéncia, tot i no formar part
dels articles publicats en aquesta tesi, reforga I'eficiencia i versatilitat dels
metodes desenvolupats. Obrint la porta a la deteccié de virus en una gran
diversitat de contextos, posant a disposicié metodes senzills, sensibles, rapids
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i economics perqué la deteccié de virus no quedi relegada a ambits cientifics
donada la importancia que tenen les malalties de transmissio hidrica.

La concentracid VirWaTest podria ser també substituida si els recursos ho
permeten per la concentracid LVC. Donada la senzillesa dels metodes de
filtracid, per tal de concentrar una mostra de gran volum en el mateix punt
d’Us només es requereix una bomba peristaltica i un generador de corrent
suficientment potent per a dur a terme una ultrafiltracid. Aixi doncs, per tal de
comprovar la viabilitat de la concentracid in situ de mostres de gran volum, es
van realitzar assajos de concentracid de virus utilitzant I'equip descrit,
aconseguint concentrar i eluir mostres de 50 L en la mateixa llera del riu,
detectant concentracions de NoV-Gll de 1.34 x 101 CG/L. A més, els eluits van
ser analitzats mitjangat técniques de seqilienciacid de nova demostrant aixi
que el metode LVC kit permet analitzar una mateixa mostra mitjancant
diferents tecniques moleculars.

Tot i aix0, si el volum filtrat no és excessivament gran, existeix la possibilitat
de realitzar la ultrafiltracié amb una bomba manual. Tal com es va dur a terme
en el camp de refugiats de Guara Guara localitzat a Mogambic on personal no
cientific va concentrar aigua de pou amb el LVC kit mitjangant una bomba
manual i després va enviar l'ultrafiltre al laboratori on es van detectar
concentracions d’HAdV de 3,01x103 CG/L, demostrant aixi la senzillesa
metodologica i adaptabilitat del metode..
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Tecniques sostenibles de desinfeccié per oxidacio electroquimica avangada

La creixent pressid sobre el subministrament global d’aigua requereix del
desenvolupament de solucions eficients i sostenibles capaces de produir aigua
regenerada de forma rapida i segura. A més, s’han d’incloure estrategies
d’avaluacio i gestié de riscos, on la seguretat microbiana juga un paper
fonamental en el benestar de la salut publica, ja que els patogens poden
romandre en |'aigua tractada si aquesta no és depurada adequadament. Per
la qual cosa, quan s’implanten sistemes de depuracid i desinfeccid d’aiglies és
important coneixer [|'eficiencia de cadascun dels passos implantats
(Gunnarsdottir et al., 2020; Soller et al., 2018).

Els processos electroquimics avangats (EOAP), sorgits com a alternativa
sostenible per a la depuracié i reutilitzacié de I'aigua, han demostrat ser
eficients per degradar compostos organics persistents i alguns patogens en
diferents matrius d’aigua (Sirés et al., 2014). Tanmateix, donada la
multiplicitat de configuracions disponibles i de la diversitat de processos
electroquimics, fa dificil coneixer I'eficiencia real de desinfeccié quan es
tracten aiglies naturals.

En aquest estudi, s’"han avaluat dos tipus de materials utilitzats ampliament en
sistemes electroquimics per la seva eficiéncia en la produccié de radicals
hidroxil, com sén els anodes de DSA i BDD, aplicats a una configuracié el més
senzilla possible, la qual es tracta d’electro-oxidar I'aigua directament sense
cap pas previ de pre-tractament de la mateixa. Els assajos s’han realitzat a
densitats de corrent baixes per tal de produir el minim impacte en el medi
ambient i explorar la possibilitat de que siguin sistemes alimentats per
energies renovables.

Primerament, s’ha avaluat la capacitat de cadascun dels anodes per produir
especies oxidants, i donat que I'objectiu principal ha sigut avaluar I'eficiencia
de desinfeccid de sistemes electroquimics en aiglies naturals, les quals estan
caracteritzades per la preséncia de clorurs, s’ha utilitzat com a aigua model
una solucié sintetica composada per NaCl 7mM, comparada amb matrius
d’aigua provinents d’un efluent d’EDAR tractada mitjancant un sistema de
llacunatge com a tractament terciari i mostres d’aigua de riu i agua mineral.

En tots els tipus d’aigua testats, s’ha aconseguit produir clor lliure tot i
treballar a potencials baixos (12V). Confirmant la major produccié en aigua
sintética amb l'anode de DSA tal com s’esperava degut a les propietats
intrinseques de I'anode. Pel que fa als assajos amb aigua d’aiguamoll duts a
terme amb MS2 com a indicador, 'eficiencia de desinfeccié va ser menor amb
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I'anode de DSA degut a I'elevada preséncia de materia organica, ja que les
especies de clor produides es combinen amb la mateéria organica, produint
oxidants més febles. Pel contrari, amb I’'anode de BDD es va obtenir una major
inactivacié de MS2 en I'aigua d’aiguamoll, fet que es pot explicar per I'accio
dels ¢OH tant sobre la mateéria organica com sobre el clor actiu per generar
radicals organics i de clor altament reactius (per exemple, CI, Cl,) (Bruguera-
Casamada et al., 2016; Luna-Trujillo et al., 2020; Sirés et al.,, 2014). En
referéncia als estudis preliminars amb altres matrius, I’aigua de riu va mostrar
una elevada eficiencia en la produccié de clor, assolint una inactivacio total de
MS2 als 10 minuts. Mentre que l'aigua mineral, va mostrar una baixa
produccié de clor donada la seva baixa conductivitat i conseqiientment una
reduida inactivacio de MS2. Tot i aix0, el sistema electroquimic aplicat mostra
potencial per ser aplicat en matrius netes tal com s’ha proposat per tractar
aiglies potables o per prevenir la proliferacido de Legionella en torres de
refrigeracid i circuits d’aigua calenta sanitaria (De Battisti et al., 2018; de Sousa
Filho et al.,, 2022). Aixi doncs, aquests resultats confirmen, la diferent
eficiéncia de desinfeccié de I'EO en funcid de la matriu a tractar i de I'anode
emprat (Llanos et al., 2017).

Un altre dels objectius proposats, va ser la determinacié de les cinetiques
d’inactivaci6 de diversos microorganismes front a la desinfeccié
electroquimica d’aiglies naturals i avaluar la idoneitat dels indicadors
microbians actuals. Per la qual cosa, es va avaluar I'eficiencia de desinfeccio
sobre els principals grups etiologics responsables de malalties de transmissio
hidrica: bacteris, (E. coli, C. jejuni, L. pneumophila), espores de bacteris (C.
perfringens i B. cereus), bacteriofags, (MS2 i ®X174), altres virus (CVB5 i TuV),
i protozous (A. castellanii).

L'aplicacié d’'un model logistic modificat d’altres estudis (Bruguera-Casamada
et al.,, 2016) a partir de les dades logaritmiques obtingudes de cada
microorganisme, va permetre conéixer els valors de T90 i T99. Seguit de
I’analisi estadistic de les dades, va revelar que donada la heterogeneitat de la
matriu d’estudi com és l'aigua d’aiguamoll, les especies oxidants generades
son diverses i a diferents concentracions, mostrant eficacies de desinfeccio
diferents entre répliques. A més, sumat al fet que els microorganismes puguin
formar agregats o adsorbir-se sobre matéria organica, provoca una falta de
consistencia en algunes de les cinétiques obtingudes. Aquests resultats es
troben en concordanga amb els estudi de Llanos (2017), on concloia que
I'eficiencia dels tractaments electroquimics per desinfectar aiglies naturals
presentaven diferents eficacies depenent de la naturalesa de les matéries
organiques naturalment presents a les mostres.

167



Discussio

Pel que fa a la inactivacié de bacteris, tot i presentar estructures similars
(gramnegatives), les seves taxes d'inactivacié van resultar diferents,
presentant una major resisténcia L. pneumophila en ambdés anodes estudiats.
Pel que fa a la inactivacio de E. coli, va presentar major resisténcia quan va ser
tractada amb l'anode de BDD, evidenciant les diferents eficiéncies dels
diferents materials testats. Aquests resultats sén coherents amb els
presentats per Cossali (2017), que va demostrar que, tot i que E. coli i
Legionel-la es podien inactivar mitjancant una desinfeccid electroquimica
mitjancant un anode de Pt (similar al DSA pel que fa a I'activitat), la Legionel-la
era més resistent a la desinfeccid, indicant que E. coli no seria un bon indicador
de procés apropiat pels processos d’electro-oxidacié, a I'igual que proposen
altres estudis tot i realitzar-se en altres condicions (Bruguera-Casamada et al.,
2016). Pel que fa als microorganismes que solen presentar una resisténcia més
elevada deguda a la seva estructura formada per diverses capes, com les
espores o les amebes, mostren una cinetica similar independentment de
I'anode, sempre amb una inactivacid limitada. Existeixen estudis que
descriuen eliminacions eficients d’espores utilitzant sistemes electroquimics
per tractar aiglies potables, encara que a concentracions molt elevades de
ions clorur, de fins a 35 mg/L (Giovannozzi et al., 2011) o per a la desinfecci
d’aiglies residuals, mitjangant I'aplicacié seqlencial d’electrocoagulacio seguit
d’electro-Fenton (Anfruns-Estrada et al., 2017), encara que en aquest Ultim
cas, I'eliminacié és atribuida al fet de quée els microorganismes quedarien
retinguts en els floculs generats (Ghernaout et al., 2019).

Finalment, pel que fa a la inactivacid viral i els seus indicadors proposats, les
dades obtingudes revelen grans diferencies entre bacteridofags i virus. Mentre
gue MS2 ampliament utilitzat com a microorganisme index en processos de
desinfeccié (Kokkinos et al., 2021b) va mostrar la major susceptibilitat al
tractament de desinfeccid electroquimica, inclis major que els bacteris, fet
anteriorment descrit en la bibliografia (Vecitis et al., 2011), el virus huma
(CVB5) i el TuV utilitzat com a virus model de NoV, van presentar una elevada
resistéencia. Només amb I'anode de DSA es va assolir un logaritme de reduccio
per a CVB5, en un temps assumible (T90 7.8), inclis més rapid que els bacteris
estudiats, fet explicat per la menor concentracid de microorganismes
tractada.

Aixi doncs, aquest estudi a banda de descriure les eficiencies d’inactivacio
d’aquest tipus de sistemes per tractar aigua real amb proposits de reutilitzacid
front a diversos microorganismes estructuralment diferents, revelant diferent
susceptibilitats, posa de manifest la necessitat de revisar els microorganismes
indicadors de processos de desinfeccié, com indicadors bacterians o
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bacteriofags, ja que segons les dades obtingudes no serien bon
microorganismes models dels virus, com si ho seria el TuV, mostrant una
elevada resisténcia als processos de desinfeccié. Aixi doncs, els tractaments
de desinfeccié actuals podrien estar sobreestimant les seves eficiéncies
d'inactivacid viral, ja que estan restringits a alguns organismes indicadors, la
qual cosa suposa un risc per a la salut humana.

D’alta banda, a I'involucrar espécies clorades i la preséncia de precursors
organics, s’ha avaluat la produccié de subproductes toxics de desinfeccié com
son els trihalometans (THM). Malgrat que les densitats de corrent aplicades
no eren prou elevades per modificar les propietats fisicoquimiques de les
matrius en estudi, les concentracions de subproductes toxics en ambdds
anodes estaven per sobre de les directrius d'aigua potable de I'OMS, establerts
en 100 ppb (pg/L) com a maxim (WHO, 1997). Fet que posa de palés la
necessitat d’adaptar aquest tipus de sistemes quan es tracten aiglies naturals,
bé mitjangant I'optimitzacié de la composicié de I'anode, la configuracié del
sistema, realitzar un pretractament de la mostra amb carbé activat per tal de
reduir la preséncia de precursors organics o en el pitjor dels casos, assegurar-
se de que I'aigua tractada quan sigui abocada es dilueixi suficient (més de 1000
vegades) (Huang et al., 2021, 2016a; Jasper et al., 2017).

Finalment, per tal de discernir si la implementacié de la tecnologia
electroquimica seleccionada per a la desinfeccié de l'aigua és potencialment
viable o no, es va calcular el consum d'energia (CE) de cada sistema. El consum
energétic depén molt de la naturalesa de I'anode, ja que els grans anodes amb
sobrepotencial d'oxigen com el BDD donen lloc a majors voltatges, que
normalment acaben en sistemes més costosos. Tanmateix, aquesta tendéncia
general pot diferir segons la cinetica d'inactivacié especifica de cada
microorganisme. El CE estimat després de 30 min d'electrolisi va ser de 0,48
Wh/L en els tractaments amb BDD i aproximadament 1,0 Wh/L amb els de
DSA, suposant aixi un consum eléctric mitja de 0,5-1,0 kWh/m3. No obstant
aixo, tenint en compte les resisténcies significativament diferents de cada
microorganisme en estudi, els requeriments energetics variaran
considerablement per aconseguir eficiencies d'eliminacié prou elevades per
garantir la produccio d'aigua segura.

A partir dels valors de T50, T90 i T99 derivats de I'aplicacié del model logistic,
s’han calculat els consums energétics necessaris per assolir aquestes
inactivacions. Evidenciant aixi, els baixos requeriments energetics d'ambdods
sistemes per inactivar fins al 99% de bacteriofags i bacteris, que van des de
0,06 kWh/m? per inactivar el 99% de MS2 fins a 1,29 kWh/m? per inactivar L.
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pneumophila com a bacteri més resistent. Estant en concordanga amb els
resultats obtinguts per Mosquera-Romero et al., 2022, en tractar l'aigua dels
aiguamolls, aconseguint una reduccio de 5 logaritmes d'indicadors bacterians
amb menys de 0,1 kWh/m?3. Pel que fa als microorganismes més resistents, les
espores de bacteris es poden inactivar fins a un 99% mitjancant I'anode DSA
amb un CE d’entre 3,311 12,45 kWh/m?3, mentre que per inactivar 2 logaritmes
d'amebes o virus augmenta a més de 12 kWh/m?3 mitjancant DSA i més de 4,8
kWh/m3 amb BDD.

Malgrat el petit volum tractat de la cél-lula electroquimica no optimitzada,
més ineficient que els reactors de flux optimitzat que funcionen en recirculacié
o en mode continu, i la baixa conductivitat de les matrius, el consum energetic
és semblant als descrits en estudis previs (Gusmao et al., 2010). Encara que
s’ha de tenir en compte que depenent del tipus d’aigua, el tipus d’anode
utilitzat i depenent de I'agent etiologic a inactivar, els requeriments energetics
variaran considerablement.

Tot i aix0, els resultats obtinguts suggereixen que els requeriments energetics
d'aquest tipus de cel-lules electrolitiques poden ser alimentades amb plaques
fotovoltaiques en série o en paral-lel (Ganiyu et al., 2020), tenint en compte
que els panells de 300 W poden produir 1,5 kWh al dia (NREL's, 2018), fent
qgue es puguin implementar com a sistemes descentralitzats de desinfeccid
d'aigua (Norra et al., 2022, Huang et al., 2016a).

Amb tot, I'addicié d'un tractament electroquimic optimitzat per tractar els
efluents dels aiguamolls pot contribuir a la reduccié significativa dels patogens
bacterians i una reduccié aproximadament d'un logaritme dels patogens
virals, facilitant aixi la reutilitzacié de |'aigua per al reg.
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Conclusions

. CONCLUSIONS

VirWaTest és un equipament i un protocol de deteccié i quantificacié de
virus basat en la floculacié organica i extraccié magneética de genomes
virals de baix cost economic, aplicable a estudis al terreny i a arees de
baixa renda.

VirWaTest ha demostrat ser una eina sensible per la quantificacié de virus
obtenint 14,23 i 18,90 % de recuperacid viral per MS2 i Adenovirus
humans (HAdV), respectivament.

S’ha validat el métode de concentracié VirWatest en dos contextos de crisi
humanitaria, Equador i RCA, amb personal no cientific. En tots els casos el
control de procés, MS2, s’ha detectat juntament amb HAdV en un gran
numero de mostres.

El métode d’ultrafiltracié per a mostres de gran volum d’aigua, LVC kit,
utilitzant I'elucié amb escuma humida Innovaprep®, ha demostrat ser
eficient com a metode de concentracié d’un sol pas per a totes les matrius
d'aigua i virus estudiats, sent un assaig rapid i permetent analitzar un
elevat nimero de mostres simultaniament.

El volum que el metode LVC kit pot processar depén de la naturalesa de la
mostra, podent filtrar facilment fins a 100L d’aigua subterrania, assolint
un factor de concentracié de 500x que, quan s’aplica un segon pas de
concentracio, pot assolir 250.000x.

S’ha adaptat i validat el metode LVC kit per a la seva aplicacid in situ,
realitzant concentracions al terreny en diferents contextos. El métode ha
permes detectar virus en aigua de riu mitjangant q(RT)PCR, aixi com per
tecniques de seqiienciacié massiva de nova generacio.

S’han avaluat métodes rapids d’ultrafiltracié per a la deteccié de virus
embolcallats en aiglies residuals, amb el focus en la deteccié rapida de
SARS-CoV-2. S’ha caracteritzat la seva recuperacid emprant dos virus
model: MS2 i MHV, sent de 27,72i7,51% per al métode CP-Select™ i 26,43
i 24,07% per al metode Centricon® Plus-70.
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12.

Els tractaments d’electro-oxidacié (EO), basats en anodes de DSA i BDD,
son eficients per a la desinfeccid d'aigua d’aiguamolls construits,
aconseguint una eliminacié de més de 6 logaritmes per a tots els bacteris
i bacteriofags estudiats i la reduccié d’un logaritme per a CVB5. Per tant,
afegir un tractament d’EO optimitzat per tractar els efluents dels
aiguamolls pot contribuir a la reutilitzacié de I'aigua per al reg.

La inactivacid de virus patdogens humans no es correlaciona amb els
resultats obtinguts de bacteris i bacteriofags utilitzats com a model, per
tant ni bacteris ni bacteriofags sén models adequats per a la desinfeccid
de virus enteérics.

El procés d'EO investigat s'ha d'optimitzar i combinar amb un pre- o post-
tractament per evitar I'acumulacié de subproductes toxics quan es tracta
aigua natural.

El consum energéetic dels tractaments amb EO varia en funcié dels
microorganismes objectiu a inactivar, oscil-lant entre 0,5 i 1,0 kWh/m? per
aconseguir la inactivacié completa de bacteris i bacteriofags, i entre 4,8 i
més de 12 kWh/m? per aconseguir 2 logaritmes de reduccié d’espores,
amebes o virus.

Els sistemes electroquimics d’oxidacié avancada podrien ser alimentats

per panels fotovoltaics i funcionar com a sistemes descentralitzats de
purificacié d’aiglies donat els baixos requeriments energeétics del sistema.
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Extraction of Nucleic Acids

virwatest

Extraction

The VirWaTest Extraction Method allows to separate the nucleic acids from all the contaminant

elements present in a sample concentrate.

The nucleic acid extraction or nucleic acid purification is carried out using magnetic particles,

which the nucleic acids adsorbs to, that are added to the sample concentrate. The washes allow

removing the remaining contaminants before recovering the nucleic acids in the elution solution

before they are further processed. Follow the steps for each sample that is going to be

processed. Note that several samples may be processed at the same time.

You can visualize how to perform this protocol at www.virwatest.org.

Kit Contents

Small Equipment and Disposables

'-‘\

Magnetic Pipette, 1 Unit

2 mL Tube Without Cap,
30 Units

Materials and Reagents

Gloves, S, M and L, 3 Pairs of
Each Size

;

\V

Second Washing Solution,
15 Units

Magnetic Pipette Tips,
30 Units

Tube Rack, 1 Unit

Ethanol and Magnetic
Particles Solution,
15 Units

k|
(9]
\J
Third Washing Solution,
15 Units

Disposable Pasteur Pipette,
15 Unit

iy

Timer, 2 Units

4]
First Washing Solution,
15 Units

Elution Solution, 15 Units
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&7
Solar-Powered Orbital, 1 Unit Marker, 1 Unit

Extraction Setup

Set up the extraction system before proceeding with the nucleic acid adsorption as shown below

(2 samples and a negative control).

For each batch of samples include a negative control tube.

Magnetic Pipette Operation
The magnetic particles can be transferred between the different solutions using a magnetic
pipette. Follow the procedures described in this section when collecting or releasing the

magnetic particles.

Collecting the Magnetic Particles
A. Place a pipette tip at the end of the magnetic pipette. Don’t touch the tip with
the hands.

The same tip can be used during the washing steps and when releasing the
magnetic particles into the blue-labelled tube. Use a new tip when collecting the
magnetic particles from the blue-labelled tube.

B. Push down the plunger of the magnetic pipette to deploy the magnet. Pulling
back the plunger will automatically lock it to maintain the magnet deployed.

C. Immerse the pipette tip into the solution to capture the magnetic particles.

Sink the tip gently in such a way that the magnetic particles gather around the
end of the tip. If they are scattered all over the tip they could be lost during the
washes.

D. Once the magnetic particles have gathered around the end of the tip remove

the pipette from the tube.
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Releasing the Magnetic Particles
A. Gently sink the pipette tip carrying the magnetic particles into the solution.
B. Unlock the plunger by pushing it forward and pulling it up thus retracting the
magnet.
C. Shake the tip gently to release the magnetic particles.

D. Remove the tip from the tube.
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Nucleic Acid Extraction

1. Transfer 1 mL of sample concentrate to the tube containing the ethanol by using a disposable

Pasteur pipette. Then gently mix the solution by pipetting up and down with the same

pipette.

2. Transfer the contents of the previous tube to the tube containing the magnetic particles by

using the same disposable Pasteur pipette.

3. Incubate the tube at room temperature for 10 minutes continuously mixing the solution by

4. Place a plastic tip at the end of the magnetic pipette and collect the magnetic particles from

using the solar-powered orbital.

B SR

the previous solution. See how to use the magnetic pipette at the Magnetic Pipette

Operation section.

5. Release the magnetic particles into the washing solution of the yellow-labelled tube. Then

mix the solution for 30 seconds by gently shaking the tip with the magnetic pipette.
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6. Collect the magnetic particles from the yellow-labelled tube and release them into the

washing solution of the _ Then mix the solution for 30 seconds by gently
shaking the tip with the magnetic pipette.

7. Collect the magnetic particles from the _ and release them into the washing
solution of the _ Then mix the solution for 30 seconds by gently shaking
the tip with the magnetic pipette.

"/"fﬁ & ‘fw&’«_ ‘fe%“”?c/"" w“e’?*' ﬁ“' w"‘@;"
Y YaYaYa /\ /\
T TN G =
| - >
|

f//___
_—-‘/ﬂ
‘EJ e shigil J |

Sample Ethanol Magnetic First Washing  Second Washing ~ Third Washing E'"ti‘_’“
Concentrate Particles Solution Solution Solution Solution
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Elution

1. Release the magnetic particles into the blue-labelled tube, containing the elution solution,
by gently shaking the pipette. Then move away the tip and discard it by pushing the small

green tip-eject button.

2. Incubate the solution at room temperature continuously homogenizing by using the solar-
powered orbital.

3. Place a new tip at the end of the magnetic pipette and collet the magnetic particles from the

blue-labelled tube.

Avoid leaving magnetic particles in the solution since they can interfere with the
detection method.

4. Remove away the tip from the tube and discard the tip with the magnetic particles adsorbed.
—

5. The solution remaining in the blue-labelled tube contains the nucleic acids. This extraction

product will be used for the VirWaTest Detection Method.
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Detection of Viruses

virwatest

Detection

The VirWaTest Detection Method allows for the detection of Human Adenovirus and Hepatitis

E Virus present in water samples through a Quantitative PCR assay.

The detection is carried out by adding a certain amount of the eluate resulting from the

VirWaTest Extraction Method into microtubes containing a small white bead composed of the

components needed for the assay, which is performed by using a thermocycler connected to a

computer. When the assay is finished the software provided with the thermocycler allows to

determine if the water sample was positive for the presence of these viruses.

The reagents may be used with any Quantitative PCR equipment. In this protocol, the procedure

described uses a Mini8 Plus Real-Time PCR from Coyote Biosciences that is a thermocycler

coupled to a battery. You may contact us at www.virwatest.org for further assistance.

Kit Contents

Reagents

AAAAALAL
Microtubes for Human
Adenovirus Detection, 4 Eight-

Tube Strip Units

Equipment and Reagents

" 4

e

Micropipette, 1 Unit

Materials Not Included

|

Microtubes for Hepatitis E Virus
Detection, 4 Eight-Tube Strip Water, 2 mL x 1 Unit
Units

o —

Micropipette Tips, 1 Box

Marker, 1 Unit

Quantitative PCR Thermocycler Power Adapter

External Battery

Windows-Based Computer
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Micropipette Operation
The micropipette supplied with the kit allows you to pipette volumes from X microlitres to X
microlitres. Follow this procedure to pipette the required volumes:

A. Hold the micropipette horizontally and locate the plastic window where the numbers

are displayed.

B. Make sure the lock lever is in the unlocked position. While the lock lever is in the
unlocked position you should be able to roll the plunger easily. If it is not, turn it to the

unlocked position.

C. Roll the plunger to adjust the volume indicator to the desired volume. Never take the

numbers out of the volume range the micropipette is able to handle.

D. Turn the lock lever to the Locked position to prevent the plunger from rolling

inadvertently.




virwatest

Detection

E. Place a tip at the end of the micropipette. Don’t use your hands. Push the micropipette

against the tip instead.
gw&z

F. Before immersing the tip into the solution push the plunger and hold it down. Then

immerse the tip into the solution.

Micropipette plungers have two pushing-positions in form of two points of
resistance. Before loading the pertinent volume push until the first point of
resistance. When delivering the loaded volume push all the way to the bottom.

G. While the tip is sunken into the solution release the plunger gently to draw up the

volume.
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H. Move the micropipette to the tube you want the volume to be dispensed.

Assay Preparation

1. The microtubes specific for the detection of Human Adenovirus and Hepatitis E Virus are
provided stored in two separate boxes. Use the appropriate microtube strip depending on
the virus that is aimed to be detected.

2. Be sure that the white beads are at the bottom of the tubes. If they are not, gently tap the
tube with the finger until the bead goes to the bottom.

D
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3. Add 17.5 microlitres of water to the microtube by using the micropipette.

4. Add the sample to the microtube by using the micropipette. Also add water to one tube as a
negative control. The corresponding volumes to be added are the following:
e 10 microlitres of the extraction product for Adenovirus detection assays.
e 5 microlitres of the extraction product for Hepatitis E Virus detection assays.
¢ Nuclease-free water as a negative control:
o 10 microlitres for Adenovirus detection assays.

o 5 microlitres for Hepatitis E detection assays.

5. Mix the solution by inverting the microtube until the bead gets dissolved. The reaction is now

ready for the detection step.




Place the tube-strip in the thermal plate of the thermocycler.

Quantitative PCR Assay Setup
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1. Plug the Mini8 Plus Real-Time PCR cycler both to the power and to the computer by using

the power adapter and the USB cable supplied with the device.

2. Turn on the computer and run the Mini8 Plus Real-Time PCR System software. When asked

about allowing the application to make changes on the computer, click on Yes.

3. Go to the Setup section to set up the PCR thermal profile and the plate layout.

r‘af' Setup
L. . -

4. Click on the New Experiment button. Fill the gaps with the experiment name and the sample

type and click OK.

New Experiment

5. To set up the thermal profile corresponding to the virus that is aiming to be detected select

the Thermal Protocol tab and click on Select Protocol. Then select the file (Thermal

Profile.pdt) and click on Open File.

Thermal Protocol

Plate setup

Select Protocol

Thermal Profile for Human Adenovirus

Temperature Time Cycles
95°C 10 minutes 1
95°C 15 seconds 40
60°C 1 minute

6. To set up the reaction plate select the Plate Setup tab and click on Select Plate. Then select

the plate configuration file (Plate Configuration.pse) and click Open File.

Thermal Protocol

Plate setup |

Select Plate




o Note: By default, the plate configuration file is set up according to the following

\_
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tube distribution:

Sample Well
Sample Name Smpl. & Smpl. ADil
Sample Type Unk
Fluorophore CH1
Fluorophore CH2
Concentration CH1 ?
Concentration CH2 ?

FAM

ROX

2

Unk
FAM

ROX

5

7

=0

mpl. B

Smpl. B Dil Extr. Negat |?CR Negat Standard A Standard B
Unk Unk Unk Neg Std Std
FAM FAM FAM FAM FAM FAM
ROX ROX ROX ROX ROX ROX
? 2 2 ? 100,00E+0 | 100,00E+3
? ? 7 7 ? 7

Sample Mame

Sample Type

Unknown v
Fluorophore CH1 .

FAM v]
Fluorophore CH2

ROX v
CH1 Unit CH2 Unit
copiesiul | v || | copiesiul | v

This configuration can be changed by selecting the desired well and changing its content from

the Sample Type drop-down menu. For a sample, select Unknown.

10.

Sample Type
Unknown |T|
4 Unknown
Standard
Positive Control
Megative Control

field in the right side of the screen.

. Click on the Save Protocol button to save the file to the computer.

Save Protocol

. Go to the Run section to see an overview of the assay setup.

x|

i Run

. Set up the name of each well by clicking over it and writing down the name in the appropriate

If everything is correct, click on the Start button to begin the run, which will take between 90

and 210 minutes depending on the virus that is aimed to be detected.

P START

Adenovirus: 90 minutes
Hepatitis E: 210 minutes



Analysis of the Results

virwatest

Detection

Once the run is finished, click on the Export Data button to automatically export the results to

a Microsoft Excel spreadsheet.

Export Data




?%@ Laboratory S35 [UNIVERSITAT o

Viruses Contaminants

AR o water®Food il BARCELONA
SOP for virus concentration of fruit irrigation/production/washing-water

The aim of the protocol is to concentrate viruses present in 20-100L of water with a Large
Volume Concentration (LVC) Kit (Innovaprep) using a Rexeed-25A filter into a final volume
of 50 ml

Equipment & material and reagents:

Rexeed 254, Single-Use filters

Innovaprep® Wet Foam Elution Fluid Can (0.075% Tween 20-Tris)
Plastic bucket

Innovaprep® LVC Kit components (see figure 1)
Filter holder

Feed line tube (plastic tube)

100ml plastic containers

MS2 liophilized phage (107GC/ml per tube)
Tiosulphate 5H;0

Peristaltic pump

Balance

LVC Kit Components

=
A. Filter Cell ’ A =
B. High Volume Elution Can %
C. LVC Can Interface :
D. Feed Tube Z C 1

E. Drain Tube with Clamp \‘,“

3
F C

arsd

F. Permeate Tube with Clamp

Figure 1: Large Volume concentration Kit components

Rexeed-25S Filter Setup:
1. Place the Filter cell (A) vertically in the holder with the BLUE header

'l facing upward.
2. Remove the cap and attach the Feed tube (D) to the BLUE header of

_
ﬁg the filter cell.
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3. Put a waste container to collect the priming volume and remove the
cap of the RED bottom.

4. Collect and discard the residual liquid that pours from the Filter Cell.
5. Attach the Drain tube with clamp (E) to the RED bottom of the Filter
Cell.

6. Attach the Permeate tube with clamp (F) to the top side port, near
the BLUE header.

7. Attach Feed Tube (D) to the feed line tube connected to the peristaltic
pump and face permeate tube (F) and the drain tube (E) to the waste
container.

8. Ensure that clamps are open on both the Permeate (F) and the Drain
tube (E).

9. Connect the pump and the stirrer to a battery.

Filtering the sample

1. Water samples should be firstly pumped to a 50L bucket for
preconditioning before filtered.

2. Add thiosulphate (45mg/L of water).

w

Let the water to stand for 10 minutes to neutralize the chlorine.

4. Take a MS2 lyophilized tube, add some of the water from the bucket, mix well and
put the full content of the tube into the water container again.

5. Startthe feed pump.

6. When a steady stream of water comes out of the bottom Drain Tube, close the clamp
or remove the tube and attach the cap.

7. The filtered liquid will continue to flow out of the Permeate tube until you have
processed the entire sample. Safety Precaution: Do not exceed 10 psi.

8. When liquid stops, allow the pump to continue running for 5 seconds and turn off

pump.

9. Allow Filter cell to rest for 10 seconds before continuing to the next step.

Collecting the sample eluate

1. Keep the Filter cell vertical with the Feed tube on top, grasp the Feed tube fitting firmly
and slowly disconnect it from the Filter cell (pressure will vent as you remove the fitting).
2. Pinch the Permeate tube clamp closed.

3. Screw the LVC Can Interface (C) tightly into the BLUE top of the Filter Cell.

4. Remove the Drain tube (E) and place the filter cell down near a 100ml plastic container
to catch the concentrated sample.

5. To Elute, firmly press the Elution Fluid Can (B) down into the LVC Interface. Apply
constant firm pressure until all foam and all the CO; has been expelled out. Sample eluate

will have between 30-50ml.
6. Keep the container at 4°C until sent to the laboratory for further concentration.

ES UNIVERSITAT e
Ll

il BARCELONA
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SARS-CoV-2 concentration from sewage using an automatic
ultrafiltration device Innovaprep concentrating pipette

Standard Operational Procedure

The aim of the protocol is to concentrate SARS-CoV-2 present in 50-500mL of wastewater, into
a final volume of 250-300l, using a Hollow fiber Polysulfone (PVP) filter tips.

Note: This protocol should be conducted under biosecurity 2 conditions: into a BSL2 cabinet by
wearing appropriate individual protection including protection glasses. Rotors preferably
opened into the cabinet and always disinfected after each use.

1) Equipment & reagents/sample:
- Innovaprep Concentrating pipette
- PBS Elution Fluid cans (HCO8000)

- Concentrating Pipette ultrafiltration tips (CPT): Hollow fiber polysulfone PVP (CC08020).

- Permeate Line (HCO8006)

- Storage fluid (HC08558-5) and storage fluid adaptar (ref: HC08560)

- Maintenance Tip with silicone inside (Reusable up to 50 cycles) (HC08005)

- Maintenance fluid kit (HC08004) including Rinse Can and Decon Fluid Can for one
decontamination cycle.

- Liquid waste container.

- Alcohol pads, for cleaning around the elution fluid can interface and Concentrating
Pipette Tip interface ports. Can be purchased (HC08529) or prepared in advance with 70%
isopropyl alcohol.

- Sterile distilled water (50-500 ml per batch of samples as a negative control)

- Balance

- Sterile distilled water (70 ml per sample plus 2x70ml per batch of samples as a negative
control)

- High speed centrifuge (4750xg) with a fixed rotor (70 ml per samples should be
centrifuged)

- Sterile High-speed centrifuge bottles

- For complex matrices: Use a 1 Micron Prefilter Bag (ref: HC08528), a 10" glazed
polypropylene felt bag rated for 1 micron filtration.

- Process control:
Non-enveloped MS2 bacteriophage ATCC 15597-B1 strain (108GC/ml; 1 ml per sample):
preparation and enumeration according to UNI EN ISO 10705-1 (2001) using the host
Salmonella typhimurium strain WG49
or
Enveloped bacteriophage Phi6 DSM21518 strain (DSMZ Collection) (108GC/ml; 1 ml per
sample): preparation and enumeration according to Pinheiro, et al. 2019
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2) Controls:

Internal control process (suggested): Add 107 PFU of the MS2/Phi6 phage suspension (1:100 v/v)
as a process control to each water sample and the negative control before concentration.

3) Procedure

a. DEBRIS REMOVAL. Previously to ultrafiltration, spike 100ml| of sample and centrifuge at
4750xg for 30 min to remove debris. Proceed to ultrafiltration of the sample supernatant or
keep the supernatantin ice.

b. Plug the power supply. Flip the Power Switch to turn the instrument on, it will take
approximately 5 seconds for the unit to power up.

c. Attach the permeate tube to the Permeate Port and Insert the other end in a waste
container. Fix it using a tubing Clip.

d. START UP. Prior to processing the first sample of the day, it is important to have the elution
fluid can (with green squared label) installed

e. PRIME. Select Main menu >Maintenance> Prime. A small amount of foam will come out the
fluidics head.

Innovaprep Concentrating Pipette components and Concentrating Pipette Tip (CPT)

Permeate Port

Fluidics Head

___Tip Interface Ports

Single-use Concentrating Pipette Tip

Arm Tension Knob

Can Latch
Maintenance tip

USB Port Can Interface Port o

3
3
¢
=
g

Permeate Port

Sample Platform

Control Panel

f. CONCENTRATING A SAMPLE. Install a CPT, place your sample container on the sample
platform, then lower the fluidics head so that the CPT is at the bottom of the sample
container.

i.  Goto the Main menu and press Start run. The vacuum pump will immediately start
to draw the sample through the CPT.

ii.  After several seconds you will see fluid flowing from the permeate line into your
waste container. The instrument will conclude the run automatically and display
the Run complete screen, show the processing time, and the option to extract or
return to the main menu. When sample flow does not reach the sensor within the

2
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default 20 seconds, the device stops automatically. Move/hit the CPT and let the
bubbles move away. Go back to main manu and press Start run again.

iii. Raise the fluidics head out of the sample container and hold the desired final sample
container under the CPT.

iv.  Select Extract on the screen and press enter, the concentrated sample will be
dispensed from the CPT into an eppendorf. If the elution volume is lower than 240ul,
return back and extract again.

v.  Wait until the progress bar on the screen has filled up before removing the epp.

vi.  Additional extractions may be performed by selecting "Extract again".

g. SHUT DOWN: If the device will be used the following day the fluid line should be filled with
Storage fluid. If not, the fluid line should be empty.

4) Other procedures:

WHEN A NEW CAN IS INSTALLED: Prime the elution fluid lines to ensure that there is no air in
the fluid path from the extraction fluid line and prime the fluidics as follows:

e Select Main menu >Maintenance> Prime. A small amount of foam will come out the
fluidics head.
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e Select Return to go back to the options menu, select Ext. size and choose the desired
final extraction volume. Elution volumes of Small, Med., and Large correlate to roughly
320 pL, 380 uL, and 430 pL. Further control of the extraction volume is found under the
Adv. Options menu

DECONTAMINATION OF THE FLUID LINE, requires Maintenance kit (P/N HCO8004):

e Go to Main menu > Options> Procedures and select Decon Cycle.

e Install the Decon Tip and Decon Fluid Can into instrument and place the Permeate Line
into an appropiate container.

e Select Start. The unit will automatically perform a flush of the system counting down
from 10 minutes. When the flushing cycle is complete, the instrument will beep and
advance to the "Rinse" screen.

e Remove and discard the Decon Fluid can, then install the Rinse Fluid can.

e Press Start. When the 1:30 minute rinse cycle is complete, the instrument will advance
to the "Procedures" menu.

e Remove and discard the Rinse Can and replace it with an Elution Fluid can.

For complex matrices: Use a 1 Micron Prefilter Bag (ref: HC08528), a 10" glazed polypropylene
felt bag rated for 1 micron filtration. Makes an effective prefilter for very difficult sample
matrices prior to concentration with the Concentrating Pipette.
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SARS-CoV-2 concentration from sewage using ultrafiltration devices
Standard Operational Procedure

The aim of the protocol is to concentrate SARS-CoV-2 present in 70mL of wastewater, into a final
volume of 200-300ul, using a Centrifugal-ultrafiltration (CeUF) filter Centricon® Plus-70.

Note: This protocol should be conducted under biosecurity 2 conditions: into a BSL2 cabinet by
wearing appropriate individual protection including protection glasses. Rotors preferably
opened into the cabinet and always disinfected after each use.

1) Equipment & reagents/sample:
- Balance

- Sterile distilled water (70 ml per sample plus 2x70ml per batch of samples as a
negative control)

- Sterile pipettes and automatic volume dispenser

- Filter tips and micropipettes (100-1000pul)

- Process control:
Non-enveloped MS2 bacteriophage ATCC 15597-B1 strain (105GC/ml; 1 ml per
sample): preparation and enumeration according to UNI EN ISO 10705-1 (2001) using
the host Salmonella typhimurium strain WG49

or

Enveloped bacteriophage Phi6 DSM21518 strain (DSMZ Collection) (108GC/ml; 1 ml
per sample): preparation and enumeration according to Daugelavicius, et al. 2005
(Penetration of enveloped double-stranded RNA bacteriophages phil3 and phi6 into
Pseudomonas syringae cells)

For pre-treatment of the samples:

- High speed centrifuge (4750xg) with a fixed rotor (70 ml per samples should be
centrifuged)
- Sterile High-speed centrifuge bottles

For ultrafiltration of the samples:

- Centrifuge (3000xg) with swinging-bucket with capacity for 250ml bottles
- Centricon® Plus-70 Centrifugal Filter 30KDa Cutoff

2) Controls:

Negative control (suggested): sterile distilled water
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Internal control process (suggested): Add 10’ PFU of the MS2/Phi6 phage suspension as a
process control to each water sample and the negative control before concentration

3) Procedure

Debris removal: Previously to ultrafiltration, centrifuge 70ml sample 4750xg for 30 min to
remove debris. Proceed to ultrafiltration of the sample supernatant or keep the supernatant in
ice until the centricon filter is prepared.

Tubes used for debris removal and debris appearance

Ultrafiltration: Use one centricon unit per 70ml sample plus one for negative control.

Centricon® Plus-70 components

Cap* Cap*
Filter Filter
Core Core
Concentrate Sample Filtrate
Collection Cup Filter Cup Collection Cup

* Cap fits Concentrate Collection Cup, Sample Filter Cup and
Filtrate Collection Cup, as shown.
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e Add one cap to a filter cup attached to a collection cup.

e Pre-rinsing: Centricon® Plus-70 membranes contain trace amounts of glycerine, used as
a humectant. To remove glycerine, fill the filer part with 70 mL of Milli-Q® water and
spin up to 3,000g for 15min and attach the filter and the collection cup again.

ATTENTION: Do not allow the membrane in the filter device to dry out once wet. If the
device is not being used immediately after pre-rinsing, leave fluid on the membrane
until the device is used.

e Sample concentration: Add the sample supernatant to the filter cup and seal with the
cap.

e Spin up to 3000xg for 30 min. In case there some sample unfiltered sample remain in
the filter cup, discharge it with a (micro)pipette.

CAUTION: Always counterbalance centrifuge with a second bucket containing a second
Centricon® Plus-70 device and an equal volume of sample or water. If the amount of
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concentrate remaining in the sample filter cup is above the top of the filter cores, decant
to a suitable container before proceeding.

e Concentrate recovery: Turn the concentrate cup upside down and place on top of the
sample filter cup. Carefully invert device, place in centrifuge. Spin at 1000g for 3min.

ekl

e Remove the concentrate cup containing the concentrated sample from the sample filter
cup. Keep the filter cup inverted during this process. Remove the sample with a pipette
and store sample (approximately 200ul) in a 1,5ml plastic tube at -802C.

Collection cup with filtered sample
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Abstract

As the novel SARS-CoV-2 was detected in faeces, environ-
mental researchers have been using centrifugal ultrafiltration,
polyethylene glycol precipitation and aluminium hydroxide
flocculation to describe its presence in wastewater samples.
High recoveries (up to 65%) are described with electronegative
filtration when using surrogate viruses, but few literature re-
ports recovery efficiencies using accurate quantification of
enveloped viruses. Considering that every single virus will
have a different behaviour during viral concentration, it is
recommended to use an enveloped virus, and if possible, a
betacoronaviruses as murine hepatitis virus, as a surrogate. In
this review, we show new data from a newly available tech-
nology that provides a quick ultrafiltration protocol for SARS-
CoV-2. Wastewater surveillance is an efficient system for the
evaluation of the relative prevalence of SARS-CoV-2 infections
in a community, and there is the need of using reliable con-
centration methods for an accurate and sensitive quantification
of the virus in water.
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Introduction

Many viruses that infect humans are excreted in large
amounts through faeces, urine or skin desquamation,
contributing to wastewater virome. Wastewater is a
complex matrix that comprises a large variety of patho-
genic and commensal viruses and provides important
information about virus circulation, the introduction of
emergent viruses and how they are transmitted among
the population [1]. Waterborne viruses are generally
nonenveloped and excreted in high numbers by infected
individuals with or without disease, and in some cases
long after the resolution of symptoms [2]. The study of
excreted viruses is a very useful tool known as
wastewater-based epidemiology, which has the potential
to act as a complementary approach for current infec-
tious disease surveillance systems and an early warning
system for disease outbreaks [3].

The incidence of emerging microbes is a serious health
concern worldwide. The increase of human—livestock
contacts [4], population mobility and trade networks
[5,6], climate change [7] or the wild meat trade and loss
of animal habitats [8] has raised the risk of a global
pandemics. Since 1980, nearly 90 novel human pathogen
species have been discovered, more than 70 of those
corresponded to novel human viruses, that compared to
other pathogens have the potential to evolve more
rapidly, being 80 of these associated with nonhuman
reservoirs [9,10]. Influenza viruses (HIN1, H7N1 and
H7N9), human immunodeficiency virus, Ebola virus,
coronaviruses as SARS-CoV, MERS and the SARS-CoV-2
causing the COVID-19 pandemic have been the most
significant.

SARS-CoV-2 was identified in China at the end of 2019
[11] and has become the first pandemic coronavirus
(CoV). After the first case report of the presence of
SARS-CoV-2 RNA in faeces [12], and because of the
presence in the past of SARS-CoV-1 in faeces and
sewage [13—15], the scientific community started to
investigate if this virus could spread into the environ-
ment. Specific stability of SARS-CoV-2 has only been
tested in aerosols and surfaces [16], but it is known that
enveloped viruses are capable of retaining infectivity for
days to months in aqueous environments [17—19]. On
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Abstract: Fresh fruits and vegetables are susceptible to microbial contamination at every stage of the
food production chain, and as a potential source of pathogens, irrigation water quality is a critical
factor. Next-generation sequencing (NGS) techniques have been flourishing and expanding to a wide
variety of fields. However, their application in food safety remains insufficiently explored, and their
sensitivity requires improvement. In this study, quantitative polymerase chain reaction (QPCR) assays
showed low but frequent contamination of common circulating viral pathogens, which were found
in 46.9% of samples of fresh produce: 6/12 lettuce samples, 4/12 strawberries samples, and 5/8
parsley samples. Furthermore, the application of two different NGS approaches, target enrichment
sequencing (TES) for detecting viruses that infect vertebrates and amplicon deep sequencing (ADS),
revealed a high diversity of viral pathogens, especially Norovirus (NoV) and Human Papillomavirus
(HPV), in fresh produce and irrigation water. All NoV and HPV types found in fresh fruit and
vegetable samples were also detected in irrigation water sources, indicating that these viruses are
common circulating pathogens in the population and that irrigation water may be the most probable
source of viral pathogens in food samples.

Keywords: organic food; irrigation water; viral pathogens; food safety; next-generation sequenc-
ing; target enrichment sequencing; amplicon deep sequencing; human papillomavirus; norovirus;
vertebrate viruses

1. Introduction

Consumption and production of fresh fruits and vegetables have increased over the
last few years [1] due to population growth, changes in human lifestyles and growing
awareness of the benefits of these foods as important sources of nutritional compounds in
a healthy and balanced diet [2—4]. This increase in fresh food consumption, often eaten raw
or minimally processed, has also been associated with an increase in foodborne infections
and disease outbreaks, most of which have been linked to viral origins [2,5,6]. Pathogen
contamination can occur at any stage of the food production process, from farm to fork,
and irrigation water quality is a critical factor, since it is a potential source of foodborne
pathogens [7-10], especially if it comes in direct contact with the edible portion [11]. The
microbial quality of irrigation water is affected by a wide range of agricultural, wildlife, and
human factors, including: growing season, geographical location, land use, surrounding
activities, and environmental conditions [12-14]. Agricultural farms obtain irrigation

Foods 2021, 10, 1820. https:/ /doi.org/10.3390/foods10081820
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ARTICLE INFO ABSTRACT

Article history: Wastewater based epidemiology was employed to track the spread of SARS-CoV-2 within the sewershed areas of
Received 22 March 2021 10 wastewater treatment plants (WWTPs) in Catalonia, Spain. A total of 185 WWTPs inflow samples were col-
Received in revised form 27 April 2021 lected over the period consisting of both the first wave (mid-March to June) and the second wave (July to No-
Acc¢pted 27 Aprll 2021 vember). Concentrations of SARS-CoV-2 RNA (N1 and N2 assays) were quantified in these wastewaters as well
Available online 7 May 2021 . . o .

as those of Human adenoviruses (HAdV) and JC polyomavirus (JCPyV), as indicators of human faecal contamina-
tion. SARS-CoV-2 N gene daily loads strongly correlated with the number of cases diagnosed one week after sam-
pling i.e. wastewater levels were a good predictor of cases to be diagnosed in the immediate future. The
conditions present at small WWTPs relative to larger WWTPs influence the ability to follow the pandemic.

Editor: Damia Barcelo
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Small WWTPs (<24,000 inhabitants) had lower median loads of SARS-CoV-2 despite similar incidence of infec-
tion within the municipalities served by the different WWTP (but not lower loads of HAdV and JCPyV). The low-
est incidence resulting in quantifiable SARS-CoV-2 concentration in wastewater differed between WWTP sizes,
being 0.11 and 0.82 cases/1000 inhabitants for the large and small sized WWTP respectively.

© 2021 Elsevier B.V. All rights reserved.
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China to a truly global threat to human health, wellbeing and the
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NGS methods have been applied to
study the sewage virome during
COVID-19 pandemic.

Coronaviridae sequences were not de-
tected in sewage using untargeted
metagenomics.

Target Enrichment provided with SARS-
CoV-2 sequences as part of the sewage
virome.
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in sewage only detected with Target
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Target enrichment sequencing

In the wake of the COVID-19 pandemic, the use of next generation sequencing (NGS) has proved to be an impor-
tant tool for the genetic characterization of SARS-CoV-2 from clinical samples. The use of different available NGS
tools applied to wastewater samples could be the key for an in-depth study of the excreted virome, not only fo-
cusing on SARS-CoV-2 circulation and typing, but also to detect other potentially pandemic viruses within the
same family. With this aim, 24-hours composite wastewater samples from March and July 2020 were sequenced
by applying specific viral NGS as well as target enrichment NGS. The full virome of the analyzed samples was ob-
tained, with human Coronaviridae members (CoV) present in one of those samples after applying the enrichment.
One contig was identified as HCoV-OC43 and 8 contigs as SARS-CoV-2. CoVs from other animal hosts were also
detected when applying this technique. These contigs were compared with those obtained from contemporary
clinical specimens by applying the same target enrichment approach. The results showed that there is a co-
circulation in urban areas of human and animal coronaviruses infecting domestic animals and rodents. NGS
enrichment-based protocols might be crucial to describe the occurrence and genetic characteristics of SARS-

CoV-2 and other Coronaviridae family members within the excreted virome present in wastewater.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Abstract

SARS-CoV-2 variants are emerging worldwide, and monitoring
them is key in providing early warnings. Here, we summarize the
different analytical approaches currently used to study the
dissemination of SARS-CoV-2 variants in wastewater and
discuss their advantages and disadvantages. We also provide
preliminary results of two sensitive and cost-effective ap-
proaches: variant-specific reverse transcription-nested PCR
assays and a nonvariant-specific amplicon deep sequencing
strategy that targets three key regions of the viral spike protein.
Next-generation sequencing approaches enable the simulta-
neous detection of signature mutations of different variants of
concern in a single assay and may be the best option to explore
the real picture at a particular time. Targeted PCR approaches
focused on specific signature mutations will need continuous
updating but are sensitive and cost-effective.
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Introduction

Wastewater surveillance for SARS-CoV-2 has proved to
be useful in monitoring the evolution of the COVID-
19 pandemic. However, new emerging variants are
posing new challenges. The SARS-CoV-2 variants o, 3,
Y and d (also known as lineages B.1.1.7, B.1.351, P.1
and B.1.617.2, respectively) were first detected in the
United Kingdom, South Africa, Brazil and India,
respectively, and were immediately considered to be
variants of concern (VOCs). Such variants, which have
been associated with the fluctuations seen with the
pandemic waves, possess mutations that affect viral
infectivity and antigenicity. These mutations are
mainly located in the gene encoding the viral spike
(S) protein. In particular, mutations leading to the
E484K and N501Y substitutions within the receptor-
binding domain of the S protein have been demon-
strated to give the S protein a greater affinity for the
human ACE2 receptor [13]. The commonly applied
PCR methods used to quantify the concentration of
the virus in environmental samples use specific
primers and probes targeting the nucleocapsid (N),
envelope (E) or RNA-dependent RNA polymerase
(RdRp) regions. However, as stated above, the VOCs
and the new variants of interest (VOIs) have most of
their signature mutations within the S gene. Figure 1
summarizes the signature mutations identified in each
VOC and VOL

Although the combination of genome sequence analysis
of samples from COVID-19 patients with epidemio-
logical datasets has produced reliable assessments of
the extent of SARS-CoV-2 transmission in the com-
munity [22], the time lag between infection and
symptoms and the future decrease in sequencing will
add further delays compared to the expected imme-
diacy of the results from wastewater surveillance. At the
beginning of October 2020, several new SARS-CoV-2
variants started to circulate globally [7]. At that
moment, the minimum number of clinical samples that
had to be sequenced to find the o variant was 400,
assuming that only 5% of the positive clinical samples
had been sequenced and that the prevalence of this
VOC in the population was 5% [20]. Thus, the analysis
of SARS-CoV-2 genomes sequenced from clinical
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The Catalan Surveillance Network
of SARS-CoV-2 in Sewage: design,
implementation, and performance
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Wastewater-based epidemiology has shown to be an efficient tool to track the circulation of SARS-
CoV-2 in communities assisted by wastewater treatment plants (WWTPs). The challenge comes when
this approach is employed to help Health authorities in their decision-making. Here, we describe the
roadmap for the design and deployment of SARSAIGUA, the Catalan Surveillance Network of SARS-
CoV-2in Sewage. The network monitors, weekly or biweekly, 56 WWTPs evenly distributed across the
territory and serving 6 M inhabitants (80% of the Catalan population). Each week, samples from 45
WWTPs are collected, analyzed, results reported to Health authorities, and finally published within
less than 72 hin an online dashboard (https://sarsaigua.icra.cat). After 20 months of monitoring

(July 20-March 22), the standardized viral load (gene copies/day) in all the WWTPs monitored fairly
matched the cumulative number of COVID-19 cases along the successive pandemic waves, showing a
good fit with the diagnosed cases in the served municipalities (Spearman Rho =0.69). Here we describe
the roadmap of the design and deployment of SARSAIGUA while providing several open-access tools
for the management and visualization of the surveillance data.

Shortly after the onset of the outbreak of the current COVID-19 pandemic, scientists renewed their inter-
est in the application of wastewater-based epidemiology (WBE)' to track the communal circulation of SARS-
CoV-2 through the quantification of its genetic traces in sewage®. This resulted in an overwhelming number of
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