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“International Comitee on Taxonomy of Viruses”)

Transistor d’efecte de camp sensible a ions (de I'anglés “lon

sensitive Field Effect Transistor”)

Organitzacio Internacional d’estandaritzacio (de I'anglés

“International Standard Organization”)
Poliomavirus JC

Quilo-bases

Quilo-daltons

Poliomavirus Kl

Mamastrovirus

Poliomavirus de cel-lules de Merkel

Tracar la font de microorganismes (de I'anglés “Microbial

Source Tracking”)
Mil-li-Siemens per centimetre quadrat

Poliomavirus de Malawi, també anomenat MXPyV

(poliomavirus de Mexic) i HPyV10 (poliomavirus numero 10)

Filtracié d’afinitat monolitica (de I'angles “Monolithic Affinity

Filtration”)

Amplificacid de desplacament multiple (de I'anglées “Multiple

Displacement Amplification”)
Mateéria organica

Hidroxid de sodi



Abreviacions

NGS

NS
NSJPyV
NoV
OMS
ONU
ORF
PBS
PBV

PCR

PCV

PEG

PFU

PMA
PML
PV
PyVv
gPCR

RCA

RD

Sequenciacio de segona generacié (de I'angles “Next-

Generation Sequencing”)

Regid no estructural del genoma (de I'anglés “non structural”)
Poliomavirus de Nova Jersei, també anomenat poliomavirus 13
Norovirus

Organitzacié Mundial de la Salut

Organitzacio de les Nacions Unides

Marc obert de lectura (de I'anglées “Open Reading Frame”)
Tampo buffer sali (de I'angles “Phosphate-Buffer Saline”)
Picobirnavirus

Reaccid en cadena de la Polimerasa (de I'angles “Polymerase

Chain Reaction”)
Circovirus porci

Precipitacié amb polietilenglicol (de I'anglés

“PolyethileneGlycol”)

Unitats formadores de clapes (de I'angles “Plagque Forming

Units”)

Propidi monoacida (de I'anglés “Propidium monoazide”)
Leucoencefalopatia Multifocal Progressiva
Papil-lomavirus

Poliomavirus

PCR quantitativa

Amplificacid de Cercle Rodant (de I'anglés “Rolling Circle

Amplification”)

Reial Decret



Abreviacions

RV
SaV

SISPA

ssDNA
SSRNA
spp.
STLPyV
SV40
T-Ag
t-Ag

TCIDsg

TFF

TSPyV
UE

USEPA

uv
VFF
VP

VIRADEL

Rotavirus
Sapovirus

Amplificacié independent de seqliencia basada en encebador
(de I'anglés “Sequence-Independent single-primer

amplification”)

ADN monocatenari (de I'anglés “single strand DNA”)
ARN monocatenari (de I'anglés “single strand RNA”)
Espécie

Poliomavirus de Sant Louis

Virus de simi 40

Antigen tumoral gran

Antigen tumoral petit

Quantitat de virus que infecten el 50% de les cel-lules d’un

cultiu (de I'angles “50% tissue culture infective dose”)

Filtracid i ultrafiltracio tangencial (de I'anglés “Tangential Flow

Filtration”)
Poliomavirus de la Tricodisplasia espinulosa
Uniod Europea

Agencia de proteccido Ambiental dels Estats Units (de I'angles

“United States Environmental Protection Agency”)

Llum Ultraviolada

Filtracioé en vortex (de I'anglés “Vortex Flow Filtration”)
Proteina de la capsida viral (de I'anglés “Virion Protein”)

Meétodes de concentracid de virus basats en adsorcié-elucié (de

I'anglés “VIRal ADsorption and ELution”)



Abreviacions

WHIM

WUPYV
Xg

MW

Sindrome de berrugues, hipogammaglobulinemia,
Inmunodeficiencia i Myelokathexis (de I'anglés “Warts,
Hypogammaglobulinemia, Immunodeficiency, and

Myelokathexis)
Poliomavirus WU
Unitats de forca centrifuga, gravetat

Guies de zona zero (de I'anglés “Zero-Mode Waveguides”)



Glossari

GLOSSARI

Amplicon sequencing o metagenomica dirigida: Aproximacio per a estudiar la
variacio genetica d’una regié concreta utilitzant tecniques de seqienciacio
massiva. Es requereixen un parell d’encebadors de PCR per a capturar la regio
especifica a estudiar, permetent identificar i caracteritzar de forma eficient les

seqiencies amplificades.

Anotar: Procés d’identificar la localitzacio dels gens i de les regions codificants en

un genoma i determinar-ne la funcio

Contig: Fragment de DNA obtingut a partir de la superposicié d’un grup de

reads.

Ensamblar: Procés per el qual diferents fragments curts de DNA (reads) s’uneixen
per a formar seqiéncies més llargues amb I'objectiu de reconstruir genomes

complets.

Mapar: procés que consisteix en comparar cadascun dels reads contra un
genoma de referéncia. El procés de mapar resulta a nivell computacional menys

costds que ensamblar.

Read: Conjunt de seqiéncies resultant després del procés de seqienciacid
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1. L'aigua en I'estudi dels virus

1.1. L’aigua un recurs escas

L'aigua és un recurs imprescindible i escas per als essers humans tan des d’un
punt de vista purament biologic com també social i economic. La majoria de
I'aigua present al nostre planeta és salada en forma de mars i oceans. Només una
petita fraccid del total d’aigua del planeta (2,8%) és dolga, i per tant, apta per al
seu consum. Segons estimacions de I’Organitzacié de les Nacions Unides (ONU)
la poblacié Mundial arribara als 9 milions d’habitants I’'any 2050 (United Nations,
2013). Les projeccions actuals suggereixen que, associat a aquest creixement
d’habitants, hi haura un increment de la demanda d’aigua, a nivell mundial, del
55% entre els anys 2000 i 2050 (Gurria, 2012), evidenciant un balang hidric
insostenible a llarg termini. Per altra banda, I'efecte que el canvi climatic pot
exercir sobre les conques hidriques, disminuint-ne tant el cabal hidric com la
qualitat de I'aigua, suposen un altre problema. Tot aixd evidencia la necessitat
d’aplicar mesures urgents que permetin una reduccio, reutilitzacié i reciclatge

dels recursos hidrics disponibles.
1.2. Principals agents contaminants de I'aigua

Existeixen diverses fonts de contaminacié de I'aigua: residus organics i inorganics
generats per I"home, sediments i materials en suspensid, nutrients d’origen
vegetal, microorganismes patogens, etc. Entre aquests contaminants son
d’especial interés els microorganismes, i en concret, els d’origen fecal. La
presencia d’aquests microorganismes suposa una pérdua de qualitat de les
masses d’aigua, ja que alguns sén microorganismes patogens. Segons informacio
extreta de " Organitzacié Mundial de la Salut (OMS), al voltant de 2 milions de
persones moren cada any, en la seva majoria nens menors de 5 anys, degut a

malalties diarreiques freqlientment associades al consum d’aigua o aliments
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contaminats (WHO, 2013). Els principals patogens transmesos per aigua i

aliments per via fecal-oral es presenten a la Figura 1.

[ Cyclospora \

cayetanensis
Cryptosporidium
parvum
Entamoeba
histolytica
Giardia intestinalis
Isospora belli
Microsporidis

Adenovirus
Enterovirus
Astrovirus
Norovirus
Sapovirus
Rotavirus
Virus Hepatitis E
Virus Hepatitis A

Toxoplasma gondii
- Protozous

- Virus

( Drunculus \

medianensis
Fasciola spp.
Ascaris lumbricoides
Trichuris trichuria
Taenia solium
Taenia saginata
Hymenolepsis nana
Echinocus

Ancylostoma

\ Strongyloides /
B Helmints

Bacillus spp.
Campylobacter spp.
Vibrio spp.
Salmonella spp.
Shigella spp.
Yersenia spp.
E.Coli (0157:H7)
Francisella tularensis
Micobacterium spp.
Aeromonas spp.
Arcobacter spp.

Bacteris

Figura 1. Principals patogens transmesos per aigua i aliments per via fecal-oral.

1.3. Els virus com a contaminants. Us d’indicadors

Els contaminants d’origen animal i/o huma arriben a I'aigua a través de les

excrecions (femta o orina) o per la descamacio epitelial. Aquests contaminants

s’infiltren en el sol, ja sigui pel seu Us com a adobs o bé perqué formen part de

les aiglies residuals; contaminant aiglies de reg, aquifers o altres masses d’aigua

(Figura 2).

Figura 2.
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La presencia de microorganismes a I'aigua pot suposar un perill si aquesta entra
en contacte amb aliments com vegetals, fruites, o mol-luscs bivalves, pot afectar
la qualitat d’aiglies recreacionals com les platges o rius, o fins i tot, afectar masses

d’aigua potable.

En el cas dels paisos més desenvolupats, on els tractaments de depuracio de les
aigles residuals eliminen la majoria de patogens bacterians, els virus representen
els principals causants de brots relacionats amb la contaminacié de l'aigua i
aliments dels (Painter et al., 2013). Tradicionalment, i aixi es contempla en la
legislacié Europea vigent (Directiva 98/83/CE de l'aigua per al consum huma,
Directiva 76/160/EEC de l'aigua de bany i la Directiva 91/271/CEE d’aiglies
residuals), es fan servir com a indicadors de la qualitat microbiologica de 'aigua
E. coli i els enterococs intestinals, també anomenats “Fecal Indicator Bacteria”
(FIB). Aixi doncs, amb la necessitat de complir la normativa vigent, els
tractaments aplicats a les estacions depuradores d'aigua residual (EDAR) estan
enfocats a reduir la carrega microbiologica dels seus efluents, a partir de la
determinacié dels FIB com a criteri de qualitat microbiana. Altres
microorganismes més persistents i resistents als tractaments utilitzats i al medi
ambient, com per exemple els virus, no sén inclosos en la normativa. Malgrat que
la monitoritzacié dels FIB permet detectar la presencia de contaminacio fecal
bacteriana a I'aigua o els aliments, la seva abséncia no indica I'abséncia d’altres
microorganismes patogens com virus o parasits (Gerba et al., 1979; Jiang, 2006;
Marzouk, 1980; Pusch et al., 2005; Savichtcheva and Okabe, 2006). Aquest fet ha
suposat que aiglies o aliments, teoricament salubres a través de la monitoritzacio
dels FIB, s’hagin vist implicats en brots (Dowell et al., 1995; Fleisher et al., 1996).
Aix0 és degut a que els bacteris sén més sensibles als tractaments d’inactivacid
aplicats a les EDAR i a la radiacid solar en comparacié amb virus i protozous,
disminuint la seva resisténcia a I'ambient (Enriquez, 1995; Madoni, 2011).Els
principals virus transmesos per aigua i aliments tenen una ruta de transmissié

fecal-oral i son: norovirus (NoV), rotavirus (RoV), virus de |" hepatitis A (VHA) i E
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(VHE), adenovirus (AdV), astrovirus (AstV), sapovirus (SaV), poliomavirus (PyV) i
enterovirus (EV). La seva concentracié en periodes d’infeccid aguda en femta
oscil-la entre 10® i 10" particules viriques per gram (Lee et al., 2007). La
monitoritzacid de tots aquests patogens resulta inviable fent necessari I'Us
d’indicadors que presentin una millor correlacido amb patogens virics. Per donar
resposta a aquest problema s’han proposat metodes basats en la deteccio
mol-lecular dels fags de Bacteroides, bacteriofags d’RNA f-especifics, colifags
somatics i fags d’Enterococcus spp. (Ahmed et al., 2008; Bonilla et al., 2010; Kirs
and Smith, 2007; Ogorzaly et al., 2009). També s’ha suggerit I'Gs de bacteris
esporulats, molt més resistents al medi, com ara C. perfringens (Bisson and
Cabelli, 1980). Virus humans com els adenovirus (Pina et al., 1998b; Puig et al.,
1994), enterovirus (Noble et al., 2003; Noble and Fuhrman, 2001) i poliomavirus
(Bofill-Mas et al., 2000) s"han utilitzat també com a indicadors de contaminacié
fecal. En aquest ultim cas, els virus al ser especifics d’hoste, permetrien tracar
I'origen huma o animal de la contaminacié. Els adenovirus humans (HAdV) i
poliomavirus Humans (HPyV) compleixen moltes de les caracteristiques exigibles

a un bon indicador:

e Alta estabilitat sota condicions d’estres ambiental com seria la radiacio
ultraviolada (UV), temperatura, concentracio de clor, variacié del pH i resistencia

als tractaments convencionals als que es sotmet |'aigua residual (Carter, 2005).

e Preséncia en aiglies residuals durant tot I'any sense presentar estacionalitat i
en concentracions elevades (Bofill-Mas et al., 2006). Els individus infectats per
HAdV excreten el virus durant anys o mesos en femta sense produir simptomes
clinics (Adrian et al., 1988; Pereira, 1972). El JCPyV s’excreta intermitentment en

I'orina.

e Al ser especifics d’especie, els virus permeten identificar o suggerir d’on prové
la contaminacio fecal detectada, permetent tracar 'origen de la contaminacio
(Microbial Source Tracking, MST). En l'actualitat s’han descrit metodes de

quantificacié d’adenovirus humans i porcins aixi com també de poliomavirus
14
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humans, ovins i bovins (Bofill-Mas et al., 2006; Hernroth et al., 2002; Hundesa et

al., 2010, 2009; Rusifiol et al., 2013).
1.4. Aigua residual: tractament i reutilitzacio

Les aigles residuals urbanes son definides com masses d’aigua afectades per
accions antropogéniques que n’han mermat la qualitat. Generalment aquestes
aigles residuals son conduides, a través del sistema de clavegueram, a les EDAR
on seran tractades. Els tractaments de depuracié varien en funcié de diversos
factors: demografics, geografics, economics o de volum a tractar (Oller et al.,,

2011).

El fet que tots els individus d’una poblacié contribueixin en la composicid
d’aquesta matriu a partir de I'excrecidé de femtes, orina o la descamacio de la
propia pell, fa que I'aigua residual sigui una matriu interessant per a realitzar

estudis epidemiologics (Hellmér et al., 2014, La Rosa et al., 2013a).

1.4.1. Tractaments aplicats a les EDAR

Un cop a les EDAR, les aiglies residuals sén sotmeses a una serie de tractaments
fisics, quimics i biologics que busquen eliminar els contaminants presents en
I'aigua. Aixi doncs, I'objectiu dels tractaments és produir efluents més nets que
puguin ser abocats a I'ambient, i un residu solid o fang (biosolid o llot) que
contindra la majoria dels contaminants i nutrients. Els fangs de depuradora, un

cop processats, poden ser utilitzats posteriorment com a adobs d’Us agricola.

L'aigua residual crua constitueix una font d’entrada important de patogens al
mediambient. Entre aquests patogens trobem bacteris, protozous, helmints i
virus. Els virus presenten una alta estabilitat al medi ambient fet que facilita la
seva transmissié (Carratala et al.,, 2013; Enriquez, 1995; Rzezutka and Cook,

2004).

A I'Estat Espanyol els parametres microbiologics i quimics que ha de complir

I'efluent d’una EDAR es recullen en el Reial Decret 1315/1992. Malgrat els
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tractaments aplicats, existeixen nombrosos estudis que demostren la presencia

de virus als efluents de depuradora, suposant un risc per a la transmissio de

malalties (Bofill-Mas et al., 2006; Da Silva et al., 2007; Pusch et al., 2005;

Rodriguez-Manzano et al., 2012). Les etapes de les que consta el tractament

d’aiglies residuals es recull a la Taula 1.

Taula 1. Resum dels possibles tractaments aplicables per a depurar aigiies residuals a les EDAR.

(MO: Materia Organica, DBO: Demanda Biologica d’Oxigen)

de l'aigua. Son
tractaments necessaris
per obtenir aigua
regenerada o reutilitzada

Filtracié amb llits
de sorra

Fase Objectiu principal Mecanismes Funcio
Permet la separacio de Desbast Eliminaci6 de grans objectes
materials flotants de Desarenament Eliminaci6 de sorra
Pretractament R . . .
dimensions importants i . - . L
D e L. . Desgreix Eliminacié solids no miscibles
I’eliminacié de greixos
. . Eliminacié matéria en suspensioé per
Sedimentacio de Sedimentacio .. P P
X accio gravetat
materials flotants — - —
. . » L, Formaci¢ de floculs per acci6 de
Primari presents en la fraccio Floculacio
- floculants
liquida en un decantador. — o 5 T
. Addiccié de clorur férric o d’alumini
Reduir una tercera part la L. N .
DBO Coagulacio que genera coaguls que ajuden a
sedimentar
. Bactéries degraden la matéria
Llots actius o . .
organica dissolta en un bioreactor
iologi Reactors Biologics
T'r'flclament blo.loglc 9 Remouen tots els solids en suspensidé
utilitzant bacteris que MBR
esta enfocat a reduir la Eliminacioé per processos naturals
DBO de I'aigua un 85%. Llacunatge (T, llum, biota) de patogens i materia
Secundari En moltes depuradores és organica
I’etapa final del procés de Els microorganismes presents al
depuracio, generant Filtres percoladors filtre degraden la MO que s’hi
efluents de qualitat diposita de I’aigua residual
acceptable Biodiscs Eliminen excés de matéria organica
Sedimentacio Permet clarificar de matéria organica
secundaria en suspensié
Cloracio Desinfeccié mitjangant hipoclorit
Tractament amb . . ) .
uv Inactivacié de microorganismes
Ozonitzacio Us d’0z6 per a desinfectar
Eliminaci6 per processos naturals
Llacunatge (T, lum, biota) de patogens i matéria
Tractaments quimics i organica
fisics avangats que tenen Producci6 de radicals hidroxil que
com a objectiu la millora Fotocatalisi generen processos redox
- significativa de la qualitat desinfectant
Terciari

Eliminar patogens, olors i sabors

Ultrafiltracio

Osmosi inversa

Eliminar molécules dissoltes de mida
petita i col-loides
Eliminar ions inorganics

Precipitacio
quimica

Addiccié de compostos quimics que
fan precipitar el fosfor o reduir
terbolesa

Electrodialisi

Extraccio6 selectiva de determinats
ions
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1.4.2. Aiglies regenerades o reciclades

Les aiglies regenerades o reciclades sén aigles d’origen residual que han estat
sotmeses a tractaments addicionals per millorar-ne la qualitat permetent la seva
reutilitzacid per a usos que no requereixen I'Us d’aigua potable. Aixi doncs,
aquests tractaments permeten obtenir un nou recurs a partir d'un residu. Des de
I’any 2007 existeix una normativa especifica, el RD 1620/2007, que estableix el
marc juridic per a la reutilitzacié d’aiglies regenerades dins I'estat Espanyol.
Aguesta norma ha representat un important aven¢ per estandarditzar les
practiques de reutilitzacié de 'aiglia sota 14 usos diferents agrupats segons 5
arees principals: usos urbans, industrials, reacreacionals, ambientals i agricoles.
A Catalunya, l'aigua efluent tractada a les EDAR pot abocar-se al riu des d’on es
captara diluida per a altres usos (reutilitzacié indirecta o no planificada) o bé pot
rebre un tractament terciari a les EDAR, sovint amb cloracié o llum ultraviolada
(reutilitzacié directa o planificada), que permetra millorar substancialment la
seva qualitat microbiologica, i per tant, ampliar-ne el rang d’usos. Aquests usos
venen determinats per criteris de qualitat, que a nivell microbiologic s’avaluen a
través de la presencia i quantificacié d’ E. coli. Per exemple, per a irrigar vegetals
de fulla verda, on I'aigua regenerada entra en contacte amb la part comestible
de la propia planta consumida en cru, calen aigles regenerades amb una
concentraciéo menor a 100 UFC/100 ml d’E.coli. Si I'aigua es fa servir per a regar
arbres fruiters, el criteri microbiologic és més laxe, permetent fins a 10.000

UFC/100 ml d’E.coli.

A Catalunya, la demanda total d’aigua és de 3.123 hm?® /any (ACA). Les
projeccions estimen que de cara a I'any 2025 aquest consum incrementara en
uns 160 hm® addicionals (Guiu, 2000). Del total d’aigua consumida al nostre
territori, el 72,6% (2.267 hmg/any) es destina a usos ramaders i agricoles mentre
que el consum domestic i industrial representa un 27,4% (856 hm?/any). En les

zones en que, per raons geografiques com pluviomeétriques les aiglies disponibles
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o utilitzables sén un factor limitant, I'aigua reutilitzada pot ser una alternativa. La
produccid i Us d’aiglies regenerades permet un millor aprofitament dels recursos
hidrics disponibles en contextos de baixa disponibilitat d’aigua. A la vegada,
inclouen un component nutricional interessant que pot afavorir la produccié
agricola (Dare, 2015; Wheaton et al.,, 2001). La produccié d’aigua residual al
nostre pais ha anat en augment fins I’any 2008 (54hm*/any) quan va assolir el seu
maxim. L'any 2008, arran de la important sequera, la produccié d’aigua
regenerada va arribar al seu maxim historic. El Programa de Reutilitzacié d’Aigua
a Catalunya (PRAC) va marcar el 2015 com a objectiu, per arribar a regenerar el

22% de I'aigua residual produida (ACA, 2009).

periode 2005-2015.

s

En la Figura 3 pot observar-se la produccié i usos d’aigua regenerada durant el
22
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o2

Figura 3. Produccio d’aigua regenerada a Catalunya en els darrers anys. Font: dades oficials de I'’ACA.

Segons dades de I’Agéncia Catalana de I’Aigua (ACA) del 2015, el consum d’aigua
regenerada a Catalunya és d’aproximadament 30 hectometres cubics. Aquesta

xifra representa el 27% del cabal anual d’aigua tractat a les EDAR. Dels 30 hm’
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produits, la majoria ha estat destinat a usos mediambientals (63%) sent una

petita part la destinada a usos agricoles (2%) (Figura 4).

Usos de l'aigua regenerada a Catalunya 2015

industrial | | municipal
12% 1%

agricola
7%

recreatiu

o
17% ambiental

63%

m ambiental ®recreatiu = agricola industrial = municipal

Figura 4. Usos de I'aigua regenerada durant I'any 2015. Font: dades oficials de I'ACA.

La vigent normativa d’aiglies regenerades no estableix cap criteri de qualitat que
faci referencia als virus, malgrat que la manca de correlacid entre els FIB i |a
presencia/abséncia de virus és ampliament demostrada. Aixo suposa exposar la
poblacié a un risc no ben caracteritzat; determinats usos, com ara el reg de
cultius que es consumeixen crus amb aiglies regenerades, podria suposar un risc

per la salut.
1.5. Els aliments com a font de transmissio de virus

El paper dels aliments com a vehicles de transmissid de malalties infeccioses es
coneix des de I'antiguitat. Des d’un punt de vista Unicament microbiologic, els
aliments poden ser vehicle d’infeccions causades per protozous, bacteris, virus i
prions. En el cas dels virus, les principals malalties associades al consum
d’aliments contaminats sén les gastroenteritis i les hepatitis, encara que altres
malalties com les meningitis, miocarditis i altres alteracions neurologiques sén

possibles. Els virus entérics ja sén reconeguts com els principals agents de brots
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alimentaris als EUA. Es calcula que dels 9.4 milions anuals de casos associats a
brots alimentaris, el 58% d’ells estan relacionats amb norovirus, principal agent
viric causant de gastroenteritis (Scallan et al., 2011). A nivell global s’estima que
anualment 125 milions de brots alimentaris sén causats per norovirus (Kirk et al.,

2015).

Els aliments son susceptibles de ser contaminats a diferents nivells de la cadena
de produccié, comencant per les fases d’irrigacio i recol-leccio als camps, durant
el seu pas per la industria alimentaria, mentre son servits en locals de restauracio
o ala propia llar. Existeixen normatives que vetllen per la qualitat microbiologica
dels aliments, tot i que aquestes no estableixen I'analisi de cap parametre viric.
Aixi doncs, tot i les mesures de qualitat aplicades, els brots associats a virus son
freqUents. Entre els principals aliments implicats en brots alimentaris d’origen
viric trobem els mol-luscs bivalves. Importants brots epidémics, afectant amb
HAV a més de 292.301 persones, s’han reportat associats al consum d’ostres
crues a Shangai, China (Halliday et al., 1991). Tot i que no tant importants, brots
associats al consum de mol-luscs bivalves segueixen reportant-se continuament
(Polo et al., 2016; Woods et al., 2016). Altres aliments consumits crus també
s’han associat a brots com ara els vegetals de fulla verda (Ethelberg et al., 2010;
Miller et al., 2016) o fruites com les maduixes (Bernard et al., 2014; Made et al.,
2013) o les magranes i gerds congelats (Collier et al., 2014; Sarvikivi et al., 2012).
L'increment en la demanda de productes frescos, associats a una dieta sana, s’ha
relacionat amb un increment dels brots virics (Callejon et al., 2015). Kokkinos i
col-laboradors (2012a) han estudiat la presencia de HAdV, HAV, HEV, NoV Gl i
NoV GlI en vegetals de fulla verda a tres paisos de la Unid Europea detectant-los
en un 26,4% (70/265), un 0% (0/149), un 3,2% (4/125), un 1,3% (2/149), 0,8%
(1/126), respectivament. La baixa prevalenca de NoV detectats en aquest estudi
contrasta amb I'exhaustiu estudi de Baert i colaboradors (2011) on es van
detectar genomes de NoV entre el 28-50% dels vegetals estudiats. Finalment,

una gran part dels brots alimentaris es donen en restaurants, altres establiments
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o industries on es manipulen aliments o s’ofereixen productes elaborats, els
quals s"han manipulat de forma incorrecta. Els manipuladors d’aliments, ja sigui
malalts o sense simptomes, poden contaminar accidentalment els aliments i

causar brots (Barrabeig et al., 2010; Boxman et al., 2009; Nicolay et al., 2011).

Un dels punts critics per evitar I’entrada de virus entérics a la cadena alimentaria
és la utilitzacié d’aigua de reg adequada. Recentment, un estudi publicat per
Maunula i col-laboradors (2013) assenyalava que un 9,5% de les mostres d’aigua
utilitzada per regar gerds contenia HAdV, demostrant la preséncia de
contaminacio fecal humana, i per tant, que la qualitat de I'aigua de reg no era la
desitjable. En una linia similar, I'estudi de Kokkinos i col-laboradors va detectar la
presencia de HAdV en el 27,9% de les mostres d’aigua de reg usada per a produir
vegetals de fulla verda. Aquests exemples demostren que les aiglies de reg
suposen una important entrada dels virus a la cadena alimentaria i que la
principal mesura que podem prendre per evitar-los és utilitzar unes bones
practiques agricoles i de produccio. Altres punts d’entrada dels virus a la cadena
alimentaria son els fertilitzants d’origen animal o huma (Rodriguez-Lazaro et al.,
2012). Recentment, s’ha especulat que la preséncia de virus en els aliments no
només quedi limitada a la superficie, sind que determinats virus patogens, com
els NoV o els EV puguin ser internalitzats pel vegetal (Carducci et al., 2015;

DiCaprio et al., 2015).

Actualment és el Reglament (CE) n2 2073/2005 i les seves posteriors
modificacions (Reglamento (UE) 365/2010) els que fan referencia als criteris
microbiologics aplicables als productes alimentaris. En aquesta legislacid no
apareix cap mencio especifica a virus malgrat el perill que suposen. Aquest fet
s’explica en part per la manca de metodes sensibles, especifics i estandarditzats
per a concentrar i detectar virus en aliments. Recentment s’ha publicat la ISO
15216-1:2017 que estableix els metodes per a concentrar i quantificar els virus
de la HAV i els NoV en matrius alimentaries

(https://www.iso.org/standard/65681.html). A I"haver solucionat la limitacié
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tecnica és d’esperar que la determinacié de virus en algunes matrius alimentaries

s’incloguin en futures revisions de la normativa.
1.6. Principals virus detectats en aigua i aliments

Les principals families viriques, que contenen patogens detectats per tecniques
de seqlienciacié massiva en les mostres ambientals estudiades en la present tesi
doctoral, es detallen a continuacié. Algunes d’aquestes families viriques han estat
detectades també en mostres cliniques (Figura 5. Treball no inclos a la tesi

doctoral).
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Figura 5. Families viriques detectades en mostres de pacients amb gastroenteritis agudes sense agent
etiologic conegut

1.6.1. Adenoviridae

Els Adenovirus humans (HAdV) sén virus que pertanyen a la familia Adenoviridae.
Els HAdV son virus icosaedrics sense envolta amb un genoma lineal de doble

cadena d’ADN d’unes 30-38 kb i un diametre de 60-90nm.
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Els HAdV es troben classificats dintre del génere Mastadenoviridae que infecta a
mamifers. Altres generes dins de la familia Adenoviridae sén: Atadenoviridae
(mamifers), Aviadenovirus (aus), Ichtadenovirus (peixos) i Siadenovirus (amfibis).
Actualment existeixen més de 80 genotipus de HAdV diferents

(http://hadvwg.gmu.edu/) basats en estudis serologics, seqlienciacid completa

del seu genoma i analisi filogenetiques. S’agrupen en 7 espécies diferents (A-G),
sent els adenovirus de I'espécie D el grup més nombrdés (Robinson et al., 2013).
Els HAdV son capacgos de provocar una gran diversitat de patologies com ara
gastroenteritis (HAdV F), conjuntivitis (HAdV B,D i E), infeccions respiratories
(HAdV B, C, D i E), cistitis (HAdV B), meningitis (HAdV A, B i D) o hepatitis.
Tradicionalment, els adenovirus també s’han classificat segons la capacitat de

generar tumors en rosegadors (Figura 6) (Ginsberg, 1984).

ONCOGENICS NO ONCOGENICS
Serogrup A: Serogrup C: 1, 2,5, 6157
12,18i31

Serogrup D: §, 9, 10, 13, 15, 17, 19, 20, 22, 23, 24,
RARAMENT 25,26, 27,28, 29, 30,32, 33,36, 37, 38,39,42, 43,

ONCOGENICS | 44,45,46,47,48, 49,51, 53, 54, 56

Serogrup B: 3, Serogrup E: 4

7,11,14, 16, Serogrup F: 40i41

21,34, 35,50

i55 Serogrup G: 52

Figura 6. Serogrups i serotips d’adenovirus humans agrupats segons la capacitat de
generar tumors en rosegadors. Figura adaptada a partir de Jones et al. (2007), Robinson
et al.(2011) i Walsh et al. (2011)

Les infeccions per HAdV es troben molt esteses en la poblacid i es produeixen de
forma primerenca durant la infancia. Estudis serologics en nens de diferents
indrets geografics demostren la presencia d’anticossos contra diferents
genotipus d’HAdV en un 40-90% dels individus (D’Ambrosio et al., 1982; Chirmule

etal., 1999; Thorner et al., 2006; Barouch et al., 2011). Els adenovirus produeixen
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en molts casos infeccions subcliniques persistents que poden durar mesos o, fins
i tot, anys. Aquest fet, juntament a la seva resisténcia als tractaments de
desinfeccio aplicats a les EDAR, a la seva deteccié durant tots els mesos del any i
alaseva prevalenca en una gran diversitat d’arees geografiques fa dels HAdV una
eina Util per a tracar la contaminacio fecal humana (Bofill-Mas et al., 2010, 2006;

Dong et al., 2010; Hamza et al., 2009; Pina et al., 1998c).

1.6.2. Polyomaviridae

El primer poliomavirus (PyV) va ser descobert I’'any 1953 en ratolins per Ludwing
Gross. El seu descobriment es va produir a I'inocular homogeneitzats de tumors
de ratolins amb leucémia a ratolins sans observant-se la formacié de multiples
tumors (polioma). Els poliomavirus sén virus sense embolcall lipidic amb un
diametre de 50-60 nm. El seu genoma és ADN circular de doble cadena de 5,3 kb
empaquetat amb 4 histones cel-lulars (H2A, H2B, H3 i H4) formant una estructura
anomenada “microcromosoma”. Ambdues cadenes de ADN sén codificants i
poden distingir-se tres regions diferenciades. La regio early o primerenca codifica
per gens expressats abans de la replicacio del virus (els antigens large T (LT) and
small T (ST)); una regiod tardana que codifica per proteines que s’expressen un
cop s’ha replicat el genoma viric com les de la nucleocapside (VP1, VP2, VP3 i
LP1); i una regi6é reguladora que conté l'origen de replicacié del virus. Els
poliomavirus es classificaven en tres géneres (Avi-, wuki- i Orthopolyomavirus) en
funcid de la similitud al llarg de tot el seu genoma. Un genoma amb una
similaritat 219% es consideraba una nova especie (Johne et al., 2011). El fet que
alguns poliomavirus siguin recombinants ha fet que es proposi un nou sistema de
classificacid basat en divergencies sobre la seqiéncia codificant de I'antigen
Large T (LTAg), que ha de ser 215% (Calvignac-Spencer et al., 2016). Fins al dia
d’avui, existeixen més de 1200 genomes complerts dins la familia Polyomaviridae
incloent més de 100 especies diferents, la majoria de les quals s’han descobert
en els ultims 15 anys, sent 13 els poliomavirus que infecten I'ésser huma

(Calvignac-Spencer et al., 2016). Els PyV produeixen infeccions durant la infancia
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i persisteixen durant mesos i fins i tot anys, excretant-se de forma perllongada

en orina. Sén virus molt resistents a les condicions de dessecacid i molt resistents

a 'ambient, detectant-se en totes les arees geografiques durant tot I'any (Bofill-

Mas et al., 2006). A la Taula 2 apareixen tots els poliomavirus que infecten

humans descrits fins ara.

Taula 2. Poliomavirus humans descoberts fins a I'actualitat. Adaptat a partir de Mishra i

col-laboradors (2014)

Virus Descobert en Malaltia associada Any Referencia
Leucoencefalopatia
JCPyV Cervell multifocal progressiva 1971 Padgett et al., 1971
(PML)
BKPyV Ronyd 1971 Gardner et al., 1971
Kl Tracte respiratori 2007 Allander et al., 2007
wu Tracte respiratori 2007 Gaynor et al., 2007
Carcinoma de cél-lules
MCPyV Pell 2008 Feng et al., 2008
de merkel
HPyV-6 Pell 2010 Schowalter et al., 2010
HPyV-7 Pell 2010 Schowalter et al., 2010
van der Meijden et al.,
HPyV-8 Pell Tricodisplasia espinulosa 2010
2010
Sang
HPyV-9 2011 Scuda et al., 2011
Ronyd
HPyV-10, MLXPyV Buck et al., 2012;
Femta WHIM 2012
MWPyV Siebrasse et al., 2012
HPyV-11 Femta 2013 Lim et al., 2013
HPyV-12 Teixit hepatic 2013 Korup et al., 2013
HPyV-13 o NJSPyV Endoteli 2014 Mishra et al., 2014
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1.6.3. Caliciviridae

Els membres de la familia Caliciviridae sén virus de mida petita de 27-40 nm,
sense envolta, amb un genoma de cadena ARN de polaritat positiva i simetria
icosaedrica. La familia Caliciviridae conté 5 generes diferents: Norovirus,
Sapovirus, Lagovirus, Nebovirus i Vesivirus (Freed and Martin, 2013). La inclusio
dels géneres Bavovavirus, Nocavirus, Recovirus, Valovirus i Secalivirus descrits
recentment esta en avaluacioé (Farkas et al., 2008; 'Homme et al., 2009; Ng et

al., 2012; Wolf et al., 2012, 2011).

Dintre dels generes Norovirus i Sapovirus trobem importants agents causals de
gastroenteritis que infecten humans. La Figura 7 representa |'organitzacié dels

ORF en els membres de la familia Caliciviridae.

ORF1 ORF3
ORF2 .
@ N-term | NTPase [ 3A-like | VPg [ Pro | RdRp (A)n  Norovirus
VPg  NSi2 NS3 NS4 NS5 NS6 NS7
MNV only
Genomic RNA ORR4
(A)n
vPg  Subgenomic RNA
ORF{ ORF3
._( ORF2 Vesivirus
p26 [NTPase| p16 |VPg|Pro | RdRp (A)n
VPg
Genomic RNA
(A)n
vPg  Subgenomic RNA
ORF1
Sapovirus
\g_( p26 | NTPase | p16 |VPg|Pro|RdRp| VP1 Lagovinis
9 (AN Nebovirus
Genomic RNA oRr2
(A)n

VPg  Subgenomic RNA

Figura 7. Representacio esquematica dels ORF dels diferents membres

de la familia Caliciviridae extret de Royall and Locker (2016)

1.6.3.1. Genere Norovirus

Els norovirus humans (HNoV), previament coneguts com a virus de Norwalk, van
ser identificats a partir de mostres de femta associades a un brot a la ciutat
americana de Norwalk, considerant-se el primer agent etiologic viric causant de

gastroenteritis (Kapikian et al., 1972). Els norovirus humans tenen un genoma
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lineal ARN de polaritat positiva d’'unes 7,6 kbs. El seu genoma es troba
covalentment lligat a una proteina (VPg) en I'extrem 5" i poliadenilat a I'extrem
3’ (Lambden et al., 1993). Conté tres pautes de lectura oberta que codifiquen
per 8 proteines en total. ORF2 i ORF3 codifiquen per les proteines estructurals
delvirus (VP1iVP2). L'ORF1 codifica per una poliproteina que es processa donant
lloc a 6 proteines no estructurals, entre elles la ARN-polimerasa ARN-depenent
del virus (Thorne and Goodfellow, 2014). La seqiéncia completa de la proteina
VP1 permet la classificacié dels norovirus en 6 genogrups diferents (GI-GVI) i més
de 40 genotipus diferents (Zheng et al., 2006). La majoria de brots de
gastroenteritis en humans estan provocats per els genogrups Il en concret per la
soca Gll.4 (Vega et al., 2011; Verhoef et al., 2015) i el genotipus I11.17 que esta
desplacant progressivament al GIl.4 com a soca circulant (de Graaf et al., 2015;
Koo et al., 2017). Recentment s’ha descrit un genotipus recombinant emergent
GII.P16-GlIl.2 (Niendorf et al., 2017). Esporadicament hi ha brots associats al
genogrup | i més rarament al genogrup IV. Segons estimacions del Centers for
Disease Control (CDC) els norovirus son responsables del 60% de gastroenteritis
agudes amb causa coneguda. Es calcula que els NoV son responsables de la mort
d’uns 200.000 nens menors de 5 anys en paisos en vies de desenvolupament,
sent la segona causa de gastroenteritis en nens després dels rotavirus (Patel et
al., 2008). Estudis de revisié han demostrat que el NoV Gll.4 esta més associat a
transmissid persona-persona, especialment en ambients hospitalaris o
residéncies, mentre que els genotipus GI.7 i GIl.12 s’associa a transmissid
d’origen alimentari (Vega et al., 2014). A diferéencia d’altres virus, la immunitat
adquirida per infeccions previes de norovirus no es perllonguen en el temps
(Karst et al., 2003). S’han observat diferents susceptibilitats en front a I'infeccié
de NoV associades a I'existéncia de polimorfismes en els gens ABO, FUT2 i FUT3
que codifiquen per glucosiltransferases. Aquests gens soén els responsables
d’afegir molecules de fucosa que intervenen en el procés d’unid del virus al

receptor condicionant la susceptibilitat dels individus en front a la infeccid
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(Ruvoén-Clouet et al.,, 2013). Els NoV estan en constant evolucio, apareixent
continuament noves soques degut a mutacions puntuals (deriva genética) o a
fenomens de recombinacié durant una co-infeccié (Bull et al.,, 2007). Els
fenomens de recombinacié tenen un paper important en I'aparicid de noves
soques antigenicament diferents capaces d’evadir la resposta immune (White,
2014). La zona d’unio entre 'ORF1 i ORF2 del genoma de NoV s’ha identificat

com a punt freqtent de recombinacié (Arana et al., 2014; Fumian et al., 2016).

L"aparicid de brots de gastroenteritis associats a norovirus ha estat ampliament
descrita a la literatura. Recentment hi ha hagut a Catalunya un brot que ha
afectat a més de 4.000 persones i que s’ha associat al consum d’aigua
embotellada contaminada. Altres brots s’han associat al consum d’aigua
municipal potable (Kaplan et al., 1982; Maunula et al., 2005; Riera-Montes et al.,
2011), al consum de gel contaminat (Cannon et al., 1991) o a I’exposicio d’aigles
recreacionals contaminades (ter Waarbeek et al., 2010). Els norovirus també han
provocat diversos brots associats al consum d’aliments contaminats. Els
principals aliments associats a brots de norovirus sén vegetals de fulla verda
(Ethelberg et al., 2010), bivalves (Baker et al.,, 2011; Lowther et al., 2012;
Nenonen et al., 2008), fruits vermells (Bernard et al., 2014; Made et al., 2013) o

productes de pastisseria (Guo et al., 2014).
1.6.3.2. Genere Sapovirus

Els sapovirus (SaV) tenen un genoma ssRNA de polaritat positiva amb dos ORFs a
diferéncia dels NoV. L'ORF1 codifica per proteines no estructurals i la proteina
major de la capsida VP1 mentre que I'ORF2 codifica per la VP2. La proteina VP1
és la regid amb major diversitat del genoma viric (Oka et al., 2012) i es fa servir
per classificar els SaV en 5 genogrups (Gl a GV) existint uns altres 8 proposats
pendents d’aprovacio (GVI a GXIV) (Scheuer et al., 2013). De tots els genogrups
només 4 genogrups infecten a Humans (Gl, Gll, GIV i GV). Els SaV produeixen
gastroenteritis similars a les provocades per NoV. De fet en algunes regions s’ha

identificat la infecci6 per HSaV com la tercera causa més comu de
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gastroenterititis despres dels rotavirus i norovirus (Iritani et al., 2016). Malgrat
tot, el nombre de brots relacionats amb SaV és menor al nombre de casos
reportats per NoV (Torner et al., 2016). S’han descrit brots en creuers, hospitals,
escoles i residéncies. També s’han descrit brots d’origen alimentari implicant
mol-luscs bivalves (Hansman et al., 2008a; lizuka et al., 2010). Un dels majors
brots per SaV ha estat descrit al Japd al 2010 afectant a més de 600 persones que
consumien menjar preparat d’estil japones (Kobayashi et al., 2012). Els SaV
circulen per I'ambient a altes concentracions (Haramoto et al., 2008; Sano et al.,

2011).

1.6.4. Hepeviridae

Els virus de la familia Hepeviridae sén virus sense embolcall, amb capsida
icosaedrica i un diametre de 32 a 34 nm. El seu genoma és una cadena senzilla
de RNA amb polaritat positiva d’'unes 7,2 kb (Ahmad et al., 2011). Aquesta familia
conté un important patdogen huma com és el virus de I'Hepatitis E (VHE). El
genoma del VHE conté tres ORF superposats. 'ORF1 codifica per les proteines no
estructurals del virus, 'ORF2 codifica per les proteines de la capsida mentre que
I'ORF3 codifica per una proteina que es creu implicada en la sortida dels virions

de la cél-lula infectada.
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Actualment la familia Hepeviridae conté dos generes: Piscihepevirus i
Orthohepevirus. El génere Piscihepevirus conté una uUnica espécie que infecta
truites (Batts et al., 2011). El genere Orthohepevirus conté 4 especies diferents
que infecten diferents hostes com aus (Orthohepevirus B), carnivors
(Orthoepevirus C) i ratpenats (Orthohepevirus D). Lespecie Orthohepevirus A

conté 7 genotipus diferents que infecten un ampli rang d’hostes (Figura 8).

Orthohepevirus )n\

Piscihepevirus

02

Cutthroat Trout

By

Figura 8. Arbre filogenetic amb els diferents géneres i genotips dins la familia
Hepeviridae extreta de Doceul i col-laboradors (2016)
Els humans poden patir infeccions associades als genotipus 1, 2 (considerats
principalment humans) i els genotipus 3, 4 i 7 (considerats zoonotics) (Legrand-
Abravanel et al., 2009). Altres genotipus infecten varietat d’animals com ara els
senglars (VHE 3, 4, 5i 6), els cervols (VHE-3), els camells (VHE-7), els porcs (VHE-
3i4)ielsconills (VHE-3) (Van der Poel et al., 2016).

Els diferents genotips que infecten humans presenten una distribucio geografica

diferenciada. Els genotips 1 i 2 son predominants en zones amb baix nivell de
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sanejament de l'aigua. En canvi, els genotips 3 i 4, considerats zoonotics, sén
predominants a la resta de zones (Kamar et al., 2012). La via de transmissio més
freqlient dels genotips 3 i 4 als humans esta associada al consum d’aliments

contaminats i no hi ha descrits brots epidemics importants (Lewis et al., 2010).

El VHE és considerat un patogen emergent que es transmet per la via fecal-oral, i
per tant, la seva transmissié pot donar-se al consumir aigua o aliments
contaminats. En la majoria dels casos el virus de la VHE causa infeccions
autolimitades que tenen una durada d’'unes 2 setmanes. La simptomatologia
clinica pot incloure els segiients signes, simptomes i sindromes: hepatomegalia,
febre, nausees, vomits, ictericia, coluria i anorexia. Els simptomes i signes
apareixen aproximadament unes 5 o 6 setmanes després de la infeccio. Aquest
decalatge de temps entre la infeccié i I'aparicié dels simptomes dificulta el tragat
dels brots. Segons estimacions de la OMS es calcula que existeixen uns 20 milions
d’infeccions anuals relacionades amb el consum daigua contaminada.
Aproximadament uns 3,3 milions de casos son simptomatics causant unes 56.600
defuncions (OMS., 2015). Els brots de VHE s’han associat sovint a situacions de
crisi humanitaria (Boccia et al., 2006; Guerrero-Latorre et al., 2011). Malgrat aixo,
s’han descrit brots d’origen alimentari associats al consum de carn contaminada
(Li et al., 2005; Yazaki et al., 2003). El virus també ha estat detectat en marisc
suggerint una possible via de transmissio a través del seu consum (Gao et al.,

2015; Grodzki et al., 2014).

1.6.5. Picornaviridae

Els virus de la familia Picornaviridae sén virus esferics d’'uns 30 nm, sense
embolcall, amb un genoma ARN de cadena senzilla amb polaritat positiva d’entre

7,0 - 8,8 kbs.
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Aquesta familia inclou importants patogens humans com el virus de I’hepatitis A,
els enterovirusi el virus de la malaltia de mans, peus i boca o del refredat comu.
A marg del 2017 la familia Picornaviridae inclou 35 generes diferents amb més de
80 especies reconegudes pel grup de taxonomia de la ICTV

(http://www.picornaviridae.com/). El génere Hepatovirus inclou una Unica

especie: el virus de I’hepatitis A, un dels principals agents etiologics d"hepatitis
transmesa a partir del consum d’aigua i aliments contaminats. Existeixen sis
genotips de HAV amb distribucid mundial, sent els genotips I, Il i lll els que
principalment infecten humans (Vaughan et al., 2014). En zones del moén on els
nivells de sanejaments sén baixos, els estudis de prevalenca indiquen que
aproximadament el 100% de la poblacié infantil adquireix immunitat durant la
primera década de vida. En societats amb sistemes de sanejament més
desenvolupats s’ha reduit la seroprevalenca en persones joves i, per tant, en
regions on no esta sistematitzada la vacunacio, part de la poblacio és susceptible
d’infectar-se si entren en contacte amb el virus (Jacobsen and Wiersma, 2010). A
la Figura 9 pot observar-se 'organitzacié gendmica del virus de la HAV com a

model de picornavirus.
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Figura 9. Organitzacié genomica del virus de I"hepatitis A com a exemple de picornavirus.
Imatge obtinguda de Viral Zone: http://viralzone.expasy.org
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El genere Cardiovirus conté dues especies conegudes com els virus de Theilor i el
virus de la encefalomiocarditis. Els virus de la encefalomiocarditis sén virus de
rosegadors que poden infectar diversos hostes incloent I’home on s’ha associat
a l'aparicio d’un quadre frebril amb nausees, mal de cap i dispnea (Oberste et al.,
2009). L'especie Theilorvirus inclouria els virus de Saffold que infecten a éssers
humans malgrat que el seu paper com a virus patogens és controvertit (Li et al.,

2017; Nielsen et al., 2012, 2013).

El génere Enterovirus conté 10 especies diferents incloent els Enterovirus
humans A-D aixi com els Rhinovirus humans A-C. El genere Enterovirus s’ha
associat a I'aparicié de malalties similars a la polio, malaltia de mans, peus i boca
i a quadres gastrointestinals (Plyusnin et al., 2011). Recentment, hi ha hagut un
increment en el nombre de brots associats a EV. Alguns d’aquests brots han estat
associats a soques emergents recombinants (Holm-Hansen et al., 2016; Zhang et
al.,, 2010). Sén d’especial importancia I'EV-71 i I'EVD-68. L'EV-71 conté 11
subgenogrups diferents, i en concret, el subgenogrup C4 s’ha associat a
desordres neurologics importants amb una alta mortalitat (Fischer et al., 2014).
L'any 2016 hi va haver un important brot d’encefalitis infantil principalment
causada per EV-71 subgenogrup C1 a Catalunya (Casas-Alba et al., 2017). L'EV-
D68 s’ha associat a patologia respiratoria greu i a paralisi flaccida (Robinson et
al., 2014). Els EV es transmeten principalment per contagi persona-persona pero
s’han descrit brots a la literatura lligats al consum d’aigua (Beller et al., 1997;
Hafliger et al., 2000) o d’aliments contaminats (Le Guyader et al., 2008). Dintre
del génere Enterovirus, trobem els rinovirus humans, responsables del refredat
comu, i el virus de la polio, patogen historicament important responsable de la
poliomielitis. Aquesta malaltia, que afecta a nivell del sistema nervids central
destruint les neurones i produint paralisi aguda flaccida o respiratoria, va
ocasionar una greu epidémia durant els segles XIX i XX. L’any 1988 I'’Assemblea
Mundial de la Salut va llangar I'iniciativa mundial d’erradicacio de la polio (GPEI,

del anglés Global Polio Erradication Initiative) que promovia programes de
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vacunacié i vigilancia intensius. Gracies a aquesta iniciativa l'incidencia de
poliomielitis s’ha reduit en més d’'un 99% i Unicament queden tres paisos on la

malaltia és encara endéemica: Afganistan, Pakistan i Nigeria. (Zaidi et al., 2016).

El genere kobuvirus conté patogens humans com els virus d’Aichi que s’han
relacionat amb patologia gastrointestinal (Yamashita et al., 1991) pero estudis
recents senyalen que podrien tenir un paper en co-infeccions amb altres virus
(Ambert-Balay et al., 2008; Rasdnen et al., 2010). El virus d’Aichi s’"ha detectat en
un ampli ventall de mostres ambientals: aigua residual, aigua tractada i aigua
superficial aixi com en mol-luscs bivalves (Hansman et al., 2008b; Kitajima et al.,
2011; Lodder et al., 2013). Els parechovirus humans sén patdogens que es
classifiquen dintre del genere Parchovirus provocant patologia respiratoria i
gastrointestinal (Chen et al., 2014). Els parechovirus també s’han relacionat amb
afectacions del sistema nervids central especialment en nens (Felsenstein et al.,
2014). Recentment, I'aplicacié de técniques de seqienciacid massiva ha permes
identificar multitud d’especies noves que esperen ser reconegudes per part del
grup de taxonomia de la familia Picornaviridae a I'ICTV. Alguns d’aquests
picornavirus s’han relacionat amb infeccions gastrointestinals en humans com és
el cas dels generes Cosavirus, Salivirus/Klassevirus que han estat aillats de femtes

de pacients malalts (Holtz et al., 2009a, 2008).

L'utilitzacio de técniques de seqlenciacid massiva al camp de la virologia ha
permées el descobriment de noves especies virals que podrien representar
potencials nous generes dins de la familia Picornaviridae (Boros et al., 2013; Holtz

et al., 2009b; Lim et al., 2014; Ng et al., 2015; Phelps et al., 2014).

1.6.6. Astroviridae

Els astrovirus sén virus amb capsida icosaedrica, sense embolcall i amb una mida
de 28-41 nm. El seu genoma és RNA de cadena senzilla amb polaritat positiva
d’unes 6,8 kbs (6,2-7,8 kbs) (Freed and Martin, 2013) contenint tres ORFs,
coneguts com a ORFla, ORF1b, ORF2. En I’'extrem 5’ trobem els ORFla i ORF1b
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que codifiquen per proteines no estructurals implicades en la replicacio del virus
mentre que a I'extrem 3’ trobem I'ORF2 que codifica per les proteines
estructurals del virus (Monroe et al., 1993; Willcocks and Carter, 1993). La familia
Astroviridae conté dos generes, el genere Mamastrovirus (MAstV) que infecta a
una gran diversitat de mamifers, entre ells els éssers humans, i el génere
Avastrovirus (AAstV) que infecta a aus (Figura 10). Inicialment la classificacio dins
del genere depenia Unicament de I'hoste infectat pel virus perd, en els ultims
anys s’han descobert nous astrovirus que infecten un ampli rang d’hostes
diferents invalidant el sistema de classificacid anterior (De Benedictis et al.,
2011). Aixo ha fet que per a classificar-los a més de I'hoste s’avaluin les
diferencies genetiques existents en la seqiéncia completa de la nucleocapsida.
Dintre del génere MAstV trobem diversos genotips que infecten humans:
MAsTV1 (inclou els classics serotips HAsTV1-8), MAsTV-6 (HAstV-MBL), MAstV-8
i MAsT-9 (HAstV-VA/HMO)(Bosch et al., 2014a).

Mamastrovirus
genogroup |
Porcine astrovirus ... BdAstV-
Foline astrovirus _...FAsV-1) | CaAstv-A N1
---------------- _{FAsv-1
Human 3 RAstV
/HAstv (1-8) \\,_ CeAstV-1
L Constvz
) TRREER
o S Z HASIV-VA2
Avastrovirus HMOASIV-C
genogroup | . S ~— HASV-VA1
5 AstV-1) Mink astrovirus
2 T \ AetD Ovine astrovinus
w w
BatAstv
Avastrovirus nmw
genogroup Il
0.1 Mamastrovirus

genogroup Il

Figura 10. Arbre filogenétic de la familia Astroviridae utilitzant la sequéncia completa de la
nucleocapisda dels virus (“Family — Astroviridae,” 2012)

Els astrovirus humans inclosos en el genere MAstV-1 son responsables de
gastroenteritis i s’estima que causen, a nivell mundial, entre el 2-9% de les

gastroenteritis no bacterianes en nens (Bosch et al.,, 2014b). Els genotips
35



Introduccid

recentment descrits com els MAstV-6 s’han associat a diarrea (Finkbeiner et al.,
2008) pero també s’han aillat en sang i nasofaringe de pacients amb infeccio al
tracte respiratori superior, suggerint un possible paper en altres patologies (Holtz
et al.,, 2011; Wylie et al., 2012). Els MAstV-8 i 9 s’han associat a gastroenteritis
(Finkbeiner et al., 2009a) i s’"ha observat el seu tropisme al sistema nervids central
en nens inmunodeprimits que presentaven encefalitis (Quan et al., 2010). La
transmissio fecal-oral dels astrovirus ha estat demostrada en estudis amb
voluntaris (Kurtz et al., 1979). Es tracta de virus altament prevalents a I'ambient
(Guimardes et al.,, 2008; Le Cann et al.,, 2004; Pusch et al., 2005), i son molt
estables en aigua de beguda o aiglies superficials (Bosch et al., 1997). Malgrat
que s"han reportat brots d’astrovirus a través del consum d’aigua contaminada i
aliments (Qishi et al., 1994; Pinté et al., 1996) la seva freqiéncia és menor
comparada amb els brots associats a NoV. Com a exemple, la base de dades de
vigilancia del CDC dels Estats Units només ha reportat dos brots d’astrovirus des
de 1998. Aquesta baixa taxa de brots podria ser deguda a la manca de monitoreig
rutinari dels HAst en mostres cliniques i ambientals. A més a més els metodes
convencionals basats en PCR podrien fallar a ’hora de detectar HAstV degut a
I'alta taxa de recombinacid (Walter et al., 2001) i I'alta taxa de mutacio (Babkin
et al., 2012) propies d’aquesta familia. L'aplicacio de técniques de seqlenciacid
massiva no basades en encebadors especifics ha permés la deteccidé de multitud
d’AstV recombinants que poden infectar a humans (Finkbeiner et al., 2009b; A.
Kapoor et al.,, 2009). Futurs estudis per coneixer la prevalenca d’astrovirus

classics i recombinants sén necessaris.

1.6.7. Reoviridae

Els rotavirus reben el seu nom del llati “rota” que significa roda degut al seu
aspecte al microscopi electronic. La familia Reoviridae conté 15 generes diferents
dividits en dues sub-families en funcio del seu aspecte morfologic: Sedoreovirinae
(sense espicules) i Spinareovirinae (amb espicules). Dintre del primer grup

trobem els generes Rotavirus (vertebrats), Cardoreovirus (crustacis),
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Mimoreovirus (protistes marins), Orbivirus (mamifers, artropodes i ocells),
Phytoreovirus (plantes i insectes), i Seadornavirus (humans i insectes). Dins de la
sub-familia Spinareovirinae trobem els generes Aquareovirus (peixos i moluscs),
Coltivirus  (mamifers i artropodes), Cypovirus (insectes), Dinovernavirus
(insectes), Fijivirus (plantes i insectes), Idnoreovirus (insectes), Mycoreovirus
(fongs), Orthoreovirus (vertebrats), i Oryzavirus (plantes i insectes). Com es pot

observar, aquesta familia virica és molt diversa i infecta un ampli rang d’hostes.

Els rotavirus humans (HRoV) sén la principal causa de gastroenteritis severa amb
una major mortalitat en infants menors de 5 anys. S’estima que unes 500.000
morts anuals sén causades per RoV afectant especialment a paisos de baixa
renda on l'accés a l'aigua és limitat (Tate et al., 2012). Els RoV és classifiquen
serologicament en 7 grups (A, B, C, D, E, F, G) en funciod de la resposta serologica

envers la proteina VP6.

El 90% de les infeccions de rotavirus estan causades per RoVA (Dennehy, 2000)
malgrat que els grups B i C també poden infectar humans. Els HRoV son virus no
embolcallats, amb una capsida icosaedrica i 70 nm de diametre. El seu genoma
és de doble cadena de RNA segmentat en 11 fragments que codifiquen per 6
proteines estructurals (VP1-VP4, VP-6 i VP-7) i 6 proteines no estructurals (NSP1-
NSP5/6) (Figura 11) (Freed and Martin, 2013).
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Figura 11. Presentacié de la particula virica i ORFs dels rotavirus humans. Font: Viral Zone,
http://viralzone.expasy.org

A dia d’avui existeixen 27 genotips G i 37 genotips P. La majoria de les infeccions
humanes per Rotavirus s’associen a 5 genotips G (GI-G4 i G9) i 3 genotips P (P[8],
P[4]iP[6]) (Matthijnssens et al., 2011; Santos and Hoshino, 2005). La transmissio
dels rotavirus és per la via fecal-oral i es requereix una quantitat molt baixa de
particules viriques per a manifestar clinicament la malaltia (Ward et al., 1986). Al
tractar-se d’un virus sense embolcall és altament estable en I'ambient i a més el
fet que s’eliminin fins a 10" particules viriques per gram de femta facilita la seva
transmissio a través de fomites contaminats (Bishop, 1996; Estes et al., 1979). Els
rotavirus tenen una distribucio geografica mundial. Préviament a la introduccid
de la vacuna en els paisos desenvolupats, els RoV presentaven un marcat pic
estacionari a I’hivern (Parashar et al., 1998). La seva deteccié ambiental s’ha
descrit tant en aigua residual crua (Barril et al., 2015; Prado et al., 2011; Zhou et
al., 2016) com en aigua de riu (Calgua et al., 2013a; Prez et al., 2015). El nombre
de brots alimentaris associats exclusivament a RoV son poc freqiients (CDC, 2000;
Mayr et al., 2009). En la majoria de casos es tracta de co-infeccions amb altres
patdgens com ara els NoV (RASANEN et al., 2010). Existeixen diverses vacunes
atenuades per a RoV, a I'Estat Espanyol estan disponibles Rotarix® (GSK) i
Rotateq® (Merck). Rotarix® conté un virus atenuat G1P[8] i ha demostrat una
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eficiencia del 85-96% contra gastroenteritis moderades-severes causades per
RoV serotips G1 i altres genotips (O’Ryan, 2007). Rotateq®, en canvi, és una
vacuna pentavalent generada per reordenament de rotavirus bovi i els serotips
humans G1, G2, G3, G4 i P[8]. Rotateq® ha demostrat una eficiencia del 74%
(66,8-79,9) durant el primer any post-vacunacié contra la gastroenteritis causada

pels genotipus G1-G4 (Vesikari et al., 2006).

1.6.8. Papillomaviridae

La familia Papillomaviridae (PV) esta constituida per virus circular de doble
cadena ADN d’unes 7-8 kbs que infecten vertebrats. Es tracta de virus amb
simetria icosaedrica sense embolcall d’uns 50-60 nm. Només una de les dues
cadenes de ADN es tradueix a proteines seguint el sentit horarii les seves pautes
de lectura oberta es classifiquen en primerenques (E1-E7) o tardanes (L1, L2) en
funcid de la seva posicid al genoma. Existeix una regié no codificant important
per a lareplicacid del virus i la regulacio d’expressioé de proteines. Existeixen més
de 29 generes de papil-lomavirus, essent 5 d’ells exclusivament humans i
classificant-se en funcié de la seqlencia nucleotidica completa del gen L1
(Bernard et al., 2010). En els ultims anys el nombre d’espécies diferents que
pertanyen a la familia Papillomaviridae ha incrementat considerablement. En
concret, existeixen més de 200 genotips diferents que infecten I'ésser huma

(Figura 8) (http://www.hpvcenter.se/html/refclones.html). Els genotips

pertanyents a un mateix genere tenen una similitud en L1 > al 60% entre ells.
S’anomena especie a aquells HPV que comparteixen una identitat entre 60-70%
en L1. Els genotips de HPV comparteixen una similitud entre 71-89% sobre la

seqiencia completa de L1.
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Figura 12. Arbre filogenétic de la classificacié dels HPV en funcié de la proteina L1 (Doorbar et al., 2012)

Les proteines E6 i E7 estan estretament relacionades amb les propietats
oncogeniques dels HPV al bloguejar les proteines de retinoblastoma i p53,
induint I'entrada de la cel-lula en fase S (Werness et al., 1990). Els papil-lomavirus
humans alfa (HPV- a) infecten principalment la superficie de les mucoses orals i
genitals aixi com també els genitals externs. Els altres géneres de HPV B, y, W, i v
infecten les mucoses no genitals i la pell. Entre els 120 genotips diferents que
pertanyen al genere a, 30 infecten |'epiteli anogenital i son causa de malalties de
transmissio sexual com ara els condilomes. Dintre del génere a (HPVa) 12
genotips tenen elevat potencial oncogenic i es consideren d’alt risc (HPV16, 18,
31, 33, 35, 39, 45, 51, 52, 56, 58, i 59) sent reconeguts com agents causants de
cancer de cervix (CC), el segon cancer més freqient en dones a nivell mundial

(Mufioz et al., 2003). La gran majoria de casos de CC s’associen al genotips HPV16
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(61% dels casos). Els genotips de HPV16i 18 també s’han associat a altres cancers
com el d’anus, vulva i penis. Recentment també s’ha associat la presencia de HPV,
especialment el HPV16, amb altres tipus de cancer com el d’orofaringe (Herrero
et al., 2003). Els generes de HPV B, v, I, i v s’associen a patologies de la pell, com
ara condilomes, perd també s’han detectat de forma habitual en individus sans,
suggerint que alguns genotipus de HPV serien part del viroma natural de la pell

(Wylie et al., 2014).

Estudis de metagenomica realitzats en serum huma de persones sanes també
han descrit la seva presencia reforcant la idea que podrien ser considerats virus
comensals (Ma et al., 2014; Moustafa et al., 2017). Es creu que la infeccié epitelial
per part dels HPV succeeix a edats primerenques el nombre d’infeccions amb
diferents genotips incrementa amb [|'edat. Alguns autors han suggerit un
potencial rol d’aquests virus en el desenvolupament de determinats cancers de
pell. S’ha observat que determinades lesions de la pell, considerades precursores
de cancer com ara la keratinosis actinica, es correlacionen amb una alta carrega
viral de HPVB. L’any 2006 va apareixer la primera vacuna per a HPV incloent els
genotips més freqlientment associats a cancer: HPV16 i 18. Aquesta vacuna s'ha
anat ampliant fins a incloure 9 genotips diferents del virus i protegint no només
contra aquells associats a cancer siné també contra alguns genotips associats a
condilomes. Alguns autors temen 'eradicacié dels genotips inclosos en la vacuna
pugui alterar el patré de virus circulants per la poblacié i fomentar I'aparicié de
nous genotips. Es per aixd que la identificacid dels genotips circulants és
important per al desenvolupament de programes terapeutics i preventius per als
HPV. L'estudi dels HPV a nivell ambiental pot donar informacié epidemiologica
dels virus circulants. Els HPV poden excretar-se a través de la femta (Di Bonito et
al.,, 2015), de l'orina (Santiago-Rodriguez et al., 2015) o bé a partir de la
descamacio de la pell (Foulongne et al., 2012) i arribar a les plantes de tractament
d’aigua. Recentment s’ha descrit la preséncia de HPV16 i altres HPV a aigua

residual urbana (Bibby and Peccia, 2013a; Cantalupo et al., 2011; La Rosa et al.,
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2013b; Symonds et al.,, 2009a). Aquests virus sén molt estables a I'ambient i
segueixen sent infecciosos en superficies contaminades (Ryndock and Meyers,
2014). S’ha observat que son altament resistents a la dessecacid i als tractaments
esterilitzants emprats en I’entorn médic (Meyers et al., 2014; Roden et al., 1997).
Mentre que la transmissio sexual dels HPV esta ben documentada, la transmissid
per via fecal-oral a través del consum d’aliments/aigua contaminats podria ser
important. Alguns autors han senyalat el potencial paper dels HPV en el
desenvolupament de cancers colorectals (CCR) (Baandrup et al., 2014; Damin et
al., 2013; Moreas et al., 2014; Picanco-Junior et al., 2014) pero aquest possible
paper segueix sent polemic (Chen et al., 2015). La implicacio dels HPV en altres
tipus de cancers no genitals ni epitelials també ha estat senyalada (Fratini et al.,

2014; Ryndock and Meyers, 2014).

1.6.9. Parvoviridae

La familia Parvoviridae esta constituida per virus d’'unes 5 kbs amb genoma ADN
de cadena senzilla. La familia Parvoviridae es subdivideix en dues subfamilies,
conegudes com Parvovirinage (infectant principalment vertebrats) i la
Densovirinae (que infecta artropodes). Dintre la subfamilia Parvovirinae
existeixen 8 generes diferents: Amdoparvovirus, Aveparvovirus, Bocaparvovirus,
Copiparvovirus, Dependoparvovirus, Erythroparvovirus, Protoparvovirus and
Tetraparvovirus (Cotmore et al.,, 2014). Fins fa relativament poc només el
Parvovirus B19 era I'Unic membre de la familia considerat patogen per als éssers
humans causant eritema infeccids en persones sanes i immunocompetents o
produint, en persones immunocompromeses, anemia cronica o aplasia pura de
globuls vermells (Heegaard and Brown, 2002). Altres parvovirus com ara els
Bocavirus Humans (HBoV1-4) o els Bufavirus humans (HBuV) s’han associat a
patologies respiratories o gastrointestinals (Albuquerque et al., 2007; Vdisdanen
et al., 2014a; Wang et al.,, 2011). Molts autors han descrit la preséncia de
parvovirus en femta on s’han detectat altres virus patogens suggerint que serien

virus comensals o agents co-infectants de gastroenteritis agudes (Allander et al.,
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2005; Arthur et al., 2009; Han et al., 2009; Jones et al., 2005; Amit Kapoor et al.,
2009; Phan et al., 2012). Malgrat aix0 la deteccié de parvovirus també s’ha fet en
individus sense cap tipus de manifestacio clinica (Flotte and Berns, 2005;
Moustafa et al., 2017) o s’ha associat a problemes de contaminacid en reactius
(Naccache et al., 2013). Amb I'aplicacio de técniques de seqlenciacié massiva
s’han detectat noves espécies tant en éssers humans com en animals (Figura 13)
demostrant la gran diversitat d’aquesta familia de virus (Bodewes et al., 2014a;

Handley et al., 2012; Phan et al., 2016; Shan et al., 2011).

Figura 13. Microscopia electronica del parvovirus H-1 de rata. Font:
CDhC

Els parvovirus humans s’han detectat en mostres cliniques de diferents arees
geografiques, principalment a femta o mostres de serum (Norja et al., 2007,
Véisanen et al., 2014). Una de les possibles vies de transmissio per als parvovirus
és la fecal-oral. En aigua residual s’"ha detectat una alta prevalenca de parvovirus
superior al 80% (Blinkova et al., 2009). La seva presencia també ha estat
estudiada en mostres d’aigua de riu sent un 40% positives per metodes
moleculars (Hamza et al.,, 2009). La seva resisténcia a baixos pH i altes
temperatures (Baylis et al., 2013; Nath Srivastava and Lund, 1980) juntament
amb la seva alta prevalenca ambiental semblen reforcar una possible via de
transmissio fecal-oral, especialment per als Bocavirus Humans 2-4 que es
detecten principalment en femta (Kapoor et al.,, 2010). Finalment, la seva
deteccié en carn de pollastre, porc i vedella al punt de venta (Peretti et al., 2015;

Zhang et al., 2014) representa un interessant descobriment que obre una nova
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via d’investigacid sobre el possible paper zoonotic d’aquests virus a través del

consum de carn infectada.

1.6.10. Circoviridae

La familia Circoviridae infecta a mamifers i espéecies d’aus. Els circovirus tenen un
genoma circular de cadena senzilla de ADN d’unes 1,8 a 3,8 kbs, encapsidats en
una capsida icosaedrica sense embolcall d’'uns 15 a 20 nm de diametre.
Actualment la familia Circoviridae conté dos géneres reconeguts: Circovirus i

Gyrovirus (Figura 14).

Circovirus
BFDV
Gyrovirus PiCV CaCV

0.1

Figure 14. Arbre filogenétic de la familia Circoviridae incloent els dos generes
Gyrovirus | Circovirus (“Family — Circoviridae,” 2012)

Els membres del genere Circovirus tenen el genoma més petit que infecta a
mamifers amb una mida de 1,7 a 2 kbs. El seu genoma té dues pautes de lectura
oberta que codifiquen per una proteina de la capsida (cap) i una proteina
encarregada de replicar el genoma viric (rep). Existeix una regio intergénica entre
els gens rep i cap que conté l'origen de replicacié del virus (ori). El genere
Gyrovirus té un genoma més gran d’unes 2,3 kb. A més el seu genoma esta
organitzat en tres ORFs parcialment solapats. L'ORF1 codifica per la proteina de
la capsida mentre que els ORF2 i ORF3 codifiquen per les proteines no

estructurals VP2 i VP3 del virus (Freed and Martin, 2013).
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Els membres de la familia Circoviridae son coneguts per causar patologia severa
en aus i porcs on representen un problema econdmic important. El Circovirus
Porci 2 (PCV-2) s’ha detectat en les femtes d'un 5% dels adults americans,

presumiblement pel consum de carn de porc infectada (Li et al., 2010).

Existeix un tercer génere proposat dins la familia Circoviridae recentment descrit
en femtes humanes i de ximpanzés anomenat Cyclovirus. Aquests virus han
demostrat tenir una alta prevalenca en el teixit muscular d’animals de granja,
com ara pollastres, vaques i ovelles. La seva deteccido també s’ha produit en
femta humana on s’han vist divergéncies de seqliencia importants suggerint que
les especies detectades son humanes i no d’origen dietari (Li et al., 2010). El
paper d’aquests circovirus detectats en femta humana amb infeccions
entériques encara resulta una incognita. Recentment s’han detectat seqiéncies
relacionades amb el genere Cyclovirus en femtes de pacients amb afectacions
agudes del sistema nervids central suggerint una possible transmissio per via

fecal-oral (Tan et al., 2013).

1.6.11. Picobirnaviridae

Els picobirnavirus (PBV) sén virus esferics, sense embolcall d’aproximadament
uns 33-41 nm de diametre i capsida icosaédrica amb un genoma de cadena doble
d’ARN bisegmentat (Freed and Martin, 2013). Taxonomicament, la familia
Picobirnaviridae conté un Unic genere Picobirnavirus. El seu descobriment data
de 1988, quan van ser aillats a partir de femta humana durant un brot de
gastroenteritis aguda al Brasil. Es van descobrir de forma totalment casual
mentre les mostres eren testades per rotavirus mitjancant electroforesi en gel
de poliacrilamida (Pereira et al., 1988). L'any 2005 es va seqienciar el primer
genoma complet d’un picobirnavirus huma a partir de les femtes d’un nen de 6
anys amb gastroenteritis (Wakuda et al., 2005). El segment 1 del genoma conté
dos ORFs. L'ORF1 codifica per una proteina hidrofilica de funcié desconeguda

mentre que I"ORF2 codifica per la proteina de la capsida. El segon segment del
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genoma conté un Unic ORF que codifica per la ARN Polimerasa ARN depenent del

virus (Figura 15).

| Human Picebirnavirus |

Segment 1 (2.5kb)

] ORF1 I
4 Ribosomal
reinitiation

arframeshift? Segment 2 (1.7kb)

RNA, 2008 1 RdRp
pﬂlyme rase Swiss Instiute of Blolnformatics

Figura 15. Representacio esquematica d’un virié de picobirnavirus huma i el seu caracteristic
genoma bipartit. Imatge obtinguda de Viral Zone: http://viralzone.expasy.org

Els PBV infecten un ampli rang d’hostes entre els quals trobem els humans,
mamifers i aus (Ganesh et al., 2014). Els picobirnavirus humans i animals s’han
associat a gastroenteritis i diarrea aquosa, on s’han detectat com a Unic agent
etiologic possible (Bhattacharya et al., 2007; Browning et al., 1991; Cascio et al,,
1996) o en presencia d’altres patogens (Alfieri et al., 1994; Smits et al., 2014). La
seva presencia en animals i persones sanes ha posat en dubte la seva

patogenicitat (Kapusinszky et al., 2012).

L’excrecié del virus es fa a través de la femta (Pereira et al., 1988) pero no es
descarten altres possibles vies d’excrecidé, com ara la respiratoria, ja que el virus
també s’ha detectat al tracte respiratori (Smits et al., 2012). Els Picobirnavirus
humans tenen una distribucié mundial i s"han detectat amb elevada freqiencia
a les aiglies residuals d’entrada als Estats Units (Symonds et al., 2009b) on totes
les mostres d’aigua residual eren positives (12/12). Estudis a Alemanya mostren
uns valors més modestos amb una menor prevalenca en aigua de riu (23/108) i
aigua residual (3/12) presentant unes concentracions de 4,0x10*2,9x10* GC/L i

1,0x10°- 1,0x10° CG/L respectivament (Hamza et al., 2011). Factors com la manca
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de models animals i linies cel-lulars on replicar el virus, juntament al baix nombre
de sequencies disponible a les bases de dades, dificulten I'estudi d’aquesta

familia de virus.
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2. Metodes d’estudi de virus en I'ambient:
concentracio, extraccio i deteccio

L'Us de virus com a indicadors es veu dificultat per l'efecte dilucié que
experimenten en alliberar-se a I'ambient, fent que la seva concentracio sigui
baixa. Es per aquest motiu que es fa necessari un pas de concentracié a partir de
volums grans de mostra. Aquest volum variara oscil-lant entre els mil-lilitres a
centenars de litres en funcio de la contaminacié fecal esperada. Existeix un ampli
ventall de metodes de concentracio de virus en mostres ambientals, tot i que cap
d’ells és considerat el metode de referéncia. Segons Block and Schwartzbrod
(1989) les caracteristiques desitjables per a qualsevol metode de concentracié es

presenten a la seglent llista:

Tecnicament facil Reproduible

Rapid processament Aplicable a diferents virus

Processar diverses mostres

Bona recuperacié
Util en diferents matrius d’aigua

Volums representatius

Economic

{
1

extraccié Meétodes
A moleculars

= , »

Concentracié dels
virus Métodes

cel-lulars

sesesssenss

Figura 16. Efecte dilucio dels virus en 'ambient. Técniques de concentracio i extraccio per al
seu estudi.
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2.1. Metodes de concentracid de particules viriques a partir de
mostres d’aigua mediambientals

Malgrat I'existéncia de diferents metodes de concentracid, cap dels meétodes
aconsegueix reunir tots aquests requisits. Existeix molta recerca activa per
desenvolupar noves metodologies que permetin superar les limitacions dels
metodes actuals i/o desenvolupar-ne de nous. Tradicionalment, els metodes de
concentracié de virus en aigua s’han classificat com a primaris o secundaris (o de

reconcentracio).

Els sistemes de concentracid primaris son aquells que permeten passar de grans
volums d’aigua fins a un volum final d’aproximadament 1L. Els métodes de
concentracié secundari o reconcentracié son aquells que permeten recuperar els
virus presents en mostres de menys d’1L a volums de pocs mil-lilitres. Malgrat
aquesta distincié teorica, a la practica, no sempre resulta facil distingir quins
meétodes sén primaris o secundaris. Historicament, els métodes de concentracid
més utilitzats han estat els basats en dos passos d’adsorcié- elucio (Wallis and
Melnick, 1967), també coneguts com a metodes VIRADEL (V/IRal ADsorption and
ELution). En aquests, s"aconsegueix la concentracié de particules viriques de la
mostra per adsorcié electrostatica i posterior elucio amb tampons alcalins
(generalment utilitzant extracte de carn, solucions salines, glicina, etc.) a partir
de filtres, cartutxos o particules que retenen els virus. Aquests metodes
permeten filtrar grans volums d’aigua i eluir els virus en un volum relativament
petit. Utilitzar grans volums d’aigua implica una co-concentraciéo de molecules
inhibidores que poden afectar la seva posterior deteccié (Gibson et al., 2012;

lizerman et al., 1997).

Els diferents virus entéerics presenten un ampli ventall de proteines de la capisda
diferents en funcié de l'especie; totes elles presentant diversitat de mides i
carregues. El diametre dels virus oscil-la entre els 30nm (enterovirus) i els 100nm
(adenovirus), amb rangs de punt isoelectric que oscil-len entre els 2,8 de 'HAV

als 8,0 dels RoV (Michen and Graule, 2010). Tot i aquestes diferencies de mida i
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forma, els virus presenten en el medi aquds una carrega electronegativa, fent
necessari el condicionament de les mostres o bé de la superficie dels filtres per

facilitar-ne I’absorcid.

Entre els metodes de concentracié més utilitzats basats en adsorcio-elucié cal

destacar:

e Filtres electronegatius (Farrah et al., 1976). Composats per una barreja d’acetat

de cel-lulosa, nitrat de cel-lulosa o llana de vidre. Els virus en aigua tenen
tendencia a unir-se a filtres electronegatius en presencia de cations multivalents
(AI**, Mg”") sota condicions acides (pH=3,5), ja que tenen una superficie de
carrega electropositiva en aquestes condicions. Els virus retinguts sén eluits
utilitzant glicina a pH basic. El filtrat és posteriorment neutralitzat fent servir

H,SO4 i tampd TE 100X.

o Filtres electropositius (Sobsey and Glass, 1980). Sota condicions de pH proximes

a la neutralitat la majoria dels virus presenten una carrega isoeléctrica neutre o
lleugerament negativa. Aix0 permet la seva adhesid damunt de filtres
electropositius sense necessitat d’ajustar el pH o afegir cations multivalents (AI**
, Mg”) a la mostra. EI métode es basa en fer passar les mostres d’aigua per el
filtre electropositiu. A continuacid s’elueixen els virus adsorbits mitjangant una
solucio basica que modifica el puntisoeléctric del virus. Aquesta solucié sol basar-
se en una solucid amortidora d’extracte de vedella (beef extract buffer) amb
glicina 0,05M a pH de 9,5. Rapidament I'eluit es neutralitzat amb una solucio
acida de HCl 1N per tal d’evitar I'inactivacié de les particules viriques. L'Unic
meétode aprovat per la USEPA (United States Environmental Protection Agency)
per recollir virus a partir de mostres d’aigua de distribucid es basa en I'Us de filtres
electropositius 1IMDS (CUNO, Meriden, CT, USA). Recentment han sortit al
mercat els filtres NanoCeram® (Argonide, Sanford, FL, USA) i els filtres Virocap
(Scientific Methods, Inc., Granger, IN, USA), que milloren algunes de les

limitacions dels filtres electropositius existents.
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e Llana de vidre (Vilagines et al., 1993). La llana de vidre empaquetada a una
determinada densitat dins d’una columna actua com a material absorvent de
particules viriques. La llana de vidre pot utilitzar-se sola o bé unida a un agent
d’unid i revestida d’una capa d’oli mineral. Aquest métode presenta a la seva
superficie llocs d’unio hidrofobics (capa d’oli) i punts d’unio electropositius. Quan
una suspensié que conté virus passa pel porus generat amb el material
empaquetat, la superficie de fibra és capac¢ d’atrapar i retenir les particules
viriques carregades negativament a un pH prop de la neutralitat (pH proxim a 7).
S’ha emprat basicament per concentrar virus provinents de mostres d’ origen

ambiental de gran volum.

e Monolithic Affinity Filtration (MAF) (Kunze et al., 2015; Pei et al., 2012). Les

columnes MAF permeten la concentracié de particules viriques mitjancant
I'adsorcio-elucid dels virus a un disc compost per un polimer que té radicals
epoxy. Per generar les columnes MAF es fa servir un compost, el poliglicerol-3-
glicidil, que té capacitat d’autopolimeritzar, en preséncia de tolue i terc-butil
metil éter que actuen com a agents generadors de porus. Les columnes es
netegen amb metanol i la superficie monolitica ha d’activar-se amb un
tractament d’acid sulfuric (0,5M) a 602C durant 1 hora. Aquestes columnes
actives es dipositen dintre d’un sistema columnar pel que va entrant la mostra
d’aigua pre-condicionada a pH 3,0. A pH acid els virus tenen carrega isoeléctrica
positiva de manera que queden adsorbits a la superficie de les columnes
monolitiques per interaccions ioniques i hidrofobiques. Els virus s’elueixen de la
columna fent servir 20 mL de solucié amortidora amb altes concentracions de sal
(1,5 M NaCl, 0,05 M HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
apH7).

També hi ha un métode basat en floculacid organica en un unic pas:

e Floculacio directa amb llet descremada (Calgua et al., 2013b, 2013c, 2008). Es

basa en la unié directa dels virus a la llet descremada prefloculada. Primerament
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cal elaborar una solucid al 1% de llet descremada en aigua de mar artificial i
ajustar el pH fins a 3,5 afegint HCI 1N. La conductivitat i pH de la mostra han de
ser condicionades de la mateixa manera. Les particules viriques s’adheriran als
floculs i precipitaran. El metode no requereix |'utilitzacio de filtres ni bombes de
pressid, sovint utilitzades en els métodes de concentracié de virus, reduint aixi
I'equipament necessari per a dur a terme I'analisi. Es un métode en un sol pas
que permet obtenir un concentrat viric sense necessitat d’aplicar un metode de
concentracié secundari i aplicable a diferents matrius (aigua de mar, riu, aigua

residual o de pou).

A més, existeixen també metodes basats en técniques d’ultrafiltracio. Aquests
meétodes es basen en la retencid, en funcié de la mida, de les particules viriques
i altres microorganismes i no pas per la seva carrega isoelectrica. La mostra
d’aigua es fa passar a través de les membranes o de cartutxos que retenen
aquelles particules amb pesos moleculars entre 30-100kDa. Degut al tamany del
porus, I'aigua i altres molécules més petites, passen a través mentre que els virus

queden retinguts.

e Ultrafiltracié per membranes (Belfort et al., 1982; Divizia et al., 1989). Es basa

en la utilitzacié de membranes d’ ultrafiltracié per concentrar i recuperar
microorganismes presents en mostres d’aigua. La mostra d’aigua passa una Unica
vegada a través del filtre. Un cop finalitza el procés de filtracio el retingut és renta
i resuspen amb una solucio amortidora per obtenir les particules viriques. Pot
aplicar-se com a meétode de concentracié primari utilitzant cartutxos
d’ultrafiltracié o com a metode de concentracié secundari utilitzant filtres tipus

Amicon.

e Filtracid i ultrafiltracié tangencial (TFF) (Wommack et al., 2010). A diferéncia de

la filtracio convencional, en la TFF, la mostra circula de forma tangencial respecte
a la membrana filtradora, evitant el procés d’obturacid. El sistema utilitza una

bomba peristaltica d’alta pressié que fa passar la mostra pel filtre de flux
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tangencial. La fraccio retinguda, la qual és incapag de passar pel filtre, es fara

recircular repetidament afavorint I'obtencié del concentrat en un menor volum.

e Vortex flow filtration (VFF) (Paul et al., 1991). Es una tecnologia basada en

filtracidé que utiliza el corrent generat pels vortex de Taylor com a forga filtradora.
Els vortex de Taylor es generen en col-locar un cilindre filtrador rotador dins d’un
cilindre de diametre major. La mostra a filtrar s’injecta a una pressio controlada
i es fa circular entre els dos cilindres, forcant I’entrada de les molécules dins el
segon cilindre, des d’on es guardaran o descartaran en funcié de la mida
desitjada. El retingut que conté els virus retorna al sistema d’injeccid i es recircula
diverses vegades per a concentrar la mostra en un menor volum. El corrent

generat pels vortex impedeix la colmatacio del sistema de filtracio.
Entre els principals metodes de concentracié secundaris trobem:

e Polyethilene glycol precipitation (PEG) (Lewis and Metcalf, 1988). En aquesta

tecnica els virus en suspensié son precipitats amb PEG. El PEG és un agent
higroscopic que remou l‘aigua produint la insolubilitzacid i subseqient
precipitacid dels virus. La precipitacid i agregacié dels virus permet aplicar
centrifugacions lleugeres que d’altra manera no serien eficients per a concentrar

virus.

e Floculacié organica (Katzenelson et al., 1976). Es un métode de concentracié

principalment secundari. Aquest procés es basa en I'acidificacio de la mostra per
sota del punt isoeléctric de les proteines (pH 3,5), provocant I’adsorcié dels virus
a la matriu organica (extracte de carn, llet descremada...). Els floculs formats sén
centrifugats i les particules viriques resuspeses en un buffer a pH neutre. Existeix
una variant que utilitza clorur ferric al 25 mM per com a coadjuvant del procés

de floculacié (Payment et al., 1984).

e Concentracid per adsorcid-precipitacio amb hidroxid d’alumini (Farrah and

Preston, 1985). Es creu que és deguda a interaccions electrostatiques entre la

superficie del virus, que té carrega negativa, i la superficie de carrega positiva de
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I"hidroxid d’alumini. Els virus queden adsorbits en un precipitat d"hidroxid
d’alumini que és afegit a la mostra o que es forma en ella gracies a I’addicié de
carbonat de sodi o hidroxid de sodi i la preséncia d’una sal soluble d’alumini. Un
cop s’ha permes "adsorcid dels virus al precipitat aquest es recull per filtracid o
centrifugacié. Pot utilitzar-se directament el precipitat per fer analisi
d’infectivitat al laboratori, o bé, eluir del precipitat els virus fent servir un tampd

alcali o una solucié proteica.

e Ultracentrifugacid (Pina et al., 1998a). Generalment es tracta d’'un metode de

concentracié secundari que pot fer-se servir com a métode de concentracio
primari en determinades matrius molt contaminades com ara |'aigua residual. La
solucid que conté els virus eluits procedents del procés de concentracié primari
o la mostra a estudiar és sotmesa a un procés d’ultracentrifugacié d’unes
220.000xg 1 h a 4°C. El sediment és resuspes amb 3,5mL de tampd glicina (pH
9,5) durant 30 min en gel. Seguidament s’afegeix PBS i es separen els solids
resuspesos amb centrifugacié (12.000 xg durant 15 minuts). Retenint el
sobrenedant, la mostra es sotmesa a un nou procés d’ultracentrifugacié a
220.000xg 1 h a 4°C que ens permetra concentrar les particules viriques. El pellet
viric sera resuspes en 0,1 mL de PBS. Al no dependre ni de la carrega ni de la mida

presenta percentatges de recuperacio molt elevats.

A la Taula 3 es fa una valoracié qualitativa del grau d’adequaci6 dels metodes de
concentracié primaris de virus explicats anteriorment segons diferents variables

o el tipus de matriu a estudiar.
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Taula 3. Valoracio qualitativa del grau d’adequacio dels principals métodes de concentracid
primaris de virus segons les variables o matrius estudiades a la literatura. Llegenda: verd (apte),
groc (no concloent), vermell (no apte), blanc (insuficient informacid), (Mat.: materials).

Metode
Pre-condicionament
Bona recuperacié
Volum grans (>100L)
Facilitat d’Us
Simultaneitat mostres
Us en terreny
Rapidesa
Disponibilitat
Preu
Viabilitat
Concentracio varis patogens
Aigua continental
Aigua de mar
Aigua residual

Problemes mat. suspensio

Variables o matrius

Filtres electronegatius

Filtres electropositius

Filtres Nanoceram®

Filtres Virocap

Llana de vidre

MAF

Ultrafiltracio

Ultrafiltracié tangencial

Vortex Flow Filtration

Ultracentrifugacid

Floculacid llet descremada

2.2. Tecniques tradicionals per a I'estudi de virus al ambient

Un cop s’ha produit la concentracio de les particules viriques és necessari un
procés de deteccid, quantificacié i identificacié dels virus presents.
Tradicionalment s’han utilitzat tecniques basades en el cultiu cel-lular o metodes
moleculars com la PCR o PCR quantitativa (gPCR). Recentment, el
desenvolupament de tecniques de seqienciacié massiva ha permes I'estudi de

les poblacions viriques des d’una nova perspectiva: la metagenomica.
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2.2.1. Métodes basats en PCR per a I'estudi de virus

Els métodes més utilitzats per a I'estudi de virus a I'ambient son els métodes
moleculars. Aix0 es degut a que son metodes molt sensibles, especifics, rapids i
economics en comparacié amb els métodes basats en cultiu. La PCR permet
detectar la preséncia de genomes virics mitjancant I'Us d’encebadors especifics
que amplifiquen regions conservades del virus. Sovint la concentracié d’aquests
virus és molt baixa a I'ambient requerint I'aplicacid d’una segona PCR amb
encebadors més interns anomenada PCR niuada o nested-PCR (dos encebadors
interns) o semi-niuada o semi-nested (un encebador intern). Aquesta segona PCR
permet augmentar la sensibilitat del metode en mostres ambientals. Les PCR
niuades de regions variables del virus s’analitzen per a fer estudis de tipificacio i
filogénia de virus. La técnica de la PCR quantitativa o a temps real (QPCR o q(RT)-
PCR) permet, a més de detectar, quantificar la preséncia de genomes virics de
forma molt fiable (Girones et al., 2010). Malgrat aixo, el fet de quantificar
directament genomes no permet tenir dades sobre la infectivitat dels virus

detectats.

Dels multiples metodes existents per extraure acids nucleics, els basats en kits
d’extraccié comercials son molt utilitzats. Aquesta extraccid es basa en quatre
passos: trencament de la capsida proteica del virus, adsorcid dels acids nucleics
a una matriu, rentats per purificar i netejar els acids nucleics d’altres mol-lecules
com proteines i restes cel-lulars, i finalment eluccid dels acids nucleics. Els kits
comercials més utilitzats es basen en I'Gs de columnes de silice que retenen els
acids nucleics o bé en l'utilitzacié de particules magnetiques que s’uneixen al

ADN.

Malgrat les limitacions dels metodes moleculars, es pot determinar de forma
aproximada si el ADN/ARN detectat correspon a virus infecciosos. Una opcid és
I"'Gs d"anticossos marcats magneticament per aillar particules viriques a partir de
mostres d’aigua i posteriorment utilitzar tecniques moleculars per a la seva
deteccio (Abd El Galil et al., 2004; Yang et al., 2011). L'Us de mol-lecules com
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I'EMA (ethidium monoazide) o el PMA (propidium monoazide), capagos
d’atravessar membranes lipidiques o nucleocapsides danyades, s’uneixen
covalentment al ADN o ARN en ser exposades a llum ultraviolada. Aquesta unio
irreversible inhibeix posteriorment la reaccid de PCR, facilitant I'amplificacié
d’aquells virus que tenen les seves estructures intactes, i per tant, possiblement
infectius (Kim et al., 2011; Parshionikar et al., 2010; Quijada et al.,, 2016).
L'utilitzacié de nucleases que eliminin ’ADN/ARN lliure, previament a I'extraccio
dels acids nucleics, també s’ha utilitzat com a aproximacid per estudiar virus

viables (Pecson et al., 2009).

2.2.2. Cultiu cel-lular per I'estudi de virus infecciosos

Els metodes basats en cultiu cel-lular ofereixen informacié sobre la preséncia de
virus infecciosos a la mostra. Aquesta informacié és especialment util i important
si les dades derivades de I'analisi s’"han d’utilitzar per a fer estudis de risc. Des
d’un punt de vista practic es considera que un virus és infeccids quan és capac
d’entrar dins la cel-lula i replicar-se. L'efecte que genera la infecciod viral en la
cel-lula hoste es coneix com a efecte citopatic (CPE). Aquest pot manifestar-se de
diverses formes en funcid de la linia cel-lular i el virus que la infecta: generacid
de cossos d’inclusié, arrodoniment cel-lular, perdua d’adhesio al flasco, lisi
cel-lular... Entre els métodes comunament emprats per a estudiar la infectivitat
trobem el calcul de la dosi necessaria per infectar un cultiu al 50%, conegut com
a TCID50 (Tissue Culture Infectious Dose 50%), el recompte de calbes de lisi (PFU)
o l'observacio de proteines virals utilitzant anticossos marcats amb
immunofluorescencia dins les cel-lules hoste (FFU). Malgrat els avantatges que
ofereixen els métodes basats en cultiu, existeixen diverses limitacions que
afecten al seu Us com a meétode rutinari. En primer lloc, no tots els virus
produeixen CPE evident o el temps necessari per a produir-lo és molt llarg. Les
mostres ambientals sén mostres complexes que poden contenir un ampli ventall
de virus i altres molecules que poden afectar la viabilitat de les linies cel-lulars,

resultant toxiques. A més, no tots els virus transmesos per aigua i/o aliments
57



Introduccid

contaminats disposen d’una linia cel-lular on cultivar-se. L’'exemple més clar el
trobem amb els norovirus humans, principal agent viric transmes per aigua
contaminada, el cultiu del qual és molt laborids. No ha estat fins I'any 2016 que
s’ha aconseguit cultivar-los, requerint de metodes de cultiu molt costosos i dificils
d’aplicar per a I'estudi de mostres ambientals (Ettayebi et al., 2016). Finalment,
la necessitat de ma d’obra molt especialitzada i I'elevat preu derivat del
manteniment i propagacid de les linies cel-lulars també sén inconvenients

importants.

Per tal de solventar algunes de les limitacions dels métodes de cultiu, com sén
I'abséncia o dificultat d’interpretacié d’alguns CPE o els llargs temps d’incubacié
per a observar-los, s’han desenvolupat técniques com la ICC-PCR (Integrated Cell
Culture-PCR). Aquesta teécnica combina la rapidesa i sensibilitat de les técniques
moleculars amb informacid sobre la viabilitat dels virus presents a la mostra
(Greening et al., 2002; Jiang et al., 2004; Reynolds et al., 2001; Shieh et al., 2008).
La ICC-q(RT)PCR és una variant de la ICC-PCR que incorpora real-time PCR. De
forma simple, es basa en quantificar la mostra abans i després del seu pas pel
cultiu cel-lular per a veure un increment en el nombre de genomes virics (Balkin

and Margolin, 2010; Ogorzaly et al., 2013).
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2.3. Noves metodologies per a I'estudi de virus

Des del desenvolupament del “métode dideoxi” creat per Sanger i col-laboradors
(Sanger et al., 1977) les técnigues de seqlenciacié han canviat de forma
considerable. El conjunt d’innovacions en el camp de la seqiénciacid han
evolucionat de forma molt rapida des de I'obtencié del primer genoma bacteria
a mitjans dels anys 90 (Fleischmann et al., 1995; Fraser et al., 1995), especialment
a partir del que s’"ha anomenat I'era post-gendmica i la publicacio dels genomes

d’organismes complexos com ara el dels humans i altres eucariotes (Figura 17).
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Figura 17. Cronograma representatiu dels principals avencos tecnologics en el camp de la seqlenciacid i la
bioinformatica

Les millores tecnologiques han permés reduir de forma significativa els costos
de seqlenciacio per base, permetent la democratitzacié de les noves técniques
de seqienciacié a la majoria de laboratoris (Shendure and Ji, 2008; Mardis, 2008;
Schuster, 2008), malgrat que el cost s’ha transferit a 'emmagatzematge i gestio
de la ingent quantitat de dades que es generen i a la posterior i més laboriosa

analisi d’aquestes dades (Sboner et al., 2011) ; aix0 inclouria la neteja i
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I'ensamblat de les traces de seqlenciacié, pero també la interpretacio dels
resultats sobre mostres de matrius i dissenys experimentals més complexos. En
el nostre camp el boom en la produccié de dades de seqliencia s’exemplifica que
en el moment de redactar aquesta tesi hi hagi més de 71.628 sequencies virals
validades a la base de dades NCBI  RefSeq, divisié viral

(https://www.ncbi.nlm.nih.gov/genome/viruses/).

2.3.1. Del genoma al metagenoma

La metagenomica representa |'estudi de tot el material genetic disponible en una
mostra, sovint de tipus ambiental, en la que pot aparéixer una barreja d’especies
diverses. El terme va ser introduit per primera vegada per Handelsman i
col-laboradors (1998), en un estudi en que es descrivia la composicié microbiana
del sol. El seu treball va demostrar que la diversitat microbiana era molt més gran
que I'observada a partir de metodes basats en el cultiu. Més endavant es va
utilitzar la seqiéncia de I’ARN ribosomal 16S com a marcador i eina filogenética
en estudis de metagenomica enfocats al mon dels procariotes (Handelsman,
2004). Aquest marcador s’ha aplicat de forma universal per l'analisi de
metagenomes bacterians en una gran diversitat d’ambients (Jovel et al., 2016;
Sinclair et al., 2015), tot i les seves limitacions (Poretsky et al., 2014). En el cas
dels virus, no existeix un marcador universal tipus ARNr-16S bacteria o ARNr-18S
eucariotic, de manera que l‘estudi dels metagenomes virics, també anomenats
viromes, es troba limitat per la sequenciacié de tot '’ADN/ARN genomic present
en les mostres. Aixo requereix aplicar tractaments complexos per tal de reduir la
presencia d’ADN/ARN d’origen no viric (Figura 18). Algunes opcions per
aconseguir-ho inclouen: I"'Gs de meétodes de concentracid/extraccié que
afavoreixin I'enriquiment de particules virals en la mostra; afegir nucleases per
eliminar ADN/ARN lliure, probablement d’origen bacteria i/o eucariotic; el filtrat
de la mostra per eliminar bacteris; el tractament dels concentrats amb
cloroform/butanol per eliminar bacteris, perdo també inhibidors dels enzims

emprats en els protocols d’amplificacido i seqlenciacid; utilitzar técniques
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immunologiques de precipitacié per anticossos per capturar les particules
viriques; o I'Gs de columnes de poliA per capturar determinats grups de virus,

entre d’altres (Hall et al., 2014; Hjelmsg et al., 2017; Oude Munnink et al., 2013).

La metagenomica aplicada a virus es troba limitada per les baixes quantitats
d’ADN/ARN presents a les mostres, en especial aquelles que sén d’origen
ambiental com les provinents d’aigua i/o aliments. Per obtenir prou ADN per
assolir els minims necessaris per moltes de les técniques de seqlenciacié
modernes, sovint cal efectuar una pre-amplificacio dels acids nucleics presents a
la mostra mitjancant una PCR amb encebadors aleatoris o “random primers”
(Reyes and Kim, 1991; Wang et al., 2003, 2002). Els metodes més utilitzats es
basen en [I'amplificacié de desplacament multiple, de I|‘angles Multiple
Displacement Amplification o MDA, o bé en I'amplificacié independent de

seqiéncia basada en un unic encebador, de l‘anglés sequence-independent

single-primer amplification o SISPA (Edwards and Rohwer, 2005; Hutchison et al.,

2005; Spits et al., 2006).
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L -
Extraccié Acids nucleics
virals =k
Retrotranscricié i producio
—
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Construccid llibreria i .
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assigancio taxonomica '

Figura 18. Diagrama de pasos necessaris per estudiar el viroma d’una mostra mitjangant NGS
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L'utilitzacid de metodes d’amplificacié independents de seqiéncia permet
detectar, en un Unic assaig, virus nous i variants altament divergents dels ja

descrits (Bodewes et al., 2014b).

L'aplicacié de NGS al mon de la virologia ambiental ha fet possible I'estudi dels
viromes d’oceans (Hurwitz et al., 2013), llacs (Djikeng et al., 2009), aigua residual
(Cantalupo et al., 2011), aigua regenerada (Rosario et al., 2009b) o aliments
(Aw et al., 2016). Aquestes tecniques també s’han aplicat a mostres cliniques
per a les que es desconeixia I’etiologia de I'agent causal (Greninger et al., 2015;
Moore et al., 2015; Sauvage et al., 2016; Tan et al., 2013). Aquestes tecniques
han popularitzat i afavorit una explosid dels estudis basats en seqlenciacio,
produint un increment important del nombre de seqiéncies dipositades a les
bases de dades, aixi com el desenvolupament de bases de dades especifiques,

com per exemple MetaVir (http://metavir-meb.univ-bpclermont.fr/) o altres

recursos metagenomics (https://www.ebi.ac.uk/metagenomics/). També s’han
desenvolupat diverses plataformes que permeten comparar metagenomes de

diferents indrets, per exemple MG-Rast (http://metagenomics.anl.gov/)(Meyer
et al., 2008).

Préeviament a l'inici de la present tesi doctoral, el nombre de publicacions

centrades en |'estudi del viromes en matrius ambientals era reduit (Taula 4).
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Taula 4. Estudis que apliquen tecniques de seqlienciacid massiva en mostres ambientals fins I'any

2013.
Autor i
Virus detectats
Any
A bacterial
metapopulation adapts Kunin et al., Sediments
Bacteriofags
locally to phage predation 2008 d’estuari
despite global dispersal
Metagenomic analysis of Rosario et Aigua Animals: Circoviridae, Nodaviridae, Picronaviridae,
viruses in reclaimed water al., 2009 regenerada Dicistroviridae
Census of the Viral
Metagenome within an Parsley et
Fangs actius Myoviridae, Siphoviridae, Podoviridae, Bacteriofags
Activated sludge Microbial al., 2010
Assemblage
Animal/huma: Adenoviridae, Astroviridae,
Raw sewage harbors Cantalupo Caliciviridae, Papillomaviridae, Parvoviridae,
Aigua residual o . . . .
diverse viral populations etal., 2011 Picobirnaviridae, Picornaviridae, Polyomaviridae
Bacteriofags
Viral Metagenome Bacteriofags,
Analysis to Guide Human  Bibby et al,, Biosolid Animal/huma: Herpesviridae, Coronaviridae,
josolids
Pathogen Monitoring in 2011 Picornaviridae, Adenoviridae, Flaviviridae,
Environmental Samples Circoviridae
High Variety of Known
Animal/huma: Adenoviridae, Astroviridae,
and New RNA and DNA Ng et al.,
Aigua residual Caliciviridae, Hepeviridae, Parvoviridae,
Viruses of Diverse Origins 2012
Picornaviridae, Picobirnaviridae, Reoviridae
in Untreated Sewage
Identification of Viral Animal/huma: Papillomaviridae, Adenoviridae,
Pathogen Diversity in Bibby and Parvoviridae, Circoviridae, Coronaviridae,
Biosolids
Sewage Sludge by Peccia, 2013 Parvoviridae, Reoviridae,Caliciviridae, Flaviviridae,

Metagenome Analysis

Astroviridae, Herpesviridae

63




Introduccid

En determinades ocasions pot ser més convenient dirigir la recerca per estudiar
amb major profunditat determinades families de virus presents en una mostra.
L'Us de metodes d’amplificacié dirigits en combinacié amb tecniques de
seqienciacié masiva es coneix amb el nom de target enrichment o NGS Amplicon

Sequencing (Ogorzaly et al., 2015; Wylie et al., 2015).

Els protocols de seqlienciacid massiva es basen en tres processos critics: la
preparacié de la mostra d’ADN, la inmobilitzacid i la seqienciacié. Generalment
el pas de preparacio de I'ADN inclou un pas on seqleéencies conegudes,
anomenades adaptadors, s’uneixen als extrems de ’ADN fragmentat. L'ADN de
la mostra al que s’han afegit els adaptadors als extrems es coneix com a llibreria
de sequlenciacié. El marcatge amb adaptadors és necessari per la fase
d’immobilitzacié de la llibreria sobre una fase solida on es generen repliques en
paral-lel de cada fragment, conegudes com a clusters o colonies de la polimerasa
(anomenades sovint amb el terme “polonies”), sobre les que es duu a terme el

procés de seqienciacid.

Les diferents plataformes disposen de diferents sistemes Optics o electronics que
monitoritzen les reaccions moleculars de sintesi de cadena complementaria a
cadascun dels clusters de la polimerasa. Un cop processades les imatges o els
impulsos els aparells permeten obtenir la composicié nucleotidica
simultaniament per totes les seqiéncies de I’'experiment de seqienciacio (el que
es defineix en anglés com a “sequencing run”). Algunes de les plataformes
detecten la incorporacié de nucledtids en cada cicle d’amplificacio utilitzant
nucleotids marcats amb fluorofors, altres detecten canvis de pH digitalment
(lonTorrent) o bé quimicament (piroseqlenciacié 454). Per tancar cada cicle,
després de cada incorporacio s’apliquen rentats i s’enregistra el senyal molecular
corresponent al nucleodtid marcat mitjancant el sistema de deteccié especific de

cada tecnica.
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2.3.2 Tecnologies de seqlienciacio

En el moment d’escriure aquesta tesi, lllumina és la principal plataforma de
seqlenciacid massiva, ocupant aproximadament el 80-85% del mercat. Altres
tecnologies estan en desenvolupament, com ara el meétode PacBio o I'Oxford
nanopore, ambdues metodologies de seqlenciacid sense amplificacid (el que
hom anomena “single-molecule sequencing”), o bé sén minoritaries o molt
especifiques com lon Torrent, o bé estan en declivi com el 454 de Roche i la
técnica de SOLID.

2.3.2.1. Genome sequencer GS FLX (454)

La preparacio de la mostra inclou la fragmentacié a |‘atzar del ADN de doble
cadena en fragments de 300 a 800 parells de bases (Margulies et al., 2005). Els
extrems de ADN sén reparats per enzims que afegeixen una cua de poliA als
extrems 3’ als que s’afegiran els adaptadors A i B. L'adaptador B esta marcat amb
biotina, que en ser detectat per estreptavidina permetra la purificacio dels
fragments que contenen els dos adaptadors i els fragments amb quimeres
d’homopolimers A o B seran descartats. Els fragments seran capturats per un
Unic “bead” o boleta i amplificats mitjancant el sistema de PCR en emulsid.
Cadascuna de les boletes immobilitzara milers d’amplificacions clonals del
fragment inicial. Aquestes boletes seran posteriorment immobilitzades en un
suport solid que conté milions de nano-pous en els que tan sols hi pot entrar una
Unica boleta. En aquests pouets tindran lloc les reaccions de seqlenciacio,
basades en I'Us de nucledtids marcats luminescentment que sén detectats de
forma progressiva en cada cicle de sequenciacié (Figura 19). La limitacié més
important d’aquesta técnica és el baix nombre de reads, el seu elevat preu, aixi
com biaixos en la seqlienciacié de regions amb repeticions de més de tres
nucleotids-per exemple homopolimers CCCC-que afecten a la taxa d’insercions-

delecions.
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Figura 19. Diagrama de funcionament de la plataforma 454 de Roche (Mardis, 2008)

2.3.2.2. lllumina Sequencer

Per preparar la llibreria es requereix ADN de doble cadena fragmentat, al que
s’afegira en els extrems uns adaptadors i marcadors especifics que s’utilitzaran
posteriorment per indexar la mostra. Aquest procés de marcatge i indexacid es
pot fer de maneres diferents en funcié de la quantitat de ADN disponible per
preparar la llibreria, perd també en funcié del nombre de mostres que es poden
seqienciar conjuntament (multiplexacid). Alguns dels sistemes utilitzats de

manera rutinaria son els protocols Nextera, Nextera XT i truSeq.

El sistema Nextera es basa en la utilitzacié de transposomes dissenyats per
enginyeria genetica que “tagmenta” I’ADN de doble cadena de la mostra. El
procés de tagmentacié inclou la fragmentacié i la col-locacié d’adaptadors en un
Unic pas. Posteriorment aquests adaptadors es faran servir per a fer una reaccid

de PCR que permetra indexar les mostres en els dos extrems de |‘insert de ADN.
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En funcié de la quantitat de ADN disponible en la mostra es fa servir el kit de

Nextera (50 ng ADN) o el de Nextera XT (1ng).

El sistema truSeq pot utilitzar directament ARN o ADN per a la construccié de la
llibreria. En el cas de partir de ARN, aquest es selecciona a partir de les cues de
poli-A i es sintetitza una cadena complementaria de cDNA fins a obtenir ADN de
doble cadena. Es requereix, com a minim, 1 ug de ADN que es fragmentara, per
sonicacié o nebulitzacio, generant extrems roms per I'addicié d’exonucleases i
enzims de reparacié. En els extrems roms s’afegeix una base “A”, que servira per
a lligar els adaptadors de seqlenciacio. Cadascun dels adaptadors conté una “T”
penjant que sera complementaria a la “A”, facilitant el lligam de I’'adaptador. Un
cop lligat en el fragment, I‘adaptador conté també la informacié referent a I'index
evitant la necessitat d’amplificar per indexar els fragments. Finalment, es duu a
terme una reaccio de PCR per generar els clusters clonals o “polonies”. Existeixen
diferents variants dintre del sistema:, truSeq ADN kit (explicat anteriorment, 1 pg
de ADN), truSeq ADN nano (requereix 100ng) i truSeq ADN PCR-free (evita el pas
de PCR final, 1-2 ug de ADN). Els kits truSeq nano i truSeq ADN PCR-free semblen
oferir millor cobertura (o “coverage”) per als genomes i produir menor nombre

de gaps.

La llibreria preparada es carrega i immobilitza a la “flow cell” que conté una série
de encebadors complementaris als adaptadors. Un cop hibriden la seqiiéncia de
la llibreria es fa servir com a motlle per a construir una segona cadena
complementaria. A continuacio es generaran clusters clonals a la superficie de la

“flow cell” fent servir un procés conegut com a “bridge PCR”(Figura 20).
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Figura 20. Diagrama de representacié del bridge amplification per generar
clusters clonals a la plataforma Illumina (Lu et al., 2016).

Aquesta amplificacié genera els clisters necessaris per a la correcta lectura de
les sequéncies. El metode de seqlenciacié per sintesi utilitza 4 dNTPs
terminadors diferents marcats amb 4 flourofors especifics per cada nucleotid.
Després de cada reaccio d’'incorporacio, els clisters sén monitoritzats en paral-lel
obtenint-se la base corresponent a cada posicid dins la seqiencia. Abans de
prosseguir al seglient cicle, en aquells fragments que han incorporat un nucleotid
terminador s’elimina, permetent I'addicié del seglent nucleodtid. La lectura
seqiencial d’un sol nucleodtid per cicle assegura una baixa taxa d’error davant
homopolimers. Per contra, el fet que existeixi un decalatge en I'adicié de
nucleotids dins del cluster al perdre la sincronia les polimerases que sintetitzen
la cadena complementaria, fa que el senyal vagi disminuint la seva qualitat al llarg
dels cicles; aixd implica que la tecnologia d’lllumina sigui molt bona per a
seqiencies curtes, sobre uns 300 parells de bases, perd no tan apta per a

seqiencies llargues.

lumina disposa, pels seus usuaris, d'una gran diversitat d’opcions de

seqienciacioé que s’ajusten a les necessitats de cadascu en funcié de I'aplicacié:
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Mini-Seq (8 Gbp, 25 x10° reads, 2x150 paired-ends), Mi-Seq (15Gbp, 25x10°
reads, 2x300 paired-ends) o Hi-Seq (1500Gbp, 5x10° reads, 2x150 paired-ends).
2.3.2.3. PacBio

La plataforma Pac Bio RS (Pacific BioSciences) permet seqlenciar una molecula
sencera en temps real. Per a preparar les llibreries el ADN es fragmenta, repara
i se li afegeix una “A” penjant que permet posteriorment lligar-la amb adaptadors
que tenen una “T”, de forma similar a com es preparen les llibreries per truSeq.
Els adaptadors son molecules de cadena senzilla de ADN que formen una
forquilla intramolecular, que genera una molecula amb una forma caracteristica

coneguda com SMRTbell DNA.

La llibreria sintetitzada es col-loca sobre un xip de vidre que conté multiples guies
d‘ona en mode zero (o “zero-mode waveguides”, ZMW). Les ZMW sén
estructures circulars amb forma de pouet d’uns 70nm de diametre i 100nm de
profunditat que permeten confinar els nanofotons en un volum aproximat de
20x10! L. En cadascun dels ZMW hi cap Gnicament una polimerasa (phi29) i una
molecula de ADN motlle. Els pouets es tracten previament amb estreptovidina

que permetra immobilitzar el binomi polimerasa-SMRTbell DNA.

Finalitzada la fase de fixacid la polimerasa incorpora els nucleotids,
especificament marcats cadascun amb un fluorofor diferent, a la cadena
replicada d’ADN. En el procés d’addicié dels nucleotids, aquests s’acosten a la
base del pou ZMW on hi ha una camera d’alta resolucié que captura el canvi de
fluorescéncia que emet el nucleotid en alliberar un fosfor (Figura 21). Aquest
procés es repeteix de forma sequencial per desxifrar la seqléncia completa. La
polimerasa utilitzada té una alta processivitat i, si el tamany d’insert és petit,
permet llegir-lo tant en sentit forward com reverse multiples vegades. Aixo
permet obtenir una major precisio per base seqienciada (Rodriguez-Ezpeleta et

al., 2012).
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Figura 21. Diagrama de representacié del funcionament de la plataforma PacBio (Metzker,
2010)

2.3.2.4. Oxford Nanopore

La tecnologia Nanopore es basa en I'analisi i registre dels canvis de corrent
electric provocats pel pas dels nucleotids d’'una molécula a través d’un nanopor.
Un nanopor és un petit forat amb un diametre intern menor a 1 nandmetre.
Algunes proteines transmembrana tenen la propietat d’actuar com a nanopors.
Els canvis de corrent generats permeten discriminar el tipus de nucledtid que
passa pel nanopor i al processar aquests impulsos es pot determinar les bases

que composen la cadena de ADN que s’esta llegint.

Aquesta tecnica permet seqlenciar molecules senceres de longitud important
sense necessitat de preparar o amplificar les mostres. Al 2014 la taxa d’error del
sistema era del 30% (Kilianski et al., 2015); mentre que a finals de 2016 Oxford
Nanopore va indicar que la taxa d’error havia disminuit fins un 2-13% en funcié

de la mostra, aconseguint alhora un rendiment de fins a 10Gbp.
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2.3.2.5. lon Personal Genome Machine (lon Torrent)

El sistema conté una série de xips semiconductors capacos de detectar canvis de
pH originats en alliberar-se un proté d’hidrogen dels nucleotids que s’incorporen
a una cadena d’ADN. Aquest sistema no requereix de nucledtids marcats ni
enzims especifics. L'ADN fragmentat es marca amb adaptadors en els dos
extrems i s’enganxa a unes esferes que contenen una seqléncia ssDNA
complementaria a 'adaptador. Aquestes esferes amb les seqléncies diana es
carreguen en un xip microconductor que esta dividit en molts pous on cadascuna
d’aquestes boles s"acomoden. La base del xip té un sensor capac de detectar els
canvis de pH que es produeixin durant I'addicié de nucleotids i I'alliberacié de
protons, assignant a cada posicid un nucleotid diferent segons el canvi de

conductivitat mesurat (Figura 22).
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Figura 22. Representacio de la plataforma ion Torrent (Mardis, 2013)
(a) Estructura del xip detector del lon Torrent utilitzat en la lectura de bases per canvi de pH.

(b) Deteccié del nucleotid per canvi de pH
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Les principals tecnologies actualment disponibles per a la seqlenciacid massiva
es recullen a continuacié a la Taula 5.

Taula 5. Principals tecnologies disponibles per a fer seqlienciacié massiva.

Plataforma  Companyia Llibreria Suport Generacio Reaccio Deteccio
GSFXo Adaptadors o PCR o Nucleotids marcats
Foche . Placa picotiter . Frosequenciacio
454 lineals emulsié fluorescents
Mi-Seqy Hi- Nucleotids terminadors
Sq lllumina Nextera/ TruSeq How cell Bridge PR Shntesi marcats
fluorescentment
PacBio RS .Pa.CIfIC Bubble adapters Zero que Sngle Shtes Nudeot|d§lllgatsa
biociences waveguide molecule fluorofors
Thermo . Adaptadors Microxip PCR ) . Sensor ionic ISFET,
lon torrent lineals acoplats a . emulsié Sntesi .
Fisher semiconductor deteccio H*
beads (beads)
CGA Complete Adaptadors N Sondes fluordfores
platform genomics Qrculars DNAnanoballs RA Ligacio marcades
SOLD _Applled Ada_mptadors How Call PCR ’ Lligacié Sondes fluorofores
Biosystems lineals emulsio marcades
Minidlon Nanopgre Non . Bow call No N Pasatravésdel Canvis corrent
sequencing amplificacio nanopor detectats pel nanopor
Oxford Nanopore . No Pas através del Canvis corrent
! No necessari How cell o
nanopore  sequencing amplificacio nanopor detectats pel nanopor

2.3.3. Analisi bioinformatica de dades

Les noves tecnologies de seqiienciacié generen una enorme quantitat de dades
com ja s’ha mostrat en els apartats anteriors. Les sequencies generades
s’anomenen reads i tenen longitud variable en funcié de la plataforma utilitzada
per sequenciar i els protocols aplicats. Independentment de I'experiment de
seqienciacié en si mateix, les sequéncies dels reads s’han de processar
mitjancant I"Us de software especific. En primer lloc, s’han d’eliminar les
seqiéncies romanents dels adaptadors. En segon lloc, s’ha d’avaluar la qualitat
dels nucleotids que composen la seqlencia, per exemple fent servir el sistema
de puntuacions de qualitat Phred, que mesura la probabilitat d’error d’una base
en una posicié concreta a través d’una escala logaritmica (Ewing et al., 1998). Els
reads seran processats en funcio de la seva qualitat eliminant les zones de baixa
qualitat perd també de baixa complexitat; aquest darrer aspecte és important ja
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que es redueix el nombre de sequencies repetitives que poden afectar a la resta
d’analisis computacionals “downstream”. Mitjancant I'Us d’ensambladors es
reconstrueixen seqliéncies de major tamany anomenades contigs. El procés
d’ensamblat pot veure’s dificultat per la curta longitud dels segments, els errors
de seqienciacid, estructures repetitives dins del genoma, el volum de dades
generades, i/o la variabilitat natural de la propia seqiéncia quan la mostra conté
una barreja d’individus de la mateixa espécie (per exemple en el cas de tenir
quasiespecies) o d’espécies diferents (ja que podem tenir dominis funcionals
molt conservats o molt divergents amb families géniques que evolucionen a
diferents ritmes). Tots aquests problemes han afectat de forma important als
estudis de metagenomica, on milions d’organismes diferents es poden trobar
presents en una simple mostra. Per superar aquestes dificultats s’han creat
programes d’ensamblat especifics per a treballar amb metagenomes, com
MetaVelvet (Afiahayati et al., 2015; Namiki et al., 2012), MetaSpades (Nurk et al.,
2017), i Ray-Meta Ray (Boisvert et al., 2012).

Els ensambladors es basen en tres estratégies algoritmiques, o abordatges,

diferents (Nagarajan and Pop, 2013), els quals es mencionem a continuacio:

Greedy. L'ensamblador conecta aquells reads que presenten un millor
solapament de forma iterativa, mentre no contradiguin I’ensamblat ja construit
préviament. Es I'algorisme més senzill i intuitiu. Sén técniques molt utilitzades en
reads obtinguts pel métode Sanger perd poc eficients per ensamblar genomes

grans a partir de milions de reads molt curts (com els que genera lllumina).

OLC (Overlap-Layout-Concensus). El metode identifica aquells reads que se
solapen suficientment bé i organitza la informacié en un graf (una estructura de
dades que modela matematicament una xarxa) que relaciona els nodes entre ells
a través d’un connector (Edge). L'algorisme aplicat traca el millor cami que
permet enllagar tots els nodes entre si; aquest recorregut és el que permet

generar el contig a partir d’'un conjunt de reads solapants. Aquest sistema té en
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consideracié la relacié global entre els reads a diferencia dels ensambladors

basats en algorismes Greedy.

Grafs “De Bruijn”. Algorismes molt complexes en el que es basen la majoria
d’ensambladors moderns que treballen amb dades de seqienciacié massiva. Els
reads es descomponen en fragments més curts de longitud k anomenats “k-
mers”. De manera similar al métode OLC, els nodes en el grafic representen k-
mers en lloc de seqiiencies completes de reads, i els connectors indiquen quins
k-mers adjacents es solapen per k-1 lletres en lloc de representar solapaments
de reads. En aquest cas la longitud del k-mer correlaciona amb la longitud del
solapament que I'ensamblador és capacg de detectar, que és k-1. En aquesta
metodologia no es modelen directament els reads, sind que aquests son

representats pels connectors del diagrama o graf de Bruijn.

En un pas posterior a I'ensamblat, els contigs generats poden ser ordenats i
enllacats entre ells per generar seqiiéncies més grans, conegudes com scaffolds.
Finalment, les seqliéncies processades que han passat tots els criteris de qualitat
s’han d’assignar taxonomicament, mitjancant programes d’alineament especials,
també coneguts com a programes de mapat, com Bowtie2 (Langmead et al.,,
2009) o per similitud de nucleotids o proteines, fent servir BLASTN o BLASTX
(Altschul et al., 1997, 1990). Aquesta cerca es realitza comparant les seqiéncies
obtingudes pel protocol d’ensamblat contra bases de dades de seqléncies
conegudes, com pot ser NCBI-GenBank o UniProt, o la nostra propia base de
dades local on s’hagin filtrat seqleéncies especifiques de genomes, gens i/o
proteines virals. Les seqiencies amb una menor similitud ens poden permetre
detectar nous membres de families, mentre que aquelles seqiéncies que queden
sense anotar podrien representar noves especies i podrien ser candidates a
posteriors validacions experimentals per caracteritzar els organismes en qiestio,

tasca molt més complexa i laboriosa.
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La present Figura 23 mostra els possibles passos a seguir després de fer un run
amb Illumina Mi-seq, representant un exemple de pipeline bioinformatica
aplicada a la classificacié de seqliéncies viriques.

lumina Miseq
sequences data

A
| Quality & GC content |

:

Cleaning &
Triming

K-mer analysis
& filtering
Redundance
filtering

Selected read
sequences

Assembly with Velvet
+ Metevelvet

e

| BLASTN vs GenBank ]

viral secuences | BLASTN vs viral genomic Bowtie vs genomic

\/ Metagenome coverage

BLAST selection (90% coverage + analysis
best hit contig/read)

!

Taxonomic characterization
(species & families)

Figura 23. Diagrama de flux del protocol bioinformatic a plicat durant la present tesi doctoral

75



76



OBJECTIUS

dh 8 0 £ R






Objectius

OBJECTIUS

L'objectiu global plantejat en aquesta tesi ha estat I'analisi dels patogens virals

que a través de 'aigua residual poden contaminar aigua de reg i aliments.

Els objectius especifics son:

1)

Estudiar I'eficiencia en la reduccid de virus i altres patogens en un

sistema de llacunatge per produccio d’aigua regenerada.

Avaluar 'efecte que tenen sobre les poblacions virals diferents metodes
de concentracio i extraccid de virus quan s’apliquen tecniques de

seqienciacié massiva.

Desenvolupar metodologies eficients per I'estudi del viroma excretat en

aigles residuals.

Descriure el viroma de I'aigua residual urbana avaluant diferencies entre

estacions i caracteritzant virus nous i emergents.

Caracteritzar la contribucido de I'orina al viroma de l'aigua residual

urbana.

Analisi metagenomica de la contaminacio viral en vegetals frescos

experimentalment cultivats i regats amb aigua de riu, aplicacions de la

metagenomica a la seguretat alimentaria.
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1. Avaluacié de la qualitat microbiologica de l'aigua regenerada
produida en un sistema de llacunatge.

Les previsions del IPCC referents al consum d’aigua de cara al 2025 assenyalen
un increment en el consum, principalment associat a un creixement de la
poblacié mundial. A la vegada, els periodes de sequera associats al canvi climatic
compliquen la futura disponibilitat d’aigua. Aquest escenari reforca la idea que
és necessaria una major reducciod, reutilitzacié i reciclatge dels recursos hidrics
disponibles. L'Us d’aigua reciclada o regenerada, obtinguda a partir d’aigua
residual, representa una oportunitat Unica per combatre la manca d’aigua. No
obstant, els tractaments de produccié d’aigua regenerada com la cloracié o I'Us
de llum ultraviolada sén economicament i energeticament costos. En aquest
sentit I'aplicacid de sistemes de tractament com el llacunatge, amb costos
economics i mediambientals menors, representen una alternativa interessant
per a produir aigua regenerada. Aquesta font d’aigua es regula sota el Reial
Decret 1620/2007 que n’estableix els usos en funcié de la seva carrega
microbiologica, expressada a través dels indicadors bacterians tradicionals com
E.coli o enterococs intestinals. Malgrat [|'existencia d’aquests parametres,
I'absencia d’aquests indicadors no té perqué correlacionar amb la d’altres
patogens bacterians, virics o protozous, alguns dels quals sén capacos de
recréixer sota determinades condicions ambientals o tenen una major resistencia

en I'ambient.

Amb la intencié d’esbrinar la qualitat microbiologica de l'aigua regenerada
produida en el sistema de llacunatge es va avaluar la preséncia de
microorganismes, alguns d’ells patogens, al’entradai a la sortida del sistema de
llacunes de forma mensual durant un any. Entre els virus estudiats trobem els

Adenovirus humans, els poliomavirus JC, el virus de I'hepatitis E i els norovirus
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humans dels genogrups | i Il. També s'ha estudiat la preséncia d’heterotrofs
totals, amebes de vida lliure i bacteris dels genere Legionella, Arcobacter i

Aeromonas, i dels FIB E.coli i Enteroccocs intestinals.

A partir de I'analisi de mostres d'aigua a l'entrada i la sortida del sistema de
llacunatge s'observa que s’aconsegueix reduir de forma estadisticament
significativa en 1,18 i 0,64 logaritmes el nombre de copies genomiques d’"HAdV i
JCPyV, respectivament. Malgrat la baixa reduccid obtinguda a través de les
proves moleculars, els assajos d’infectivitat aplicats en mostres d’efluent de la
llacuna no han permes detectar HAdV infecciosos. El sistema de llacunatge
assoleix reduccions logaritmiques més elevades en indicadors bacterians
tradicionals, obtenint 2,58 i 1,65 logaritmes de reduccié per E.coli i Enterococs
intestinals, respectivament. No obstant, més de la meitat de les mostres
d’efluent de la llacuna contenen E.coli en uns nivells superiors als estipulats en el
RD1620/2007 per al reg de vegetals consumits crus. Els resultats obtinguts
senyalen la necessitat de dur a terme més estudis que ajudin a entendre els
mecanismes d’eliminacié que intervenen en els sistemes de llacunatge per a
poder optimitzar aquests sistemes i produir una aigua regenerada de qualitat

microbiologica suficient per al seu Us com aigua de reg.
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Abstract The use of lagooning as a complementary natural
method of treating secondary effluents of wastewater treat-
ment plants has been employed as an affordable and easy
means of producing reclaimed water. However, using
reclaimed water for some purposes, for example, for food
irrigation, presents some risks if the effluents contain micro-
bial pathogens. Classical bacterial indicators that are used to
assess faecal contamination in water do not always properly
indicate the presence of bacterial or viral pathogens. In the
current study, the presence of faecal indicator bacteria (FIB),
heterotrophic bacterial counts (HBC), pathogens and opportu-
nistic pathogens, such as Legionella spp., Aeromonas spp.,
Arcobacter spp., free-living amoeba (FLA), several viral
indicators (human adenovirus and polyomavirus JC) and viral
pathogens (noroviruses and hepatitis E virus) were analysed
for 1 year in inlet and outlet water to assess the removal

Responsible editor: Robert Duran

Electronic supplementary material The online version of this article
(doi:10.1007/511356-016-6812-0) contains supplementary material,
which is available to authorized users.

P< X. Fernandez-Cassi
xaviako@gmail.com

Department of Microbiology, Faculty of Biology, University of
Barcelona, Barcelona, Spain

Unitat de Microbiologia, Departament de Ciénces Médiques
Basiques, Facultat de Medicina i Ciéncies de la Salut, IISPV,
Universitat Rovira i Virgili, Reus, Spain

Water Hygiene, Institute for Hygiene and Applied Immunology,
Medical University of Vienna, Vienna, Austria

4 ICC Water and Health, Vienna, Austria

Department of Statistics, Faculty of Biology, University of
Barcelona, Barcelona, Spain

@ Springer

efficiency of a lagooning system. We observed 2.58 (1.17—
4.59) and 1.65 (0.15-3.14) log reductions in Escherichia coli
(EC) and intestinal enterococci (IE), respectively, between the
inlet and outlet samples. Genomic copies of the viruses were
log reduced by 1.18 (0.24-2.93), 0.64 (0.12-1.97), 0.45
(0.04-2.54) and 0.72 (0.22-2.50) for human adenovirus
(HAdV), JC polyomavirus (JCPyV) and human noroviruses
(NoV Gl and GII), respectively. No regrowth of opportunistic
pathogens was observed within the system. FLA, detected in
all samples, did not show a clear trend. The reduction of faecal
pathogens was irregular with 6 out of 12 samples and 4 out of
12 samples exceeding the EC and IE values, specified in the
Spanish legislation for reclaimed water (RD 1620/2007). This
data evidences that there is a need for more studies to evaluate
the removal mechanisms of lagooning systems in order to
optimize pathogen reduction. Moreover, surveillance of water
used to irrigate raw edible vegetables should be conducted to
ensure the fulfilment of the microbial requirements for the
production of safe reclaimed water.

Keywords Lagooning - Bacterial removal - Virus removal -
Regrowth - Reclaimed water - Faecal indicator bacteria -
Human adenovirus

Introduction

Water scarcity is a major problem worldwide, with an estimat-
ed 2.7 million people living close to river basins that are af-
fected by severe water need (Oki and Kanae 2006; Hoekstra
etal. 2012). The United Nations estimates that the world pop-
ulation will reach 9 billion in approximately 2050 and that
water availability will therefore decrease. Current projections
indicate that there will be a 55 % increase in water demand
between 2000 and 2050 (Gurria 2012). It is clear that reducing
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water use, recycling and reusing water resources are and will
continue to be a priority in the near future.

The use of recycled treated wastewater, also called
reclaimed water, for irrigation has proven to be a good
strategy for reducing water scarcity. Reclaimed water is
a source of water that is independent of weather condi-
tions and includes additional nutritional input that can
produce better vegetables, field crops, and fruits
(Wheaton et al. 2001; Dare 2015). However, the use of
improperly treated reclaimed water for food irrigation pre-
sents a risk to human health if the pathogenic microorgan-
isms contained in the water are not inactivated (Carter
2005; Riera-Montes et al. 2011). The increase of fresh
food consumption has been linked to an increase in
foodborne outbreaks (Sivapalasingam et al. 2004; Kozak
et al. 2013; Callejon et al. 2015). One of the sources of
food viral contamination is irrigation water. Maunula et
al. (2013) found that HAdV was present in 9.5 % of
irrigation water used to irrigate berries proving that it
was faecally contaminated. Recently, a major outbreak
of norovirus-related gastroenteritis affected nearly 11,000
people in Germany and was linked to strawberries that
were probably irrigated with contaminated water during
fruit production (Bernard et al. 2014). Although it is not
stated in the report if the water used for irrigation was
reclaimed or not, this incident provides a good example
of how contaminated water or improperly treated
reclaimed water can result in a health risk.

The Spanish legislation on water reuse (Royal Decree
1620/2007) has represented an important advancement to
standardize reuse practices differentiating 14 uses under
five main areas: urban, agricultural irrigation, industrial,
recreational and environmental. To produce reclaimed wa-
ter with a higher quality and to minimize/prevent the risk
of human infections, several processes, such as
microfiltration and ultrafiltration, are being applied after
the secondary treatment in wastewater treatment plants
(WWTP). The technological needs and high costs of these
treatments pose substantial challenges, especially in some
countries, because of economic constraints. Among the
different low-cost methods used to produce reclaimed wa-
ter, storing treated or untreated wastewater in stabilization
ponds, polishing ponds, or natural or artificial lagoons
appears to be an effective solution to overcome these
challenges (Campos et al. 2002; Oragui et al. 2011).
These methods are affordable in developing countries
and small communities, and they result in high microbial
inactivation rates via the use of cheap technological ap-
proaches with low operational costs (Mara et al. 1992;
Pena et al. 2000).

Traditionally, the efficiency of microbial removal for
these methods has been evaluated using faecal indicator
bacteria (FIB) such as faecal coliforms. However, the

presence of faecal coliforms is not always correlated with
the presence of viral pathogens, such as noroviruses (Gerba
et al. 1979; Marzouk 1980; Pusch et al. 2005; Jiang 2006;
Bofill-Mas et al. 2013) or other pathogenic bacteria, such
as Legionella spp., Aeromonas spp., which are indigenous
to freshwater ecosystems, and Arcobacter spp., which is
considered to be an opportunistic pathogen and a signature
indicator of sewage contamination (Harwood et al. 2005;
Collado and Figueras 2011). The weakness of this correla-
tion has been attributed to differences in the survival rates
of these species and differences in the efficiencies of treat-
ments used in WWTPs. This lack of correlation has also
been described in water stabilization ponds and lagooning
systems in previous studies (Mara and Pearson 1987;
Donnison and Ross 1995). Nevertheless, new studies
based on molecular techniques are needed to confirm or
deny a lack of correlation between these biological indica-
tors. For example, in a recent study published by Jurzik
et al. (2015), the use of polishing ponds as a tertiary treat-
ment resulted in a reduction of 1.84-2.65 log units of bac-
teria and bacteriophages without reducing/affecting the
concentrations of animal viruses. However, in the later
study, viruses were tested by molecular methods and infec-
tivity data was not included. The information derived from
molecular methods is useful, especially for those viral
agents which are not cultivable, such as NoV or bacterial
species that might enter into a viable but not cultivable
(VBNC) state. However, this is a limiting factor when
evaluating the removal efficiency of a specific water treat-
ment process because non-infective viral genomic materi-
al can be detected by q(RT)-PCR methods. To overcome
this limitation, cell culture methods were applied, for
HAGdV, to test the infectivity of viral concentrates.
Human adenovirus is widely used as a human viral faecal
marker showing a high occurrence during all periods of
the year (Gerba et al. 1979; Lipp et al. 2001; Bofill-Mas
et al. 2013). The presence of human adenovirus infectious
viral particles is important when evaluating the risks de-
rived from water reuse, for example, when testing water
used for crops irrigation.

The current study describes the removal efficiency of a
lagooning system by analysing the presence of faecal viral
markers, including human adenoviruses (HAdVs) and JC
polyomavirus (JCPyV), heterotrophic bacteria counts
(HBC), and classical FIBs, (E. coli (EC) and intestinal entero-
cocci (IE)). In addition, the presence of pathogenic
noroviruses (GI and GII), the hepatitis E virus (HEV), poten-
tial bacterial pathogens, such as Arcobacter spp., Aeromonas
spp., Legionella spp. and free-living amoeba were analysed to
determine whether these water systems are reservoirs or
niches that might promote the regrowth of pathogenic micro-
organisms and thereby represent a new threat with regard to
further water reuse.
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Materials and methods
Description of the site and sampling program

The lagooning system evaluated is situated in south Catalonia
(Spain) in a zone with typical Mediterranean weather. The
lagooning system has a theoretical total volume capacity of
24,087 m> and a surface area of 16,864 m?. The system re-
ceives water from the secondary outlet of a WWTP that treats
a volume of 25,000 m*/day of raw sewage from approximate-
ly 200,000 inhabitants. The flow rates were measured in con-
tinuous using a magnetic flow meter. The volume of water
entering the lagoons is registered daily and was provided by
the WWTP, and the data is presented in Table 1. Once the
water has been treated with a conventional secondary treat-
ment (activated sludge), its entry into the stabilization ponds
of the lagooning tertiary treatment depends on water demands
and is regulated by a water level control system. The system is
composed of four lagoons with depths ranging from 1.95 to
3.15 m. This volume of water, which does not take evapora-
tion into account, provides an indirect measure of reclaimed
water produced and supplied to 140 users who use this water
as the main irrigation source for their olive and hazelnut trees
and vineyards, which cover an area of 135 ha.

One year of sampling, from September 2012 to August
2013, was completed. Two-litre water samples were collected
monthly from the secondary outlet of the WWTP as it entered
the lagooning system (lagooning inlet), and 2 L was collected

from the tertiary effluent after it exited the stabilization ponds
(lagooning outlet). A volume of 1 L was obtained from each
sampling point and used for the viral analysis, 500 mL
were used to analyse the samples for the presence of FIB,
Aeromonas spp. and Arcobacter spp., and 500 mL
were used to analyse the samples for the presence of HBC,
Legionella spp. and free-living amoebas. Water temperature,
pH and conductivity were measured using the corresponding
probes (XS instruments device) and following the US EPA
guidelines 150.1 and 120.1, respectively. Turbidity was deter-
mined by nephelometry using a hanna instrument and follow-
ing the US EPA 180.1 guideline. All the variables were re-
corded during sampling. Precipitation and solar radiation data
were collected from the Catalan Meteorological Institute
(http://www.meteo.cat/servmet/index.html). All of this
information is presented in Table 1.

Viral analysis
Viral concentration and nucleic acid extraction

The viruses present in 1 L samples were concentrated using
skimmed milk organic flocculation. The method has a recov-
ery efficiency of about 50 % (20-95 %) (Calgua et al. 2008,
2013). All samples were adjusted to a conductivity of 1.5 mS/
cm? and acidified to a pH 3.5 using 1 N HCI. Briefly, a sus-
pension of skimmed milk was prepared by adding 10 g of
skimmed milk powder (Difco, Detroit, MI, USA) to 1 L of

Table 1  Physicochemical parameters and environmental factors analysed during the study period
Sampling date Water 27/ 29/ 2711/ 17/ 28/ 25/ 18/ 29/ 20/ 17/ 29/ 26/
matrices  09/12  10/12 12 12/12° 01/13 02/13 03/13 04/13 05/13 06/13 07/13 08/13
pH LI 734 731 755 715 772 733 753 739 766 766 744 73
LO° 756 828 720 757 816 792 788 7.88 828 827 7.66 7.67
Conductivity (mS/cm?) LI 1313 1620 1350 1585 1520 1208 950 909 1214 1618 1552 1567
LO° 1476 1455 1079 1540 1492 1451 1236 1576 1494 1574 1715 1621
Turbidity (NTU) LI 16.8 515 549 874 130 157 623 90 6.8 14.13 739  5.66
LO® 834 194 135 99 124 295 105 100 678 127 193 157
Water temperature (°C) LI 230 146 12 9.9 15,0 155 180 170 210 260 27.0 26.0
LO° 254 188 10 8.4 10.0 100 135 180 200 28.0 280 26.0
Average atmospheric temperature 72 h LI 20.57 13.10 12.77 1293 1027 5.87 930 1127 13.60 21.83 2643 2287
before sampling (°C) Lo 2057 13.10 1277 1293 1027 587 930 1127 1360 21.83 2643 2287
Accumulated precipitations 72 h before LI* 0 0 0 0.9 0 7 0 8.6 1.8 0.4 0 0
sampling (mm) Lo® 0 0 0 09 0 7 0 86 18 04 0 0
Accumulated solar radiation 72 h before LI* 206 7.6 7 29 12 2.1 21 8.8 273 296 253 174
sampling (MJ/m?) LO® 206 76 7 20 12 21 21 88 273 296 253 174
Total monthly consumption (m®) 58478 21100 18720 12017 19610 20159 10960 26381 21600 47040 86989 75937
Theoretical hydraulic retention time 085 237 267 294 254 248 456 189 231 106 0.57 0.66

(months)

#Lagooning inlet

® Lagooning outlet
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artificial seawater (Sigma-Aldrich Chemie GMBH, Steinheim,
Germany), and the solution was then adjusted to pH 3.5 using
1 N HCI to obtain a pre-flocculated 1 % (w/v) skimmed milk
solution (PSM). Then, 10 mL of PSM was added to previously
conditioned samples to obtain a final concentration of 0.01 % of
skimmed milk. Samples were kept for 8 h while stirring at room
temperature, and flocks were allowed to sediment by gravity
during 8 h. The superatant was carefully removed, and the
remaining 500 mL of the solution were centrifuged at 8000xg
for 30 min at 4 °C. Pellets were suspended in 1 mL of phosphate
buffer (pH 7.5) and stored at —80 °C until nucleic acid (NA)
extractions were performed. A negative concentration control
for each process sample was also included. For these, we used
tap water as the matrix, and we first neutralized the free chlorine
by adding 100 mL of a 10 % sodium thiosulfate solution.

To extract viral nucleic acids, 140 pL of viral concentrates
were processed using a QIAamp” Viral RNA Mini Kit
(Qiagen, Valencia, CA, USA) and the automated QIACube
system (Qiagen, Valencia, CA, USA) following the manufac-
turer’s instructions. Nucleic acids were stored at —80 °C until
analysed. A negative control consisting of DNAse/RNAse-
free molecular water was included in each extraction batch.

Quantitative and nested PCR assays to evaluate viruses

Samples were analysed to determine the presence and concen-
trations of viral faecal markers and other pathogenic viruses.
Specific real-time qPCR assays were used to quantify the
viral faecal markers HAdV and JCPyV (Bofill-Mas et al.
2006; Hernroth et al. 2002; Pal et al. 2006) using TagMan®
Environmental Master Mix 2.0 (Life technologies, Foster
City, CA, USA). Real-time primers and probes for HAdV
can amplify A, C, D, E, F and some B HAdV serotypes, so
the most frequently described HAdV can be detected with this
assay. Specific RT-qPCR assays were performed to quantify
the levels of the human norovirus genogroups I and II (NoVGI
and NoVGII) (Kageyama et al. 2003; Loisy et al. 2005) and
the RNA UltraSense™ One-Step Quantitative RT-PCR
System (Invitrogen, Carlsbad, CA, USA). All samples were
analysed in duplicate using undiluted and 1:10 dilutions of the
nucleic acids extracts. Dilutions were tested to detect the po-
tential inhibition of amplification resulting from the presence
ofinhibiting substances in the undiluted samples. The analysis
of direct and ten-fold dilutions of environmental samples may
indicate the presence of enzymatic inhibition if a difference of
Cq between direct and diluted sample is lower than 3.3. In this
case, the value considered was the one obtained by testing the
diluted sample and more dilutions of that sample were tested
to rule out if inhibition was still occurring. Also, external
amplification controls were used to evaluate the potential in-
hibitory capability of the studied samples by adding known
amounts of standard plasmid (1 x 10> GC/reaction). A
MX3000Pro qPCR sequence detector system (Stratagene, La

Jolla, CA, USA) was used to quantify the levels of viral ge-
nomes in the samples.

Nested RT-PCR (nRT-PCR) assays were used to test for the
presence of the hepatitis E virus (HEV), as previously described
by Erker et al. (1999). Nested PCR was selected because low
numbers of HEV were expected, and nested PCR facilitated
sequencing analysis of the virus. Reverse transcription of the
extracted RNA was performed using a one-step RT-PCR Kit
(QIAGEN, Valencia, CA, USA), and semi-nested PCR was
performed using AmpliTaq™ Gold DNA polymerase.

The limit of detection (LOD) in 100 mL of water of the
(RT)qPCR assays that were used in this study was found to be
29 GC for HAdV, 80 GC for JCPyV, 343 GC for NoVGI and
229 GC for NoVGII following the FSA 2006 guidelines.

Controls for (RT)-qPCR assays

Plasmid DNA suspensions were used as positive controls and
quantitative standards. For HAdV and JCPyV, the hexon re-
gion (8961 bp) of HAdV41 and the whole genome (5130 bp)
of JCPyV Madl were cloned into the plasmid pPBR322. The
capsid protein regions of NoVGI.4 (2931 bp) and NoVGII.13
(3004 bp) were cloned into the pTrueBlue®-Pvu II vector and
used as the qRT-PCR standard.

To reduce the possibility of DNA contamination in the lab-
oratory, 10 pg of each plasmid DNA was linearized using spe-
cific restriction enzymes as follows: BamHI for the HAdV41
plasmid (Promega, Madison, WI), Nrul for the JCPyV plasmid
(Promega, Madison, WI), Sacl for the NoVGI plasmid and
Xhol for the NoVGII plasmid (Promega, Madison, WI). The
reaction products were subsequently purified and quantified.
Samples and standard plasmids were added in two different
rooms to avoid the possibility of contamination. Serial dilutions
in TE buffer were performed using linearized standards ranging
from 10° to 10° molecules per 5 or 10 pL (for viral RNA or
DNA, respectively). Aliquot standard dilutions were stored in
individual tubes at —80 °C until use.

All qPCR assays included non-template controls (NTC), and
control extractions were included to evaluate any possible con-
tamination during the extraction and amplification process.
Moreover, all qPCR, RT-qPCR, nPCR and RT-PCR mixes,
sample inoculations and standard additions were performed in
separated areas to avoid any potential contamination. Negative
PCR controls were also included for each analysis.

Infectivity assays in HAdV using the ICC-qPCR approach

An infectivity assay was performed for HAdV using the hu-
man embryonic kidney cell line HEK 2934 (Life technolo-
gies, R705-07). Cells were infected with the four inlet samples
that had the highest number of HAdV viral genomic copies
and the four corresponding outlet samples. Cells were used
from passages 12 to 15 and cultured using Dulbecco’s
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modified Eagle’s medium (DMEM) containing a high concen-
tration of glutamine (Glutamax, Life Technologies). The me-
dium was supplemented with 10 % fetal bovine serum (Life
Technologies), 1 % streptomycin-ampicillin and 1 % non-
essential amino acids (Life Technologies), as previously de-
scribed in the literature (Ogorzaly et al. 2013).

HEK 2934 cells were seeded in 25 ¢cm? cell culture
flasks at a density of 5x10* cells/mL and incubated in
5 % CO, at 37 °C until confluence was achieved. Each
environmental sample was analysed in two infected cell
flasks (TO-1 h incubation and T8-8 day incubation).
Cell culture flasks were infected using 100 pL of viral
concentrate that was diluted in DMEM (1:1) to achieve
a final infective solution of 200 uL because previous
assays showed toxicity when they were infected with
undiluted viral concentrates. Cells were incubated at
37 °C for 60 min. The cells were subsequently washed
with PBS 1x three times to remove non-infective viral
particles that were attached to cell surfaces. Finally,
5 mL of DMEM supplemented with 1 % non-essential
amino acids, 2 % fetal bovine serum, 2 % streptomycin-
ampicillin and 2 % kanamycin were added to the cell
flasks. A negative (DMEM) and a positive control
(HAdV35) were performed in parallel.

Positive samples were quantified with a most probable
number (MPN) approach. Briefly, nine 25-cm? cell culture
flasks were inoculated using a ten-fold dilution series (direct
to 1072 in triplicate. All of the infected cell-cultured flasks
were scratched after 3 days of incubation and analysed using
140 pL of the scratched cell suspension in a QlAamp Viral
RNA mini Kit (QIAGEN). Negative samples had <§ MPN
infective HAdV in 100 mL.

Cell cultures presumptively positive for adenovirus were
analysed using a nested PCR (Allard et al. 2001), and the
amplicon was sequenced to typify the most abundant
HAdV types grown in cell cultures. The pair of primers
selected were broad primers to amplify all HAdV known
serotypes. The amplicons obtained after the nested-PCR
were purified using a QIAquick PCR purification kit
(QIAGEN, Inc.). The purified DNA was directly se-
quenced using an ABI PRISM™ Dye Terminator Cycle
Sequencing Ready Reaction kit version 3.1 with
AmpliTaq® DNA polymerase FS (Applied Biosystems)
according to the manufacturer’s instructions. Conditions
for the 25-cycle sequencing amplification were denaturing
at 96 °C for 10 s, annealing for 5 s at 50 °C and exten-
sion at 60 °C for 4 min. Nested primers were used for the
sequencing reactions at a concentration of 0.05 uM.

Sequencing results were checked using an ABI PRISM
377 automated sequencer (PerkinElmer, Applied
Biosystems). Sequences were compared to the GenBank
and European Molecular Biology Library (EMBL) using
the basic National Center for Biotechnology Information
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(NCBI) BLAST programme (http://www.ncbi.nlm.nih.gov/
BLAST)/).

Bacteria and protozoa analysis
Heterotrophic bacteria quantification

Heterotrophic bacterial counts (HBC) were determined in ac-
cordance with International Organization for Standardization
(1999) following the standards for water quality. Briefly, ten-
fold dilution series were prepared in Ringer 1/4 (Scharlau
Chemie; Barcelona, Spain), plated in plate count modified
agar media (Scharlau Chemie; Barcelona, Spain) and incubat-
ed at 22 °C for 72 h as previously described ( Serrano-Suérez
etal. 2013).

FIB

The determination of E. coli (EC) and intestinal enterococci
(IE) was performed using 96-well microplate MPNs accord-
ing to the International Organization for Standarization
(1998a, 2012) methods (Bio-Rad, France), respectively. The
detection method used for EC was based on the expression of
the 3-D-glucuronidase enzyme, while the expression of (3-
glucosidase was the target used to detect IE.

Detection and quantification of Arcobacter

The quantification of Arcobacter in reclaimed water was per-
formed according to the MPN method using five replicate
tubes. Each contained 2.5 mL of Arcobacter broth supple-
mented with CAT (cefoperazone, amphotericin B and
teicoplanin) and 0.5 mL of a ten-fold serial dilution of the
water samples. The tubes were incubated at 30 °C for 48 h.
For tubes that showed turbidity, 200 uL of the broth was
inoculated using passive filtration (0.45-um membrane) on
blood agar plates (Trypticase Soy Agar (TSA), BD, Spain)
supplemented with 5 % sheep’s blood. Eight presumptive
Arcobacter colonies were selected for molecular identification
from each positive sample. The 16S rDNA-RFLP method
(Figueras et al. 2012) was used. The MPN values were calcu-
lated using MPN Build 23 software (Mike Curiale software),
and the results were expressed as MPN/100 mL.

Detection and quantification of Aeromonas

All water samples were investigated for the presence of
Aeromonas (n=24), but quantification was performed accord-
ing to the MPN method using five replicate tubes only be-
tween March 2013 and August 2013 (n=12). Buffered pep-
tone water (BPW, Oxoid, UK) was used to prepare ten-fold
serial dilutions of the water samples; 0.5 mL of each dilution
was inoculated into a tube containing 2.5 ml of alkaline
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peptone water (APW, Oxoid, UK) supplemented with ampi-
cillin (APW-A, 10 mg/L, Sigma-Aldrich, Steinheim,
Germany). The tubes were incubated at 30 °C for 24 h.
From each dilution, 100 pL was inoculated in ampicillin dex-
trin agar (ADA, CRITERION, Santa Monica, California,
USA) plates and incubated at 30 °C for 24 h. When the
ADA plates were found to be positive for the presence of
Aeromonas, eight presumptive yellow colonies were
subcultured in TSA and incubated under identical
conditions. For molecular identifications performed at the
genus level, the PCR method described by Chacon et al.
(2002) was used. The MPN was calculated as described
above.

Legionella spp. culture and typification The detection and
quantification of Legionella spp. in water samples were per-
formed by culturing samples on BCYE agar supplemented
with GVPC (MAIM, Spain). Samples (100 mL each) were
filtered through a 0.45-pm pore size nylon membrane (Filter
HNWP Millipore; Ireland), and the retained material was then
suspended in 10 mL of Ringer 1/40 using vortexing for 2 min.
The concentrates were cultured either directly or after two
treatments: a thermal treatment at 50 °C for 30 min or an acid
treatment in which 100 pL of acid buffer was added to 900 uL.
of the sample concentrate, as described in International
Organization for Standardization (1998b).

Presumptive Legionella colonies were tested using a
Legionella latex test (Oxoid, Basingstoke, Hampshire,
England) according to the manufacturer’s instructions. This
kit enables the differentiation of L. pneumophila serogroup
1, L. pneumophila serogroups 2—14 and seven additional
Legionella species.

Legionella spp. DNA extraction and qPCR analysis
Nucleic acids were extracted from 1 mL of Legionella sample
concentrates using a Wizard genomic DNA purification kit
(Promega, Madison, Wis.).

All samples were tested for the presence of Legionella spp.
using a primer pair that was described in Herpers et al. (2003)
and a probe described in Declerck et al. (2007). All reactions
were performed in a final volume of 25 pL that contained
0.9 uM of each primer, 0.2 uM TagMan MGB probe,
12.5 pL of 1x TagMan Universal Master Mix and 5 uL of
the extracted nucleic acids.

Legionella spp. positive samples were further tested for the
presence of L. pneumophila. These assays targeted the mip
gene and were based on the primers and probe described in
Diederen et al. (2007). All of these reactions were performed
in a final volume of 25 pL that contained 0.2 uM of the MipF
primer, 0.3 pM of the MipR primer, 0.15 pM TaqMan probe
Lpn-Mip, 12.5 pL of the 1x TagMan Universal Master Mix
and 5 pL of the extracted nucleic acids.

Free-living amoeba quantification

To quantify free-living amoebae (FLAs), 100 mL of each
sample was concentrated to 10 mL by centrifugation at
800xg for 20 min. The concentrates were quantified by cul-
turing them in non-nutrient agar (NNA) plates according to
the MPN method described in Cervero-Aragé et al. (2013).
MPN values were obtained from MPN tables (International
Organization for Standardization 2005). The detection limit of
the method ranged from 2 x 10> MPN of FLA/mL to 2 x 10°
MPN of FLA/mL.

Statistical analyses

The data obtained for the concentrations of the microbio-
logical parameters at the inlet and the outlet of the
lagooning system were analysed using software packages
developed in R (R Core Team 2013). The Wilcoxon test
implemented in the R Package “exactRankTests” was
used to calculate p values. This test was applied to calcu-
late whether there were statistically significant differences
between the values obtained at the inlet compared to those
obtained at the outlet. The results relating to bacteria and
free-living amoeba were analysed using two-sided
Wilcoxon tests, while one-sided Wilcoxon tests were used
to analyse results related to human viruses. The inclusion
of the LOD for each microorganism and technique has
been chosen to replace all non-detect. To compare the
significance of the p values obtained for each microorgan-
ism, p values adjusted for multiple testing were calculated
(Online resource 1) using the R package by applying the
false discovery rate (FDR) test (Benjamini and Yekutieli
2001). A redefined adjusted p value of 0.05 was chosen to
be the cut-off for statistical significance.

Pearson’s correlation tests were performed using R soft-
ware to determine if some relation existed between pH, water
temperature, atmospheric temperature, theoretical hydraulic
retention time and the microbial load at the outlet. At the same
time, correlations among the different microorganisms at the
outlet of the lagooning were tested.

Results

Results obtained for microbiological parameters in the inlet
and outlet samples for each sampling point and date are shown
in Table 2. Mean values before and after the lagooning tertiary
treatment and the logarithmic reductions are presented in
Tables 3 and 4 and Fig. 1. Negative or non-detected samples
have been replaced by the LOD for each microorganism and
technic. This conservative decision might underestimate the
lagooning removal efficiency.
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Table3 Inlet and outlet mean concentration of microbial parameters analysed and their logarithmic reduction after the lagooning treatment during the
study period

Sampling Reference  Virus (CG/100 ml)

period samples
Human adenovirus JC polyomavirus (JCPyV)  Norovirus GI (NoVGI) Norovirus GII (NoVGII)
(HAdV)
Geometric Positive ~ Geometric Positive ~ Geometric Positive ~ Geometric Positive
mean (min-max) samples mean samples mean samples mean samples
(min-max) (min-max) (min-max)
June— LI 1.0x10° 4/4 1.15% 10 2/4 176 x 10° 2/4 1.13x10° 2/4
September (1.05 % 10° (8.0x 10" (3.43x10° (2.29 x 10
-3.78x10%) ~1.81x10% -2.75%10% -520%10%)
LO® 8.19x 10 2/4 (8.0x10Y 0/4 8.01 x 10 2/4 3.99 x 10 2/4
2.9% 10! (3.43 % 10 (2.29 % 10
—6.16x 10%) —2.72x10%) ~1.16x 10°%)
Log 1.09 2.06 0.34 0.45
reduction
October— LI 7.13x 10° 718 139 10° 718 123x10* 6/8 1.62x10* 8/8
May (2.9 10" 8.0x 10" (3.43 % 10 (2.29 % 10
—8.27x10% -8.55%10%) ~1.42%10%) ~1.28%10%)
LOP 421%107 4/8 1.81x10% 38 3.82x10° 5/8 242x10° 7/8
2.9x10° 8.0x 10" (3.43x 107 (2.29 % 10
-3.72x 10% -1.95x10°%) —4.04x10°) ~1.66 x 10%)
Log 123 0.89 0.51 0.83
reduction
Global LI 3.71%10° 11/12 6.06x 107 9/12 6.43 % 10° 8/12 6.67x 10° 11/12
(1.48 x 10 8.0x 10" (3.43x10° (2.29 % 10°
—9.01 % 10% ~7.62%x10%) ~1.42%10°%) ~1.28x10°)
LO° 244 %107 6/12 138%10% 3/12 227%10° 712 1.28x10° 8/12
2.9%10" (8.0x10' (3.43x 107 (2.29 x 10
~3.72x10% ~1.95%10%) ~4.04%10%) ~1.66 % 10%)
Log 1.18¢ 0.64¢ 0.45 0.72
reduction

Geometric means are calculated by using the LOD for a given microorganism and technique. The minimum and maximum value for each microorganism
is specified

# Lagooning inlet
®Lagooning outlet
“No positive values observed

9 Statistically significative p value 0.05

In general, all studied microorganisms were reduced in ~ more than 2 log for EC (Fig. 1). The observed reductions
concentration after lagooning, with reductions ranging  in human viral faecal markers (HAdV and JCPyV) and
from 1.18 to 0.45 log for some enteric viruses and up to ~ FIB (EC and IE) were statistically significant (Online

Fig. 1 Mean microbial Microbial loads across the lagoon system
concentration loads of the inlet

[

[

|

and outlet reclaimed water
HAdV
|
|
[
[
|
|
|
|
3

JCPyV
NoVGGI
NoVGGII
Heterotroph
Amoeba
Legionella spp.
E.coli
Enterococi
Arcobacter spp.
Aeromonas spp.

produced in the lagooning system
studied

INLET = QUTLET

f
f
f
f
{
(
|
f
f
! | |
; : |
0 4 5

Log10 Concentration in 100mL

@ Springer



16824

Environ Sci Pollut Res (2016) 23:16816-16833

resource 1). No significant statistical correlation was
found between the measured physico-chemical water pa-
rameters and any of the microorganisms analysed at the
lagooning outlet. A significative negative correlation was
found between HRT and heterotrophic bacterial counts
(R*=-0.72, p value=0.0078). Only significative correla-
tions between norovirus genogroups GI and GII
(R*=0.84, p value=0.0006) were found.

The average water retention time in the system
was estimated to be of 31 days with two main periods: a
high demand period (from June to September 25,000 m*/
month) with an average estimated retention time of
16 days and a low demand period (from October to
May, 25,000 m*/month) with an average estimated reten-
tion time of 88 days (see Tables 3 and 4). Retention time
was influenced by raining events, which decreased the
water demand from farmers. Although initial analyses ap-
pear to indicate differences in microbial removal between
these periods, the small number of samples tested for each
period group does not enable to conclude if differences
are statistically significant.

Efficiency of virus removal and inactivation

A high abundance of viruses was observed in the second-
ary effluents analysed over the entire year. The majority
of the samples (11/12) entering into the lagooning system
were positive for HAdV with a mean value of 3.71 x 10
GC/100 mL, whereas only half of the outlet samples were
positive (6/12), with mean values of 2.44 x 10> GC/
100 mL (Tables 2 and 3). For JCPyV, the number of
positive samples was high (9/12) at the inlet, with a mean
value of 6.06 x 10> GC/100 mL, while the number of pos-
itive samples decreased at the outlet (3/12), where sam-
ples showed a mean value of 1.38x10% GC/100 mL.
Human pathogens NoV GI and GII were highly prevalent
at the inlet (in 8/12 and 11/12 of the samples, respective-
ly). The concentrations of both genogroups at the inlet of
the system were 6.43 x 10> GC/100 mL and 6.67 x 10°
GC/100 mL, respectively, while the prevalence of these
viruses at the outlet of the system slightly decreased (7/12
of the samples at 2.27 x 10° GC/100 mL and 8/12 of the
samples at 1.38 x 10> GC/100 mL, respectively). None of
the inlet or outlet samples were positive for HEV.

The infectivity experiments presented one out of four
samples with infectious HAdV in the inlet (233 MPN
1U/100 mL). None of the four outlet samples tested
showed infectious HAdV (LOD 8MPN infective virus/
100 mL). The positive inlet sample for HAdV was am-
plified, and the amplicon obtained was sequenced and
corresponded to HAdV41 (nucleotide accession number
HG976918).

@ Springer

Efficiency of inactivation of HBC and standard FIB
HBC

Heterotrophic bacteria were present in all of the samples
analysed, with a geometric mean of 2.91x 107 cfu/100 mL
in the inlet samples and 9.43 x 10® ¢fu/100 mL in the outlet
samples. The results showed a reduction of 0.49 logs in the
HBC count, but this difference was not statistically significant
(Table 4 and Online resource 1). Moreover, these differences
varied slightly during the year. A peak reduction in HBC of
0.95 logs was observed during the months with lower water
demand. In contrast, there was an increase in the bacterial
count to 0.44 logs in the summer during the period of high
water demand.

Standard FIB

All 12 inlet water samples were positive for EC and IE, with
geometric means of 7.23 x 10* MPN/100 mL and 5.11 x 10°
MPN/100 mL, respectively (Table 2). Only eight outlet water
samples were positive for EC (1.92 x 10> MPN/100 mL),
whereas 10 outlet samples were positive for IE (1.14 x 10>
MPN/100 mL). The lagooning reduced 2.58 and 1.65 log
EC and IE, respectively (Table 4).

During the low demand period, the mean concentration of
EC in the inlet water was 4.81 x 10* MPN/100 mL, while in
the outlet, the mean concentration was 8.47 x 10" MPN/
100 mL. These data indicate a 2.75 log reduction. For the
same period, the mean concentration of IE was 4.23 x 10°
MPN/100 mL for the inlet water and 8.03 x 10" MPN/
100 mL for the outlet water, with an observed reduction of
1.72 logs.

During the high demand period, the mean concentration of
EC was 1.63x10° MPN/100 mL and 9.80 x 10> MPN/
100 mL for the inlet and the outlet water, respectively, indi-
cating a 2.22 log reduction. During this period, the concentra-
tion of IE in the inlet water was 7.46 x 10> MPN/100 mL,
while the concentration at the outlet was 2.28 x 10 MPN/
100 mL, indicating a 1.51 log reduction.

Evaluation of the potential regrowth of bacteria and other
opportunistic pathogens

Arcobacter

All 12 inlet water samples were positive for Arcobacter, while
only 5 (41.6 %) of the outlet water samples were positive
(Table 2). The average concentration of Arcobacter in the inlet
water samples was 7.51 x 10° MPN/100 mL, while in the out-
let water samples, the average concentration was 4.59 x 10°
MPN/100 mL (Table 4). During the low demand period, the
mean concentration of Arcobacter in the inlet water was
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7.80 x 10® MPN/100 mL, while in the outlet, it was 9.47 x 10>
MPN/100 mL. This data represents a 3.92 log reduction.
Notice that during the high demand period, the mean concen-
tration of Arcobacter was 6.9 x 10° MPN/100 mL for inlet
water and 1.08 x 10> MPN/100 mL for outlet water, and these
data represent a 4.81 log reduction.

Aeromonas spp.

All water samples (12 inlet and 12 outlet) were positive for
Aeromonas (Table 2). Over the 6 months during which quan-
tification was performed (March 2013 and August 2013), the
average concentration of Aeromonas spp. in the inlet water
was 1.08 x 10° MPN/100 mL and the average concentration
in the outlet was 1.94 x 10° MPN/100 mL. These data repre-
sent a 1.02 log reduction in the Aeromonas spp. load during
the storage period (Table 4). During the lower demand period,
the mean concentration of Aeromonas in the inlet water was
1.06 x 10° MPN/100 mL, while in the outlet water, it was
1.05 % 10* MPN/100 mL. These data indicate a 2 log reduc-
tion. In contrast, during the high demand period, the mean
concentration of Aeromonas was 3.97 x 10> MPN/100 mL in
the inlet water and 3.68x10°> MPN/100 mL in the outlet water,
representing only 0.03 log reduction.

Legionella spp.

Legionella spp. were detected using qPCR, but not culture
methods, in both inlet and outlet samples. In the samples with
higher concentrations, which were obtained from February to
April, it was not possible to isolate any Legionella spp. be-
cause there was a high concentration of accompanying micro-
biota that also grew on the BCYE agar plates. Hence, it was
not possible to differentiate between species or serogroups
using sero-agglutination. The qPCR results showed that
Legionella spp. were present in 11 out of the 12 samples
obtained from the lagooning inlet and in 7 out of 12 samples
obtained from the outlet (Table 2). Within these samples,
L. pneumophila was detected in six inlet samples and two
outlet samples. Overall, a global reduction of 1.72 log was
observed in Legionella (Table 4). However, when only the
positive samples obtained during the low and high water de-
mand periods were compared, we observed a log reduction of
1.97 and 0.89, respectively, in Legionella.

FLA

All inlet and outlet water samples contained FLA, with geo-
metric means of 1.19 x 10> MPN/100 mL and 3.04 x 10*
MPN/100 mL, respectively. In general, higher concentrations
of FLA were detected in the inlet samples, and a reduction of
0.59 log was observed after lagooning. Moreover, an 0.40 log
reduction was observed during the low water demand period,
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and a 0.98 log reduction was observed during the high
demand.

Discussion

In this work, a lagooning system, considered as a natural and
low-cost tertiary disinfection method, is used to treat the sec-
ondary wastewater effluent produced by a wastewater treat-
ment plant.

The stabilization pond system studied in this report de-
creased the concentration of all microorganisms analysed,
with the exception of FLA and HBC which presented on some
months similar counts at the outlet. Higher numbers of HBC
in the outlet samples were observed during periods with
higher water temperatures, despite increased solar radiation.
These findings support the idea that temperature can positive-
ly impact the regrowth of HBC, as was reported by Niquette
etal. (2001). Microorganisms that are able to grow in aquatic
environments, such as some of the studied bacteria and pro-
tozoa, were analysed for either regrowth or inactivation. It is
known that lagooning applied to produce reclaimed water
reduces the levels of bacteria in the effluent (Jjemba et al.
2010; Derry and Attwater 2014). Nevertheless, bacteria re-
growth has been observed in the mentioned studies in the
reservoir and distribution systems, where there was a loss of
residual disinfectant and high levels of assimilable organic
carbon. Despite this fact, HBC and FLA should be considered
when reclaimed water produced by lagooning is going to be
used for irrigation purposes as both groups contain potentially
pathogenic microorganisms and their regrowth may represent
a health risk.

Viral concentrations decreased between 0.45 and 1.18 log
(NoVGI and HAAV respectively) (Table 3). The obtained
values were similar to those reported by Maynard et al.
(1999); however, depending on the lagooning characteristics,
higher reductions can be reached (up to 2 log) (Shuval 1990;
Pay Drechsel et al. 2010), depending on the characteristics of
the lagooning system. Jurzik et al. (2015) reported a high
degree of effectiveness in the removal of FIB and bacterio-
phages in a lagooning system, whereas human viruses, such as
HAdV and JCPyV, were not significantly decreased. The lack
of infectivity assays in previous studies constitutes an impor-
tant limitation as those viral particles detected could not be
infectious. In the current study, higher reductions of genome
copies were observed for the same faecal virus markers. This
might be related to the higher water temperatures expected
from a Mediterranean site and also due to differences in the
retention times. Infectivity results showed that one out of four
inlet samples but none of the four outlet samples contained
infective HAdV particles (less than 8 MPN infectious HAdV
in the 100 mL of sample analysed), showing that lagooning
could achieve a reduction of 1.49 log. It is widely accepted
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that cell culture assays have some limitations, including the
bias produced by the efficiency or inability of certain adeno-
virus genotypes to replicate in specific cell lines. Hence, these
data should be taken only as an indication of the risk of
infection.

Noroviruses are the leading cause of foodborne disease
outbreaks worldwide (Koo et al. 2010), most of those sporadic
cases and outbreaks being related to NoVGII (Lopman et al.
2004; Lodder and de Roda Husman 2005; Kroneman et al.
2008). This virus was prevalent in the inlet samples through-
out the year and showed a seasonal peak in winter, from
December to May, as previously reported (Haramoto et al.
2006; Katayama et al. 2008; Nordgren et al. 2009), with
higher viral titres ranging from 10* to 10> GC/100 mL. July
was the only month during which NoVGII was not detected.
NoVGI was the less prevalent of the two genogroups, but
when it was present, its viral titres were higher than those of
NoVGII (Table 2). Higher resistance to wastewater treatment
was observed for NoVGI compared to NoVGII, as previously
reported (Da Silva et al. 2007; Nordgren et al. 2009).
Norovirus titres should be a matter of concern, especially con-
sidering its low infectious dose of 18 particles (Teunis et al.
2008). The risk of infection through the consumption of raw
edible vegetables irrigated with reclaimed water, containing
NoV genomic copies, has been recently quantified (Sales-
Ortells et al. 2015).

HEV was not found in either the inlet or the outlet samples
of the lagooning system, even though it is widely known that
this virus circulates in industrialized countries (Legrand-
Abravanel et al. 2009; Masclaux et al. 2013). The low
millilitre equivalents (8.75 mL) of the samples tested by mo-
lecular methods when samples are concentrated by skimmed
milk flocculation (Rusifiol et al. 2015) in combination with the
lower prevalence of HEV virus compared to other enteric
viruses (Masclaux et al. 2013) may explain the absence of
positive results.

The viral reduction values reported by Jurzik et al. (2015),
in addition to those in the current study, indicate that the use of
traditional FIB and bacteriophages as surrogates for predicting
the presence or absence of viral pathogens in reclaimed water
is not always reliable (Baggi et al. 2001; Hot et al. 2003;
Ottoson et al. 2006a). The lack of correlation found between
FIB and viral faccal markers at the lagooning outlet reinforces
that idea, as previously reported (Mara and Pearson 1987,
Donnison and Ross 1995).

A reduction of more than two logs was observed for EC in
the lagooning system. This value is slightly superior to the
average removal value reported for EC by Goyal (2013). In
the case of IE, although similar removal load was observed,
this indicator appears to be more resistant to outdoor storage
than EC because only two samples were below the detection
limit for IE, whereas four of the outlet samples were below the
limit for EC. The higher survival capacity of IE compared to

EC is well described (Fleischer et al. 2000; Figueras and
Borrego 2010), and the results obtained in this study are in
agreement with those reported (Tyagi et al. 2008). In Spain,
reclaimed water is controlled under the regulation RD 1620/
2007, which establishes water uses according to different EC
levels. The removal efficiency achieved in the lagooning
system in this study was not enough to meet the regula-
tion requirements because on some occasions the concen-
tration of EC was higher than 100 MPN/100 mL which is
the maximum allowed by the legislation for raw edible
vegetables (RD 1620/2007). Therefore, the produced
reclaimed water would not be suitable for some irrigation
purposes (e.g., to irrigate raw-edible vegetables).
Specifically, the outlet water exceeded the 100 CFU/100 mL
recommended for EC in 7 out of 12 of the samples tested.
Moreover, three out of seven of the positive outlet water sam-
ples had concentration values that were higher than the
1000 CFU/100 mL faecal coliforms. These higher values were
observed also in summer during the time of the year when
lagooning water is mainly used for irrigation.

Arcobacter which was present at high concentrations
(7.51 x 10° MPN/100 mL) at the inlet has been clearly reduced
4 log (p value 6.21 x 10~*). In fact, four out of the seven
samples in which Arcobacter was not detected were also neg-
ative for the viruses tested. This indicates that lagooning is
very effective in removing some potentially pathogenic bac-
teria. Numerous studies have shown that Arcobacter is abun-
dant in wastewater. No other studies have systematically
quantified the presence of Arcobacter in wastewater or its
presence in a lagooning system as we have done in this study.
In previous studies performed by our group, a correlation was
demonstrated between the presence of Arcobacter and the
presence of faecal pollution (Collado et al. 2008, 2010;
Fisher et al. 2014). However, recently, in a study that used
metagenomics, it was shown that the abundance of
Arcobacter is due to its growth within the sewer environment
and not due to human input. This conclusion was based on the
low abundance of these microbes in the facces of symptomatic
and asymptomatic patients with diarrhoea (Figueras et al.
2014; Fisher et al. 2014). Other authors have reported the
presence of Arcobacter spp. in sewage in the UK and associ-
ated its detection with the underestimation of these bacteria in
the human community (Merga et al. 2014). Despite this, un-
derestimation continues to occur, as we have suggested in
previous studies (Collado and Figueras 2011; Fisher et al.
2014). These facts alone do not explain the high concentration
found in sewage, from which 4rcobacter can be isolated by
direct plating without any enrichment. This latter finding in-
dicates the growth and amplification capacity of these bacteria
in sewage.

The low reduction (0.03 log) observed in Aeromonas dur-
ing the warm season (June—September) correlated with high
temperatures that ranged between 23 and 28 °C

@ Springer



16828

Environ Sci Pollut Res (2016) 23:16816-16833

(corresponding to the optimum growth temperature for this
bacteria) and also with the low retention time of the water in
the lagooning system (Table 4). These results agree with those
of Monfort and Baleux (1990), who studied the Aeromonas
dynamics in a sewage treatment pond and reported a slightly
higher reduction in winter (99.8 %) than in summer (98.3 %).
These authors found a positive correlation between pond wa-
ter temperature and Aeromonas concentrations. However, op-
posite results were reported by (Hassani et al. 1992) in a study
performed in Morocco, where the removal efficacy of the
stabilization pond treatment used to clear domestic wastewater
was higher in the warm months (98.8 %), when temperatures
were approximately 30 °C, than in the colder months (97 %),
when the temperatures were lower than 21 °C.

Isolating Legionella from complex environmental samples
is a well-known arduous job (Joly et al. 2006; Serrano-Suarez
and Araujo 2013; Blanky et al. 2015). The difficulties in-
volved in isolating Legionella using culture methods include
the low sensitivity of the culture media wherein other bacteria
with faster growth rates than Legionella spp. suppress or mask
its growth, or the fact that under stressful conditions,
Legionella spp. enter into a viable but non-culturable
(VBNC) stage (Steinert et al. 1997; Joly et al. 2006;
Rodriguez-Martinez et al. 2015). However, the use of molec-
ular techniques, such as qPCR, has enabled the detection of
similar Legionella concentrations, as have been described in
the literature (Palmer et al. 1993; Medema et al. 2004;
Declerck et al. 2007). Legionella was more abundant in the
inlet samples than in the outlet samples (Table 2).
Nevertheless, a more substantial reduction was observed in
winter, when the retention time was longer and temperatures
were lower (Table 4). In summer, the lower reduction might be
explained by the shorter retention time and higher tempera-
tures, which were closer to the replication temperature of the
bacteria. Half of the inlet samples contain L. pneumophila, but
it was detected only in two of the outlet samples (data not
shown). Hence, according to Spanish legislation (RD
1620/2007), this water can be considered as safe water
and used for aerosoled irrigation. However, further studies
are needed to improve the methods recommended for the
detection of this bacteria in complex water matrices and
also its health risk associated to their presence in
reclaimed irrigation water.

Free-living amoeba were detected in all of the samples
analysed, with no clear trend related to water matrix, re-
tention time, temperature or other physicochemical pa-
rameters. The FLAs are a complex and heterogeneous
group of microorganisms characterized by having two live
stages: trophozoites and cysts. The cysts, which are a
resistant and dormant form, enable these species to sur-
vive harsh environmental conditions, including the disin-
fection methods used in conventional WWTP. The pres-
ence of FLA in the effluents of WWTPs has been reported
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in several studies (Garcia et al. 2013; Magnet et al. 2013).
The high numbers of trophozoites observed in the inlet
and outlet water samples suggest that FLAs play a key
role in the lagooning ecosystem. These species increase
the presence of some microorganisms rather than others
by acting as grazers (Danes and Cerva 1981, 1984; Greub
and Raoult 2004; Lorenzo-Morales et al. 2007; Declerck
2010). This fact has promoted adaptative changes in the
microorganisms in which they prey on, which must sur-
vive amoebal predation. For example, the presence of
FLA may explain the presence of Legionella spp. because
these bacteria have the ability to replicate within FLA that
play a protective role against harsh environmental condi-
tions (Richards et al. 2013; Cervero-Aragd et al. 2015).
Recently, a publication reported the internalization of
HAdV by ciliates in wastewater (Battistini et al. 2013).
As has been previously shown in some bacterial species,
viruses may use FLA or other protozoa as a shelter to
wastewater treatments (Scheid and Schwarzenberger
2012). In the current study, no significant correlation
was found between HAdAV and FLA in the outlet samples.
Further studies of these species could improve our under-
standing of viral survival in the environment. Unfortu
nately, the methodology used in the current study did
not enable the identification of the genera of the isolated
FLA, but data obtained provides an overview of its pres-
ence in two different water matrixes.

No significant regrowth of opportunistic pathogens was
observed throughout the lagooning system. The microorgan-
ism removal efficiency of other tertiary waste water disinfec-
tion methods, such as membrane filtration, has been shown to
reduce human noroviruses by less than 1 log and to reduce EC
and IE by of 3.23 and 3.17 logs, respectively (Ottoson et al.
2006b). Chlorination after secondary treatment reduced IE by
up to 2.57 logs and EC 1.18 logs, whereas HAdV was reduced
by 0.81 logs (Francy et al. 2012). UV irradiation (254 nm)
reduced EC, IE and human adenoviruses by 3.82, 3.32 and
0.24 logs, respectively, at a genomic copy level (Francy et al.
2012). The application of a more complex wastewater treat-
ment method that is composed of membrane ultrafiltration in
combination with chlorination and UV disinfection reduced
HAdV (qPCR data), EC and IE by 1.44, 2.12 and 1.84 logs,
respectively (Rusifiol et al. 2015). Similar logarithmic remov-
al values of HAdV—-at a genomic copy level—EC and IE were
obtained in the lagooning in comparison with conventionally
tertiary water treatments. However, the high construction costs
and maintenance of more complex systems in combination
with the difficulty of applying them in low-income developing
countries make lagooning a sustainable and effective method
of producing reclaimed water for irrigation purposes.
Nevertheless, a quality control system should be implemented
to ensure that the reclaimed water requirements contained in
the legislation are fulfilled.
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Conclusions

1. The results obtained in the present study demonstrate the
variability of removal efficiency in lagooning systems as
previously reported by other authors (Berg 1973;
Maynard et al. 1999). The lagooning system evaluated
in this study achieved significant logarithmic reductions
in the human viral faecal markers HAdV and JCPyV rang-
ing from 1.18 (0.24-2.93) to 0.64 (0.12-1.97), at the ge-
nomic copy level respectively. A 2.58 (1.17-4.59) and
1.65 (0.15-3.14) EC and IE log reduction was observed.

2. No regrowth of FIBs was observed in the system, which
obtained a reduction of nearly 2 logs between the inlet and
outlet samples. However, although FIBs were reduced, in
half of the samples analysed, the concentration at the out-
let exceeded the recommendations of the Spanish legisla-
tion (RD/1620/2007). The absence of FIBs does not guar-
antee the absence of viruses because some samples that
were negative for FIBs presented viral faecal markers.
Therefore, the inclusion of viral faccal markers, such as
HAAJV and JCPyV, in reclaimed water legislation should
be considered to minimize risks.

3. Opportunistic pathogens, common inhabitants of water
systems as Legionella spp. and Aeromonas spp., showed
a pattern of reduction that was different from that of FIBs,
while the pattern observed for Arcobacter was more in
agreement with that of FIBs. In addition, HBC and
FLA, which are microorganisms that are representative
of complex heterogeneous groups, showed small reduc-
tions throughout the lagooning, and in some occasions,
their counts were higher in samples collected at the outlet
than in those collected at the inlet, suggesting bacterial
and protozoa regrowth. This fact reinforces the existence
of two different microbial communities. Both communi-
ties are differently influenced by environmental factors
such as temperatures above 20 °C, but further studies
are necessary to confirm these trends and to obtain a better
understanding of the composition of these populations.

4. Data obtained from this study reinforces the idea that
more studies on lagooning systems are required for im-
proving its design and management in order to fulfil the
safety requirements established in the RD 1620/2007 and
ensure the production of safe reclaimed water to irrigate
raw edible vegetables.
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2. Avaluacio dels métodes de concentracid i extraccio de virus a
partir d’aigua residual en el context de seqlenciacid de
metagenomes virics

L'estudi del viroma present a l'aigua residual urbana constitueix una eina
interessant per a la vigilancia i el desenvolupament d’estudis epidemiologics, aixi
com per a avaluar l'eficiencia dels tractaments aplicats a les plantes de

tractament d’aiglies residuals urbanes.

Per estudiar els virus a I'ambient cal aplicar processos de concentracié que
permetin separar els virus d’altres components, a la vegada que aconseguim
retenir-los en un menor volum. Posteriorment a la seva concentracio cal aplicar
un procés d’extraccié per aillar-ne el material genétic que pot ser de
caracteristiques molt diferents: cadena senzilla o cadena doble, genoma linear o
circular, segmentat o no segmentat, ADN o ARN o fins i tot, combinacions

d’ambdds.

L’estudi presentat en aquest capitol analitza I'efecte que tenen els metodes de
concentracid i extraccié en la composicié del viroma aplicant técniques de
seqienciacid massiva. Amb aquesta finalitat, es va mostrejar un gran volum
d’aigua residual que va ser dopat amb dos virus: HAdV35 i Norovirus muri. Es van
avaluar 4 metodes de concentracio diferents, tal i com apareixen descrits a la
literatura, incloent la floculacié amb llet descremada (SMF), la precipitacié amb
PEG, I'Gs de columnes MAF o la llana de vidre. Simultaniament es van testar 4 kits
d’extracci6 de ADN/ARN: Nucleospin RNA XS, QIAmp viral RNA mini kit,
NucliSENS® miniMAG® o PowerViral® Environmental ARN/ADN isolation kits. En
total es van assajar 16 combinacions de metodes de concentracio/extraccié per
triplicat i un control negatiu per a cadascuna de les combinacions que van ser
analitzades per tecniques de seqienciacié massiva. Es van utilitzar diferents
parametres per avaluar |'efecte sobre la composicid viral: com la viral richness,

percentatge de reads associats a virus o deteccidé de virus patogens. A més les
113
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mostres van ser analitzades en paral-lel mitjancant g(RT)PCR especifiques pels

dos virus afegits a la mostra.

En total 14 families viriques que inclouen patdgens humans van ser detectades
en aquest estudi. Els resultats senyalen que els metodes de concentracio i
extraccio exerceixen un efecte sobre les poblacions virals detectades aplicant
tecniques de seqlienciacido massiva. La combinacié que va permetre detectar un
major nombre d'espécies virals diferents van ser les que utilitzaven QIAmp viral
RNA mini kit o PowerViral® Environmental ARN/ADN isolation kit. EI major
nombre de reads associats a virus va ser utilitzant concentracid amb PEG i
extraccio amb Nucleospin RNA XS. També s’ha vist que existeix una correlacio
important entre els reads per mili6 (RPM) obtinguts per HAdV i la seva
quantificacié en copies genomiques per qPCR. Aquesta correlacid no s’observa

per a norovirus muri.
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Abstract

Viral sewage metagenomics is a novel field of study used for surveillance, epidemiological
studies, and evaluation of waste water treatment efficiency. In raw sewage human waste
is mixed with household, industrial and drainage water, and virus particles are, therefore,
only found in low concentrations. This necessitates a step of sample concentration to
allow for sensitive virus detection. Additionally, viruses harbor a large diversity of both sur-
face and genome structures, which makes universal viral genomic extraction difficult. Cur-
rent studies have tackled these challenges in many different ways employing a wide range
of viral concentration and extraction procedures. However, there is limited knowledge of
the efficacy and inherent biases associated with these methods in respect to viral sewage
metagenomics, hampering the development of this field. By the use of next generation
sequencing this study aimed to evaluate the efficiency of four commonly applied viral con-
centrations techniques (precipitation with polyethylene glycol, organic flocculation with
skim milk, monolithic adsorption filtration and glass wool filtration) and extraction methods
(Nucleospin RNA XS, QlAamp Viral RNA Mini Kit, NucliSENS® miniMAG®, or PowerViral®
Environmental RNA/DNA Isolation Kit) to determine the viriome in a sewage sample. We
found a significant influence of concentration and extraction protocols on the detected vir-
iome. The viral richness was largest in samples extracted with QlAamp Viral RNA Mini Kit
or PowerViral® Environmental RNA/DNA Isolation Kit. Highest viral specificity were found
in samples concentrated by precipitation with polyethylene glycol or extracted with
Nucleospin RNA XS. Detection of viral pathogens depended on the method used. These
results contribute to the understanding of method associated biases, within the field of
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viral sewage metagenomics, making evaluation of the current literature easier and helping
with the design of future studies.

Introduction

Within raw sewage, feces, urine and other biological fluids from thousands of humans are
mixed together with food and household waste, industrial waste, and runoff water. Every
individual, who is connected to the drainage system, contributes with his or hers own micro-
biota [1], including infecting pathogens [2]. This makes sewage an attractive matrix for epi-
demiological studies [3], microbial source tracking [4], and for controlling the efficacy of
pathogen removal in wastewater treatment plants [5,6]. Sewage has been shown to harbor a
diverse viral population including enteric, respiratory and oncogenic viruses [7]. The high
viral diversity and the continuous mutation of viral species makes identification with tradi-
tional methods difficult and time consuming, therefore many studies have turned to Next
Generation Sequencing (NGS) approaches instead [7-9]. Metagenomic sequencing of the
virus associated nucleic acids is considered to be an unbiased approach enabling the detec-
tion of all known viral species, as well as the discovery of novel and emergent species [10].
Three main challenges exist for viral sewage metagenomics. First, only a small fraction of the
total nucleic acids are of known viral origin, hence mechanical and enzymatic viral purifica-
tion is often needed [9]. Second, the low abundance of viral particles in the samples requires
the use of viral concentration methods prior to nucleic acid extraction [11] and is often com-
bined with subsequent random DNA amplification [12]. Third, the nucleic acid extraction
procedure has to cover the large variety in viral structures and genome types. To overcome
these biases, different methods to concentrate viruses from water samples have been devel-
oped, including: polyethylene glycol precipitation (PEG) [8], FeCl; precipitation [13],
skimmed milk flocculation (SMF) [14], glass wool filtration (GW) [15] or monolithic
adsorption filtration (MAF) [16]. The influence of concentration method on viral recovery
has been evaluated on sea water [17], spiked tap water [15,18] and raw sewage [19], caution-
ing of method associated biases. To our knowledge, no major comparison studies using
metagenomics have been performed with sewage water.

Biases caused by nucleic acid extraction kits have been well documented for both bacteria
[20,21] and viruses [22,23]. In addition, contaminants have been found to be ubiquitous in
some extraction kits [24] and laboratory reagents [25], potentially giving rise to false positive
results [26,27]. A better understanding of specific method associated biases, in respect to viral
wastewater metagenomics, would make evaluation of the current literature easier, and help
guide future studies.

In this study we evaluated four previously published concentration methods, PEG, MAF,
SMF, and GW, as well as four extraction kits, Nucleospin RNA XS (NUC), QIAamp Viral
RNA Mini Kit (QIA), NucliSENS™ miniMAG™ (MIN), or PowerViral™ Environmental
RNA/DNA Isolation Kit (POW), for wastewater viral metagenomics, in a full factorial
design resulting in 16 combinations of procedures. Aspects studied included viral commu-
nity composition, viral selectiveness, viral richness, viral pathogen detection, and viral con-
taminants. Extracted nucleotides were amplified with PCR and sequenced using the
Ilumina MiSeq platform.
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Materials and Methods
Sample collection, spiking and pooling

In July 2015 raw sewage (130 L) was collected at the waste water treatment plant BIOFOS
Lynetten in Copenhagen, Denmark, receiving waste water from about 550,000 inhabitants.
Approval was granted from BIOFOS Lynettefellesskabet A/S before sampling. The sewage was
mixed thoroughly in a single container and spiked to a concentration of 1.74x10® RT-PCR
units/L of murine norovirus (MNV) (kindly provided by Dr Virgin, Washington University
School of Medicine, USA), and 2.13x10° genome copies/L of human adenovirus 35 (HAdV).
The sample was mixed for 5 min before aliquoted and stored at—20°C until further processing.

Concentration methods

Four different methods were used to concentrate virions from the sewage samples: protein pre-
cipitation with PEG, organic flocculation with SMF and filtration with positively charged fil-
ters, MAF, or GW. All concentration methods were done in triplicate together with a negative
control using sterile molecular grade water (VWR—Bie & Berntsen, Seborg, Denmark).

PEG

The PEG protocol was based on the procedure as previously described [8]. Initially, 25 mL of
glycin buffer (0.05 M glycine, 3% beef extract, pH 9.6) was added to 200 mL of sewage and
mixed, to detach virions bound to organic material. The sample was then centrifuged at
8,000xg for 30 min, and the collected supernatant was filtered through a 0.45 um polyethersul-
fone (PES) membrane (Jet Biofil, Guangzhou, China) to remove bacterial and eukaryotic cells.
Viruses were precipitated from the supernatant by incubation with PEG 8000 (80 g/L) and
NaCl (17.5 g/L) during agitation (100 rpm) overnight at 4°C, followed by centrifugation for 90
min at 13,000xg. The resulting viral-containing pellet was eluted in 1 mL phosphate buffer
saline (PBS) and stored at -80°C until further processing.

MAF

The principle of the MAF adsorption/elution method was based on the procedure as previ-
ously described [18]. Monolithic discs, diameter 3.86 cm and height 1.0 cm, were synthesized
by polymerization of polyglycerol-3-glycidyl ether (Ipox chemicals, Laupheim, Germany). An
80:20 mixture of toluene and tert-buthyl methyl ether was used as porogen to create monoliths
with a pore size of ca. 20 pm. After synthesis, functionalization was performed by recirculating
10% diethylamine in 50% ethanol at 60°C through the monolithic disks for 3 h to create posi-
tively charged diethylaminoethyl groups on the pore surface. Afterwards the monoliths were
rinsed with ultrapure water and stored at 4°C until further use. One liter of raw sewage was fil-
trated through a MAF disc (Microarray and Bioseparation Group of the Institute of Hydro-
chemistry, Technical University of Munich, Germany) assembled as previously described [28].
Viruses were eluted from the filter by soaking 2x2 min in a total of 20 mL high salt buffer (1.5
M NaCl, 0.05 M HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer, pH 7).
The eluate was further concentrated to 3 mL by 100 kDa Amicon ultra centrifugation filters
(Merck Millipore, Cork, Ireland) according to the manufacturer’s instructions. The viral con-
centrate was stored at -80°C until further processing.

SMF

Organic flocculation with skimmed milk was based on the procedure as previously described
[7]. In brief, 100 mL pre flocculated skimmed milk solution (1% (w/v) skimmed milk powder
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(Difco, Detroit, MI, USA), 3.2% (w/w) sea salts (Sigma Aldrich Chemie GMBH, Steinheim,
Germany)) at pH 3.5 was added to 10 L of acidified (using HCl to pH 3.5) raw sewage and
mixed for 8 h. Flocculants were allowed to sediment for 8 h, and centrifuged at 8,000xg for 40
min. The pelleted viral concentrate was suspended in 15 mL phosphate buffer (1:2 (v/v) mix-
ture of 0.2 M Na,HPO, and 0.2 M NaH,PO,). The phosphate suspension was eluted in 30 mL
0.25 M glycine buffer (pH 9.5) with slow agitation for 45 min at 4°C. Suspended solids were
separated by centrifugation at 8,000xg for 40 min at 4°C. The sample was neutralized to pH 7
by adding 1 M HCL. Virions present in the supernatant were concentrated by ultracentrifuga-
tion at 90,000xg for 90 min (Sorvall Discovery 90SE) at 4°C and suspended in 2 mL PBS. The
viral concentrate was stored at -80°C until further processing.

GW

The glass wool filters were prepared as previously described [29]. Sodocalcic glass wool (15 g)
(Ouest Isol, Alizay, France) was packed into a PVC tube with the density of 0.11 g/cm® and
pretreated with the following solutions, 100 mL NaOH (1 M) for 15 min, 1 L sterile distilled
water, 100 mL HCI (1 M) for 15 min, and 1 L sterile distilled water. Samples of raw sewage (4
L) were filtered through the glass wool column. Viruses were eluted by incubating 100 mL elu-
tion buffer (3% beef extract, 0.5 M glycine, pH 9.5) for 15 min. Secondary concentration was
done by PEG precipitation (as above) to a final volume of 1 mL.

DNase/RNase treatment + chloroform-butanol treatment

All viral concentrates were treated with OmniCleave endonuclease (Epicentre, Wisconsin,
USA) to remove extracellular DNA/RNA as previously described [30]. Samples were further
purified by extraction using a 1:1 mixture of chloroform-butanol [31] to remove nucleases and
inhibitors.

Extraction methods

Nucleic acids were extracted from 200 pL-portions of the respective viral concentrate using
four different extraction kits; NUC (Macherey-Nagel, Diiren, Germany), QIA (Qiagen, Valen-
cia CA, USA), MIN (BioMerieux, Herlev, Denmark) or POW (MO BIO, Carlsbad, CA, USA).
In all cases, extractions were carried out according to manufacturer’s instructions.

gPCR analysis of spiked viruses

Detection of HAdV and MNV was performed on extracted nucleic acids (undiluted and
10-fold diluted) in a 96-well plate format of ABI Step One (Applied Biosystems, Naerum,
Denmark). MNV RNA was detected by quantitative reverse transcriptase polymerase reac-
tion (QRT-PCR) using the RNA UltraSense one-step qRT-PCR system (Invitrogen, Taastrup,
Denmark) and previously described primers and probes [32]. Amplification was performed
in a 25 pL reaction mixture containing 5 uL extracted nucleic acids and 20 uL qRT-PCR reac-
tion mixture with 500 nM forward primer, 900 nM reverse primer, 250 nM probe, 1 x Ultra-
Sense reaction mix, 1 x ROX reference dye and 1 x UltraSense enzyme mix under the
following reaction conditions, 55°C for 1 min and 95°C for 5 min followed by 45 cycles of
95°C for 155, 60°C for 1 min, and 65°C for 1 min. HAdV DNA was detected by qPCR using
TagMan Universal Master Mix (Applied Biosystems, Naerum, Denmark), and previously
described primers and probe [33]. Amplification was performed in a total of 25 uL reaction
mixture containing 5 uL extracted nucleic acids and 20 uL qPCR reaction mixture containing
1 x TagMan Universal Master Mix, primer and probe concentrations and qPCR running
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conditions are described in [33]. Quantification was performed using standard curves gener-
ated from 10-fold dilution series, of extracted RNA of cell propagated MNV or of ds HAdV

DNA segments, artificially constructed by gBlocks™ Gene Fragments (Integrated DNA
Technologies, Leuven, Belgium).

Reverse transcriptase, library preparation and, sequencing

To prepare extracted RNA and DNA for sequencing, each viral extract was subjected to
reverse transcriptase and PCR amplified, as previously described [34]. Briefly, first strand
cDNA synthesis were performed using the SuperScript™ III First-Strand Synthesis Super-
Mix (Invitrogen, Carlsbad, California) and 1 uL Primer A (50 uM) (5’ ~GTTTCCCAGTCAC
GATCNNNNNNNNN-3’)according to the manufacturer’s instructions. Second strand DNA
synthesis were performed using Klenow Fragment exo-polymerase (Thermo Fisher Scien-
tific, Waltham, MA, USA) as previously described [30]. Double stranded DNA products
were PCR amplified using AmpliTaq Gold (Qiagen, Valencia CA, USA) as per manufactur-
er’s instruction using 0.8 uM Primer B (5'- GTTTCCCAGTCACGATC -3') and the following
conditions, 10 min at 95°C, 25 cycles of amplification (94°C for 30 s, 40°C for 30 s, 50°C for
30 sand 72°C for 1 min), and 1 cycle of elongation (72°C for 10 min). PCR products were
purified using the DNA Clean & Concentrator™-5 (Zymo Research, Irvine CA, USA). NGS
library preparation was performed using the Nextera XT DNA Library Preparation kit (Illu-
mina, Eidenhoven, The Netherlands) according to the manufacturer’s instructions. The 64
samples were sequenced on three Illumina MiSeq runs with an average output of 1.4 x 10°
250 bp paired-end reads per sample (S1 Table).

Bioinformatic analyses

The distribution of viral species was determined using MGmapper software version 2.2
(https://cge.cbs.dtu.dk/services/MGmapper/) [31]. The MGmapper tool follows three main
steps: quality assessment of the raw reads, mapping of reads to the reference databases, and
post-processing of mapping results. Quality assessment was done using cutadapt [35] which
performs common adapter removal, trimming of the low-quality ends from reads with a
minimum Phred quality score of 20, and later discards reads that are shorter than 40 bp.
Later, already trimmed pair-end reads were aligned to a pre-defined set of reference
sequence databases using bwa mem [36] ver. 0.7.7-r441 with default settings. In this study,
reads were mapped against three viral reference databases (S2 Table): whole genomes virus
sequences (Virus) and viral sequences extracted from nt database (Virus_nt), obtained from
Genbank (http://www.ncbi.nlm.nih.gov/genbank/), as well as Vipr database (http://www.
ncbi.nlm.nih.gov/pmc/articles/PMC3245011). Samtools [37] were used to remove singletons
and filter reads where neither a read nor its mate is mapped. Reads were mapped in best-
mode, meaning that mapping was performed against all databases, simultaneously, and later
for each read pair the best hit among all alignments is chosen. A pair of reads is considered
as a hit only if the sum of the alignment scores (SAS) is higher than any SAS values from
other database hits. If a pair of reads has identical SAS values when mapping to several data-
bases, the only one pair, associated with the database that was specified first in the list of ref-
erence databases, is kept. In the last, post-processing step, alignments are filtered based on
matches/mis-matches threshold. In this analysis, 70% matches/mis-matches threshold
needed to be satisfied in order the hit to be considered significant. The metagenomic
sequences are available from the European Nucleotide Archive (ENA) at the European Bio-
informatics Institute (EBI) under accession number PRJEB15242.
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Statistics and plots

Viral richness was estimated using the program CatchAll [38] and the non-parametric Chaol
richness index, as a measure of number of viral species in a sample. All statistics were done in
R [39], using two-way analysis of variance (ANOVA) test for determining the overall signifi-
cance of concentration or extraction method on the studied factors (viral richness, etc.). Subse-
quently, pairwise t-tests with “Holm-Bonferroni” [40] p-value adjustments were applied to
determine significant pairwise effects between individual concentration or extraction methods.
Principal component analysis (PCA) were performed using prcomp and plotted with ggbiplot
[41]. Heatmaps were created using pheatmap [42]. Linear regression between reads per million
(RPM) and genome copies per liter were done in Excel on log transformed data.

Results

In this study different virus concentration and nucleic acid extraction methods were evaluated
for metagenomic analysis of sewage samples. Sequencing results showed that the majority of
the mapped reads (>80%) were of viral origin (S1 Fig). However, between 60 and 90% of the
total reads were unmapped. The three main viral families detected were Adenoviridae (human
viruses) including the spiked HAdV 35, Virgaviridae (plant viruses), and Siphoviridae (bacteri-
ophages). The sequencing data were analyzed further to determine the viral community com-
position, viral specificity, viral richness, and detection of pathogenic species.

Viral community composition

To compare the viral community composition resulting from the individual concentration
and extraction methods, a series of PCAs were made using the relative abundances from the
nine most abundant viral families, accounting for more than 99% of the mapped viral
sequences. The effect of extraction (Fig 1) and concentration (Fig 2) were plotted indepen-
dently for easier visualization. Samples plotted close together have similar viral community
compositions, whereas samples far away from each other are less alike. The negative controls
clustered together far away from the samples in initial PCA plots (data not shown). To allow
for better visualization of the effect of concentration and extraction on the sewage samples,
they were not included in Figs 1 and 2.

Sample replicates extracted with NUC clustered away from the samples extracted with the
other methods, when concentrated with PEG (Fig 1D). This was also true for the concentrates
from MAF (Fig 1A), SMF (Fig 1B), and GW (Fig 1C), suggesting that the viral community
composition of the NUC extractions differed from the other tested extraction methods. The
samples extracted with POW and MIN clustered together, suggesting similar viral community
compositions (Fig 1A-1D). The samples extracted with QIA sometimes clustered separately
(Fig 1A and 1C) and sometimes together with the samples extracted with POW and MIN (Fig
1B and 1D). The four concentration methods formed separate non-overlapping clusters
regardless of extraction kit used (Fig 2A-2D), although some variation between replicates
were observed.

Viral specificity

The proportion of reads mapping to viruses ranged between 3.4% and 49.4%. Both the concen-
tration and the extraction methods had a statistical significant effect on the viral specificity
(two-way ANOVA, p < 0.001). However, a significant interacting effect (two-way ANOVA,

p < 0.001) indicated that the effect on viral specificity by the extraction method was affected
by the type of concentration method, and vice versa.
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The PEG concentration method had a significant larger mean proportion of viral reads
compared to the SMF and GW methods (pairwise t-test, p < 0.01) (Fig 3A). For the extraction
methods, NUC had a significant larger mean proportion of viral reads compared to POW and
QIA (pairwise t-test, p < 0.01) (Fig 3B). However, there were some interacting effects, with
MIN scoring higher than NUC when used in combination with PEG and GW, implying that
the MIN method depends heavily on the performance of the concentration method.

Viral richness

Both concentration and extraction methods had an effect on the viral richness. However, none
of the concentration methods were statistically different from each other (pair-wise t-test) (Fig
4A). For the extraction methods, NUC had a significantly lower Chaol richness than the other
methods (Fig 4B). POW and QIA had the highest mean richness estimates of 516 and 495,
respectively.
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Detection of pathogenic species

Fourteen viral families with suspected human pathogens were detected (Fig 5). The most prev-
alent was Adenoviridae including the spiked HAdV. The highest read count for the viral RNA
families, Reoviridae, Picornaviridae, Astroviridae, Caliciviridae and Picorbinaviridae, was
obtained in samples extracted with NUC. The spiked HAdV was detected at the highest abun-
dance when extracted with MIN. The effect of the concentration methods was not as pro-
nounced as for the extraction kits. The highest read count of the DNA virus family,
Adenoviridae, was found in samples concentrated with MAF and PEG. In general, SMF had a
lower performance compared with the other methods when testing for Adenoviruses such as
the spiked HAdV. However, the combination of SMF and NUC had the highest read count for
most of the RNA viruses.
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The spiked MNV were only detected by metagenomics in 57% of the samples, and at low
read counts, from 2 to 194 reads. The combinations that could detect most MNV were MAF
and GW extracted with NUC as well as MAF extracted with QIA and MIN.

gPCR analysis of spiked viruses

The detected concentrations of HAdV and MNV varied widely between the different method
combinations (S2 and S3 Figs) with mean values ranging between 650 and 8.2 x 10” genome
copies/L for HAAV, and 1.8x10” and 3.9 x 10> RT-PCR units/L for MNV. Choice of extraction
method did not influence HAAV or MNV recovery. However, concentration methods had a
significant impact (pairwise t-test, p < 0.05). The highest recovery of HAdV and MNV was
obtained with PEG followed by MAF, GW, and SMF.

Inhibition
To investigate the possibility of PCR inhibition, extracts of nucleic acids (undiluted and
10-fold diluted) from all samples were analyzed for the two spiked viruses, MNV and HAdV,
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with qPCR (S3 Table). The lowest inhibition of MNV and HAdV were observed in samples
concentrated with PEG or extracted with MIN. Strongest inhibition was observed in samples
concentrated with SMF for both MNV and HAdV. In addition samples extracted with QIA
showed strong inhibition of HAdV detection.

Correlation between gPCR quantification and reads per million (RPM)

To investigate the correlation between viral concentrations and RPM, qPCR data was com-
pared with read counts from the two spiked viruses, HAdV and MNV. There was a strong cor-
relation between RPM and qPCR enumeration for HAdV (R* = 0.82). However, no
relationship was observed for MNV (R%=0.07).

Contamination

To detect method dependent contamination, a negative control was included, using sterile
molecular grade water, for each of the 16 method combinations. Negative controls generally
had a low total read count, a low percentage of viral reads (0.05-3.4%), and a high abundance
of reads with human, bacterial, fungal and parasitic origin (S1 Fig). Several viral species were
found in the negative controls with much higher RPM values than in the corresponding sam-
ples, suggesting that they originated from the corresponding kits or reagents. Reads mapping
to pandora viruses, tupaiid herpes viruses, and Citrobacter phages were contaminants in all
procedures except the ones using QIA extractions. However several mardi viruses were found
exclusively in the QIA negative controls.

Discussion

In the presented study we evaluated the influence of four commonly applied concentration
and extraction methods on viral metagenome analysis.

The viral community composition was heavily biased by the type of concentration proce-
dure, which dramatically skewed the relative abundances (Fig 2). Choice of extraction kit did
not influence the viral community composition to the same degree (Fig 1). However, the
results from the NUC extraction kit were remarkably different from samples extracted with
the three other kits. The NUC kit includes an “on column DNase step” after viral capsid dis-
ruption, which selects for RNA viruses and could explain the separate clustering in the PCA
plots (Fig 1). Based on the results from this study it seems inadvisable to compare results, in
relation to viral community composition, between studies using different concentration meth-
ods and to some degree also extraction methods.

A high species richness have been linked to several ecosystem functions [43], and is often
included as a factor in ecological studies. In this study we included the measure to discern if
some methods were better at catching the entire spectrum of viral species. Our results show
that the choice of extraction method is of more importance than the choice of concentration
method with regard to viral richness. However, samples concentrated with GW had a slightly
higher richness compared to the other concentration methods (Fig 4A). The low mean rich-
ness of the samples extracted with NUC can probably be explained by the DNase step, degrad-
ing the genomes of DNA viruses and the species rich bacteriophages [44].

Viral specificity, or how large a fraction of the sequencing reads is of viral origin, is impor-
tant for sensitivity reasons, increasing the chance to detect rare or less abundant species. A
high viral specificity also has financial implications, causing large savings on both sequencing,
and for subsequent CPU hours used in the bioinformatics analyses. In this study, the PEG pro-
tocol was the best concentration method, in respect to viral specificity (Fig 3A). This might be
explained by the initial filtration step, not part of the other evaluated protocols. Pre-filtration
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might have improved the viral specificity in the other concentration methods, although clot-
ting might become a problem due to the increased volumes processed with these methods.
The NUC had a consistent high viral specificity (three times that of POW and QIA), probably
due to the effective removal of DNA from other organisms, and contaminants, during the
DNase step. Overall, there was a 10-fold difference in viral specificity between the lowest and
the highest method combination, highlighting the potential savings associated with choice of
method. We observed a generally high viral specificity in this study compared to previous stud-
ies [45]. This might be due to the addition of the spiked HAdV, inflating the amount of virus
in the sewage matrix, but should not have any influence on the method comparisons.

Sewage metagenomics is often used to detect human viral pathogens [8] including the
important enteric RNA viruses as norovirus [46], rotavirus [47] and Hepatitis A and E virus
[48] that has a big impact on public health [49]. These RNA viral families were best detected
when using the NUC extraction kit compared to the other tested extraction kits, especially in
combination with the concentration method SMF. However, if looking at DNA viruses exclu-
sively, the MIN extraction combined with PEG, MAF, or GW may be preferable, since it pro-
duced the highest read counts for the spiked Adenoviridae. Low detection of Adenoviruses
using SMF concentration has previously been described [7], and were also observed in this
study. In addition, SMF failed to detect the low numbers of reads of polyomaviruses and papil-
lomaviruses observed by the other methods.

The larger initial sample volume, and associated organic material and inhibitors, for SMF
(10 L) compared with the other methods (4, 1 and 0.2 L for GW, MAF, and PEG, respectively),
could be an explanation for the low recovery of the spiked viruses. Inhibitors can affect PCR
amplification, quality of the prepared library, and subsequent virus detection. This theory was
further supported by the qPCR results were extracts obtained from SMF had a high level of inhi-
bition. Extraction with QIA has previously been shown to impair detection of HAdV in samples
with high levels of organic matter [23]. This was also the case in our study, where extraction
with QIA inhibited HAdV detection in all cases except when combined with PEG concentration
which both had the lowest starting volume (0.2 L) and an additional filtration step.

Sampling volume is an important factor in viral metagenomics, enhancing the sensitivity
and increasing the chances of detecting rare viruses. However, in this study, we did not find a
positive relation between methods with high sampling volumes and increased sensitivity. This
could be due to an increase in inhibitors or other aspects of the employed concentration meth-
ods, although this question was not within the scope of this study. Further studies are needed
to investigate the influence of sample volumes and viral metagenomics.

In this study, the bioinformatic analyses were done using alignment of single reads to three
virus databases, using the program MGmapper. The choice of bioinformatics pipeline can
affect results [50] but any biases of our particular approach should be the same on all samples
and should therefore not affect the conclusions of this study.

Low levels of MNV were detected in the metagenomics analysis compared to the amounts
used for spiking. However, the reasonable high values that could be detected using qPCR, indi-
cated that the initial extraction was successful. Noroviruses have previously been documented
to be difficult to detect using metagenomics [51,52] possibly because of the small genome,
robust nucleocapsid, or inhibitory RNA secondary structures [53]. Virus species specific
extraction efficiency biases are well documented in viral metagenomics [54] and should always
be considered when interpreting the results. Quantitative conclusions from viral metage-
nomics are not possible for all viral species, illustrated by the good correlation between RPM
and qPCR data found for HAdV where no correlation was found for MNV.

Several viruses were detected in higher amounts in the negative controls than in the corre-
sponding samples, strongly suggesting them to be procedure contaminants. Contaminating
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DNA is a huge challenge for low input metagenomics [24], and contaminating viral nucleo-
tides have previously been detected in polymerases [25], spin columns [27] and DNases [54].
The specific origin of the contaminating viruses in our study was not clear although some
avian herpesviruses were only linked to the QIA extracts. The ubiquitous presence of contami-
nating viruses stress the importance of including negative controls in future viral metage-
nomics studies, as well as adding measures to reduce the problem [55,56].

When evaluating the efficiency of the tested methods, clear differences were observed. No
single method was superior to the others in all of the tested parameters. However, some trends
were observed for the concentration methods as PEG scored higher in viral specificity and
SMF inhibited detection of both spiked viruses. In the evaluation of the tested extraction meth-
ods the NUC kit stood out in regard to viral specificity and RNA virus detection. Nevertheless,
if the focus is only on DNA viruses, for example phage studies, NUC might not be the best
option since it scored low in viral richness which could result in loss of rare species. Practical
aspects of the concentration and extraction methods were not within the scope of this paper,
but may also influence the choice of method (S4 and S5 Tables).

In conclusion, we found a significant influence of concentration and extraction protocols
on viral richness, viral specificity, viral pathogen detection, and viral community composition
for metagenomic analyses of sewage. This is of major importance when interpreting results
from the literature and conducting meta-studies. The use of data base resources, such as the
European nucleotide archive (ENA) and short read archive (SRA) are also severely hampered
by this fact since extraction kit, volume sample, and concentration procedure are not usually
included in the metadata of published viromes. We suggest that such metadata will be included
in the future, to allow researchers to select and compare studies conducted with similar
methodologies.

Supporting Information

S1 Fig. Distribution of reads on kingdom level of the 16 method combinations and their
associated negative controls. Samples were processed in triplicate, and the data shown is the
average. _S = sample, _C = Negative extraction control. Databases used are listed in S1 Table.
(PDF)

S2 Fig. HAdAV concentration measured by qPCR. (A) HAdV concentration in extracts
obtained by using four different concentration methods and (B) extraction methods. The bar,
box, whiskers and circles represents median, inter-quartile range, inter-quartile range times
1.5, and outliers, respectively. Asterisks represent significance level of a pairwise t-test with
“Holm-Bonferroni” adjusted p-values. ** = p <0.01, *** = p < 0.001.

(PDF)

S3 Fig. MNV concentrations measured by qPCR. (A) MNV concentration in extracts
obtained by using four different concentration methods and (B) extraction methods. The bar,
box and whiskers represents the median, the inter-quartile range, and the inter-quartile range
times 1.5, respectively. Asterisks represent significance level of a pairwise t-test with “Holm-
Bonferroni” adjusted p-values. * = p < 0.05, ** = p < 0.01, *** = p < 0.001.

(PDF)

S4 Fig. Abundance of all detected viral families. Heatmap showing the abundance of all
detected viral families, measured in reads per million, in each biological replica for the differ-
ent method combinations as well as the controls. _S = sample, _C = Negative control.

(PDF)
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S1 Table. Sequence information. Number of raw reads, reads after quality assessment, and
reads not mapping to PhiX, and thus usable for subsequent analysis. _S = sample,

_C = Negative control.

(PDF)

S2 Table. Overview of reference sequence databases and associated download information.
Reference sequence information can be obtained from the URL’s shown in ‘Download infor-
mation’.

(PDF)

$3 Table. qPCR inhibition of MNV and HAdV. Inhibition of the 16 combinations of concen-
tration and extraction methods. Inhibition was measured using qPCR of undiluted (1:1) and
tenfold diluted (1:10) DNA/RNA extracts. The values in the tables represents Act between the
undiluted and 10 fold diluted samples. A Act = -3.3 represent a perfect 10 fold dilution. Sam-
ples marked in red represents undiluted extracts that could not be quantifiable, these samples
are regarded as the most inhibited.

(PDF)

$4 Table. Specifications of the four concentration methods applied in this study.
(PDF)

S5 Table. Properties of the four nucleic acid extraction kits applied in this study.
(PDF)
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3. Metagenomica per a |'estudi de la contaminacio viral en aigua
residual urbana

Amb l'objectiu d’estudiar els virus excretats per la poblacid s’han aplicat
tecniques de seqlienciacio massiva en mostres d’aigua residual recollides en tres

estacions de I'any diferents.

Per a concentrar els virus presents en l'aigua residual es va utilitzar el métode
detallat a Cantalupo i col-laboradors (2011) amb lleugeres modificacions, partint
de 10L d’aigua residual urbana concentrada per floculacié organica amb llet
descremada. L'aplicacié d’aquest meétode va permetre detectar multitud de virus
patogens pertanyents a 37 families virals diferents. Els adenovirus humans
(HAdV), molt prevalents a l'aigua residual i utilitzats com a indicadors de la
contaminacio fecal humana, no van poder-se detectar mitjancant les técniques
de sequlenciacié massiva, mentre que les mateixes mostres si que van ser
quantificades per gPCR especifica d’HAdV. Amb I'objectiu de millorar la
sensibilitat de les tecniques i d’estudiar de forma especifica la familia
Adenoviridae amb tecniques de seqienciacié massiva, es van desenvolupar uns
encebadors ampliament degenerats que amplifiquen la regié de I'hexd
d’adenovirus. L'aplicacié d’aquest assaig d’amplificacio dirigida va demostrar que
la majoria de les sequencies corresponien a adenovirus muri i a adenovirus
humans de l'especie F. Per tal de solucionar els problemes de sensibilitat
detectats, es va comparar un protocol de concentracio basat en
ultracentrifugacié amb un protocol basat en floculaciéo amb llet descremada pero
que utilitza un menor volum de mostra inicial. La combinacio dels dos protocols
va permetre la deteccié de 41 families viriques, incloent la deteccié d’especies
patogéniques pertanyents a les families Caliciviridae, Adenoviridae, Astroviridae,
Picornaviridae, Polyomaviridae, Papllomaviridae i Hepeviridae. Els dos protocols

van demostrar la seva utilitat presentant resultats comparables.
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Aquest estuditambé inclou una avaluacio de la contribucié de I'orina en el viroma
de l'aigua residual, analitzant els virus presents en una mostra composta d’orina
de 14 individus. Els resultats senyalen que I'aportacié virica de I'orina al viroma
de I'aigua residual estaria restringida a families de virus ADN i en especial, a la
familia Polyomaviridae i Papillomaviridae. Per tant, les principals entrades de

virus humans a l'aigua residual es farien a partir de la femta.

L'aigua residual urbana esta constituida per I'excreciéd de milers d’habitants,
constituint  una mostra representativa per a desenvolupar estudis
epidemiologics. L'estudi del metagenoma viric de l'aigua residual pot donar
informacid sobre especies viriques circulant en la poblacid, i per tant, esdevenir

informacid rellevant de cara a estudis en Salut publica.
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Abstract/summary

The development of a public health viral metagenomics surveillance of the
viruses circulating in a population based on the study of urban sewage and
contaminating viruses in the environment is of high interest although still
in its initial steps. The application of next-generation sequencing (NGS)
techniques to study viruses present in urban sewage has been limited to
very few studies,, which is in part due to the lack of reliable and sensitive
protocols to study viral diversity as well the difficulties with processing NGS
data. One important step in the methodology needed is an efficient virus
concentration protocol for sewage samples. In this study, different

protocols for virus concentration in urban sewage were evaluated. The
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application of a concentration method based on organic flocculation of
viruses using skimmed milk (SMF) in 10 L of sewage has allowed the
detection of many viruses, producing very valuable information on the
virome of urban sewage in different seasons, however some viruses as the
human Adenovirus (HAdV) were not always detected using the
metagenomics approach even when a gPCR assay was positive. In order to
evaluate the diversity of adenoviruses present in sewage, a targeted
metagenomics assay using one of the previously tested sewage samples by
untargeted metagenomics, was studied using general degenerated
primers. . The results of the targeted metagenomics assay showed the
presence of a high diversity of adenoviral strains, most of them
taxonomically assigned to murine Adenoviruses (60%), HAdV-41 (29%) and
HAdV-9 (3,6%). In order to increase the sensitivity of the metagenomics
assay in urban sewage improvements in the concentration protocols were
evaluated. Two different protocols for the virus concentration were
comparatively analysed: an ultracentrifugation protocol and a lower-
volume SMF protocol (500 ml) producing robust results in the virome with
both protocols proving that the bioinformatics pipeline was efficient. The
sewage virome presented 41 viral families, including pathogenic viral
species that were taxonomically assigned to Caliciviridae, Adenoviridae,
Astroviridae, Picornaviridae, Polyomaviridae, Papillomaviridae and
Hepeviridae. The contribution of urine to the viral composition of sewage
was also evaluated by analysing a pools of urine samples by viral
metagenomics and it seems to be restricted to few specific DNA viral
families, including Polyomavirus and Papillomavirus species. Amplification
of viral strains present in sewage by experimental infections using the
Rhesus macaque model allowed for the identification of infective human

hepatitis E (HEV) and JC Polyomavirus (JCPyV) but no novel viruses were
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identified in the rhesus serum samples. The protocol for the analysis of the
virome in urban sewage developed showed to be reliable and the list of
species in the sewage virome has been defined including members of the
human virome, classical pathogens and emerging strains. A sensitive
protocol for the analysis of viruses in sewage and other environmental
samples by metagenomics has been proposed. Urban raw sewage consists
of the excreta of thousands of inhabitants; therefore, it is a representative
sample for epidemiological surveillance purposes. Therefore, the study of
the metavirome present in sewage can provide important information of
public health significance, highlighting the presence of viral strains
circulating within a population while acting as a complex matrix for viral

discovery.

Keywords: viral metagenomics, Human adenovirus, viral pathogens,

sewage, next-generation sequencing
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1. Introduction

In recent years, water scarcity and the application of more sustainable
water reuse practices has favoured the use of treated sewage for several
purposes, such as crop and green area irrigation, river catchment
replenishment and toilet flushing. Conventional treatments applied in
wastewater treatment plants are known to be less efficient for viral
removal compared to faecal indicator bacteria (FIB) (Gerba et al., 1979;
Pusch et al., 2005). This higher viral survival in waste water treatment plants
(WWTP) treatments can represent a threat for consumers because WWTP
effluents with viruses can contaminate water or food. Raw urban sewage is
a complex matrix consisting of urine, faeces and skin desquamation from
people. Therefore, raw sewage contains a large variety of viruses, bacteria
and protozoa excreted from thousands of inhabitants. Sewage contains
pathogenic and commensal viruses, the latter of which might play a
beneficial role in the human gut microbiome; also, a high number of plant
viruses pass though the human intestines. Sewage additionally contains
other non-human inputs, which increases the diversity of this complex
ecosystem. Viruses do not have a conserved gene marker, such as 16s, that
is shared across all species, hampering the study of viral metagenomes.
However, the application of random-primer based sequencing approaches
in combination with next-generation sequencing techniques (NGS) has
opened a new path for viral discovery, increasing the viral species described
each year. The application of viral metagenomics in sewage constitute an
excellent tool to monitor and identify potentially known and unknown viral
pathogens circulating among the population, contributing to public health

surveillance.

Although some viral metagenomics protocols are available for clinical

samples (Kohl et al., 2015), only a few manuscripts describe the application
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of metagenomics approaches to analyse the viruses present in sewage
(Cantalupo et al,, 2011; Ng et al., 2012). Previous studies have shown that
viruses prevalent in sewage are not always detected by metagenomics,
suggesting that protocols should be improved to increase sensitivity. For
example, HAdV were hardly detected by Cantalupo and collaborators by

NGS, although they had high genome numbers by qPCR.

In the present manuscript, we have studied the diversity of viruses present
in raw sewage by testing samples from three different seasons using
metagenomics. The application of this methodology allowed for description
of the human virome and evaluation of the sensitivity of the technique
using HAdVs as a reference virus. Human Adenoviruses (HAdVs) were
selected because their double role as pathogens and as specific human viral

faecal indicator (Bofill-Mas et al., 2013).

With this purpose, we compared the performance of untargeted
metagenomics to an adenovirus-targeted NGS assay and HAdV gPCR
values. To increase the number of different viral species identified in
sewage, different protocols for virus concentration in urban sewage were
evaluated. and an efficient protocol for the analysis of viruses in sewage

and other environmental samples by metagenomics has been proposed.

The application of metagenomics in different human body parts has
facilitated the study of viral communities in the oral cavity (Ly et al., 2014),
gut (Minot et al.,, 2011), respiratory tract (Willner et al., 2009), skin
(Foulongne et al., 2012), blood (Sauvage et al., 2016) and cerebrospinal
fluid (Perlejewski et al., 2015). Viral faecal viromes have been studied in
healthy (Minot et al.,, 2011) and unhealthy patients (Linsuwanon et al,,
2015) as well as in domestic animals (Mihalov-Kovacs et al., 2014); hence,

the viral contribution of faeces to raw sewage seems clear. Of note, the
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viral communities excreted through urine remain poorly studied (Tasha M
Santiago-Rodriguez et al., 2015), which is probably because urine was
previously considered a sterile environment. To assess the contribution of
urine to the virome of raw sewage and to study its viral composition, viruses
in pooled urine samples have been also analysed by metagenomics in this

study.

The infectivity of known and unknown viral species present in raw sewage
has been explored by the intravenous inoculation of a sewage sample to
Rhesus monkeys as a potential enrichment step prior the application of the

metagenomics approach in the rhesus serum samples.

Finally, a tailored protocol to analyse sewage and other environmental
samples using metagenomics has been proposed. Bioinformatics-specific
parameters were adjusted at different levels and new tools were tested to
filter out the best set of raw reads, such as those containing the most
informative sequences. Those reads were combined into assembled
contigs that were later used to detect the known species genomes present
in the samples and the relative abundances of the taxonomic groups found
in the species mixture. Similarity searches also provided a basic

characterization of the pathogenic species present in the samples.

2. Materials and methods
2.1 Concentration of viral particles from tested samples

2.1.1. Concentration of viral particles from raw sewage using skimmed milk
organic flocculation (SMF).

Three 10-L samples of raw sewage from a UWWTP in Sant Adria del Besds
were collected in Winter, Spring and Summer 2013. Samples were

processed after 2 hours of collection. Viral particles were concentrated by
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applying the skimmed milk organic flocculation (SMF) method described by
Cantalupo et al. (2011). Free DNA from viral concentrates was removed,
nucleic acids (NAs) were extracted, and libraries were prepared as

explained in section 2.2.

In a second protocol, the reduction of the volume of the sewage sample
was also evaluated in order to reduce inhibitory compounds and interfering

materials in the viral concentrate.

Briefly, the SMF-adapted protocol used 500 mL of raw sewage that was
preconditioned to a pH of 3.5. A volume of 500 pL of a pre-flocculated skim
milk solution at pH 3.5 was added to the samples. After 8 h of stirring, flocks
were centrifuged at 8000xg for 40 minutes, and the pellet was suspended
in 4 mL of phosphate buffer [vol/vol] (0.2 M Na;HPO,4 and 0.2 M NaH,PQOy).

The viral concentrate was kept at -80°C until further use.

A third protocol based on ultracentrifugation was evaluated in comparison
the 500ml SMF protocol. Two samples of 600 mL of raw sewage were
collected. Samples were divided into two aliquots: 500 mL for processing
according to the SMF protocol adapted from Calgua et al., 2008, and 42 mL
for the ultracentrifugation protocol adapted from Pina et al., 1998a. The
ultracentrifugation protocol used 42 mL of sewage that was processed as
described by Pina et al., 1998a. The obtained SMF and Ultracentrifugation
viral concentrates were filtered in 0.45-um Sterivex filters. Free DNA was
removed, NAs were extracted, and libraries were prepared as explained in
section 2.2. For both methodologies, the equivalent of 7 mL of a raw
sewage sample was analysed in the final constructed libraries. HAdV gPCR

was performed on NA extractions as described in section 2.5.
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2.1.2 Concentration of viral particles from urine

To explore the viruses excreted by urine and the contribution from urine to
the raw sewage virome, 100 mL of urine from 14 healthy volunteers of
different ages and origins (7 males and 7 females from 25-63 years old)
although most of them living in Barcelona was collected. Individual urine
samples were ultracentrifuged for 1 h at 90,000xg at 4°C. The obtained viral
pellets were suspended in 300 pL of PBS1X and kept at -80°C until further
use. A pooled sample with 1000 pL of each individual urine viral
concentrate was obtained. From the pooled sample, 500 puL was DNAse
treated, NAs were extracted, and a library was prepared as explained in

section 2.2.

2.2 Free DNA removal, nucleic acid extraction, library preparation and

sequencing

In all samples, DNAse treatment was performed with the same conditions.
Then, 300 plL of raw sewage viral concentrate was treated with 160 U of
Turbo DNase (Ambion Cat n2 AM1907, Ambion) to remove non-viral free
DNA during 1 h at 37°C. DNAse was inactivated using the provided
inactivation reagent and centrifugation at 10,000xg for 1.5 minutes.
Treated supernatant was collected and kept at 4°C until nucleic viral acid
extraction. Then, 280 plL of viral concentrate was extracted using the
Qiagen RNA Viral Mini Kit (cat no. 22906, Qiagen, Valencia, CA, USA)

without RNA carrier. NAs were eluted using 60 pL of AVE buffer.

For all samples, libraries were prepared following the same protocol. To

detect both RNA and DNA viruses, NAs were retrotranscribed using random
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nonamer Primer A (5-GTTTCCCAGTCACGATANNNNNNNNN’-3) as
previously described in Wang et al., 2003. Briefly, RNA templates were
reverse transcribed using SuperScript Il (cat n2 18080093, Life
Technologies) and Primer A, which contains a 17-nucleotide specific
sequence followed by 9 random nucleotides for random priming. A second
cDNA strand was constructed using Sequenase 2.0 (cat n2
USBM70775Y200UN, USB/Affymetrix, Cleveland, OH, USA). To address PCR
inhibition, 2 library preparations were constructed using 1:2 dilutions of
viral NAs. To obtain sufficient DNA for library preparation, a PCR
amplification step using Prime rB (5'-
GTTTCCCAGTCACGATANNNNNNNNN’-3) and AmpliTagGold (cat n?
4311806, Life Technologies, Austin, Texax, USA) was performed. After 10
min at 95°C to activate DNA polymerase, the following PCR program was
applied: 30 s at 94°C, 30 s at 40°C, 30 s at 50°C for 25 cycles for the
ultracentrifugation and low-volume adapted SMF and 40 cycles for the 10L
SMF protocol, and finally 60 s at 72°C. PCR products were cleaned and
concentrated in a small volume (15 pl) using Zymo DNA clean and
concentrator (D4013, Zymo research, USA). Amplified DNA samples were
quantified by Qubit 2.0 (cat n2 Q32854, Life Technologies, Oregon, USA),
and libraries were constructed using a Nextera XT DNA sample preparation
kit (lllumina Inc) according to the manufacturer’s instructions. Samples
were sequenced on lllumina MiSeq 2x250 bp and 2x300 bp, producing

paired end reads.

2.3. Bioinformatic pipeline and quality filtering

The quality of raw and clean read sequences was assessed using FASTX-

Toolkit software, version 0.0.14 (Hannon Lab). Read sequences were
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cleaned using Trimmomatic, version 0.32 (Bolger et al., 2014), taking care
of sequencing adaptors and linker contamination. Low quality ends were
trimmed considering an average threshold Phred score above Q15 over a
running-window of 4 nucleotides. Low complexity sequences, which were
mostly biased to repetitive sequences that affect the performance of
downstream computational procedures, were then discarded after
estimating a linear model based on Trifonov's linguistic complexity (Sarma
et al., 1990) and the sequence string compression ratio. Discrimination
criteria for the linear model assume low complexity scores below a line with
a 45° slope and crossing at 5% below the complexity inflexion point found
by the model, which is specific to each sequence set. Finally, duplicated
reads were removed in a subsequent step to speed up the downstream
assembly. Virome reads were assembled using 90% identify over a
minimum of 50% of the read length using CLC Genomics Workbench 4.4
(CLC bio USA, Cambridge, MA), and the resulting contig spectra were used
as the primary input for the index. After that, contigs longer than 100 bp
were queried for sequence similarity using BLASTN and BLASTX (Altschul et
al., 1997, 1990) against the NCBI viral complete genomes database (Brister
et al. 2015), the viral division from GenBank nucleotide database (Benson
etal., 2015), and viral protein sequences from Uniprot (UniProt Consortium
2015). Species nomenclature and classification was performed according to
the NCBI Taxonomy database (Baltimore, 1971) standards. HSPs considered
for taxonomical assessment must have an E-value of 10 and minimum
length of 100 bp. Based on the best BLAST result and 90% coverage cut-off,
sequences were classified into their likely taxonomic groups of origin.
Contigs were merged by Geneious software assembler (Geneious 9, Kearse
et al. 2012), and scaffold sequences were subsequently mapped using

Geneious mapper tool. Phylogenetic trees were constructed for selected
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alignments using Geneious software, and the neighbour-joining method
was chosen with 1000 bootstrap replicates. Tables summarizing the
number of sequences from the assembly matching each taxonomic unit
were built. From those tables, richness ratios were calculated by Catchall
software, version 4.0 (Allen et al., 2013); among all the models included in
the package, the non-parametric model Chaol was chosen, which was the
model providing the best results on the data-sets. Heatmaps were created

using heatmaps from the ggplot2 R graphics library (Kolde, 2015).

2.4 HAdV gPCR as a faecal indicator marker
HAdV were quantified in the urban sewage samples by qPCR as described

in previous studies ,(Bofill-Mas et al., 2006).

2.5 Targeted metagenomics for the characterization of adenovirus

To detect and typify all Mastadenovirus and other potential adenoviruses
present in raw sewage, general primers for AdV hexon were designed. To
do so, the hexon region from 149 AdV genomes, recognized by the
Adenovirus taxonomy group and retrieved from GenBank, was analysed.
The hexon region was selected considering its versatility as a very
conserved/variable region (Hernroth et al., 2002), conserved for the design
of common primers and variable in the internal sequences useful for
typification. Due to the specific requirements of the Roche 454 Junior GS
protocol, designed primers were flanked by an adaptor and key sequences
to identify samples. Primers and conditions for Adenovirus PCR are
presented in Supplementary material 3. PCR products were purified using
Zymo clean and concentrator (cat n? D4013, Zymo Research). Purified
amplicons were then pyrosequenced in a 454 GS Junior System (Life
Science-Roche). Obtained raw reads in SFF were transformed to FASTQ
using sff_extract from Roche. Adaptors were removed by cutadapt (Martin,

2011a); the complexity and quality of reads were assessed by PrintSeq and
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FastQC (Schmieder and Edwards, 2011), which were then trimmed using
FASTX-Toolkit software, version 0.0.14 (Hannon Lab). To define non-
redundant Operational Taxonomic Units (OTUs), CD-Hit was used and
tested at different distance levels from which 0.02 was chosen. A local
database was built that contained the hexon region of 153 Adenovirus
genomes available from GenBank (2016) and representing different species
within the 5 Adenoviridae genus: Aviadenovirus (9), Atadenovirus (12),
Mastadenovirus (122), Siadenovirus (4) and Ichtadenovirus(1). OTUs that
matched the 0.02 criteria were blasted against the Adenovirus local
database using BLASTN (Altschul et al., 1997, 1990). A phylogenetic tree
using Raxml with 1000 bootstrap replicates was computed using Geneious

(Geneious 9, Kearse et al. 2012).

2.4. Virus amplification by experimental infection

In collaboration with Dr. Robert H. Purcell (Hepatitis Viruses Section,
Laboratory of Infectious Diseases, NIAID, NIH, USA), experimental
infections of two Rhesus macaques (Macaca mulatta) that were previously
immunized for HAV were carried out as a part of a wider study in Bioqual,
Rockville, MD in compliance with the guidelines of Bioqual’s and NIAID’S
Institutional Animal Care and Use Committees. The rhesus macaques were
inoculated intravenously with 27 mL of 0.45-um filtered raw sewage from
Barcelona mixed with 3 mL of 10X PBS. Blood from both Rhesus macaques
was extracted on a weekly basis over two months to study the potential
replication of human viruses present in raw sewage. A blood sample from
both animals was extracted a week before inoculation of raw sewage that

was used as a negative control.
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Nucleic acids and libraries were processed according to section 2.1.2. In
total, the following 4 different library preparations were sequenced: a
pooled library prior to raw sewage inoculation from the two rhesus
monkeys (PW1), two different libraries from each of the animals one week
after inoculation (RW1 and RW2), and a pooled library from both rhesus
monkeys 4 weeks after inoculation (RW4). Free DNA from viral
concentrates was removed, NAs were extracted, and libraries were

prepared as described in section 2.2.

3. Results and discussion

3.1. Mi-Seq run outputs in 10L sewage samples from 3 different seasons

Mi-Seq results obtained for sequenced samples are summarized in
Supplementary material 1. The virome of urban sewage collected in three
different seasons, February, May, September was analysed using 10 L
samples of raw sewage, and 37 different viral families were identified. The
numbers of different viral species assigned to a given viral family are

graphically presented in Figure 1.

Bacteriophage families Siphoviridae, Myoviridae, Podoviridae and
Microviridae show a higher diversity degree in urban sewage. This finding
agrees with other studies that bacteriophages are the most abundant
organisms on earth (Clokie et al., 2011). The ssDNA Parvoviruses, closely
followed by Picornaviruses, are viral families infecting animals/humans with
higher diversity. Viral plant Virgaviridae species were also abundantly
represented in samples. Important human viral pathogens that are
taxonomically assigned to Astroviridae, Caliciviridae, Hepeviridae and
Polyomaviridae were detected too. Also reads related to viruses belonging
to the Circoviridae and Picobirnaviridae families were sequenced. A

summary of the number of reads and contigs associated with those viral
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families can be found in Table 1. A complete list of detected viral sequences

is provided as Supplementary material 2.

A wide diversity and abundance of human and animal astroviruses were
detected in the winter sample. The majority of the reads from that sample
belonged to the MAstV-1 genogroup, whereas MAstV-6, 8 and 9 were less
frequent. Similarly, more sequences taxonomically assigned to the
Caliciviridae viral family, and specifically to different norovirus Gl and Gl
species and human sapoviruses, were detected in winter. The seasonality
of Astroviruses and Caliciviruses during low-temperature seasons has been
well-documented (Bosch et al., 2014; Haramoto et al., 2006). Within the
Picornaviridae family, several human and animal Picornaviruses were
sequenced, including the recently described Human Salivirus/Klassevirus,
several Aichiviruses, and the recently described genus Cosavirus. Aichi virus
read counts were higher during summer compared to the other tested
seasons. Human Enteroviruses from species A, B, C and D had similar
numbers, irrespective of the analysed season. Important viral pathogens
causing hepatitis transmitted through the consumption of water/food
contaminated with faecal material, such as HAV and HEV, were only
detected in low numbers in the winter sample although this will be related

to the low prevalence of these infections in the studied area..

Viral faecal markers present in urban raw sewage, such as human
Adenoviruses, were not detected by the metagenomics approach when the
10-L SMF protocol was applied. This contrasts with the detection of human
Adenoviruses by conventional gPCR in the three seasons tested, Winter,
Spring and Summer, with 3,18x10* GC/L, 5,32x10° GC/L and 1,23x10° GC/L,

respectively.
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3.1.2. Targeted metagenomics for Adenovirus characterization

To address the lack of detection of HAdV and to study the diversity of the
genus Mastadenoviridae in raw sewage, a target enrichment assay using
broadly degenerated primers for the hexon region was conducted.
Previously concentrated SMF from summer was used because it contained
higher numbers of genome copies of HAdV. A total of 55,903 raw reads
were generated by pyrosequencing. All raw reads passed the cleaning cut-
offs and were used for subsequent analyses. A sequence similarity of 98%
was chosen as a cut-off for the homology searches, which resulted in a total
of 3,677 different OTUs, accounting for 52,370 sequences from the sample
(93.7%). The obtained OTUs were blasted against the custom-built
Adenovirus database, falling into 52 phylogenetically different AdV taxons,
HAdV A, B, C, D, F and G-. Detected AdVs from raw sewage are shown in
Figure 2, and a complete list detailing the abundance of detected AdV is
available in Supplementary material 3. Most of the sequences were
assigned to Murine Adenovirus-2 (60%) as well as to HAdV from species F,
such as to HAdV-41 (29%) and HAdV-40 (0.7%). HAdV-9, from species type
D, was the second most abundant HAdV, accounting for a total 3.6% of the
reads. The degenerated primers facilitated the detection of a wide range of
AdVs with a high variability of the hosts. However, given that some of the
detected sequences were from AdV exotic animals and that they clustered
with other well-known HAdV species, the used AdV database might not
reflect the true diversity within the Adenoviridae family, and other excreted
human/non-human adenoviruses are yet to be discovered. This is
exemplified by some of the detected Simian Adenovirus (SAdV), which is
closely related to HAdV40 and 41 (see Figure 2). Therefore, detected SAdV
could be variants of the closely related HAdV40 and 41. It should also be

considered that in the short region analyzed, few changes are important
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and errors may be introduced during PCR amplification and sequencing
process, it has been described that 454 GS Junior has an overall error rate
of 0.18% in a study by Niklas et al(2013),and it is known also that the

distribution of errors in the sequences is not homogenous.

3.2. Comparative evaluation of ultracentrifugation and SMF of small

volumes for virus concentration in sewage

In order to increase sensitivity, two protocols were comparatively
evaluated for the concentration of viruses in sewage and the
metegenomics analysis. A modified protocol of virus concentration based
on SMF with lower volume of sample, 500ml, and a protocol based on
ultracentrifugation. Despite the small volume tested when compared with
the results obtained concentrating 10-L of urban sewage, the new modified
flocculation protocol allowed the detection of members of viral families
that were previously not detected, such as Adenoviridae, Polyomaviridae

and Papillomaviridae, identified when using this methodology.

Previous studies in the laboratory did evaluate the effect of different cycle
amplifications (25 vs 35 PCR cycles) on the observed viral diversity by
estimating the viral richness. Libraries that amplified 35 cycles had a lower
average estimated viral richness, affecting the different species of detected
dsDNA viruses (data not shown). Both protocols ultracentrifugation and the
SMF of 500 ml were used with 25 cycles of amplification before the library

construction.

Ultracentrifugation is an efficient technique to concentrate viruses, yielding
good recoveries. However, the difficulty to simultaneously concentrate viral

particles from several samples and the requirement of an ultracentrifuge
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device hampers its applicability. A recent comparative study published in
collaboration with Hjelmsg et al., (2017) showed that the analysis of 10-L
SMF, as described in section 2.1.1, in combination with QlAgen extraction
columns (lker et al., 2013) had inhibition problems, as evidenced by HAdV
gPCR quantifications. This observed inhibition might have affected the
subsequent detection of some viral species by NGS. A simplified version of
SMF using an initial smaller volume that avoided the ultracentrifugation step
was compared against the reference ultracentrifugation protocol developed
by Pina et al., (1998) to improve and minimize the observed limitations of
the reference protocol. Both protocols assayed the same two collected
sewage samples, testing the same volume of 7 raw sewage millilitre

equivalents per library.

In this comparative study of two samples tested each one in parallel with
both methods, producing very good results with the detection of a wide
variety of RNA and DNA pathogens with a light increase in the number of
sequences (bacteriophages principally) when using the ultracentrifugation
method. The four viral concentrates were analysed for HAdV by gPCR
showing 8.14x10° GC/L, 1.23x10° GC/ L, 2.19x10°GC/L, and 1.48x10° GC/L
for HAdV in SMF1, SMF2, Ultral, and Ultra2, respectively. MI-seq results are
summarized in Supplementary material 4. The estimated viral richness
values were 755.8 (779.4-732.2), 541.0 (559.9-522.1), 1,066.4 (1,089.6-
1,043.2), and 1,318.5 (1,345.6-1,290.4) for SMF1, SMF2, Ultral, and Ultra2,
respectively. These results demonstrate a higher estimated viral richness
when using ultracentrifugation compared to SMF. In total, 41 different viral
families were detected considering all samples. A complete list of the
detected viral families is highlighted in Figure 3. The modified SMF protocol
with reduction of the sample volume, allowed the detection of 36 different

viral families compared to the 38 different viral families detected by
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ultracentrifugation. A higher diversity in viral phage families was observed
by this methodology, which impacts the calculated richness by significantly
increasing it (see Figure 3). Higher estimated viral richness was also reflected
in the detection of few viral human species showing a low number of contigs
only detected by the ultracentrifugation protocol, such as the Anelloviridae,
Alloherpesviridae, Geminiviridae, Hepeviridae, Totiviridae, Geminiviridae,
and Polyomaviridae families. Other viral families, such as the Luteoviridae,
Nanoviridae, and Baculoviridae families, were only detected using SMF. For
most important viral families, including human pathogenic viruses, such as
Adenoviridae, Caliciviridae, Parvoviridae, Circoviridae, Astroviridae, and
Picornaviridae, a high diversity of viral species was detected with similar
results by both SMF-500ml and ultrafiltration protocols, demonstrating the
suitability of these concentration methods for the detection of pathogens
such as Caliciviruses, the main virus responsible for gastroenteritis outbreaks
(Ahmed et al., 2014). Hence, the availability of an effective concentration
method to detect pathogenic viruses is crucial if NGS metagenomic data will
be used for surveillance purposes. The efficacy of SMF to concentrate
ssRNA+ viral particles agrees with previously published results by Hjelmsg et
al.(2017). The low-volume SMF protocol allowed for detection of a
previously undetected family, Adenoviridae. Human Adenoviruses detected
by untargeted metagenomics were taxonomically assigned to Human
Adenovirus F species (HAdV40 and HAdV41). Higher sensitivity is observed
for a specific group of viruses when using targeted metagenomics. The
results obtained in urban sewage using the specific targeted metagenomics
assay for adenovirus showed a wide diversity of adenoviruses. Murine
Adenovirus 2 was found to be the most abundant Adenoviridae
representative in this specific sample analysed and HAdV 40 and 41 and low

numbers of other adenoviral species were also detected. The specific
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characteristics of the sample and a possible biased preference for Murine
Adenoviruses of the highly degenerated Adenovirus hexon primers used in
the targeted assay may contribute to explain the high number of sequences

assigned to this viral species

Larger volumes of analysed sample (10 L vs 500 mL) could represent a higher
chance to detect rare viral families on sewage. However, larger volumes also
have a higher proportion of inhibitors (Schrader et al., 2012). Inhibitors
might have affected the PCR amplification step, considering that 40 cycles
were needed for 10-L SMF to prepare libraries, while only 25 amplification
cycles were needed when 500 mL of SMF was used. Viral metagenomics is
limited by the low levels of viral DNA/RNA present in the samples, requiring,
in most cases, a PCR-based random amplification step after the RT and
seguenase reactions to obtain sufficient DNA for library preparation.
Interestingly, viral richness was quite similar despite the different PCR
amplification cycles that were applied. The PCR amplification step might
introduce bias by amplifying the most abundant genomes such that less
abundant genomes might not be sequenced or may be underrepresented
(Karlsson et al., 2013). This might be the case for HAdV, as data obtained in
previous assays showed that PCR random amplification methods more
significantly decreased the estimated viral richness of dsDNA genomes
compared to other viral genomes (data not shown). Overall, the data
indicate that a concentrated of 500 mL of urban raw sewage is a

representative sample volume to study the virome of raw sewage.

One of the main objectives of this research was to shed light on the viral
families that are present in raw sewage, which we define as the sewage
virome. This list should be periodically reviewed using the developed

protocols for environmental surveillance and to identify the introduction of
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pathogens, novel or emerging viral strains in the population and the
environment. A complete list of all different viral species detected in raw
sewage using the metagenomics approach in this manuscript is detailed in

Supplementary material 2.

In total, more than 11 different viral families considered, or putatively
considered, as pathogenic have been detected in raw sewage from
Barcelona. Astroviridae is a single-stranded, positive-sense RNA viral family
of 6.2-7.8 kilobases (kbp) that infects mammals. Human astroviruses
(HAstV) are suspected to be involved in 0.5 to 15% of all acute diarrhoea
outbreaks in children (Bosch et al., 2014). In the present study, a high
diversity of sequences, mainly assigned to the MastV-1 genotype, was
detected in all tested samples, but several recombinant genotypes, such as
MAstV-6, -8 and -9, were observed in lower abundance. More precisely, the
application of NGS techniques has facilitated the detection of these later
mentioned animal recombinant astroviruses (Finkbeiner et al., 2009;
Kapoor et al.,, 2009), which are related to neurological disorders in

immunocompromised patients (Brown et al., 2015).

Noroviruses (NoV), within the Caliciviridae family, are the leading
aetiological agent of food-borne disease outbreaks worldwide (Koo et al.,
2010). NoV from both genogroups Gl and Gll were detected in all sewage
samples, reflecting a wide diversity within this variable viral family. Those
included sequences were taxonomically assigned to NoV Gll.4 and NoV
Gll.17, which are the more frequently reported gastroenteritis genotypes
(Chan et al.,, 2015; Vega et al.,, 2011). Within the same family, human
sapoviruses (HSaV) that belong to Gl, GlI, GIV, and GV were also found; they
have been previously reported as gastroenteritis agents (Oka et al., 2015).

Picornaviridae is a family grouping of more than 30 different genera of
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ssRNA+ viruses infecting vertebrates, and it includes important human
pathogens, such as hepatitis A virus and poliovirus. Several species of the
genera Kobuvirus, Enterovirus (EV), Cosavirus, Salivirus, and Cardiovirus
were detected in sewage. Aichi virus (AiV) has been recovered in all seasons
and in all tested sewage samples, which agrees with available data (Lodder
et al.,, 2013). Recent studies have suggested that AiV may co-infect with
other enteric viruses, causing gastroenteritis (Ambert-Balay et al., 2008;
Rasanen et al., 2010). EV is one of the most important genera within the
Picornaviridae family; it contains 12 different species that infect humans,
including EV species A to D and Rhinovirus species A to C (Plyusnin et al.,
2011). Different EV from species A, B, and C and animal enteroviruses from
species G and J were also noted. Most of the identified human
enteroviruses belong to species A and B, but important enteroviruses from
species C, such as Enterovirus-A71, were caught. An increase in enterovirus
outbreaks has recently been reported to be caused by emerging
recombinant EV strains (Holm-Hansen et al., 2016; Zhang et al., 2010).
Other sequences related to the Salivirus and Cosavirus genera, whose
causal role in gastroenteritis is suspected, have been detected (Li et al.,
2009; Tseng et al., 2007).

Parvoviridae is a large viral family with a wide range of hosts, from mammals
to insects, and constitutes an important component of urban sewage.
Several sequences resembling animal parvoviruses that infect dogs, rats,
cattle and swine as well as several densoviruses with invertebrate hosts
have been identified. Human bocavirus (HBoV) species HBoV1, 2, 3 and, 4
and human bufaviruses have been observed, yet the implications of those
parvoviruses in human disease is controversial (Nawaz et al., 2012; Phan et
al., 2012), and further studies should be conducted to better characterize

their pathogenic role or consider them as part of the human gut viral
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community.

Sequences that are taxonomically assigned to the Circoviridae family have
been detected in all sewage samples. To date, the Circoviridae family
contains two genera, namely, Circovirus and Gyrovirus, with a third of the
proposed genus Cyclovirus under revision (Dayaram et al., 2013). Because
circoviruses are prevalent in several human fluids, their detection in raw
sewage seems reasonable. Their relationship with disease remains unclear,
but cycloviruses have been involved in acute nervous system infections (Tan
et al., 2013).

Orthohepevirus, within the Hepeviridae family, is a genus with the specie
Orthoherpesvirus A that includes the viruses causing hepatitis in humans.
Genotypes 1 and 2 have been described to infect only humans, while
genotypes 3 and 4 are zoonotic (Legrand-Abravanel et al.,, 2009). The
finding in one sample of the HEV genotype 3, frequently detected in swine,
illustrates its low prevalence compared to other faecal transmitted viruses
causing gastroenteritis (RUTJES et al., 2014).

Surprisingly, no members of the Reoviridae family were detected.
Important pathogenic viruses within this family include the human
Rotaviruses, which are already known as an important gastroenteritis
agent in children and cause approximately 453,000 deaths in 2008 (Tate et
al., 2012). Although Rotaviruses are detected with similar concentrations
as other enteric viruses in sewage (Prado et al., 2011), their prevalence is
lower and influenced by seasonality patterns compared to HAdV (El-
Senousy et al., 2015; Zhou et al., 2016). Other metagenomic studies failed
to detect rotaviruses although they included sewage samples from
endemic rotavirus areas (Cantalupo et al., 2011; Ng et al., 2012).
Picobirnaviridae viruses from the family, which also have dsRNA

segmented genomes, have been detected in all tested raw sewage
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samples. Human Picobirnaviruses are prevalent by conventional PCR in
100% of sewage samples and have been detected at high concentrations
(Symonds et al., 2009). Again, a higher relative abundance of this viral
family compared to Rotaviruses should be expected.

In the present study, dsDNA viral families, such as Polyomaviridae,
Adenoviridae and Papillomaviridae, have been detected. Polyomaviruses
and Adenoviruses are excreted by symptomatic and asymptomatic carriers,
independent of the seasonality or geographical area. Therefore, they are
present in nearly 100% of untreated sewage, which makes them suitable as
human viral faecal indicators (Bofill-Mas et al, 2013). Human
Papillomaviruses (HPV) have recently been reported in raw sewage (La Rosa
et al., 2013). The transmission of papillomaviruses through the
consumption of faecal contaminated water or food remains unproven, and
further studies on the significance of their molecular detection are needed.
Families with insect viruses, such as Dicistroviridae, Iridoviridae, and
Nodaviridae, have also been detected, insects could be expected through
the sewage system of a city..

A high abundance and diversity of plant viruses was found in our samples.
Viruses  from the  Virgaviridae,  Closteroviridae,  Partitiviridae,
Alphaflexiviridae, Betaflexiviridae, Tombusviridae, Bromoviridae,
Secoviridae, Potyviridae, and Tymoviridae families seem to be abundant
and important components of the sewage virome. Especially diverse are
the members of Virgaviridae family, which were the second most diverse
detected family, irrespective of the concentration method or volume. Plant
viruses are highly abundant in human faeces (Zhang et al.,, 2006); for
example, PMMV has been recently related to specific immune responses,
fever, and abdominal pains in humans by Colson et al. (Colson et al., 2010).

The infectivity of human excreted plant viruses has already been
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demonstrated (Tomlinson et al., 1982; Zhang et al., 2006). As a result, their
presence in WWTP effluents could represent an economic threat for
farmers if reclaimed water without a suitable quality control is used for crop

irrigation.

Bacteriophages were the major fraction from the sewage virome with
sequences spotted from Microviridae, Podoviridae, Myoviridae, Leviviridae,
Siphoviridae and Mpyoviridae families. Microviridae is the family with a
higher level of diversity. Detected phage viral families in the present study
agree with other untargeted metagenomic analyses (Tamaki et al., 2012).
It is likely that the number of bacteriophages sequences has been
underestimated due to the taxonomical assignment of prophages as

bacterial DNA.

The application of NGS techniques to environmental and clinical samples
facilitates the simultaneous analysis of millions of sequences. Of note, a
significant fraction of sequences remains unassigned to known taxonomic
units after bioinformatics analyses. In the present study, samples were
virion-enriched by the applied concentration methods, and the viral
concentrate was filtered to remove bacteria, while DNAse was used to
remove free DNA. Nevertheless, the percentage of sequences assigned to
a known virus taxon was extremely low, but it agreed with previous

publications.

The evaluated sewage virome is only an initial attempt to address complex
water matrices. The lack of a universal viral marker-compared to bacterial
16S and the need to sequence all available RNA/DNA present in samples
requires concentration methods for viral particles while removing other
DNA sources to increase the sensitivity of viral metagenomics. It is expected

that the development and availability of improved sequencing
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technologies, such as single-molecule nanopore sequencers, in the
forthcoming years will provide a more accurate and detailed composition
description of the viral mixtures from different types of samples, including

those of the sewage virome.

The annotation of the urban sewage virome by applying NGS methods
describes the catalogue of the viral species circulating across a given
population, which increasingly achieves an important role in public health
surveillance. Viruses are more resistant than bacteria to specific treatments
applied in WWTP; therefore, they can be present in reclaimed water
produced for crop irrigation, surpassing FIB microbiological quality
parameters. A previous study by Rosario et al., (2009) demonstrated that
reclaimed water contains 1000-fold more virus-like particles than potable
water. Although no pathogenic viruses were detected in that study,
pathogenic infectious viruses have been detected in reclaimed water in

other studies (Rodriguez-Manzano et al., 2012).

3.3. The contribution of urine to the viral composition of sewage

Detected viral sequences from the human urine samples analysed are
summarized in Supplementary material 5. The urine viral concentrate
contained different DNA viral families infecting humans: Papillomaviridae,
Polyomaviridae, and sequences distantly related to circular ssDNA families
Circoviridae, and Anelloviridae. Those results highlight that urine
contributes to the highly diverse viral composition of urban sewage by
introducing principally DNA viruses. Human polyomaviruses were the most
abundant, specifcally JC polyomavirus (JCPyV) known to be excreted
through urine principally, and with a lower number of sequences BK

Polyomavirus (BKPyV),, the 0.76% of the total reads were associated with
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this family. This excretion route for Polyomaviruses has already been
documented in the literature (Egli et al., 2009; Shinohara et al., 1993); for
this reason, the group has been widely used as a specific indicator of human
excreta in water (Harwood et al, 2009). In recent years, new
Polyomaviruses have been described, including up to 13 human
Polyomaviruses (Mishra et al., 2014). MCPyV is not excreted through urine
(Loyo et al., 2010); instead, it is frequently detected in skin samples in
conjunction with human Polyomaviruses 6, 7, and 9 (Foulongne et al.,
2012). The lack of detection of the new polyomavirus from urine samples
suggests that the excretion patterns of these polyomaviruses might occur
through faeces and skin desquamation. Reads of HPV (0.03% of total reads),
matching HPV129 and HPV170, which probably come from epithelium
desquamation during urination, were identified. The detection of HPVs has
been reported in faeces (Di Bonito et al., 2015), raw sewage (La Rosa et al,,
2013), and urine (Tasha M. Santiago-Rodriguez et al., 2015). In a prior
study, several B-HPV (HPV49, HPV92, and HPV96) and yHPV (HPV121 and
HPV178) samples were detected. HPV species detected in this study have
not been reported in any of the urine metagenomic studies available to
date (Tasha M. Santiago-Rodriguez et al., 2015; Smelov et al., 2016, 2014).
Although skin desquamation and excretion through faeces might be the
main modes through which human Papillomaviruses land in sewage, the
excretion of specific papillomaviruses like the skin-specific yHPV, which
might have tropism for the urinary tract, is an interesting finding. Because
none of the volunteers participating in this study had been diagnosed with
HPV infections or genital warts, HPV could be part of the virome of the
urinary tract without causing any known disease. More urine-focused
studies, such as those applying specific PCR target enrichment to

sequencing, would improve our knowledge of the diversity of HPVs in urine.
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Sequences distantly related at the protein level to Circoviridae and
Anelloviridae were also observed. ssDNA viruses seem to be ubiquitously
present in blood (Vasilyev et al., 2009); therefore, the detection of these
specific viral families in urine seems very plausible. With the advent of NGS
techniques, there has been a significant increase in viruses classified under
these two ssDNA viral families (Kim et al., 2011) and other ssDNA circular

viral particles still unclassified (Kim et al., 2012).

3.4. Identified infective human viruses present in raw sewage amplified by

experimental infection

One week after inoculation, the first Rhesus monkey presented reads
matching JCPyV and Hepatitis E virus, supporting the active replication of
these two human viruses identified in urban raw sewage when using animal
models. The HEV strain found in the rhesus blood sample was annotated as
genotype 3. The inoculation of the environmental HEV strain into Rhesus
monkeys is an effective method to replicate the virus (Pina et al., 1998a).
Sequences classified within this genotype are frequently reported in the
geographical area of the study, in Europe (Clemente-Casares et al., 2009),
and this genotype is one of the most commonly detected HEV genotypes in
Europe and North America (Clemente-Casares et al., 2003). The second
Rhesus monkey did not presented JCPyV or HEV sequences in serum at the
studied dates (one week and one month after inoculation). The pooled
sample from both Rhesus monkeys after 4 weeks post-inoculation did not
have any sequences related to Hepatitis E virus or JCPyV, supporting the
model of the acute asymptomatic infection.. Pooled serum samples
collected one week before the inoculation showed the presence of several

viral plants from the Virgaviridae family as well as some phages from the
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Microviridae and Inoviridae families. Large fractions of genomic plant DNA
have been detected in blood (Spisak et al., 2013), suggesting the possibility
that viral DNA/RNA could also be circulating through blood and thus be
detected by metagenomics. A total of 1,462 reads (0.08%) in sera sample
after inoculation were taxonomically assigned to the Anelloviridae family,
more specifically human Torque teno virus viruses (TTV) 26 and 27. These
two viral species were captured in all Rhesus sera samples, supporting the
wide distribution and prevalence of those viruses among mammals (de
Villiers and Hausen, 2009). The presence of these viruses in blood has also
been reported in humans without any associated disease (Biagini et al.,

2013).

Conclusions

Raw sewage harbours a vast number of different viral families that may
contaminate the environment since commonly viruses are not completely
removed in WWTPs. The methodology developed based in
ultracentrifugation and if a ultracentrifuge is not available, using the SMF
protocol for 500 ml samples is useful and produce robust results for the
description of the virome of urban sewage detecting both DNA and RNA
viruses. The information of the virome of urban sewage may constitute an
important data base for known and novel and emerging viral strains
excreted in the population in a specific time. Among human viral families,
important human pathogens have been detected by NGS, including
members of the Parvoviridae, Caliciviridae, Hepeviridae, Adenoviridae,
Polyomaviridae,  Papillomaviridae, and Astroviridae families. The
implementation and application of a low-volume SMF protocol minimized
the inhibition problems detected when sampling larger volumes, while

offering a representative volume that yielded comparable results to the
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tested ultracentrifugation method. However, the sensitivity for analysing
specific viral groups and reduce representation biases on relatively less
abundant viral species is increased by using targeted metagenomics assays

designed to amplify specific viral species.

The amplification of viruses excreted in sewage through experimental
infection in Rhesus macaques allowed for detection of infective HEV and
JCPyV from urban sewage showing interesting information on the presence
of plant virus in the serum of the macaques and small cDNA viruses still

unclassified that will merit further studies.

The contribution of urine to sewage seems limited to DNA viral families,
mainly to Polyomaviruses JCPyV which appear to be highly excreted and

with lower quantities BKPyV,.

The use of NGS techniques for sewage analysis can pinpoint major
pathogens that circulate in the population and environment, constituting

an interesting tool for epidemiologic studies and public health surveillance.

Acknowledgements

The study reported was partially funded by the Programa RecerCaixa 2012
(ACUP-00300) and AGL2011-30461-C02-01/ALI from the Spanish Ministry
of Science and Innovation. This study was partially funded by grants from
the Catalan Government to Consolidated Research Group VirBaP
(2014SRG914) and JPI Water project METAWATER (4193-00001B), with the
collaboration of the Institut de Recerca de I"Aigua (IdRA) and the Spanish
Adenovirus Network (AdenoNet, BI02015-68990-REDT) from the
Ministerio de Economia y Competitividad of Spain (www.mineco.gob.es).

During the development of this study, Xavier Fernandez-Cassi was a fellow



773
774

775
776
777
778
779
780

781
782
783
784

785
786
787
788
789

790
791
792

793
794
795
796
797

of the Catalan Government “AGAUR” (FI-DGR); Natalia Timoneda and

Sandra Martinez-Puchol were fellows of the Spanish Ministry of Science.

Bibliography

Ahmed, S.M., Hall, AJ., Robinson, A.E., Verhoef, L., Premkumar, P.,
Parashar, U.D., Koopmans, M., Lopman, B.A., 2014. Global prevalence
of norovirus in cases of gastroenteritis: a systematic review and meta-
analysis. Lancet Infect. Dis. 14, 725-730. doi:10.1016/51473-
3099(14)70767-4

Allen, H.K.,, Bunge, J., Foster, J.A., Bayles, D.O., Stanton, T.B.,, 2013.
Estimation of viral richness from shotgun metagenomes using a
frequency count approach. Microbiome 1, 5. doi:10.1186/2049-2618-
1-5

Ambert-Balay, K., Lorrot, M., Bon, F., Giraudon, H., Kaplon, J., Wolfer, M.,
Lebon, P., Gendrel, D., Pothier, P., 2008. Prevalence and genetic
diversity of Aichi virus strains in stool samples from community and
hospitalized patients. J. Clin. Microbiol. 46, 1252-1258.
doi:10.1128/JCM.02140-07

Biagini, P., Bédarida, S., Touinssi, M., Galicher, V., de Micco, P., 2013.
Human gyrovirus in healthy blood donors, France. Emerg. Infect. Dis.

19, 1014-5. doi:10.3201/eid1906.130228

Bofill-Mas, S., Albinana-Gimenez, N., Clemente-Casares, P., Hundesa, A.,
Rodriguez-Manzano, J., Allard, A., Calvo, M., Girones, R., 2006.
Quantification and stability of human adenoviruses and polyomavirus
JCPyV in wastewater matrices. Appl. Environ. Microbiol. 72, 7894—6.
doi:10.1128/AEM.00965-06



798
799
800
801
802

803
804
805

806
807

808
809
810
811
812
813

814
815
816
817
818

819
820

821
822
823

Bofill-Mas, S., Rusifiol, M., Fernandez-Cassi, X., Carratala, A., Hundesa, A.,
Girones, R., 2013. Quantification of human and animal viruses to
differentiate the origin of the fecal contamination present in
environmental samples. Biomed Res. Int. 2013, 192089.

doi:10.1155/2013/192089

Bolger, A.M., Lohse, M., Usadel, B., 2014. Trimmomatic: A flexible trimmer
for lllumina sequence data. Bioinformatics 30, 2114-2120.

doi:10.1093/bioinformatics/btul70

Bosch, A., Pintd, R.M., Guix, S., 2014. Human astroviruses. Clin. Microbiol.

Rev. 27, 1048-1074. d0i:10.1128/CMR.00013-14

Brown, J.R., Morfopoulou, S., Hubb, J., Emmett, W.A., Ip, W., Shah, D,
Brooks, T., Paine, S.M.L., Anderson, G., Virasami, A., Tong, C.Y.W,,
Clark, D.A., Plagnol, V., Jacques, T.S., Qasim, W., Hubank, M., Breuer,
J.,, 2015. Astrovirus VA1/HMO-C: an increasingly recognized
neurotropic pathogen in immunocompromised patients. Clin. Infect.

Dis. 60, 881-8. doi:10.1093/cid/ciu940

Calgua, B., Mengewein, A., Grunert, A., Bofill-Mas, S., Clemente-Casares, P.,
Hundesa, A., Wyn-Jones, A.P., Lépez-Pila, J.M., Girones, R., 2008.
Development and application of a one-step low cost procedure to
concentrate viruses from seawater samples. J. Virol. Methods 153,

79-83. doi:10.1016/j.jviromet.2008.08.003

Cantalupo, P.G., Calgua, B., Zhao, G., 2011. Raw Sewage Harbors Diverse
Viral Populations 2, 1-11. doi:10.1128/mBio.00180-11.Editor

Chan, M.C.W,, Lee, N., Hung, T.-N., Kwok, K., Cheung, K., Tin, E.K.Y., Lai,
R.W.M., Nelson, E.AS., Leung, T.F., Chan, P.K.S., 2015. Rapid

emergence and predominance of a broadly recognizing and fast-



824
825

826
827
828

829
830
831
832

833
834

835
836
837
838
839

840
841
842
843

844
845
846

847
848

evolving norovirus Gll.17 variant in late 2014. Nat. Commun. 6, 10061.

doi:10.1038/ncomms10061

Clemente-Casares, P., Pina, S., Buti, M., Jardi, R., MartIin, M., Bofill-Mas, S.,
Girones, R., 2003. Hepatitis E virus epidemiology in industrialized

countries. Emerg. Infect. Dis. 9, 448-54. doi:10.3201/eid0904.020351

Clemente-Casares, P., Rodriguez-Manzano, J., Girones, R., 2009. Hepatitis
E virus genotype 3 and sporadically also genotype 1 circulate in the
population of Catalonia, Spain. J. Water Health 7, 664.
doi:10.2166/wh.2009.120

Clokie, M.R., Millard, A.D., Letarov, A. V, Heaphy, S., 2011. Phages in nature.
Bacteriophage 1, 31-45. doi:10.4161/bact.1.1.14942

Colson, P., Richet, H., Desnues, C., Balique, F., Moal, V., Grob, J.-J., Berbis,
P., Lecoq, H., Harlé, J.-R., Berland, Y., Raoult, D., 2010. Pepper Mild
Mottle Virus, a Plant Virus Associated with Specific Immune
Responses, Fever, Abdominal Pains, and Pruritus in Humans. PLoS

One 5, €10041. doi:10.1371/journal.pone.0010041

Dayaram, A., Potter, K.A., Moline, A.B., Rosenstein, D.D., Marinov, M.,
Thomas, J.E., Breitbart, M., Rosario, K., Argiello-Astorga, G.R.,,
Varsani, A., 2013. High global diversity of cycloviruses amongst

dragonflies. J. Gen. Virol. 94, 1827-1840. doi:10.1099/vir.0.052654-0

de Villiers, E.-M., Hausen, H. zur (Eds.), 2009. TT Viruses, Current Topics in
Microbiology and Immunology. Springer Berlin Heidelberg, Berlin,

Heidelberg. doi:10.1007/978-3-540-70972-5

Di Bonito, P., Della Libera, S., Petricca, S., laconelli, M., Sanguinetti, M.,

Graffeo, R., Accardi, L., La Rosa, G., 2015. A large spectrum of alpha



849
850

851
852
853
854

855
856
857
858

859
860
861
862
863

864
865
866
867
868

869
870
871

872
873
874

and beta papillomaviruses are detected in human stool samples. J.

Gen. Virol. 96, 607-613. d0i:10.1099/vir.0.071787-0

Egli, A., Infanti, L., Dumoulin, A, Buser, A., Samaridis, J., Stebler, C., Gosert,
R., Hirsch, H.H., 2009. Prevalence of polyomavirus BK and JC infection
and replication in 400 healthy blood donors. J. Infect. Dis. 199, 837—-
46.

El-Senousy, W.M., Ragab, A.M.E.-S., Handak, E.M.A.E.H., 2015. Prevalence
of Rotaviruses Groups A and C in Egyptian Children and Aquatic
Environment. Food Environ. Virol. 7, 132—141. doi:10.1007/s12560-
015-9184-6

Finkbeiner, S.R., Li, Y., Ruone, S., Conrardy, C., Gregoricus, N., Toney, D.,
Virgin, HW., Anderson, L.J., Vinjé, J., Wang, D., Tong, S., 2009.
Identification of a novel astrovirus (astrovirus VA1) associated with an
outbreak of acute gastroenteritis. J. Virol. 83, 10836-9.

doi:10.1128/JV1.00998-09

Foulongne, V., Sauvage, V., Hebert, C., Dereure, O., Cheval, J., Gouilh, M.A,,
Pariente, K., Segondy, M., Burguiére, A., Manuguerra, J.-C., Caro, V.,
Eloit, M., 2012. Human Skin Microbiota: High Diversity of DNA Viruses
Identified on the Human Skin by High Throughput Sequencing. PLoS
One 7, €38499. doi:10.1371/journal.pone.0038499

Gerba, C.P., Goyal, S.M., LaBelle, R.L.,, Cech, I, Bodgan, G.F., 1979. Failure
of indicator bacteria to reflect the occurrence of enteroviruses in

marine waters. Am. J. Public Health 69, 1116-9.

Haramoto, E., Katayama, H., Oguma, K., Yamashita, H., Tajima, A., Nakajima,
H., Ohgaki, S., 2006. Seasonal profiles of human noroviruses and

indicator bacteria in a wastewater treatment plant in Tokyo, Japan.



875 Water Sci. Technol. 54, 301-8.

876 Harwood, V.J., Brownell, M., Wang, S., Lepo, J., Ellender, R.D., Ajidahun, A,,

877 Hellein, K.N., Kennedy, E., Ye, X., Flood, C., 2009. Validation and field
878 testing of library-independent microbial source tracking methods in
879 the Gulf of Mexico. Water Res. 43, 4812-48109.
880 doi:10.1016/j.watres.2009.06.029

881 Hernroth, B.E., Conden-Hansson, A.C., Rehnstam-Holm, A.S., Girones, R.,

882 Allard, AK., 2002. Environmental factors influencing human viral
883 pathogens and their potential indicator organisms in the blue mussel,
884 Mytilus edulis: The first Scandinavian report. Appl. Environ. Microbiol.
885 68, 4523-4533. doi:10.1128/AEM.68.9.4523-4533.2002

886 Hjelmsgp, M.H., Hellmér, M., Fernandez-Cassi, X., Timoneda, N,

887 Lukjancenko, O., Seidel, M., Elsasser, D., Aarestrup, F.M., Lofstrom, C,,
888 Bofill-Mas, S., Abril, J.F., Girones, R., Schultz, A.C., 2017. Evaluation of
889 Methods for the Concentration and Extraction of Viruses from
890 Sewage in the Context of Metagenomic Sequencing. PLoS One 12,
891 e0170199. doi:10.1371/journal.pone.0170199

892 Holm-Hansen, C.C., Midgley, S.E., Fischer, T.K., 2016. Global emergence of
893 enterovirus D68: A systematic review. Lancet Infect. Dis.

894 doi:10.1016/51473-3099(15)00543-5

895 Ilker, B.C., Bright, K.R., Pepper, I.L, Gerba, C.P., Kitajima, M., 2013.

896 Evaluation of commercial kits for the extraction and purification of
897 viral nucleic acids from environmental and fecal samples. J. Virol.
898 Methods 191, 24-30. doi:10.1016/].jviromet.2013.03.011

899 Kapoor, A, Li, L., Victoria, J., Oderinde, B., Mason, C., Pandey, P., Zaidi, S.Z,,

900 Delwart, E., 2009. Multiple novel astrovirus species in human stool. J.



901

902
903
904
905

906
907
908
909
910
911

912
913
914
915

916
917
918

919
920
921

922

923
924
925

Gen. Virol. 90, 2965-2972. doi:10.1099/vir.0.014449-0

Karlsson, O.E., Beldk, S., Granberg, F., 2013. The effect of preprocessing by
sequence-independent, single-primer amplification (SISPA) on
metagenomic detection of viruses. Biosecur. Bioterror. 11 Suppl 1,

$227-34. d0i:10.1089/bsp.2013.0008

Kearse, M., Moir, R., Wilson, A., Stones-Havas, S., Cheung, M., Sturrock, S.,
Buxton, S., Cooper, A., Markowitz, S., Duran, C., Thierer, T., Ashton,
B., Meintjes, P., Drummond, A., 2012. Geneious Basic: An integrated
and extendable desktop software platform for the organization and
analysis of sequence data. Bioinformatics 28, 1647-1649.
doi:10.1093/biocinformatics/bts199

Kim, H.K., Park, S.J., Nguyen, V.G., Song, D.S., Moon, H.J.,, Kang, B.K., Park,
B.K., 2012. Identification of a novel single-stranded, circular DNA virus
from bovine stool. J. Gen. Virol. 93, 635-639.
doi:10.1099/vir.0.037838-0

Kim, M.-S., Park, E.-J., Roh, S.W., Bae, J.-W., 2011. Diversity and abundance
of single-stranded DNA viruses in human feces. Appl. Environ.

Microbiol. 77, 8062—70. doi:10.1128/AEM.06331-11

Kohl, C., Brinkmann, A., Dabrowski, P.W., Radoni¢, A., Nitsche, A., Kurth, A,,
2015. Protocol for metagenomic virus detection in clinical specimens.

Emerg. Infect. Dis. 21, 48-57. d0i:10.3201/eid2101.140766
Kolde, R., 2015. pheatmap: Pretty Heatmaps.

Koo, H.L., Ajami, N., Atmar, R.L,, DuPont, H.L.,, 2010. Noroviruses: The
leading cause of gastroenteritis worldwide. Discov. Med. 10, 61-70.

doi:10.1007/s12560-010-9038-1.Noroviruses



926
927
928
929

930
931
932

933
934
935
936
937

938
939
940
941

942
943
944

945
946
947
948
949

950
951

La Rosa, G., Fratini, M., Accardi, L., D’Oro, G., Della Libera, S., Muscillo, M.,
Di Bonito, P., 2013. Mucosal and Cutaneous Human Papillomaviruses
Detected in Raw  Sewages. PLoS One 8§, e52391.
doi:10.1371/journal.pone.0052391

Legrand-Abravanel, F., Mansuy, J.-M., Dubois, M., Kamar, N., Peron, J.-M.,
Rostaing, L., Izopet, J., 2009. Hepatitis E virus genotype 3 diversity,
France. Emerg. Infect. Dis. 15, 110—4. doi:10.3201/eid1501.080296

Li, L., Victoria, J., Kapoor, A., Blinkova, O., Wang, C., Babrzadeh, F., Mason,
C.J., Pandey, P., Triki, H., Bahri, O., Oderinde, B.S., Baba, M.M,,
Bukbuk, D.N., Besser, J.M., Bartkus, J.M., Delwart, E.L., 2009. A novel
picornavirus associated with gastroenteritis. J. Virol. 83, 12002-6.

doi:10.1128/JV1.01241-09

Linsuwanon, P., Poovorawan, Y., Li, L., Deng, X., Vongpunsawad, S., Delwart,
E., 2015. The fecal virome of children with hand, foot, and mouth
disease that tested PCR negative for pathogenic enteroviruses. PLoS

One 10. doi:10.1371/journal.pone.0135573

Lodder, W.J., Rutjes, S.A., Takumi, K., de Roda Husman, A.M., 2013. Aichi
virus in sewage and surface water, the Netherlands. Emerg. Infect.

Dis. 19, 1222-1230. doi:10.3201/eid1908.130312

Loyo, M., Guerrero-Preston, R., Brait, M., Hoque, M.O., Chuang, A., Kim,
M.S., Sharma, R., Liégeois, N.J., Koch, W.M., Califano, J.A., Westra,
W.H., Sidransky, D., 2010. Quantitative detection of Merkel cell virus
in human tissues and possible mode of transmission. Int. J. Cancer

126, NA-NA. doi:10.1002/ijc.24737

Ly, M., Abeles, S.R., Boehm, T.K., Robles-Sikisaka, R., Naidu, M., Santiago-

Rodriguez, T., Pride, D.T., 2014. Altered oral viral ecology in



952
953

954
955
956

957
958
959
960

961
962
963
964
965

966
967
968
969
970

971
972

973
974
975
976

association with periodontal disease. MBio 5, e01133-14.

doi:10.1128/mBio.01133-14

Mihalov-Kovdcs, E., Fehér, E., Martella, V., Banyai, K., Farkas, S.L., 2014. The
fecal virome of domesticated animals. Virusdisease 25, 150-7.

doi:10.1007/s13337-014-0192-1

Minot, S., Sinha, R., Chen, J,, Li, H., Keilbaugh, S.A., Wu, G.D., Lewis, J.D.,
Bushman, F.D., 2011. The human gut virome: inter-individual
variation and dynamic response to diet. Genome Res. 21, 1616-25.

doi:10.1101/gr.122705.111

Mishra, N., Pereira, M., Rhodes, R.H., An, P., Pipas, J.M., Jain, K., Kapoor, A,,
Briese, T., Faust, P.L., Lipkin, W.l., 2014. Identification of a Novel
Polyomavirus in a Pancreatic Transplant Recipient With Retinal
Blindness and Vasculitic Myopathy. J. Infect. Dis. 210, 1595-1599.
doi:10.1093/infdis/jiu250

Nawaz, S., Allen, D.J.,, Aladin, F., Gallimore, C., lturriza-Gémara, M., 2012.
Human bocaviruses are not significantly associated with
gastroenteritis: results of retesting archive DNA from a case control
study in the UK. PLoS One 7, e41346.
doi:10.1371/journal.pone.0041346

Nicholas, K. B. and H. B. Nicholas (2006). GeneDoc: Multiple sequence

alignment editor & shading utility.

Ng, T.F.F., Marine, R., Wang, C., Simmonds, P., Kapusinszky, B., Bodhidatta,
L., Oderinde, B.S., Wommack, K.E., Delwart, E., 2012. High Variety of
Known and New RNA and DNA Viruses of Diverse Origins in Untreated

Sewage. J. Virol. 86, 12161-12175. doi:10.1128/JVI.00869-12



977
978
979
980

981
982
983

984
985
986
987
988
989
990

991
992
993
994

995
996
997
998

999
1000
1001

1002

Niklas, N., Proll, J., Danzer, M., Stabentheiner, S., Hofer, K., Gabriel, C.,
2013. Routine performance and errors of 454 HLA exon sequencing in
diagnostics. BMC Bioinformatics 14, 176. doi:10.1186/1471-2105-14-
176

Oka, T., Wang, Q., Katayama, K., Saif, L.J., 2015. Comprehensive review of
human  sapoviruses.  Clin.  Microbiol.  Rev. 28, 32-53.

doi:10.1128/CMR.00011-14

Perlejewski, K., Popiel, M., Laskus, T., Nakamura, S., Motooka, D., Stokowy,
T., Lipowski, D., Pollak, A., Lechowicz, U., Caraballo Cortés, K., Stepien,
A., Radkowski, M., Bukowska-Osko, ., 2015. Next-generation
sequencing (NGS) in the identification of encephalitis-causing viruses:
Unexpected detection of human herpesvirus 1 while searching for
RNA pathogens. J. Virol. Methods 226, 1-6.
doi:10.1016/].jviromet.2015.09.010

Phan, T.G., Vo, N.P., Bonkoungou, |.J.0., Kapoor, A., Barro, N., O’'Ryan, M.,
Kapusinszky, B., Wang, C., Delwart, E., 2012. Acute Diarrhea in West
African Children: Diverse Enteric Viruses and a Novel Parvovirus

Genus. J. Virol. 86, 11024-11030. doi:10.1128/JV1.01427-12

Pina, S., Jofre, J., Emerson, S.U., Purcell, R.H., Girones, R., 1998a.
Characterization of a strain of infectious hepatitis E virus isolated from
sewage in an area where hepatitis E is not endemic. Appl. Environ.

Microbiol. 64, 4485-8.

Pina, S., Puig, M., Lucena, F., Jofre, J., Girones, R., 1998b. Viral pollution in
the environment and in shellfish: human adenovirus detection by PCR

as an index of human viruses. Appl. Environ. Microbiol. 64, 3376—-82.

Plyusnin, A., Beaty, B.J., Elliott, R.M., Goldbach, R., Kormelink, R., Lundkvist,



1003
1004
1005
1006

1007
1008
1009
1010
1011

1012
1013
1014
1015

1016
1017
1018
1019

1020
1021
1022
1023
1024
1025

1026
1027
1028

A., Schmaljohn, C.S., Tesh, R.B., 2011. Virus Taxonomy: Ninth Report
of the International Committee on Taxonomy of Viruses, vol. 9, in:
Edited by King, AMQ, Adams, J. & Lefkowitz, E.. Amsterdam: Elsevier.
pp. 735-741.

Prado, T., Silva, D.M., Guilayn, W.C., Rose, T.L., Gaspar, A.M.C,
Miagostovich, M.P., 2011. Quantification and molecular
characterization of enteric viruses detected in effluents from two
hospital wastewater treatment plants. Water Res. 45, 1287-1297.
doi:10.1016/j.watres.2010.10.012

Pusch, D., Oh, D.-Y., Wolf, S., Dumke, R., Schroter-Bobsin, U., H6hne, M.,
Roske, I., Schreier, E., 2005. Detection of enteric viruses and bacterial
indicators in German environmental waters. Arch. Virol. 150, 929-47.

doi:10.1007/s00705-004-0467-8

Rasdnen, S., Lappalainen, S., Kaikkonen, S., Himaldinen, M., Salminen, M.,
Vesikari, T., 2010. Mixed viral infections causing acute gastroenteritis
in children in a waterborne outbreak. Epidemiol. Infect. 138, 1227-

1234. d0i:10.1017/50950268809991671

Rodriguez-Manzano, J., Alonso, J.L., Ferrds, M.A., Moreno, Y., Amords, |.,
Calgua, B., Hundesa, A., Guerrero-Latorre, L., Carratala, A., Rusifiol,
M., Girones, R., 2012. Standard and new faecal indicators and
pathogens in sewage treatment plants, microbiological parameters
for improving the control of reclaimed water. Water Sci. Technol. 66,

2517-23. doi:10.2166/wst.2012.233

Rosario, K., Nilsson, C., Lim, Y.W., Ruan, Y., Breitbart, M., 2009.
Metagenomic analysis of viruses in reclaimed water. Environ.

Microbiol. 11, 2806—-2820. d0i:10.1111/j.1462-2920.2009.01964.x



1029
1030
1031
1032

1033
1034
1035

1036
1037
1038

1039
1040
1041
1042
1043

1044
1045
1046
1047
1048

1049
1050
1051
1052
1053

1054

RUTIES, S.A., BOUWKNEGT, M., van der GIESSEN, J.W., de RODA HUSMAN,
A.M., REUSKEN, C.B.E.M., 2014. Seroprevalence of Hepatitis E Virus in
Pigs from Different Farming Systems in The Netherlands. J. Food Prot.

77, 640-642. doi:10.4315/0362-028X.JFP-13-302

Santiago-Rodriguez, T.M., Ly, M., Bonilla, N., Pride, D.T., 2015. The human
urine virome in association with urinary tract infections. Front.

Microbiol. 6, 14. doi:10.3389/fmicb.2015.00014

Santiago-Rodriguez, T.M., Ly, M., Bonilla, N., Pride, D.T., 2015. The human
urine virome in association with urinary tract infections. Front.

Microbiol. 6, 14. d0i:10.3389/fmicb.2015.00014

Sarma, R.H., Saram, M.H. (Mukti H.., State University of New York at
Albany., 1990. Structure &amp; methods : proceedings of the Sixth
Conversation in the Discipline Biomolecular Stereodynamics held at
the State University of New York at Albany, June 6-10, 1989. Adenine

Press.

Sato, M., Kuroda, M., Kasai, M., Matsui, H., Fukuyama, T., Katano, H.,
Tanaka-Taya, K., 2016. Acute encephalopathy in an
immunocompromised boy with astrovirus-MLB1 infection detected
by next generation sequencing. J. Clin. Virol. 78, 66-70.
doi:10.1016/].jcv.2016.03.010

Sauvage, V., Laperche, S., Cheval, J., Muth, E., Dubois, M., Boizeau, L.,
Hébert, C., Lionnet, F., Lefrere, J.-J., Eloit, M., 2016. Viral
metagenomics applied to blood donors and recipients at high risk for
blood-borne infections. Blood Transfus. 14, 400-7.
doi:10.2450/2016.0160-15

Schrader, C., Schielke, A., Ellerbroek, L., Johne, R., 2012. PCR inhibitors -



1055
1056

1057
1058
1059

1060
1061
1062

1063
1064
1065

1066
1067
1068
1069
1070

1071
1072
1073

1074
1075
1076
1077

1078
1079

occurrence, properties and removal. J. Appl. Microbiol. 113, 1014-

1026. d0i:10.1111/j.1365-2672.2012.05384.x

Shinohara, T., Matsuda, M., Cheng, S.H., Marshall, J., Fujita, M., Nagashima,
K., 1993. BK virus infection of the human urinary tract. J. Med. Virol.
41, 301-5.

Smelov, V., Arroyo Mihr, LS., Bzhalava, D., Brown, L.J., Komyakov, B,
Dillner, J., 2014. Metagenomic sequencing of expressed prostate

secretions. J. Med. Virol. 86, 2042—2048. doi:10.1002/jmv.23900

Smelov, V., Bzhalava, D., Arroyo Muhr, L.S., Eklund, C., Komyakov, B,
Gorelov, a, Dillner, J., Hultin, E., 2016. Detection of DNA viruses in

prostate cancer. Sci Rep 6, 25235. doi:10.1038/srep25235

Spisak, S., Solymosi, N., Ittzés, P., Bodor, A., Kondor, D., Vattay, G., Bartdk,
B.K., Sipos, F., Galamb, O., Tulassay, Z., Szallasi, Z., Rasmussen, S.,
Sicheritz-Ponten, T., Brunak, S., Molnar, B., Csabai, I., 2013. Complete
Genes May Pass from Food to Human Blood. PLoS One 8, e69805.
doi:10.1371/journal.pone.0069805

Symonds, E.M., Griffin, D.W., Breitbart, M., 2009. Eukaryotic viruses in
wastewater samples from the United States. Appl. Environ. Microbiol.

75, 1402-1409. doi:10.1128/AEM.01899-08

Tamaki, H., Zhang, R., Angly, F.E., Nakamura, S., Hong, P.-Y., Yasunaga, T,,
Kamagata, Y., Liu, W.-T., 2012. Metagenomic analysis of DNA viruses
in a wastewater treatment plant in tropical climate. Environ.

Microbiol. 14, 441-452. doi:10.1111/j.1462-2920.2011.02630.x

Tan, L. Van, van Doorn, H.R., Nghia, H.D.T., Chau, T.T.H., Tu, L.T.P., de Vries,
M., Canuti, M., Deijs, M., lebbink, M.F., Baker, S., Bryant, J.E., Tham,



1080
1081
1082
1083
1084

1085
1086
1087
1088
1089
1090

1091
1092
1093

1094
1095
1096
1097
1098
1099

1100
1101
1102

1103
1104
1105

N.T., BKrong, N.T.T.C., Boni, M.F., Loi, T.Q., Phuong, L.T., Verhoeven,
J.T.P,, Crusat, M., Jeeninga, R.E., Schultsz, C., Chau, N.V.V., Hien, T.T,
van der Hoek, L., Farrar, J., de Jong, M.D., 2013. Identification of a new
cyclovirus in cerebrospinal fluid of patients with acute central nervous

system infections. MBio 4. d0i:10.1128/mBi0.00231-13

Tate, J.E., Burton, A.H., Boschi-Pinto, C., Steele, A.D., Duque, J., Parashar,
U.D., WHO-coordinated Global Rotavirus Surveillance Network, 2012.
2008 estimate of worldwide rotavirus-associated mortality in children
younger than 5 years before the introduction of universal rotavirus
vaccination programmes: a systematic review and meta-analysis.

Lancet. Infect. Dis. 12, 136-41. doi:10.1016/5S1473-3099(11)70253-5

Tomlinson, J.A., Faithfull, E., Flewett, T.H., Beards, G., 1982. Isolation of
infective tomato bushy stunt virus after passage through the human

alimentary tract. Nature 300, 637-8.

Tseng, C.-H., Tsai, H.-J., Kirkwood, C.D., Wang, D., Hay, C., Hallenbeck, P.,
Knowles, N., Lemon, S., Minor, P., Pallansch, M., Palmenberg, A,
Skern, T., 2007. Sequence analysis of a duck picornavirus isolate
indicates that it together with porcine enterovirus type 8 and simian
picornavirus type 2 should be assigned to a new picornavirus genus.

Virus Res. 129, 104—-114. doi:10.1016/j.virusres.2007.06.023

Vasilyev, E. V, Trofimov, D.Y., Tonevitsky, A.G., llinsky, V. V, Korostin, D.O.,
Rebrikov, D. V, 2009. Torque Teno Virus (TTV) distribution in healthy
Russian population. Virol. J. 6, 134. doi:10.1186/1743-422X-6-134

Vega, E., Barclay, L., Gregoricus, N., Williams, K., Lee, D., Vinjé, J., 2011.
Novel surveillance network for norovirus gastroenteritis outbreaks,

United States. Emerg. Infect. Dis. 17, 1389-1395.



1106

1107
1108
1109
1110
1111

1112
1113
1114
1115
1116

1117
1118
1119
1120

1121
1122
1123
1124
1125
1126

1127
1128
1129
1130

1131

doi:10.3201/eid1708.101837

Wang, D., Urisman, A,, Liu, Y.T., Springer, M., Ksiazek, T.G., Erdman, D.D.,
Mardis, E.R., Hickenbotham, M., Magrini, V., Eldred, J., Latreille, J.P.,
Wilson, R.K.,, Ganem, D., DeRisi, J.L., 2003. Viral discovery and
sequence recovery using DNA microarrays. PLoS Biol. 1.

doi:10.1371/journal.pbio.0000002

Willner, D., Furlan, M., Haynes, M., Schmieder, R., Angly, F.E., Silva, J,,
Tammadoni, S., Nosrat, B., Conrad, D., Rohwer, F., 2009.
Metagenomic Analysis of Respiratory Tract DNA Viral Communities in
Cystic Fibrosis and Non-Cystic Fibrosis Individuals. PLoS One 4, e7370.
doi:10.1371/journal.pone.0007370

Zhang, T., Breitbart, M., Lee, W.H., Run, J.-Q., Wei, C.L.,, Soh, S.W.L,
Hibberd, M.L., Liu, E.T., Rohwer, F., Ruan, Y., 2006. RNA viral
community in human feces: prevalence of plant pathogenic viruses.

PLoS Biol. 4, e3. doi:10.1371/journal.pbio.0040003

Zhang, Y., Zhu, Z., Yang, W., Ren, J., Tan, X., Wang, Y., Mao, N., Xu, S., Zhu,
S., Cui, A, Zhang, Y., Yan, D., Li, Q., Dong, X., Zhang, J., Zhao, Y., Wan,
J., Feng, Z., Sun, J.,, Wang, S., Li, D., Xu, W., 2010. An emerging
recombinant human enterovirus 71 responsible for the 2008
outbreak of hand foot and mouth disease in Fuyang city of China.

Virol. J. 7, 94. doi:10.1186/1743-422X-7-94

Zhou, N., Lv, D., Wang, S., Lin, X., Bi, Z., Wang, H., Wang, P., Zhang, H., Tao,
Z., Hou, P, Song, Y., Xu, A., 2016. Continuous detection and genetic
diversity of human rotavirus A in sewage in eastern China, 2013-2014.

Virol. J. 13, 153. doi:10.1186/512985-016-0609-0



Sample

Summer

Spring

Winter

Total
Viruses

vy
0s
ve
€8
yee
g6¥v
606

16 16 9 717

15 11 25

735

13 23 30 775

Figure 1. Relative abundance of viral species classified by family. The heatmap shows the relative abundance of
28 viral families detected over 3 different seasonal samples. Numbers within each cell represent the number of
sequences that had at least a positive BLAST hit to known species and passed all the selection criteria. The colours
range from green (not detected), to red (high relative abundance). Top row and right column correspond to the
count sums by category and sample respectively.
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Figure 2. Phylogenetic tree based on the complete nucleotide Adenovirus hexon region.
Detected Adenovirus sequences from 454 sequencing experiment that presented a match
in sewage were aligned. Human adenovirus species are shown in boldface, where colored
arcs highlight the distinct taxon groups ranging from HAdV-A to HAdV-F. The tree was built

using the neighbor-joining method and 1000 bootstrap replicates (bootstrap values are
shown on the tree branches).
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Figure 3. Relative abundance of viral species classified by family. The heatmap shows the relative abundance of 35 viral
families detected over 4 different concentration method samples. Numbers within each cell represent the number of
sequences that had at least a positive BLAST hit to known species and passed all the selection criteria. The colours range

from green (not detected), to red (high relative abundance). Top row and right column correspond to the count sums by
category and sample respectively.
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Table 1.- Important and potentially pathogenic Human viral families detected
in raw sewage by using 10L SMF

Family Genus/Species Winter = Spring = Summer = Total hits

MAstV-1 48 7 5 60
Astroviridae MAstV-6 8 1 10 19
MAstV-8/9 18 0 2 20
HBoV-2 6 1 0 8
HBoV-3 3 0 0 3
HBoV-4 1 2 0 3

Parvoviridae
AAV2 12 4 1 17
AAV3 2 0 0 2
AAV5 2 0 0 2
HSaVGl 7 2 4 13
HSaVvGll 11 0 3 14

Caliciviridae
NoVGI 17 6 3 26
NoVGlI 20 1 1 22
Polyomaviridae JCPyV 4 0 0 4
Circoviridae Human circovirus 5 12 2 19
HAV 2 0 0 2
Salivirus 20 20 22 62
Cosavirus 0 2 1 3
Rosavirus 1 0 0 1
Enterovirus A 4 1 1 6
Enterovirus B 10 4 5 19

Picornaviridae

Enterovirus C 5 2 1 8
Enterovirus D 1 0 0 1
Enterovirus J 0 0 1 1
Rabovirus 10 0 1 11
Cardiovirus 8 7 5 20
Aichi virus 16 12 42 70
Hepeviridae HEV 4 0 0 4

Picobirnaviridae = Human picobirnavirus 37 11 15 63



Samples WINTER SPRING SUMMER
Sequences Nucleotides Sequences Nucleotides Sequences Nucleotides
MiSeq Raw READS 2,862,464 653,150,240 | 1,225,920 290,054,808 | 951,664 223,053,943
Clean READS
Pair-Ends | 2,820,868 644,330,961 | 1,172,444 266,982,894 | 779,690 172,598,345
Single-Ends 7,351 1,802,212 9,158 1,676,711 14,678 3,050,553
Total | 2,828,219 98.80% 1,181,602 96.38% 794,368 83.47%
Assembly (Contigs)
Sequences 83,758 30,999,497 138,906 36,661,374 92,208 24,775,032
N50 391 251 251
Putative viral seqs 2,127 2.54% 3,342 2.41% 1,982 2.15%
Seqs without BLAST hit 78,125 131,932 88,346
Assembly (Singlets)
Sequences 714,161 501,137 113,903
Putative viral seqs 18,107 2.53% 8,029 1.61% 5,487 4.81%
Seqs without BLAST hit 517,133 413,810 38,781
Estimated Value SE Estimated Value SE Estimated Value SE
Richness 831.2 27.2 843.5 37.9 865.6 43.8

Supplementary material 1. Metagenomic sequencing summary statistics (waste water seasonal samples). Sequences and nucleotide
counts are total values, number of pairs is half of the shown values. Percent of reads sequence refer to the total amount of raw
reads, while the percent of sequences having a BLAST hit, or not, corresponds to the total number of assembled sequences (contigs
and singletons). Difference between the sequences assigned to known viruses and the sequences without a BLAST hit relates to
those sequences having a BLAST hit that has not passed all the filtering criteria for a valid species assignment.




Supplementary material 3.

Table 1.- Distribution of adenovirus types identified in wastewater sample.
The number of assigned OTU'’s, the number of 454 reads associated to
those taxonomic units and the % of representative sequences are
provided.

Adenovirus | GenBank Accesion

Adenoviridae member type number OTU'’s | 454 reads | % of sequences
Murine adenovirus 2 NC_014899 965 31440 59.41043084
Human adenovirus 41 HAdV-F DQ315364 655 15473 29.23847317
Simian adenovirus 48 HQ241818 384 1238 2.339380197
Human adenovirus type 51 HAdV-D DQ149642 248 864 1.632653061
Ovine adenovirus 6 DQ630759 268 677 1.279289494
Simian adenovirus 19 KP329565 158 500 0.944822373
Human adenovirus type 48 HAdV-D EF153473 48 382 0.721844293
Human adenovirus 40 HAdV-F 119443 119 342 0.646258503
Equine adenovirus 2 AEEHEXEND 103 318 0.600907029
Human adenovirus type 46 HAdV-D AY875648 34 260 0.491307634
Simian adenovirus 47 F1025929 112 250 0.472411187
Human adenovirus type 35 HAdV-B AY271307S 73 175 0.330687831
Simian adenovirus 38 F1025922 74 146 0.275888133
Bat adenovirus TIM GU226970 53 143 0.270219199
Simian adenovirus B KC693021 73 133 0.251322751
Human adenovirus 59 HAdV-D JF799911 70 118 0.22297808
Simian adenovirus 18 FJ025931 43 82 0.154950869
Human adenovirus type 19 HAdV-D DQ149618 23 63 0.119047619
Human adenovirus type 49 HAdV-D DQ393829 14 57 0.107709751
Human adenovirus 68 HAdV-B IN860678 8 36 0.068027211
Skunk adenovirus PB1 KP238322 21 28 0.052910053
Alpaca adenovirus GQ499375 21 28 0.052910053
Simian adenovirus 16 NC_028105 8 21 0.03968254
Human adenovirus type 43 HAdV-D DQ149636 2 16 0.030234316
Simian adenovirus 7 DQ792570 13 13 0.024565382
Simian adenovirus 42.3 F1025925 10 13 0.024565382
Simian adenovirus 21 AC_000010 5 11 0.020786092
Human adenovirus type 1 HAdV-C AF534906 4 9 0.017006803
Human adenovirus 54 HAdV-D AB333801 2 9 0.017006803




Murine adenovirus 3 NC_012584 8 8 0.015117158
Simian adenovirus 11 KP329562 8 8 0.015117158
Simian adenovirus 43 FJ025900 4 6 0.011337868
Human adenovirus 12 HAdV-A NC_001460 2 6 0.011337868
Simian adenovirus 13 NC_028103 5 5 0.009448224
Pigeon adenovirus 1 FN824512 4 5 0.009448224
Tree shrew adenovirus 1 AF258784 3 5 0.009448224
Human adenovirus type 31 HAdV-A AM749299 4 4 0.007558579
Turkey adenovirus 1 NC_ 014564 1 4 0.007558579
Cynomolgus adenovirus KT013209 3 3 0.005668934
Porcine adenovirus 5 AF289262 3 3 0.005668934
Simian adenovirus 40.2 FJ025926 2 3 0.005668934
Simian adenovirus 8 NC_028113 2 2 0.003779289
Human adenovirus 18 HAdV-A GU191019 2 2 0.003779289
Human adenovirus 52 HAdV-G DQ923122 2 2 0.003779289
Human adenovirus type 34 HAdV-B AY737797 2 2 0.003779289
Murine adenovirus A NC_000942 1 1 0.001889645
Simian adenovirus 46 FJ025930 1 1 0.001889645
Simian adenovirus 31.2 FJ025904 1 1 0.001889645
Fowl adenovirus 10 FAU26221 1 1 0.001889645
Human adenovirus type 20 HAdV-D DQ149619 1 1 0.001889645
Human adenovirus type 7 HAdV-B AC_000018 1 1 0.001889645
Porcine adenovirus 3 AB026117 1 1 0.001889645




Table 2.- Primers and conditions used for target enrichment assay for
HAdV hexon are expressed in the following table:

PCR G(_ene Primer ID Sequer)ce (5'- PCR Mix AmpI|f.|c.at|on
round (size) 3’) conditions
In a final volume of
GCCSCARTGGK | 5 ul containing 1x
Forward CNTA Gold buffer (Applied | o .
CATGCACAT Biosystems, Inc) at 50 dena}t/u ration
mM, MgCl2 25 mM,
at 942eC 30s,
0,1 mM of each .
1st 300 . annealing at
deoxynucleotide, 0,5 50°C 30s and
CARNACVCCN | )\ of each primer, exjtension "
Reverse CKRAT 1U Taq polymerase et
GTCAAA and 10ul of the -
concentrate
extraction
CCATCTCATCC
CTG
CGTGTCTCCGA | In a final volume of
Forward CTC 50 pl containing 1x
AGGCCSCART | Gold buffer (Applied 25 cycles of
2nd . .
(introduct GGKC Biosystems, Inc) at 50 | denaturation
ion of NTACATGCAC | mM, MgCI2 25 mM, at 949C 30s,
barcodes 360 AT 0,1 mM of each annealing at
CCTATCCCCTG | deoxynucleotide, 0,5 | 50°C 30s and
& key ) .
index) TGTG UM of each primer, extension at
CCTTGGCAGTC 1U Taqg polymerase 72°C 1min
Reverse TCAG and 3ul of product
CARNACVCCN from the first PCR
CKRAT

GTCAAA




Samples SMF1 SMF2 Ultra1 Ultra2
Sequences Nucleotides Sequences Nucleotides Sequences Nucleotides Sequences Nucleotides
MiSeq Raw READS 3,846,130 962,076,715 4,079,546 1,039,169,432 4,078,152 1,015,816,890 3,441,666 924,822,940
Clean READS
Pair-Ends 3,654,800 830,379,508 3,841,750 884,294,646 3,871,162 879,354,886 3,237,524 416,596,088
Single-Ends 176 40,654 998 238,833 170 40,190 136 32,184
Total 3,654,976 95.03% 3,842,748 94.20% 3,871,332 94.93% 3,237,660  94.07%
Assembly (Contigs)
Sequences 157,402 60,268,319 142,298 53,932,002 212,737 81,299,715 282,605 111,648,857
N50 391 386 387 396
Putative viral seqs 3,070 1.95% 2,017 1.42% 4,568 2.15% 5,629 1.99%
Seqgs without BLAST hit 147,950 135,870 199,878 265,817
Assembly (Singlets)
Sequences 3,372,435 3,509,087 3,466,437 2,663,042
Putative viral seqs 18,647 0.55% 10,744 0.31% 24,825 0.71% 27,803 1.04%
Seqs without BLAST hit 3,069,901 3,114,207 3,152,828 2,428,443
Estimated Value SE Estimated Value SE Estimated Value SE Estimated Value SE
Richness 755.8 23.6 541 18.9 1066.4 23.2 1318.5 27.6

Supplementary material 4. Metagenomic sequencing summary statistics (concentration methods comparison).
Sequences and nucleotide counts are total values, number of pairs is half of the shown values. Percent of reads
sequence refer to the total number of raw reads, while the percent of sequences having a BLAST hit, or not,
corresponds to the total number of assembled sequences (contigs and singletons). Difference between the
sequences assigned to known viruses and the sequences without a BLAST hit relates to those sequences having a
BLAST hit that has not passed all the filtering criteria for a valid species assignment.
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Article IV

4. Avaluaciéo amb técniques de metagenomica de la contaminacio
viral present a la superficie de plantes de julivert irrigades amb
aigua de riu contaminada fecalment.

Tenir accés a una quantitat d’aliments és una necessitat fonamental i un dret
huma. Aquest dret s’estén al fet de consumir aliments microbiologicament
segurs. Malgrat I'existéncia de normatives que vetllen per la qualitat dels
aliments consumits, de forma continuada apareixen brots associats al consum
d’aliments contaminats. Entre els principals agents etiologics responsables
d’aquests brots alimentaris cal destacar els virus, i en particular els norovirus

humans i els virus de I'hepatitis Ai E.

L"aplicacié de tecniques de seqlenciacié massiva en aliments per a I'estudi de
virus contaminants és un camp molt nou que ha estat poc explorat. En el present
estudi s’han aplicat tecniques de seqienciacid massiva sobre un concentrat viric
provinent de la superficie de plantes de julivert irrigades amb aigua de riu, que
té un cabal molt depenent dels efluents de les plantes depuradores d'aiglies que
hi ha a la conca, i que per tant, conté contaminacid fecal humana.
Simultaniament també es va analitzar la preséncia de virus a l'aigua de reg

utilitzada per regar els juliverts.

Importants especies viriques de les families Caliciviridae, Hepeviridae i
Picornaviridae van ser detectades a la superficie del vegetal. L'aigua de riu
utilitzada per regar les plantes de julivert també va ser analitzada mitjancant
tecniques de seqienciacid massiva, detectant-se membres de les families
Adenoviridae, Reoviridae, Picornaviridae i Astroviridae. En aquestes mostres,
també es van identificar seqtencies relacionades de forma llunyana amb les

families Picornaviridae i Hepeviridae.

191



Article IV

En aquest treball s’ha presentat un protocol amb alta sensibilitat per a I'estudi de
virus presents en aigua de reg i aliments, mitjancant tecniques de seqienciacio
massiva. No obstant, la deteccié de genomes virics en una mostra no representa
necessariament I'existéncia d’una amenaca per a la salut. Es requereixen més
estudis que permetin estimar la relacié entre la presencia de genomes amb el
risc d’infeccid. Les tecniques de metagenomica, tot i permetre la deteccid
simultania de multiples patogens en un Unic assaig, necessiten ser millorades per
al seu Us com a tecnica estandarditzada per I'analisi de virus en aliments, ja que
els virus patogens solen trobar-se a molt baixa concentracié en aquestes matrius.
Aquest estudi també ha posat de rellevancia problemes com la baixa proporcio
de sequéncies assignades a virus o la inclinacié de la tecnica a amplificar els
genomes relativament més abundants, que haurien de ser solucionats en futurs

estudis.
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ABSTRACT:

Microbial food-borne diseases are still frequently reported despite the
implementation of microbial quality legislation to improve food safety. Among all
the microbial agents, viruses are the most important causative agents of food-
borne outbreaks. The development and application of a new generation of
sequencing techniques to test for viral contaminants in fresh produce is an
unexplored field that allows for the study of the viral populations that might be
transmitted by the fecal-oral route through the consumption of contaminated
food. To advance this promising field, parsley was planted and grown under
controlled conditions and irrigated using contaminated river water. Viruses
polluting the irrigation water and the parsley leaves were studied by using
metagenomics. To address possible contamination due to sample manipulation,

library preparation, and other sources, parsley plants irrigated with nutritive
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solution were used as a negative control. In parallel, viruses present in the river
water used for plantirrigation were analyzed using the same methodology. It was
possible to assign viral taxons from 2.4 to 74.88% of the total reads sequenced
depending on the sample. Most of the viral reads detected in the river water were
related to the plant viral families Tymoviridae (66.13%) and Virgaviridae (14.45%)
and the phage viral families Myoviridae (5.70%), Siphoviridae (5.06%), and
Microviridae (2.89%). Less than 1% of the viral reads were related to viral families
that infect humans, including members of the Adenoviridae, Reoviridae,
Picornaviridae and Astroviridae families. On the surface of the parsley plants,
most of the viral reads that were detected were assigned to the Dicistroviridae
family (41.52%). Sequences related to important viral pathogens, such as the
hepatitis E virus, several picornaviruses from species A and B as well as human
sapoviruses and GIV noroviruses were detected. The high diversity of viral
sequences found in the parsley plants suggests that irrigation on fecally-tainted
food may have a role in the transmission of a wide diversity of viral families. This
finding reinforces the idea that the best way to avoid food-borne viral diseases is
to introduce good field irrigation and production practices. New strains have
been identified that are related to the Picornaviridae and distantly related to the
Hepeviridae family. However, the detection of a viral genome alone does not
necessarily indicate that there is a risk of infection or disease development. Thus,
further investigation is crucial for correlating the detection of viral metagenomes
in samples with the risk of infection. There is also an urgent need to develop new
methods to improve the sensitivity of current Next Generation Sequencing (NGS)

techniques in the food safety area.

Keywords: Food metagenomics, viral pathogens, food safety, Caliciviridae,

Picornaviridae, next generation sequencing
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1. Introduction

Food-borne diseases remain as a significant cause of illness worldwide, and
consumers are exposed to microbiological and chemical contaminants. From a
microbiological point of view, food can be a vehicle for protozoan, bacterial, viral,
and prion infections. Although most fecally excreted microorganisms cause
gastroenteritis or acute hepatitis, other pathologies such as meningitis,
myocarditis, and neurological disorders are also possible.

Food contamination can occur at several stages of food chain production, from
the irrigation and collection stages on farms to contamination during food
processing in industrial settings, during food preparation at a restaurant, or at
home. In high income countries, measures have been implemented to reduce the
risk of fecal contamination of water and food such as proper sewer pipeline
systems and hygienic measures during food handling, manufacturing, and
preparation. Countries use legislation to control the microbiological quality of
water and food, yet food-borne outbreaks are still reported frequently (Bernard
et al., 2014; Ethelberg et al., 2010).

Among all the food-borne etiological agents, viruses are the most important
causative agents of food-borne outbreaks (Painter et al., 2013). For example,
noroviruses are the leading cause of food-borne illnesses, accounting for 125
million cases per year (Kirk et al., 2015). The increase in fresh food consumption,
probably as a way for consumers to develop a healthier diet, has been linked to
an increase in viral food-borne outbreaks (Callejon et al., 2015; Kozak et al,,
2013). Coleman and co-workers (2013) noted that of the 127 outbreaks
associated with leafy greens in the United States from 2004-2008 in the area
where the pathogen was identified, 64% of cases were attributed to a viral

infectious agent such as noroviruses, sapoviruses, and hepatitis A virus. As
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mentioned, viruses can be accidentally introduced at different steps in food chain
production, and crop irrigation with fecally contaminated water is one of the
most critical points. Recently, Maunula et al. (2013) reported that 9.5% of
irrigation water samples used to water berries were positive for human
adenoviruses (HAdV), underlining the presence of fecal contamination.
Although there are laws to control the microbiological water quality, none of
them currently include specific viral parameters, and, therefore, water safety
monitoring relies only on the use of fecal indicator bacteria (FIB). The usefulness
of these laws for minimizing the viral presence in food matrices is unclear
because the FIB do not always correlate with the presence of viral pathogens,
and viruses are more resistant to water treatments than bacteria (Gerba et al.,
1979; Jiang, 2006; Marzouk, 1980; Pusch et al., 2005; Savichtcheva and Okabe,
2006)

While bacterial contamination in food has been widely reported, notifications
of viral outbreaks have been hampered in many cases by a lack of specific,
sensible, and standardized concentration/detection methods. These important
factors are mandatory for the inclusion of viral parameters in food legislation.
Recently, a standard ISO 15216-1:2017 was published for the concentration and
guantification of the two food-borne viruses hepatitis A virus (HAV) and human

noroviruses (HNoV) (https://www.iso.org/standard/65681.html), and qualitative

detection is in preparation (ISO/TS 15216-2:2013). The concentration methods
are limited by their low recoveries while detection and quantification methods,
which are usually based on RT-PCR or q(RT)PCR, are restricted to specific
targeted viruses. Many different pathogens may contaminate water and food
simultaneously, especially if fecally contaminated irrigation water is used on
fresh vegetables. The introduction of next generation sequencing (NGS)

techniques in the food safety field allows for the simultaneous analysis of
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diverse viral pathogens in a single assay. To date, NGS has been applied to study
the viral species that are present in all types of environmental and clinical
samples as follows: oceans (Hurwitz et al., 2013), lakes (Djikeng et al., 2009),
raw sewage (Cantalupo et al., 2011), reclaimed water (Rosario et al., 2009), and
infectious clinical samples with unknown etiological agents (Greninger et al.,
2015). However, the use of NGS in the food safety field has not been
exhaustively explored (Aw et al., 2016; Park et al., 2011; Zhang et al., 2014).

The focus of the present study is to provide more information on the
applicability of NGS techniques in the food safety field by studying viral
contamination in fresh vegetables, with parsley plants (Petroselinum crispum L)

that were irrigated with river water containing fecal contamination as the

model.

2. Materials and methods

2.1. River water samples

The Besos River (Sant Adria de Besos, Barcelona, Catalonia, Spain) is a river that
is 17.7 km long, and it displays irregular discharge due to the Mediterranean
climate. Along its path, the river collects the secondary effluent of 27 wastewater
treatment plants (WWTP) and ends in the Mediterranean Sea next to Barcelona.
Since the mid-1990, it has been subject to a recovery process to improve its water
quality. As a consequence of these efforts, the Besos River is being used as a
source of water to irrigate crops by some local farmers. Twenty liter river water
samples from the Besos River were collected in May 2014. Ten L of each river
sample was used to irrigate the parsley plants, and the remaining 10 L was used
to concentrate the viral particles to characterize the viruses that were present

through gPCR and NGS. After two weeks, the procedure was repeated and the
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river water was tested by gPCR. The river water samples collected for parsley

irrigation were kept in the dark at 4°C for 15 days and used to irrigate the plants.

2.2. River water viral particle concentration

The viruses that were present in the 10 L river water samples were concentrated
using skimmed milk organic flocculation. This method has a recovery efficiency
of 50% (20-95%) and it was applied as previously described by Calgua et al.
(2013). In brief, a suspension of skimmed milk was prepared by adding 10 g of
skimmed milk powder (Difco, Detroit, MI, USA) to 1 L of artificial seawater (Sigma-
Aldrich Chemie GMBH, Steinheim, Germany); the solution was then adjusted to
a pH of 3.5 using 1 N HCI to obtain a pre-flocculated 1% (w/v) skimmed milk
solution (PSM). At that moment, all the river water samples were adjusted to a
conductivity of 1.5 mS/cm? and acidified to a pH of 3.5 using 1 N HCI. Ten mL of
PSM was added to previously conditioned samples to obtain a final sample milk
concentration of 0.01%. After 8 h of stirring at room temperature, the flocs were
allowed to sediment by gravity for 8 h. The supernatant was carefully removed,
and the remaining sediment from approximately 500 mL of the solution was
centrifuged at 8000 x g for 30 min at 4°C. The pellets were suspended in 8 mL of
phosphate buffer (pH 7.5) and stored at-80°C until nucleic acid (NA) extractions
could be performed. The two viral concentrates are labeled as the Besos River

Water (BRW1 and BRW2) samples.

2.3. Parsley plant growth and irrigation

Parsley (Petroselinum crispum L) seeds were planted and cultivated in a climate

room at 22°C, 60% relative humidity, and light conditions equivalent to 110 pumol
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of photosynthetically active radiation (PAR) at the “Serveis de Camps
Experimentals” at the University of Barcelona. The seeds were irrigated using a
nutritive solution containing iron, nitrogen and phosphorus (Hoagland solution
50%). After 6 weeks, a total of 12 different parsley pots were moved to a
greenhouse from the same facility.

All 12 parsley pots were irrigated twice a week during the whole growth process
(from May to June) by using 4 L of the same nutritive Hoagland solution. This
irrigation procedure was performed by inundating the tray containing the parsley
pots, and thus the parsley leaves were not washed. Half of the 12 pots were
irrigated daily, in addition to receiving nutritive solution, by spraying the leaves
with 15 mL of Besos river water. These samples were labeled as Besos River
Parsley (BRP).

In the same way, the remaining pots were used as a Negative Control Parsley
group (NCP), and they were irrigated daily by spraying 15 mL of the same nutritive
solution that was used for irrigation, but by inundation, into both the control and
test pots. The negative control was used as a blank sample to identify viral
sequences that could be naturally present in the parsley plants or due to other
external factors (greenhouse, irrigation nutritive solution, facility users,
manipulation, reagent contaminants or equipment).

Two weeks later, a fresh BRW sample was collected to continue the irrigation
process for another 15 days. At the end of the study, both plant groups were
irrigated with 450 mL of river water or control nutritive solution water. After one
month of daily irrigation, 25 g of parsley leaves from NCP and BRP were hand-cut
by investigators who were wearing sterile gloves, and the leaves were placed in
sterile bags (BagPage® filter-bag, Interscience, France). The samples were kept at

4°C for less than 48 h until the concentration method was applied.
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2.4. Viral concentration from plants

Twenty-five grams of NCP and BRP were washed in a sterile filter-bag with 50 mL
of glycine buffer (pH of 9.5, 0.25 N) for 40 minutes using a stomacher. Afterwards,
the sample pH was adjusted to 7.0 (+0.2) by using HCl 0.1 N. To remove the
bacteria and other suspended organic material, the samples were centrifuged at
8000 x g for 10 minutes at 4°C. The supernatant was carefully collected without
disturbing the pellet and ultracentrifuged at 90,000 x g for 1 h. The supernatant
was discarded and the pellet was suspended in a final volume of 500 ul of
phosphate buffer (pH 7.5). Viral concentrates were stored at-80°C until further

analysis.

2.5. Nucleic acid extraction, library preparation, and sequencing

Volumes of NCP, BRP, BRW1 and BRW?2 viral concentrates were treated with 156
units of Turbo DNAse (cat n2 AM1907, Ambion,Lithuania) for 1 h at 37°C to
remove free DNA prior to nucleic acid extraction, and 280 ul of the treated DNAse
viral concentrate was extracted using the QlAamp°‘Viral RNA Mini Kit from
QIAGEN (Qiagen, Valencia, CA, USA). The nucleic acids (NA) were eluted in 60 pl
according to the manufacturer’s instructions, and they were stored at-80 °C for
further analysis. To enable the detection of both DNA and RNA viruses, the total
NAs were reverse-transcribed as previously described in Wang et al. (2002 and
2003). In short, SuperScript Il (Life Technologies, California, USA) was used to
retrotranscribe RNA to cDNA with primerA (5'-
GTTTCCCAGTCACGATCNNNNNNNNN-3’). Second strand cDNA and DNA were
constructed with the primer sequences using Sequenase 2.0 (USB/Affymetrix,

Cleveland, OH, USA). A PCR amplification with AmpliTagGold (Life Technologies,
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Austin, Texax, USA) was performed using primerB (5'-GTTTCCCAGTCACGATC-3')
with 20-30 cycles; this step was run in duplicate. The PCR products were purified
and eluted in 15 ul using a Zymo DNA clean and concentrator (cat n2 D4013, Zymo
Research, USA) to yield enough DNA for the library preparation. NGS sequencing
was performed by SGB-UAB, Barcelona. Amplified DNA samples were quantified
by Qubit 2.0 (Life Technologies, Oregon, USA) and libraries were constructed
using a Nextera XT DNA sample preparation kit (Illumina Inc) in accordance with
the manufacturer’s instructions. The samples were sequenced on an lllumina
MiSeq 2x300 in base-pair paired end format. Raw read sequences for the four
analysed samples were made publicly available
at NCBI Sequence Read Archive database (NCBI-SRA), under the PRINA381682

bioproject.

2.6. Determination of the level of human fecal contamination in river water by

HAdV gPCR

To evaluate the level of human fecal contamination in the Besos river water,
specific real-time qPCR assays for human adenovirus were performed with
TagMan® Environmental Master Mix 2.0 (Life Technologies, Foster City, CA,
USA). Real-time primers and probes for HAdV were described in (Bofill-Mas et
al., 2006; Hernroth et al., 2002). An MX3000Pro qPCR sequence detector

system (Stratagene, La Jolla, CA, USA) was used to quantify the HAdV.

2.7. Bioinformatic analyses

The quality of the raw and clean read sequences was assessed using FASTX-Toolkit

software, version 0.0.14 (Hannon Lab, http://www.hannonlab.org). The read
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sequences were cleaned by Trimmomatic version 0.32 (Bolger et al., 2014), while
attending to the sequencing adaptors and linker contamination. Low quality ends
were trimmed by using an average threshold Phred score above Q15 over a
running-window of 4 nucleotides. Low complexity sequences, which were mostly
biased to repetitive sequences that would affect the performance of downstream
procedures in the computational protocol, were then discarded after estimating
a linear model based on Trifonov's linguistic complexity (Sarma et al., 1990) and
the sequence string compression ratio. The discrimination criteria for that linear
model assumes low complexity scores below a line with a 452 slope and it crosses
at 5% below the complexity inflexion point found by the model, which is specific
to each sequence set. Finally, duplicated reads were removed in a subsequent

step to speed up the downstream assembly.

Assemblies were obtained using Velvet (Zerbino and Birney, 2008) and Meta-
Velvet tools (Namiki et al., 2012) versions 1.2.10 and 1.2.02, respectively.
Afterwards, the contigs and singletons longer than 100 bp were queried for
sequence similarity using NCBI-BLASTN and NCBI-BLASTX (Altschul et al., 1997,
1990) against the NCBI viral complete genome database (Brister et al. 2015), the
viral division from the GenBank nucleotide database (Benson et al., 2015), and
viral proteins from UniProt (UniProt Consortium 2015,

ftp://ftp.uniprot.org/pub/databases/uniprot/current release). The species

nomenclature and classification were assigned according to the NCBI Taxonomy
database standards and the basic Baltimore classification. The HSPs considered
for taxonomic assessment must have an E-value that is lower than 10° and a
minimum length of 100 bp. On the basis of the best BLAST results and a 90%
coverage cutoff, the sequences were classified into their likely taxonomic groups

of origin. Contigs and singletons with viral taxonomic assignments were
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scaffolded by using the Geneious software assembler (Geneious 9, Kearse et al.
2012). The scaffolded sequences were subsequently mapped using the Geneious
mapper tool. Phylogenetic trees were constructed, also using Geneious software

and a neighbor-joining method with 1,000 bootstrap replicates was chosen.

2.8. Richness

Tables summarizing the number of sequences from the assembly matching of
each taxonomic unit were built. From those tables, the richness ratios were
calculated with CatchAll software, version 4.0 (Allen et al., 2013). Among all the
models included in the package, the Chaol non-parametric model was chosen,

which was the one that provided the best results about the datasets.

3. Results

3.1. Mi-Seq sequence output

Parsley that was irrigated with river water was assayed using 20 (BRP20) and 30
amplification cycles (BRP30). The 20 and 30 river irrigated parsley samples, the
parsley negative control and the river water samples (BRP20, BRP30, NCP, BRW1
and BRW2) were sequenced in a Mi-Seq lllumina device, producing 1,192,716,
6,677,622, 8,067,728, 5,426,788 and 2,476,054 raw reads, respectively. A sum-
mary of the bioinformatics filtering and assembly of the reads can be found on
Table 1 (data for BRP30 not shown, as explained on next section). Total number
of sequences having at least an homology hit to a viral sequence from the distinct
databases after BLAST searches, as well as the total viral species and families
from which each sample richness score was estimated are also listed on that ta-

ble. Only a small amount of sequences were taxonomically assigned to known



297
298
299
300

301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322

viruses, except for the NCP sample where most of the hits accounted for viruses
infecting aphids parasiting the leaves. In this case, despite having much more

reads from the sequencing experiment, the taxonomic complexity was lower an-

yway.

3.2.Estimating the viral diversity by using CatchAll

The estimated total richness ratios for the BRP20 and BRP30 samples were 255.6
(#34.7 s.d.) and 171.8 (#40.9 s.d.), respectively. The higher estimated viral
richness obtained in BRP20 (20 cycle amplification) over BRP30 (30 cycles
amplification) is consistent with the observed higher diversity of the detected
viral species. It has been described that number of cycles can introduce biases on
sequence representation as an effect of the exponential amplification of the PCR
over content specific nucleotide sequences (Kebschull and Zador, 2015). For this
reason, all further analyses were conducted only taking into account BRP20.

The resulting richness ratios for NCP, BRW1, and BRW2 were 130.3 (+34.7 s.d.)
and 632.4 (#44.4 s.d.) and 923.5 (£70.9 s.d.), respectively. The richness value
obtained from the river water is about 3 to 4 times greater than that obtained for
the other two samples. This finding reflects a higher diversity in the viral
population that was present in a more complex ecosystem, such as river water,
which is heavily impacted by human activity. As expected, the NCP richness was

lower than that of BRP, which was irrigated using BRW.
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3.3. Identification of human and animal viruses in river water samples used for

irrigation (BRW)

River water samples from the Besods River contained human viral fecal
contamination, as shown by the finding that both samples were positive by qPCR
for Human Adenovirus (HAdV) with low concentration 1.2x10** GC/L and
5.62x10*2 GC/L, respectively. Parsley irrigated with Bésos River water was qPCR-
positive for HAdV, also with low concentration 7.2x10*' CG/25g. Interestingly,
only the BRW2 presented reads assigned to Adenoviridae family, specifically to
HAdV41 (HAdV-F). Plant-infecting ssRNA+ viruses from the Tymoviridae,
Virgaviridae, and Alphaflexiviridae families were found. These plant viral families
accounted for a 66.13%, 14.45%, and 1.11% of the viral reads, respectively. The
primary phage sequences found in the river water were annotated as Myoviridae,
Siphoviridae, Podoviridae, and dsDNA Microviridae families, accounting for
5.70%, 5.06%, 3.69% and 2.88% of the viral reads, respectively. The human and
potentially zoonotic viruses found here are summarized in Table 2. By applying
the described metagenomics approach, up to 26 different viral families were
identified in river water used for irrigation. Among the pathogenic and potentially
pathogenic viruses, members of the Astroviridae, Adenoviridae, Reoviridae,
Picobirnaviridae, Picornaviridae and Parvoviridae families were detected.
Although important pathogenic viruses were detected using the metagenomics
procedure, the sum of all the reads from all the putative pathogenic families did

not reach the 1% of viral reads for the sample.
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3.3.1ssRNA+ viruses detected from Picornaviridae, Astroviridae and Hepeviridae families
in BRW

Human pathogenic viruses within the Picornaviridae family, such as Aichi virus
species, were found to have high identities (94.4%). Compared to reference
strains several sequences presented low identity scores and high coverage
(>99%); been distantly related to the recently described Ampivirus genus
(NC_027214.1) and were detected in the BRW1. The BLASTx sequences matched
up to 80% of the identity of putative RHV-like sequences in the ampivirus species
of the Picornaviridae family, suggesting that these detected viral sequences could
represent a new viral species within the same genus. Furthermore, sequences of
159 and 206 base pairs resembling rodent hepatovirus and bat picornavirus were
detected, revealing shared identities of 77 and 79%, respectively.

Several sequences that were distantly related to the Hepeviridae family were
detected in Besos river water. A total of 4 sequences with lengths ranging from
242 to 636 nucleotides showed a distant relation to a sequence from a newly
suggested virus named tentatively hepelivirus (accession AFR11847) according to
a BLASTx against the entire GenBank database. All the translated reads were
distantly aligned to the RdRp region of this new proposed virus with identities
ranging from 39.3 to 42.2% and query coverage from 54.43 to 100%. A translated
sequence from the read with query coverage of 100% was used to construct a
phylogenetic tree, together with reference to Hepeviridae GenBank entries
covering the RdRp region (Figure 1). Within the Hepeviridae family, the sequence
detected in river water shares its closest common ancestor with Hepelivirus,
which was recently described in a sewage sample from Nepal. Both sequences
seem to have diverged from species within the Orthohepevirus genus and are
closer to the recently characterized Piscihepevirus. Sequences belonging to the

Astroviridae species Mamastrovirus 1 were detected in river water that was used
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for irrigation, with nucleotide identities ranging from 92.6% to 97.4%. Most of
the resulting sequence reads had a hit with the serine protease that is encoded
in the genome of this viral family, showing high identities at the amino acid level

(>90%).

3.3.2 ssDNA viruses detected in from families Parvoviridae and Circoviridae in

BRW

The ssDNA viral reads assigned to the Parvoviridae family represented 0.067% of
the total viral sequences. Most of the viral reads associated with this family are
sequences that share a high amount of their identity with several densoviruses.
Those species infect a wide range of hosts including cockroaches, mosquitoes,
and ants, among other. However, some of the sequences presented a
heterogeneous degree of identity with viruses that infect mammals (swine, rats,
and mice) and with several adeno-associated parvoviruses that infect humans
(84-100%). ssDNA viral reads matching the Circoviridae family made up 0.07% of
the viral sequences. Most of the reads associated with this family presented a
high identity with several circoviral sequences that were previously described in

porcine stool, birds, insects and sewage.

3.3.3. dsRNA viruses of Reoviridae, Picobirnaviridae families detected in BRW

Human Rotaviruses from species A were detected only in BRW2 sharing higher
identities (99-100%) whereas BRW1 had no reads taxonomically assigned to the
family Reoviridae.

Sequences that were remotely homologous to the double-stranded RNA human

picobirnaviruses were detected. These sequences displayed proteins similar to
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the RNA-dependant RNA polymerase (RdRp) region of the human
picobirnaviruses, showing identities ranging from 60 to 90%. Some reads hit the

capsid viral protein and ORF3 of human picobirnaviruses.

3.4. Identification of human and animal viruses in parsley plants irrigated with con-

trol water (NCP)

NCP was used as a negative control to discard the sequences that were already
present in the plants or introduced due to external factors. Despite the higher
number of viral sequences obtained (7.50%) in comparison with the sequences
from BRW (2.41%), none of them matched the pathogenic enteric viruses. Most
of the taxonomically assigned sequences from this sample were classified as the
dsDNA phage families Podoviridae (32.09%) and Siphoviridae (0.09%), whereas
the majority of ssRNA+ viral sequences (57%) were related to the insect virus

Dicistroviridae family.

3.5. Identification of human and animal viruses in parsley plants irrigated with river

water samples (BRP)

Viral concentrates from the BRP contained viruses from 18 different families.
Despite the low MiSeq output (596,358 raw reads), members of the families
Astroviridae, Caliciviridae,  Flaviviridae, Hepeviridae, Parvoviridae, and
Picornaviridae, which included several viral pathogenic species, were detected.
The Dicistroviridae family of insect viruses accounts for the majority of reads
(41.52%). Among bacteriophages, the Podoviridae family are the most abundant,
accounting for 14.06% of the total viral reads. Candidate sequences for the plant

viral families Tymoviridae (0.19%) and Virgaviridae (0.13%) as well as the viral
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phages families Inoviridae (1.77%) and Siphoviridae (0.19%) were also found. A

more detailed list of human viral families is summarized in Table 3.

3.5.1. ssRNA+ viruses from the Picornaviridae, Caliciviridae, Hepeviridae and

Flaviviridae families detected in BRP

The majority of human pathogenic viral reads from BRP were assigned to the
Picornaviridae family (0.035% total reads from sample) and several enteroviruses
from species A and B were detected. For enterovirus species A, most of the reads
were similar to the reads for coxsackievirus A6 (CV-A6), coxsackievirus A10 (CV-
A10), and coxsackievirus Al16 (CV-A16). After scaffolding almost the entire
genome, CV-A16 was recovered. Enterovirus species B reads displayed matches
up with echovirus E6 and enteroviruses B4 and B5.

Viral sequences related to the ssRNA+ Caliciviridae family were identified and
taxonomically assigned to human sapovirus Gl and norovirus genogroup IV. The
sapovirus reads were scaffolded with Geneious software. A contig of 1592 base
pairs covering the RdRp/VP1 junction was found to be closely related to Gl.2
sapoviruses, sharing 96% of the identity of GenBank accession AB614356.

Four sequences presented identities above 98% with norovirus GIV. One out of 4
NoVGIV sequences recovered here shared 100% of its nucleotide identity with
the VP1 region (GenBank accession LC150859).

Within the Hepeviridae family, several sequences related to hepatitis E genotype
3 ranging from 154 to 548 base pairs long were detected in the parsley leaves.
Those sequences matched up with variable identities at nucleotide levels ranging
from 86% to 98%. A phylogenetic tree including the proposed HEV reference
strains in Smith et al. (2016) was constructed. The HEV contig was sequenced

from parsley leaves clusters and shown to have HEV genotype Il sub genotype f
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(data not shown). A sequence of 448 nucleotides that were taxonomically
assigned to this family was detected by BLASTX. This sequence had a low amino
acid identity match with the RARP domain from the Hepatitis E virus (34% amino
acid identity, 80% coverage, Accession ANJ02846). The retrieved sequence
contains an FKGDDS domain as well, which is commonly present in other
Hepeviridae family members. The sequence was aligned with other
representative sequences within the Hepeviridae family, including the recently
described strain Hepelivirus a sequence from sewage collected in Nepal. The
phylogenetic tree suggests that the RdRp region from this putative Hepeviridae
sequence that was detected on the parsley surface would be closer to the
Hepelivirus sequence detected in sewage (Figure 1).

The ssRNA+ viral species GBV-C virus from the Flaviviridae family were also
reported. These detected sequences had an identity between 84.7 and 94% at
the nucleotide level, and they covered several regions of the GBV-C virus

including the E1 and E2 proteins, helicase, NS3, and NS5A domains.

3.5.2. Members of ssDNA viral families Parvoviridae, Anelloviridae and Circovir-

idae detected in BRP

The ssDNA viral reads belonging to the Parvoviridae family represented 0.016%
of the total viral sequences. Most of the reads were associated with human
bocavirus. A large contig of 1,287 base pairs aligned with human bocavirus 2
(HBoV-2) (99.1% identity, 100% coverage). This region matches more than half of
ORF3, a region that encodes the VP1 and VP2 viral capsid proteins. Only two
reads of 99 and 451 base pairs match the densovirus.

Sequences related to the ssDNA viral Anelloviridae family are highly prevalent,
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accounting for 35.10% of the total reads from the samples. A variety of sequences
related to Torque teno minivirus (from TTMV 1 to 9), Torque teno midi virus (from
TTMDV 1 and 2) and Torque teno virus (TTV2, 3, 18 and 19) were found. The most
prevalent species were TTMVs 4, 5 and 8.

4. Discussion

In this manuscript, NGS techniques were applied using viral Metagenomics within
the food safety field. River water contaminated with human faeces was used to
irrigate parsley as a plant model. To our knowledge, only two studies using NGS
techniques in the field of food safety have been published, with one on meat and
another one on lettuce (Aw et al., 2016; Zhang et al., 2014), and many questions
and technical improvement are still pending. In this study, a high diversity of
viruses including pathogens has been identified in water and more importantly
on the surface of vegetables. Contaminated parsley could present a risk to the
population, and it could represent a source for different viral diseases such as
hepatitis and gastroenteritis due to the presence of viral genomes from hepatitis
E virus, sapoviruses, and several enteroviruses that are transmissible by the fecal-
oral route.

BRW contains human viral fecal contamination as shown by the positive HAdV
gPCR results and the results obtained by NGS. HAdV has been widely used as a
fecal marker of human viruses as reviewed in Bofill-Mas et al. (2013). Therefore,
the Besos river water was appropriate for this simulation assay as representative
irrigation water with human viral fecal contamination that could be used for crop
irrigation. Despite the positive HAdV gPCR results, although with low
concentration of adenovirus, for the two river water types collected here
(1.2x10*2 GC/L and 5.62x10*? GC/L) and at the parsley surface (7.2x10' GC/25g),

only HAdV41 sequences were detected in BRW2 by using untargeted
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metagenomics. Viral metagenomics is usually limited by the quantities of
DNA/RNA of viral origin that are present in the tested samples. Therefore, after
the RT and sequenase reactions, a PCR-based random amplification method
(SISPA) is used to obtain enough DNA for library preparation. This PCR step might
introduce bias by amplifying the most abundant genomes and producing %GC
bias (Duhaime et al., 2012). Less abundant genomes might not be sequenced or
may be underrepresented (Karlsson et al., 2013). A balance between the number
of cycle amplifications and DNA concentrations for library preparation must be
achieved. The application of a higher number of PCR cycles produced higher DNA
concentrations for library preparation but decreased the estimated viral richness
of the river water-irrigated parsley, as in BRP30(data not shown). For these
reasons, metagenomes cannot be interpreted quantitatively but only as a relative
abundance of species for comparison. The detection of low numbers of DNA
viruses, such as Human Adenovirus, whose presence has been quantified in River
water and Parsley leaves by gPCR and have only been detected by metagenomics
in one river water sample, arises a sensibility question regarding metagenomics
applied to food safety. This point is especially important due to the fact that
viruses are present in food and environmental samples In low concentration,
many times close to the LODs and LOQs of PCR and (RT)gPCR systems to detect
them. To reduce this possible lack of sensitivity of viral metagenomics
targeted/capture sequence NGS could be a more suitable approach to be applied
as a tool to detect all diverse viral strains in one specific group of viruses in food
and drinking water. As sequencing costs are dramatically diminishing with the
novel high-throughput technologies, this kind of approaches will be affordable to
run periodic controls and to check potential risks in real time in the near future.
Noroviruses from Gl and Gll are abundantly found in fecally contaminated water

but were neither detected in vegetal produce nor in the river water tested. The
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absence of these pathogens can be explained by their seasonality (Haramoto et
al., 2006; Nordgren et al., 2009) and, probably, by the low titer of these viruses
during the period of the year when the study was conducted (May). Other dsRNA
viruses from the family Picobirnaviridae were detected in tested samples.
Therefore, according to our results, there is no data that clearly indicate a bias
for rotaviruses or other viruses not detected, and the absence of these virus
might be related to a lower relative abundance compared to other viral species
present.

Other factors that might affect the detected viral sequence diversity can be the
different efficiencies of the given concentration methods and the representative
sample volume tested for each matrix as well as the inactivation and degradation
of viral genomes during crop production.

Despite this, the results presented in this work support the use of a viral
Metagenomics approach for a general assessment of viral contaminants present
in food matrices by using a single assay. Taking into account all the samples,
viruses were assigned to more than 34 different families. Important viral
pathogens belonging to the families Astroviridae, Adenoviridae, Reoviridae,
Caliciviridae, Circoviridae, Hepeviridae, Picornaviridae, and Parvoviridae have
been detected.

The parsley that was irrigated with river water shows a very high diversity of viral
strains, and more pathogenic viruses were detected in parsley than in river water.
This finding could be related to a lower background of DNA/RNA input in the
sample and potentially high absorption or stability capabilities for some viral
species at the vegetable surface. Two different concentration protocols have
been used to concentrate viral particles due to the different nature of matrices
tested. The viral concentration method used for parsley leaves is based on elution

using glycine at basic pH and ultracentrifugation whereas the concentration from
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river samples was done by using SMF. Although the recovery efficiency of both
methods have showed to be equivalent for viral indicators, the impact of different
concentration and extraction methods might have played a role as proven to
occur in sewage on the context of metagenomics sequencing (Hjelmsg et al.,
2017). Parsley that was irrigated with a nutritive solution and used as a negative
control showed an expected absence of viruses associated with fecal
contamination.

Human astrovirus (HAstV) is suspected to be involved in 0.5 to 15% of all acute
diarrhea outbreaks in children, representing the third-most common cause of
this pathology within that age segment (Bosch et al., 2014). In the present study,
all the HAstV-related sequences were only detected in BRW and were assigned
to the genus Mamastrovirus, species MAstV-1. The involvement of HAstV in
foodborne outbreaks has also been documented (Oishi et al., 1994), but its
occurrence seems to be of lower importance compared to the number of
outbreaks caused by NoV. As an example, the CDC’s Foodborne Disease Outbreak
Surveillance System database (FOOD Tool -
https://wwwn.cdc.gov/foodborneoutbreaks) has reported only 2 outbreaks
involving Astroviruses since 1998. The importance of HAstV might be
underestimated due that in sporadic gastroenteritis cases the etiological agent is
not investigated.

The Caliciviridae viral family has been detected in the parsley plants. This family
contains 5 different genera including Sapovirus and Norovirus, and they are
known as human caliciviruses. Noroviruses (NoV) are the leading cause of food-
borne disease outbreaks worldwide (Koo et al.,, 2010) whereas human
sapoviruses (HSaV) are increasingly recognized as a food-borne outbreak
etiological agent (Kobayashi et al., 2012; Yamashita et al., 2010); it became the

third-most common cause of viral gastroenteritis after NoVs and rotavirus in
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Osaka, Japan (Iritani et al., 2016). Human gastroenteritis is primarily caused by
the specific genotype NoV Gll.4 ( Verhoef et al., 2015). Other minority HNoV
species, such as GIV NoV (which are not commonly included in environmental or
food safety studies) were detected in the parsley leaves. NoV GIV food-borne
outbreaks have rarely been reported, but the association of this virus with human
pathology has been shown (Ao et al., 2014). The availability of environmental
NoV GIV information is scarce; therefore, information about the seasonality of
the virus is not clear. The presence of norovirus in fresh vegetables is a matter
of concern with respect to the norovirus genogroup, and more data regarding
NoV GIV seasonality and epidemiology is needed.

Human sapoviruses (HSaV) belonging to Gl, Gll, and GV were detected. Most of
the sequences were assigned to HSaV Gl.2, which is considered a minor
genogroup with very few outbreaks reported (lwakiri et al., 2009). However, an
increase in the number of outbreaks ligated to HSaV Gl.2 has been observed in
recent years (Lee et al., 2012; Svraka et al., 2010;).

Interesting results have been obtained for the Hepeviridae family. Within the
Orthohepevirus genus, there are 4 classical Hepatitis E virus (HEV) genotypes that
can infect several avian and mammal hosts. Genotypes 1 and 2 have only been
detected in humans while genotypes 3 and 4 are considered zoonotic, being that
pigs, wild boars, and deer are the main reservoirs (Legrand-Abravanel et al.,,
2009). HEV is an emerging virus that is transmitted through the fecal-oral route
and causes hepatitis. To our knowledge, HEV Food-borne outbreaks have been
linked to the consumption of contaminated meat (Li et al., 2005; Yazaki et al.,
2003) but no single outbreak has been linked to the consumption of fresh
vegetables yet. However, Kokkinos et al. (2012), who studied the prevalence of
HEV in leafy green irrigation water and in point-of-sale lettuce, have found the

virus in 1 out of 20 (5,0%) and 4 out of 125 (3,2%) of the tested samples,
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respectively. HEV-3 has been detected in the parsley; this is a potentially zoonotic
HEV strain, and its finding is consistent with the results of Kokkinos et al., which
suggests that vegetables could represent a potential vehicle of transmission for
HEV. In Spain, HEV-3 in the clade of subtype 3f strains have been detected in most
autochthonous human cases (Fogeda et al., 2009) and in pigs, including HEV
cases associated to pork meat consumption (Riveiro-Barciela et al., 2015). In this
study, several sequences that are distantly related to the RdRp from genus
orthohepevirus and closely related to hepeliviruses found in sewage from Nepal
have been detected (Ng et al., 2012). This result shows how little actual
knowledge there is about the Hepeviridae family, but it will surely be expanded
with the application of NGS techniques to different samples. However, the role
and importance of these viral sequences as a food-borne agent have yet to be
fully understood.

Different viruses in the Picornaviridae family have been detected in river water
and parsley. Picornaviridae is a family grouping of more than 30 different genera
of ssRNA+ viruses that infect vertebrates and includes historically important
human pathogens, such as hepatitis A virus (HAV), enteroviruses (EV), and
poliovirus. They are very stable in the environment, and several waterborne and
foodborne outbreaks have been reported in this taxon (Severi et al., 2015). Aichi
virus (AiV), which has been detected in river water, is a viral specie within genus
Kobuvirus related to gastroenteritis (Yamashita et al., 1991). Recent studies have
shown that AiV may co-infect with other enteric viruses (Rdasanen et al., 2010).
Different Enteroviruses (EV) from species A and B were detected in parsley
surface. An increase in enterovirus outbreaks has been reported recently by
emerging recombinant EV strains (Holm-Hansen et al., 2016; Zhang et al., 2010).
Nearly the entire genome of CV-A16, an emerging enterovirus genotype from

species A which is related to hand, foot, and mouth disease (HFMD), was
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sequenced. Although EV can be transmitted person-to-person, the EV from these
species have been linked to water-borne (Beller et al., 1997; Hafliger et al., 2000)
and food-borne outbreaks (Le Guyader et al., 2008).

Closely related animal Picornaviruses sequences with low nucleotide identity to
Ampivirus (Reuter et al., 2015), a new genus infecting amphibians, and with rat
hepatovirus (Drexler et al., 2015), a proposed ancestral virus with a putative
common origin with HAV, have been detected.

Currently, several new picornaviruses have been discovered with the introduction
of NGS technologies to virology (Holtz et al., 2009; Ng et al., 2015). The low
shared identities for the sequences found in this study suggest that more
members of the Picornaviridae family will be discovered in the years to come.
Other viral sequences detected in the parsley or irrigation water used and whose
transmission route through fecally contaminated water or food is not fully
understood were detected. Those families include the GBV-C virus from the
Flaviviridae family, sequences remotely close to Human Picobirnaviruses, and
several ssDNA viruses from the families Parvoviridae, Circoviridae and
Anelloviridae. Those viruses are known to infect human although their
association with disease is unknown.

Several sequences that were taxonomically assigned to Dicsitroviridae family
aligned with the Aphid lethal paralysis virus (ALPV). The presence of greenflies in
the greenhouse area could explain their high abundance. Plant viruses from
Virgaviridae and Tymoviridae families as well as bacteriophages from the
Siphoviridae, Podoviridae, Microviridae and Inoviridae families were detected.
The quantities of plant and bacteriophage viruses matching our read sequences
were expected because previous environmental studies already highlighted their
high concentrations (Cantalupo et al., 2011; Ng et al., 2012).

Recently, some authors have described the ability of lettuce to internalize viral
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particles belonging to the Caliciviridae family (DiCaprio et al., 2015a, 2015b;
Esseili et al., 2012b), which suggests the possibility that infectious viruses may
not only be found on food surfaces. Also the risk of infection through the
consumption of internalized NoV has been quantified using QMRA approaches
(Sales-Ortells et al., 2015). Present study has only evaluated viruses attached at
leaves surfaces. Future studies should gaze at this internalization scenario to
evaluate viral risk of infection through internalized viruses.

Finally, it is remarkable that the Metagenomics approach facilitates the capture
and assignment of a wide diversity of DNA/RNA viruses from a particular sample
in a single assay. In the present work, several viral species, the transmission
routes of which are not yet fully understood, have been detected in food or in
river water used for irrigation. Viral persistence has been associated with specific
and non-specific attachment to carbohydrate moieties (Esseili et al., 2012a). This
association has been described for human NoV VLPs, which are bound with
different strengths to the extracts of different plants including coriander, iceberg
lettuce, spinach, or romaine lettuce (DiCaprio et al.,, 2015b). Data involving
parsley extracts or extending to other viral models that were different from
caliciviruses have not been published to date.

Once viral genomic sequences have been detected, the question whether those
viruses represent a risk arises. The sole presence of viral genomes in food does
not necessarily represent a biological hazard, as natural inactivation processes
may occur during food harvesting. More specific studies on differences in the
attachment, stability and potential internalization of viruses should be
conducted. These data might be useful when evaluating the risk associated to the

consumption of food containing viral genomes.
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5. Conclusions

A protocol with a high sensitivity for pathogenic viruses present on the surface
of fresh vegetables has been described.

The application of viral Metagenomics to water and food safety surveillance is a
useful tool for investigating, within a single assay, the potential risk associated
to presence of viral pathogens in irrigation river water and vegetable food ma-
trices.

New viral sequences related to the Hepeviridae and Picornaviridae families,
which may represent new variants/genera within those families, have been de-
tected. These sequences indicate the merit of further studies.

Viral pathogens can represent a threat at low concentrations; thus, high sensi-
tivity to detect low number of viral pathogens is critical for water and food
safety. Biases related to the relative viral abundance, the difficulty of obtaining
viral concentrates from food and water samples, and the limited availability of
viral sequences in public databases are among the problems that remain to be
solved. The NGS sequencing output has to be carefully analyzed downstream
later on, to improve the taxonomic classification of more robust assemblies.
New standardized protocols that will be adjusted to the uniqueness of specific
food matrices with the aim of addressing all the aforementioned points are
needed to introduce Metagenomics effectively to the water and food safety

fields.
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Fig. 1. Phylogenetic analysis of the partial RdRp region for known Hepelivirus and Hepeviridae families,
including the River and Parsley surface sequences. A) It is evident that both novel sequence candidates cluster
together, and closer to Hepelivirus rather than to Hepeviridae family. Phylogenetic tree was built with Geneious
software using Jukes-Cantor model, and clustering method was Neighbor-joining with 1000 bootstrap
replicates. Two different scores were included over the branches: bootstrap scores in blue, phylogenetic
distances in black. B) The phylogenetic tree was generated from the conserved positions of the RdRp region
(204aa), which are shown on this alignment summary produced by Geneious software with default parameters.
Sequence accession numbers from GenBank were also annotated with the labels used in the above tree figure.
Colors in the alignment correspond to distinct amino acids.
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Table 2. BLASTN statistics for human/animal viruses found using metagenomics in Besos River Water samples.

Blast output statistics

N . . # related il 1 - "
Sample Viral family Viral specie . Larger contig nucleotide | Average query coverage Match GenBank
sequences contig length . . .
identity (%) (%) accession number
Adenoviridae HAdV-41 2 220 100% 100% KY316164
Astroviridae 5 374 94% 99% KF039911
Caliciviridae 2 221 74% 93% KJ473715
. L 2 304 98% 100% KJ663813
Picobirnaviridae Porcine Picobirnavirus 2 360 33% 2% HM070240
Reoviridae Human Rotavirus A 6 296 99% 100% KU048625
Aichi virus 4 385 95% 100% GQ927712
Ampivirus 7 716 74% 99% KP770140
Picornaviridae Bat picornavirus 1 206 77% 87% HQ595341
Rat hun us 1 394 91% 100% KT944214
Rodent hepatovirus 2 159 80% 99% KT452641
. Kilham rat virus 1 204 79% 80% AF321230
River water - " -
Avian adeno-associated virus 5 258 99% 100% NC_006263
samples used for - n -
P Caprine Adeno-associated virus 1 376 99% 98% DQ335246
irrigation (BRW)
Simian adeno-associated virus 1 202 97% 99% EU285562
Parvoviridae Porcine bocavirus 3 344 87% 100% KJ622366
Mouse parvovirus 1 448 84% 100% KY489986
Bovine adeno-associated virus 4 274 79% 95% AY388617
Rat bocavirus 5 438 94% 100% KT454517
Human adeno associated 12 441 98% 100% AY530578
Gull circovirus 3 174 76% 85% NC_026625
Avon-Heathcote mm,\ﬂﬁ“”\wmmmoemamn circular ) 369 76% 94% KT454927
Circoviridae Cyclovirus 13 487 74% 99% GQ404854
Human feces pecovirus 2 232 98% 100% KT600066
Porcine circovirus 10 148 76% 82% NC_027796
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DISCUSSIO

Els microorganismes transmesos per aigua i aliments son un problema de salut
important. Segons estimacions de I'OMS, al mén 600 milions de persones, és a
dir 1 de cada 10, cau malalta degut al consum d’aliments contaminats produint
420.000 morts cada any (OMS, 2016). La majoria d’aquestes morts es produeixen
a paisos de baixa i mitjana renda on la mala qualitat de I'aigua i la falta d’higiene
i sanejament son causa important de morbiditat i mortalitat. S"ha estimat que,
en nens, el nombre de morts relacionades amb la mala qualitat de I'aigua és més
elevat que el conjunt de defuncions en el mateix col-lectiu causades pel VIH, la
malaria i el xarampio (Black et al., 2010). En els paisos amb un bon sistema de
sanejament de |'aigua, i on existeixen bones practiques agricoles i de produccio
d’aliments, es té la percepcié de disposar d’aigua i aliments innocus i segurs. En
aquests entorns s’han aplicat mesures legislatives que han permeés reduir de
forma important els problemes microbiologics causats per bacteris, virus i
protozous (Newell et al., 2010). Tanmateix, els brots associats al consum d’aigua
i aliments contaminats es produeixen també en el nostre entorn de forma
recurrent. Entre les causes responsables d’aquests brots podriem apuntar factors
com l'alta densitat de poblacié i el seu impacte sobre el medi ambient o la
demanda de productes exotics o fora de temporada que promouen |'existencia
d’un mercat global. Sovint aquests productes provenen de regions on les
condicions de produccio i manipulacid no compleixen amb els estandards de

qualitat exigibles, ocasionant brots importants (Bernard et al., 2014).

A la regid Mediterrania i en regions del mén amb climes més arids, on la
disponibilitat de recursos hidrics és fluctuant i es preveuen periodes llargs de
sequera, reduir, reciclar i reutilitzar (RRR) I"aigua disponible és una necessitat.
Aquesta idea es veu reforgada per les prediccions relacionades amb el canvi
climatic que preveuen un agreujament d’aquests periodes (IPCC, 2013). La

reutilitzacid i reciclatge de les aiglies suposa també riscos microbiologics i quimics
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que han d’ésser pertinentment avaluats (Mufioz et al., 2010). En aquest sentit la
caracteritzacid del viroma de l'aigua residual urbana permet determinar els
possibles riscos per a la poblaci6 davant d’eventuals problemes de
sobreeiximent, fallada del sistema de clavegueram o la disseminacié d’aigua
residual a I'ambient insuficientment tractada. Els virus sén els principals agents

de brots causats per aigua i aliments (Painter et al., 2013).

L'objectiu global plantejat en aquesta tesi ha estat I'analisi dels patogens virals

que a través de 'aigua residual poden contaminar aigua de reg i aliments.

Per altra banda, la tesi doctoral s’ha centrat en I'avaluacié de la qualitat
microbiologica de l'aigua regenerada produida en un sistema de llacunatge
mitjancant I'estudi de la reduccié de les concentracions de multiples patogens,
posant émfasi en I'estudi de virus indicadors de contaminacié fecal humana i

patogens estretament relacionats amb el consum d’aigua i aliments contaminats.

Per altra banda, i amb la finalitat de caracteritzar els riscos virologics associats a
I'aigua residual i a la produccid d’aiglies regenerades shan desenvolupat
tecniques de sequenciacié massiva per I'estudi de virus presents en aquestes
matrius. Les aigles regenerades o aiglies de riu sén una font recurrent per a la
irrigacio d’aliments, i per tant una possible via d’entrada de patogens a la cadena

alimentaria.

Avaluacié de la qualitat microbiologica de I'aigua regenerada en sistemes de

llacunatge

El primer article d’aquesta tesi, és un estudi per avaluar la qualitat microbiologica
de l'aigua regenerada produida a partir d’'un sistema de llacunatge. Els
mecanismes per produir aigua regenerada es basen en tractaments
tecnologicament avancats i normalment costosos que dificulten la seva aplicacio
en contextos economics fragils o en zones rurals, i especialment en els paisos

més pobres. Per aix0, alternatives més senzilles, econdmicament més viables i
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ambientalment més sostenibles son desitjables. En aquest sentit, els sistemes de

llacunatge es consideren una bona alternativa.

El sistema de llacunes estudiat consta de 4 basses connectades, que reben com
a aigua d’entrada l'efluent secundari d’'una EDAR convencional amb un
tractament biologic basat en fangs actius. L'estudi compréen un any sencer de
mostrejos mensuals en qué s’han determinat, mitjancant q(RT)PCR i PCR niades,
els indicadors virals de contaminacié fecal: adenovirus humans (HAdV) i
poliomavirus JC (JCPyV), tant a I'entrada com a la sortida del sistema. Per altra
banda s’han determinat les concentracions de patogens com norovirus Gl (NoV
Gl) i GIl (NoV Gll), aixi com les del virus de I’hepatitis E (VHE). Paral-lelament,
s’han avaluat els indicadors bacterians de contaminacié fecal (FIB) E.coli i
enterococs fecals per veure si I'aigua regenerada produida a la llacuna compleix
amb els criteris de qualitat marcats a la normativa (RD 1620/2007). La possibilitat
de recreixement d’altres microorganismes amb potencial patogénic, com ara
algunes amebes, Legionella spp. , Aeromonas spp. i Arcobacter spp. també ha

estat estudiat per altres membres de I'equip.

El sistema de llacunes demostra tenir una capacitat limitada a I"hora d’eliminar
els virus presents reduint-ne els valors mitjans de concentracié en poc més d’un
logaritme. Si només es tenen en consideracid els valors obtinguts a partir de
tecniques moleculars la capacitat de produir aigua regenerada lliure de virus ha
resultat ser forca erratica, presentant resultats similars als descrits per altres
autors en sistemes de llacunatge (Jurzik et al., 2015). El nombre de mostres
positives per HAdV a I'efluent és més elevat que el nombre de mostres per JCPyV,
tot i que els logaritmes de reduccié aconseguits per a HAdV sén més elevats. Tot
i I'elevat nombre de mostres positives a 'efluent, els assajos d’infectivitat per
HAdV mitjancant ICC-qPCR van resultar negatius plantejant la possibilitat que no
fossin infecciosos. Tot i aixd s’ha de considerar que els models de cultiu cel-lular
no soén capacos de detectar tots els virus presents i tenen tendéncia a

infraestimar el nombre de virus (Gerba et al., 2017). Tampoc s’ha detectat cap
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positiu per HEV ni a I'entrada del sistema ni a la sortida, probablement per la
baixa prevalenca d’aquesta infeccid en comparacié amb altres virus enterics
(Masclaux et al., 2013). Els norovirus humans (HNoV) han presentat els titols més
elevats durant els mesos d’hivern, coincidint aquesta época, amb el seu pic
estacional. La baixa reduccid en copies genomiques observada per aquest
patogen, freqlientment implicat en brots alimentaris, representa un risc
potencial si 'aigua regenerada produida a la llacuna s’utilitza per al reg de fruites
i verdures consumides en cru (0,45 log per NoV Gl i 0,72 log per NoV Gll). Les
reduccions observades pels FIB son superiors a les dels virus arribant a valors
propers als 2 logaritmes. Tampoc s’ha detectat una correlacié entre els FIB i la
presencia de virus, evidenciant la poca utilitat que tenen aquests indicadors per
a predir la preséncia de virus humans. Els resultats obtinguts en aquest estudi
reforcen la idea que indicadors virics de contaminacié fecal, com HAdV i/o JCPyV,
haurien de ser considerats en la legislacié com a parametres a analitzar en aigles
regenerades. Els resultats de reduccié de virus observats al sistema de llacunatge
son molt similars als obtinguts per altres metodes de tractament terciari per a
produir aiglies regenerades i que son economicament més costosos com ara la
filtracié per membrana (<1 log per NoV (Ottoson et al., 2006), o 1,5 logs per
HAdV (Kitajima et al., 2014) ), la cloracié (0,81-1 log per HAdV (Francy et al., 2012;
Kitajima et al., 2014) o la radiacio UV (0,24 log per HAdV (Francy et al., 2012)).
Tot i la poca legislacié referent a virus, existeixen algunes recomanacions per a
produir aiglies regenerades que suggereixen aconseguir una reduccié, d’entre 6-
7 logyg al llarg de tot el tractament, si I'aigua regenerada s’ha d’utilitzar com a
aigua de reg de productes frescos (Sano et al., 2016; Victor et al.,, 2008).
Assegurant 'assoliment d’aquestes reduccions logaritmiques s’estima que es
reduiria el risc en menys d’1:10.000 persones a I'any infectades al consumir aigua
o aliments contaminats. Seguint aquestes recomanacions internacionals queda
patent que els valors de reduccid per virus assolits en el sistema de llacunatge no

son suficients per complir les recomanacions, i per tant, I'Us d’efluents d’aquesta
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llacuna per a irrigar directament vegetals que es consumeixen crus no seria
recomanable. La preséncia de FIB a l'efluent de la llacuna reafirma aquesta

sospita al superar els nivells especificats en el RD1620/2007.

Desenvolupament de protocols per a I'aplicacié de técniques de metagenomica

a I'estudi del viroma en aigua residual

Coneixer el viroma present a I'aigua residual pot oferir informacié important des
d’una perspectiva ecologica, perdo també de salut publica, ja que un dels
principals inputs de I'aigua residual urbana sén els virus excretats per la poblacio
a partir de les seves femtes, orina o descamacio epitelial (Popgeorgiev et al.,
2013). L'estudidels virus presents a I'aigua residual urbana pot oferir informacié
important sobre les espécies viriques que circulen en una determinada poblacio.
Els virus de I'aigua residual poden suposar un problema de salut si I'aigua residual
entra en contacte amb aigua i/o aliments, o bé, si els tractaments de les EDAR no
aconsegueixen una bona eliminacié dels virus de manera que aquests acaben

sent disseminats al medi ambient o presents en aigua regenerada.

La utilitzacié de tecniques de seqlienciacido massiva per I'estudi del viroma de
I'aigua residual ha permes caracteritzar simultaniament, i sota un Unic assaig, les
diferents families viriques presents. Les tecniques de metagenomica aplicades a
virus no es basen en I's de cap marcador especific, com el 16S procariotic o el
18S en eucariotes, sind que requereixen partir de tot el ADN/ARN present en una
determinada mostra (Delwart, 2007). Aquest fet fa que sigui molt important
I'eliminacio de tot aquell ADN/ARN propiament no viric, en especial el ADN
bacteria. Sovint la quantitat de ADN/ARN present a les mostres és molt baixa, i
es requereixen uns processos d’amplificacio independents de seqliiéncia (com el
MDA o el SISPA). Com que la metodologia utilitzada és independent de
seqiéncia, aquestes tecniques han permes identificar i caracteritzar noves
especies viriques fins ara desconegudes (Cantalupo et al., 2011; Ng et al.,, 2012).

Aquests factors evidencien que el procés de concentracio, extraccid i preparacio
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de les llibreries resulta clau, afectant de forma molt important a la sensibilitat de

la tecnica i a la composicid del viroma resultant.

En el segon article de la tesi s’avalua I'efecte d’utilitzar diferents metodes de
concentracié i extraccié d’acids nucleics per construir les llibreries de
seqienciacio, i en el tercer article, es desenvolupa una metodologia més eficient

i s’estudia en profunditat el viroma de |'aigua residual.

Una part del primer estudi va realitzar-se durant una estada doctoral a la
Universitat Técnica de Dinamarca (DTU) i inclou I'avaluacié d’un total de 16
combinacions diferents de metodes de concentracid de virus i extraccio d’acids
nucleics descrits en estudis anteriors amb [I'objectiu d’orientar el
desenvolupament d’un protocol eficient per I'estudi de metagenomica de virus a
I'aigua. Les mostres van ser dopades amb soques de laboratori de norovirus muri
(MNV) i HAdV. Per tal de comprovar la sensibilitat de les técniques de
seqienciacié massiva respecte a técnigues moleculars convencionals, les
extraccions van testar-se per q(RT)PCR especifiques contra els dos virus
mencionats anteriorment. Per a donar robustesa a |'assaig, cadascuna de les
combinacions de concentracid/extraccid va analitzar-se per triplicat. Les 64
llibreries resultants van ser seqlenciades en tres runs diferents amb la

plataforma illumina Mi-seq de 2x250bp.

Malgrat que els protocols de concentracid i extraccié estan optimitzats per a
virus, un alt percentatge de reads, entre el 60-90%, no van mapar amb cap
seqléncia present a les tres bases de dades de virus utilitzades: genomes
complets de  virus, seqUencies virals extretes de  genBank
(http://www.ncbhi.nlm.nih.gov/genbank/), i la base de dades Vipr

(www.ViPRbrc.org) (Pickett et al., 2012). El fet que les bases de dades utilitzades

estiguin compostes majoritariament per seqieéencies d’origen viric explicaria I'alt
percentatge de seqléencies que no van poder ser taxondomicament assignades.

Utilitzant un criteri minim d’identitat del 70%, del total de reads que van fer hit
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contra la base de dades, el 80% va assignar-se taxondmicament a una espécie

virica.

Un total de 71 families viriques diferents van ser detectades a I'aigua residual
danesa combinant les 64 llibreries preparades. Seleccionant aquelles families
viriques que representen més del 99% dels reads es va fer una analisi de
components principals (PCA) per veure l'influencia del procés de concentracio i
I'extraccio en la composicié de les poblacions viriques. Els resultats demostren
que la influencia del metode de concentracié és més important que la que
exerceix el metode d’extraccio tal com evidencia el PCA de la Figura 2 de I"article.
Les tres repliques fetes amb el kit nucleospin agrupen de forma conjunta i
separades respecte als altres kits d’extraccid, independentment del métode de
concentracio utilitzat. Aquest agrupament podria explicar-se per I'aplicacio d’un
pas de DNAsa en columna que hauria eliminat bona part dels virus ADN, fent que
el PCA presenti aquest aspecte tan diferencial respecte la resta de kits. El kit de
Qiagen presenta una certa variabilitat entre répliques. Els kits de Biomerieux i
PowerViral sembla que presenten un comportament molt similar, per tant

concloem que permeten presentar poblacions properes.

El metode de concentracié amb Polietilenglicol (PEG) inclou un pas de filtracié de
0,45 m que eliminaria bona part del ADN/ARN bacteria, incrementant el nombre
de reads assignats taxondmicament a virus. De la mateixa manera el percentatge
de reads virals obtinguts és major quan les mostres s’extreuen amb nucleospin,
ja que el pas de DNAsa en columna eliminaria part del ADN bacteria present a les

mostres.

L’estimacié de la viral richness ajuda a entendre i quantificar numericament
I'abundancia d’espécies viriques diferents presents en un determinat
metagenoma. Aquesta variable es veu més condicionada pel kit d’extraccio
utilitzat que pel metode de concentracid escollit, sent els kits de Qiagen i

PowerViral els que reflecteixen una major diversitat d’especies virals.
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Quan s’avaluen les diferents families viriques detectades a I'aigua residual en
funcidé del metode de concentracid i extraccid s'observen varies tendencies. El
heatmap (figura 5) que representa les principals families viriques indica que si
només interessa estudiar virus ARN els millors resultats s’obtenen a partir de I'Us
del kit de nucleospin. Aixd pot explicar-se per dos motius, per una banda aquest
kit conté un pas de DNAsa en columna que hauria eliminat la majoria de ADN
bacteria i bona part dels fags que consumirien molts dels reads, augmentant la
proporcio dels virus ARN que infecten humans. Per altra banda els acids nucleics
en aquest kit s’elueixen en un volum menor, fet que afavoriria una major

concentraci6 inicial d’acids nucleics per mL per a preparar la llibreria.

Si el que es pretén és tenir una visié general del viroma present en l'aigua
residual, el kit de Qiagen sembla presentar els millors resultats permetent tant
I'estudi de virus ADN com ARN. Tenint en compte els metodes de concentracid,
sembla que la floculacié amb llet descremada (SMF) mostra un major nombre de
reads associats a patogens transmesos a través d’aigua i aliments contaminats
quan es combina amb el kit de nucleospin. Per tant, si haguéssim de recomanar
alguna combinacié especialment interessant per a l'estudi de virus ARN,
principals patogens relacionats amb problemes de salut publica i seguretat
alimentaria, la millor combinacié seria possiblement SMF amb nucleospin.
Malgrat els bons resultats per virus ARN, la SMF aplicada en un estudi anterior
ha demostrat tenir un rendiment baix per a families ADN, en especial per
Adenoviridae, Polyomaviridae i Papillomaviridae on per metagenomica s’han
detectat pocs reads associats a aquestes families. Especialment rellevant és la
baixa deteccid dels adenovirus humans, virus amb els que s’havia dopat la
mostra, i que han mostrat més baixes quantificacions per gPCR que amb la resta
de métodes de concentracid. Es possible que el gran volum testat (10 L) hagi
provocat una inhibicid afectant la quantificacié de les mostres i també a la
preparacié de la llibreria. Karlsson i col-laboradors (2013) també van observar
que a major volum de mostra testada, major efecte en la proporcio relativa dels
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virus, afavorint la deteccio per metagenomica d’aquells virus més abundants. Per
altra banda, Bibby i Peccia (2013) van suggerir un possible biaix negatiu de les
tecniques de seqlenciacid massiva cap a la familia Caliciviridae que podria
explicar la baixa deteccié de MNV mitjancant metagenomica en comparacié amb

els elevats valors detectats per q(RT)PCR.

Viroma de I'aigua residual urbana

El tercer article es titula “estudi del viroma de |'aigua residual de la poblacid
utilitzant tecniques de metagenomica” i ha tingut com a objectius principals
definir un protocol eficient per a I'estudi del viroma i caracteritzar els virus
humans que el componen. Amb |'objectiu d’estudiar les possibles diferencies en
la composicié del viroma de I'aigua residual urbana segons I’'epoca de l‘any, es va
recollir una mostra de 10L d’aigua residual als mesos de febrer, maig i setembre.
Els virus presents van concentrar-se per SMF i es van quantificar els HAdV per
gPCR. Els resultats obtinguts per seqlenciacié massiva senyalen una major
abundancia de virus pertanyents a les families Caliciviridae i Astroviridae durant
els mesos d’hivern, coincidint amb els periodes on aquests virus circulen de
forma més important per la poblacié (Ahmed et al., 2013; Guix et al., 2002). La
majoria d’espéecies viriques detectades, independentment de I'estacié de I'any,
pertanyen a fags de les families Siphoviridae, Mpyoviridae, Podoviridae i
Microviridae, confirmant els resultats d’altres estudis anteriors que assenyalen
aquests virus com els organismes més abundants a la terra (Clokie et al., 2011).
De manera similar els virus que infecten plantes també representen una part
molt important del viroma de I'aigua residual, i en especial, els membres de la
familia Virgaviridae. Aquest fet no hauria de resultar sorprenent si tenim en
compte el gran nombre de virus d’origen vegetal que circulen pel tracte digestiu
huma i s’excreten en femta (Zhang et al., 2005). Cap adenovirus huma va
detectar-se mitjancant metagenomica en cap de les tres mostres analitzades, tot

i els elevats valors obtinguts per gPCR.
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Per estudiar amb més profunditat un grup de virus com son els adenovirus es va
dissenyar un protocol de metagenomica dirigida i amb un joc de encebadors per
caracteritzar la regio de I’"hexd amb prou degeneracions per englobar el nombre
més gran d’adenovirus possible. Aquests encebadors van aplicar-se en la mostra
que tenia una major concentracié d’adenovirus per gPCR. L'amplico obtingut va
ser seqlenciat mitjancant piroseqlenciacié. L'Us d’encebadors degenerats va
permetre detectar una gran diversitat d’Adenovirus, especialment adenovirus
murins i HAdV de l'especie F, on trobem els HAdV40 i 41, causants de
gastroenteritis. L'aplicaci6 de metagenomica dirigida pot ser un recurs
interessant quan es vol estudiar en profunditat la diversitat viral d’una
determinada familia; ja que actualment les tecniques de metagenomica no
dirigida poden presentar problemes de profunditat o sensibilitat per estudiar en
detall la diversitat d’espécies dins d’una mateixa familia. Amb I'objectiu
d’incrementar la sensibilitat de les tecniques de metagenomica aplicades es van
analitzar de manera comparada dos metodes de concentracio de virus, un d’ells
basats en una modificacié del protocol de floculacié organica amb llet
descremada analitzant un menor volum de mostra i un protocol basat en la
concentracié de virus per ultracentrifugacié. Les modificacions aplicades al
protocol consisteixen en una reduccio del volum de mostra inicial a 500 mL, un
procés de filtracio, i per ultim, una reduccié en el nombre de cicles de PCR. Per
fer una comparacio equitativa entre els metodes es van utilitzar els mateixos
mil-lilitres equivalents de mostra d’aigua residual en la preparacié de les

llibreries.

En conjunt, els dos metodes van permetre detectar 41 families viriques en el total
de 4 mostres analitzades detectant la gran majoria de families que contenen
patogens que es transmeten per aigua i/o aliments contaminats. Les mostres
obtingudes per ultracentrifugacié van obtenir uns valors de richness més elevats
que les de floculacio. La major part de la diferéncia observada en els valors de

richness s’explicaria per la gran quantitat i abundancia de bacteriofags detectats
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per ultracentrifugacié (Figura 3). Tot i aix0, determinats virus patogens humans
presents en baixes quantitats com els papil-lomavirus i el virus de I"hepatitis E
només van ser detectats per ultracentrifugacio. El protocol de concentracié amb
llet descremada, tal com es va observar en I'anterior estudi, va permetre detectar
de forma molt eficient virus ARN de les families Caliciviridae, Picornaviridae i
Astroviridae que contenen els principals patogens transmesos pel consum
d’aliments i aigles contaminats. Els resultats indiquen que la disminucié del
volum inicial de mostra, conjuntament amb el procés de filtracié i reduccid de
cicles d’amplificacid, ha permes detectar els Adenovirus humans, previament no
detectats amb el protocol de 10 L. L'efecte de la filtracid, la menor preséncia
d’inhibidors atribuible al menor volum de mostra processat (Schrader et al.,
2012) o la reduccié en el nombre de cicles de PCR aplicats minimitzant
I"'amplificacié selectiva dels virus més abundants (Karlsson et al., 2013) estarien
entre les possibles explicacions. En general, els dos protocols testats han
demostrat una eficiencia comparable per a I'estudi de virus en aigua residual
aplicant tecniques de sequenciacid massiva. El protocol amb menor volum de
floculacié amb llet descremada ofereix un sistema de concentracio de particules
viriques econdmic, rapid i independent de maquinaria complexa demostrant uns

resultats equiparables als obtinguts per ultracentrifugacio.

En el present estudi també s’ha avaluat la contribucié de I'orina en el viroma. Les
dades obtingudes, a partir de I'analisi de I'orina de 14 individus sans, demostren
que el nombre de virus excretats per orina queda restringit majoritariament a
families de virus ADN: Polyomaviridae i Papillomaviridae. S’"han detectat també
seqiéencies de petits virus circulars de cadena senzilla recentment descrits i
llunyanament relacionats amb les families Anelloviridae i Circoviridae, que seran

objecte d’estudis posteriors.
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Estudi metagenomic de la contaminacio viral en vegetals frescos i en aigua de riu

utilitzada com a aigua de reg

Els virus representen els principals agents responsables de brots alimentaris. En
la cerca d’uns habits dietéetics més saludables, els consumidors han incrementat
el consum de productes frescos, fet que s’ha relacionat amb un augment dels
brots per aliments contaminats (Callején et al., 2015). El nombre de casos de
brots associats al consum d’aliments sovint soén infravalorats, ja que el seu
diagnostic i notificacio és complexa, reportant-se Unicament la punta de
I'iceberg, en un fenomen conegut com a “piramide de vigilancia”(Nieuwenhuijse

and Koopmans, 2017).

En aquest quart article s’ha avaluat el potencial que tenen les técniques de
seqienciacié massiva com a eina de monitoritzacioé de la seguretat alimentaria.
Amb aquesta finalitat, s’"han estudiat els virus presents a la superficie de vegetals
(juliverts) irrigats amb aigua del riu Besos, i també presents en la mateixa aigua
de reg. Per assegurar que els virus detectats provenien de 'aigua es va regar un
grup de plantes control amb una solucié nutritiva. Cal destacar que l'aigua de la
conca del riu Besos es troba fortament impactada per |'activitat humana
presentant uns nivells elevats de contaminacio fecal i que la majoria d’aigua que

sustenta el cabal del riu prové dels efluents de les EDAR de la conca.

Després de regar les plantes de julivert durant un mes amb dues mostres
diferents d’aigua de riu, i analitzar amb metagenomica els virus presents, els
resultats demostren la presencia d’'importants patogens humans capacos de
produir hepatitis i gastroenteritis en la superficie del vegetal. En total s’han
detectat 18 families viriques diferents de la superficie del julivert incloent
membres de les families Astroviridae, Caliciviridae, Hepeviridae, Picornaviridae i
Parvoviridae.  D’important rellevancia en seguretat alimentaria son les
seqieéencies relacionades amb els virus de I"hepatitis E o els NoV GIV. A la mateixa
aigua de riu s’han detectat 26 families viriques diferents incloent patogens virics

com adenovirus, rotavirus, astrovirus o picornavirus. El sumatori de totes les
252



Discussio

seqliéencies relacionades amb virus patogenics humans no arriba a I'1% dels
reads. No s’han detectat les mateixes espécies viriques a la superficie dels
juliverts que a I'aigua de reg. Aixd pot explicar-se per dos factors. En primer lloc,
I'aplicacio de protocols de concentracid diferents a causa de la naturalesa
diferent de les mostres a processar (superficie vegetal vs. aigua de reg) pot haver
influenciat en l'eficiencia de recuperacié de determinades families viriques. En
segon lloc, processos d’estabilitat de determinats virus o d’adhesié a la superficie

dels vegetals poden haver influit en les espécies virals detectades.

Tot i la importancia de les families viriques detectades s’ha de tenir present que
les tecniques utilitzades només senyalen la preséncia de genomes virics que
poden no ser infecciosos. Calen més estudis d’estimacié de risc que ajudin a
comprendre la relacio existent entre la presencia d’aquests genomes i el risc que

impligquen.

L'aplicacié de tecniques de seqlenciacié massiva al camp de la seguretat
alimentaria permet, sota una Unica analisi, la deteccid de multiples virus,
incloent-hi la deteccié d’agents patogens. No obstant aix0, la presencia de
patogens en matrius alimentaries sol ser conseqiéncia d’'una contaminacio
puntual, fent que la seva concentracid sigui molt baixa, i per tant, propera als
limits de deteccié de les tecniques moleculars utilitzades. Per tal d’evitar
possibles problemes de sensibilitat, I'Us d’amplicon sequencing dels principals
patogens implicats en brots alimentaris (HAV, NoV i HEV) conjuntament amb la

monitoritzacio de l'aigua de reg per tecniques de metagenomica no dirigida

podrien ser possibles mesures a implementar.

En el segon, tercer i quart article de la tesi s’"han requerit estudis bioinformatics
per a la neteja, processament, ensamblat i assignacié taxonomica dels reads/
contigs obtinguts. Aquests estudis s’han realitzat amb la col-laboracié de Natalia
Timoneda, membre del grup de recerca. Els programes i parametres seleccionats
durant aquest procés afecten els resultats obtinguts. En el primer estudi de

metagenomica no es van ensamblar els reads, sind que després de filtrar-se en
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funcio de la seva qualitat, aquests van ser mapats directament contra la base de
dades. El fet de mapar directament els reads disminueix la probabilitat de crear
artefactes durant el procés d’ensamblat (Vazquez-Castellanos et al., 2014). Tot
ensamblat té com a consequencia una disminucio del nombre de reads, i per tant,
suposen una pérdua d’informacié. Alguns programes d’ensamblar (com el CLC
workbench) donen Unicament com a output contigs més llargs, sense donar els
reads no ensamblats. Altres programes (com Meta-Velvet) sén més conservadors
a I'hora de realitzar aquests processos generant un menor nombre de contigs
amb una longitud inferior. El procés d’ensamblatge genera seqiencies més
llargues que ajuden a una correcta anotacio taxonomica de les seqiéncies i una
disminucié dels costos computacionals per a fer-ne I'assignacié. Es important
mencionar que l'assignacié de seqléncies d’'un metagenoma depén molt de Ia
correcta anotacié de les seqléncies disponibles a les bases de dades. NCBI
GenBank conté moltes seqlencies mal anotades, un exemple en seria el cas del
virus de |"“hepatitis no-A no-B” que en realitat correspon a un bacteriofag
(Cantalupo et al.,, 2011). Lincorrecta anotacié de moltes de les seqiéncies
disponibles explicaria, en part, el baix percentatge de seqlencies classificades
com a virus presents en els metagenomes, ja que molts bacteriofags o virus ADN
i ARN poden trobar-se integrats en el genoma d’organismes procariotes i/o
eucariotes donant una assignacié taxondmica incorrecta. Es crucial disposar de
genomes ben anotats a les bases de dades de referencia per als estudis basats
en metagenomica, i que sovint és necessari contrastar els resultats obtinguts
amb més d’una base de dades, per exemple llancar les seqléencies contra una
base de dades de genomes complets de virus perd0 també contra totes les

seqiéncies viriques presents a GenBank i comparar-ne el resultat.

Els coneixements en bioinformatica i la gestid i analisi de les dades generades per
metagenomica suposa també un problema important per la seva implementacio
com a técniques de rutina. Tanmateix, és d’esperar que el desenvolupament de
programes cada vegada més intuitius i visuals, juntament amb 'aparicié de noves
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tecnologies que permetin la seqlenciacid de genomes sencers ajudi a la

democratitzacié de I'analisi de metagenomes.

L'Us de teécniques de sequenciacido massiva per a I’estudi de virus pot aplicar-se a
diferents matrius com aigua residual o aigua de reg utilitzada per al reg
d’aliments, constituint una eina interessant per a la realitzacid d’estudis en

materia de seguretat alimentaria, d’epidemiologia o vigilancia en salut publica.
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e Elsistema de llacunatge estudiat ha demostrat reduir de forma irregular
els virus indicadors HAdV, JCPyV i patogens existents en els efluents
secundaris de les plantes de tractament d’aiglies residuals amb

reduccions mitjanes de virus entre 0,45-1,18 logy,.

e |’absencia de bacteris indicadors fecals a l'efluent de la llacuna no

garanteix I'abséencia de virus tal com s’ha demostrat en altres estudis.

e Elsresultats obtinguts en el sistema de llacunatge estudiat indiquen que
cal millorar el disseny i la gestié d’aquest tipus de sistema de cara a poder
complir amb els requeriments establerts a la normativa i produir una

aigua regenerada aplicable al reg de vegetals que es consumeixen crus.

e Els metodes de concentracid i extraccid utilitzats poden afectar a la
composicié viral dels metagenomes, tal com evidencien I'analisi de PCR,
la viral richness, I'especificitat viral o el nombre de virus patogens

detectats.

e Variables com el sistema de concentracio, el kit d’extraccié utilitzat o el
volum de mostra processat haurien de ser inclosos en les bases de dades
de metagenomes. Aquesta informacid pot ser util per a fer estudis

comparatius de meta-analisis dels diferents metaviromes.
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S’ha desenvolupat un protocol eficient i sensible per a I'estudi del viroma
de l'aigua residual urbana que ha permes detectar importants virus
patogens humans de les families Parvoviridae, Caliciviridae, Hepeviridae,

Adenoviridae, Polyomaviridae, Papillomaviridae i Astroviridae

La utilitzacio de técniques de sequenciacid massiva a |'aigua residual
permet descriure de forma precisa els patogens virics excretats que
circulen per la poblacid i 'ambient constituint una eina important per

estudis epidemiologics i de salut publica.

Els virus detectats en orina sén virus de genoma ADN principalment
Poliomavirus JC, i en menor quantitat el poliomavirus BK i
papil-lomavirus. Sequéncies associades a virus circulars ssDNA
distantment relacionades amb les families Anelloviridae i Circoviridae
han estat detectats i seran considerats per a estudis futurs, ja que

podrien constituir nous generes/especies.

S’ha desenvolupat un protocol sensible per a detectar virus patogens a
la superficie de vegetals frescos demostrant el potencial de les técniques

de seqlenciacié massiva en el camp de la seguretat alimentaria.

Sequencies distantment relacionades amb les families Hepeviridae i
Picornaviridae s’han detectat a |'aigua de reg o a la superficie dels
vegetals indicant la presencia de possibles nous virus que requeriran ser

estudiats en profunditat per a la seva caracteritzacid.
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Altres publicacions

A continuacio es detallen, per ordre cronologic, altres publicacions no incloses en

aquesta tesi pero realitzades durant el doctorat.

e Bofill-Mas, S., Rusifiol, M., Fernandez-Cassi, X., Carratala, A., Hundesa, A.,

Girones, R., 2013. Quantification of human and animal viruses to
differentiate the origin of the fecal contamination present in environmental

samples. Biomed Res. Int. 2013, 192089. doi:10.1155/2013/192089

El doctorand va encarregar-se de la revisié bibliografica de I'article de revisid i va

contribuir en la redaccié del manuscrit.

e Rusifiol, M., Fernandez-Cassi, X., Hundesa, A., Vieira, C., Kern, A., Eriksson, I.,

Ziros, P., Kay, D., Miagostovich, M., Vargha, M., Allard, A., Vantarakis, A.,
Wyn-Jones, P., Bofill-Mas, S., Girones, R., 2014. Application of human and
animal viral microbial source tracking tools in fresh and marine waters from
five different geographical areas. Water Res. 59, 119-129.
doi:10.1016/j.watres.2014.04.013

El doctorand va encarregar-se de I'organitzacio i realitzacio dels mostrejos aixi
com del processament de les mateixes mostres per obtenir els concentrats virals.
Posteriorment va realitzar I'analisi de les mostres per PCR i gPCR dels NoV G,

NoV GlIl i HEV.

e Rusifiol, M., Fernandez-Cassi, X., Timoneda, N., Carratala, A., Abril, J.F.,

Silvera, C., Figueras, M.J., Gelati, E., Rodé, X., Kay, D., Wyn-Jones, P., Bofill-
Mas, S., Girones, R., 2015. Evidence of viral dissemination and seasonality in
a Mediterranean river catchment: Implications for water pollution
management. J. Environ. Manage. 159, 58-67.
doi:10.1016/j.jenvman.2015.05.019
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El doctorand va encarregar-se de l'organitzacié i realitzacio dels mostrejos aixi
com del processament de les mateixes mostres per obtenir els concentrats virals.
Posteriorment va realitzar I'analisi de les mostres per PCR i gPCR dels NoV G,

NoV GlIl i HEV.

e Sales-Ortells, H., Fernandez-Cassi, X., Timoneda, N., Dlrig, W., Girones, R.,

Medema, G., 2015. Health risks derived from consumption of lettuces
irrigated with tertiary effluent containing norovirus. Food Res. Int. 68, 70-77.

doi:10.1016/j.foodres.2014.08.018

El doctorand va encarregar-se de la recol-leccid de mostres durant el projecte, la
concentraci6 de virus a partir de les mateixes aixi com de I'analisi molecular per

determinar norovirus. També va contribuir en la redaccié del manuscrit.

e Mayer, R.E., Bofill-Mas, S., Egle, L., Reischer, G.H., Schade, M., Fernandez-
Cassi, X., Fuchs, W., Mach, R.L., Lindner, G., Kirschner, A., Gaisbauer, M.,
Piringer, H., Blaschke, A.P., Girones, R., Zessner, M., Sommer, R., Farnleitner,
A.H., 2016. Occurrence of human-associated Bacteroidetes genetic source
tracking markers in raw and treated wastewater of municipal and domestic
origin and comparison to standard and alternative indicators of faecal

pollution. Water Res. 90, 265-276. doi:10.1016/j.watres.2015.12.031
El doctorand va encarregar-se de I'analisi molecular per gPCR del virus JCPyV.

e Latif-Eugenin, F., Beaz-Hidalgo, R., Silvera-Simén, C., Fernandez-Cassi, X.,

Figueras, M.J., 2017. Chlorinated and ultraviolet radiation -treated reclaimed
irrigation water is the source of Aeromonas found in vegetables used for
human consumption. Environ. Res. 154, 190-195.

doi:10.1016/j.envres.2016.12.026

El doctorand va encarregar-se de la recol-leccid, caracteritzacié i enviament de

mostres d’aigua regenerada i d’aliments durant el projecte.
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Many different viruses are excreted by humans and animals and are frequently detected in fecal contaminated waters causing
public health concerns. Classical bacterial indicator such as E. coli and enterococci could fail to predict the risk for waterborne
pathogens such as viruses. Moreover, the presence and levels of bacterial indicators do not always correlate with the presence and
concentration of viruses, especially when these indicators are present in low concentrations. Our research group has proposed new
viral indicators and methodologies for determining the presence of fecal pollution in environmental samples as well as for tracing
the origin of this fecal contamination (microbial source tracking). In this paper, we examine to what extent have these indicators
been applied by the scientific community. Recently, quantitative assays for quantification of poultry and ovine viruses have also been
described. Overall, quantification by qPCR of human adenoviruses and human polyomavirus JC, porcine adenoviruses, bovine
polyomaviruses, chicken/turkey parvoviruses, and ovine polyomaviruses is suggested as a toolbox for the identification of human,

porcine, bovine, poultry, and ovine fecal pollution in environmental samples.

1. Fecal Contamination of the Environment

Significant numbers of human microbial pathogens are
present in urban sewage and may be considered environmen-
tal contaminants. Viruses, along with bacteria and protozoa
in the intestine or in urine, are shed and transported through
the sewer system. Although most pathogens can be removed
by sewage treatment, many are discharged in the effluent
and enter receiving waters. Point-source pollution enters the
environment at distinct locations, through a direct route of
discharge of treated or untreated sewage. Nonpoint sources
of contamination are of significant concern with respect to
the dissemination of pathogens and their indicators in the
water systems. They are generally diffuse and intermittent and
may be attributable to the run-off from urban and agricultural
areas, leakage from sewers and septic systems, storm water,
and sewer overflows [1-3].

Even in highly industrialized countries, viruses that
infect humans prevail throughout the environment, causing
public health concerns and leading to substantial economic
losses. Many orally transmitted viruses produce subclinical
infection and symptoms in only a small proportion of the
population. However, some viruses may give rise to life-
threatening conditions, such as acute hepatitis in adults,
as well as severe gastroenteritis in small children and the
elderly. The development of disease is related to the infective
dose of the viral agent, the age, health, immunological
and nutritional status of the infected individual (pregnancy,
presence of other infections or diseases), and the avail-
ability of health care. Human pathogenic viruses in urban
wastewater may potentially include human adenoviruses
(HAdVs) and human polyomaviruses (HPyVs), which are
detected in all geographical areas and throughout the year,
and enteroviruses, noroviruses, rotaviruses, astroviruses,
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Integrated river basin management planning to mitigate the impacts of economic, de-
mographic and climate change is an important issue for the future protection of water
resources. Identifying sources of microbial contamination via the emerging science of
Microbial Source Tracking (MST) plays a key role in risk assessment and the design of
remediation strategies. Following an 18-month surveillance program within the EU-FP7-
funded VIROCLIME project, specific MST tools were used to assess human markers such
as adenoviruses (HAdV) and JC polyomaviruses (JCPyV) and porcine and bovine markers
such as porcine adenoviruses (PAdV) and bovine polyomaviruses (BPyV) via quantification
with real-time PCR to analyze surface water collected from five sites within different cli-
matic zones: the Negro River (Brazil), Glafkos River (Greece), Tisza River (Hungary), Llo-
bregat River (Spain) and Umeélven River (Sweden). The utility of the viral MST tools and the
prevalence and abundance of specific human and animal viruses in the five river catch-
ments and adjacent seawater, which is impacted by riverine contributions from the up-
stream catchments, were examined. In areas where no sanitation systems have been
implemented, sewage can directly enter surface waters, and river water exhibited high
viral loads; HAAV and JCPyV could be detected at mean concentrations of 10° and 10*
Genome Copies/Liter (GC/L), respectively. In general, river water samples upstream of
urban discharges presented lower human viral loads than downstream sampling sites, and
those differences appeared to increase with urban populations but decrease in response to
high river flow, as the elevated river water volume dilutes microbial loads. During dry
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ARTICLE INFO ABSTRACT

Artic{e history: Conventional wastewater treatment does not completely remove and/or inactive viruses; consequently,

Received 25 November 2014 viruses excreted by the population can be detected in the environment. This study was undertaken to

?;Cﬁ;’e{jz:;;emed form investigate the distribution and seasonality of human viruses and faecal indicator bacteria (FIB) in a river
y

catchment located in a typical Mediterranean climate region and to discuss future trends in relation to
climate change. Sample matrices included river water, untreated and treated wastewater from a
wastewater treatment plant within the catchment area, and seawater from potentially impacted bathing
water. Five viruses were analysed in the study. Human adenovirus (HAdV) and JC polyomavirus (JCPyV)
were analysed as indicators of human faecal contamination of human pathogens; both were reported in
urban wastewater (mean values of 10% and 10° GC/L, respectively), river water (10° and 10? GC/L) and

Accepted 16 May 2015
Available online 2 June 2015

Keywords:
Human adenovirus
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Norovirus seawater (102 and 10! GC/L). Human Merkel Cell polyomavirus (MCPyV), which is associated with Merkel
Hepatitis E virus Cell carcinoma, was detected in 75% of the raw wastewater samples (31/37) and quantified by a newly
River water developed quantitative polymerase chain reaction (qPCR) assay with mean concentrations of 10* GC/L.

This virus is related to skin cancer in susceptible individuals and was found in 29% and 18% of river water
and seawater samples, respectively. Seasonality was only observed for norovirus genogroup Il (NoV GGII),
which was more abundant in cold months with levels up to 10* GC/L in river water. Human hepatitis E
virus (HEV) was detected in 13.5% of the wastewater samples when analysed by nested PCR (nPCR).
Secondary biological treatment (i.e., activated sludge) and tertiary sewage disinfection including chlo-
rination, flocculation and UV radiation removed between 2.22 and 4.52 logo of the viral concentrations.
Climate projections for the Mediterranean climate areas and the selected river catchment estimate
general warming and changes in precipitation distribution. Persistent decreases in precipitation during
summer can lead to a higher presence of human viruses because river and sea water present the highest
viral concentrations during warmer months. In a global context, wastewater management will be the key
to preventing environmental dispersion of human faecal pathogens in future climate change scenarios.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction minimising the risk to humans. Human viruses are excreted at high
concentrations in faeces and urine and can be transmitted through
Understanding the environmental fate of pathogens is useful for improperly treated wastewater. As part of the EU-FP7-funded
VIROCLIME project, the present study developed a surveillance
program centred on a typically Mediterranean climate region: the

* Corresponding author. Department of Microbiology, University of Barcelona, ~ Llobregat River basin (Catalonia, northeast of Spain).

Avinguda Diagonal 643, 08028 Barcelona, Spain. Water microbiological quality is traditionally defined and
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Wastewater is a valuable resource for water-scarce regions, and is becoming increasingly important due to the
rising frequency of droughts as a result of climate change. The health risks derived from ingestion of lettuce
that has been irrigated with effluent from a wastewater treatment plant (WWTP) in Catalonia (Spain) were es-
timated following a quantitative microbial risk assessment (QMRA) approach using site-specific data. Norovirus
(NoV) was selected for this analysis, since it is the most common cause of acute gastroenteritis outbreaks in
Catalonia. Two scenarios, irrigation with secondary and with tertiary effluent, were analysed. An uncertainty
analysis was conducted to determine the impact of possible internalization of NoV into edible parts of the lettuce.
The mean disease burden for ingestion of lettuce irrigated with secondary and tertiary effluent was 7.8 x 10~*
Disability Adjusted Life Years (DALYs) per person per year (pppy) and 3.9 x 10™* DALYs pppy, respectively. A
sensitivity analysis revealed that the model parameters with higher influence on the probability of disease are
the concentration of NoV in the effluent and the consumption of lettuce. In order to decrease the disease burden
to the guidance level of 10~° DALYs pppy, the tertiary treatment should be able to achieve a 4.3 log reduction of
the concentration of NoV. If internalization of NoV into lettuces occurs, this would require a reduction of 7.6 log.
This is the first time that site specific data and virus internalization in crops are incorporated in a QMRA of

irrigation of lettuce and its impact is quantified.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Wastewater has been widely used in the past for irrigation purposes.
It is still in use in developing countries due to water scarcity, the associ-
ated nutrient value of these waters for crop growth, and economic
limitations. In developed countries, the use of treated wastewater is
increasingly seen as a way to deal with water scarcity (exacerbated by
climate change), as a more economical alternative to inter-basin trans-
fers, and as an environmentally sustainable practice (Drechsel, Scott,
Raschid-Sally, Redwood, & Bahri, 2010).

Uses of reclaimed water include irrigation of landscapes, recreation-
al fields, plants’ nurseries, or agricultural lands for food crops, amongst
others. In Spain, 362.2 Hm? of reclaimed water (42.39 Hm® in Catalonia)
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are used annually, corresponding to 10.6% of the total volume of treated
wastewater. 71% of it is used for agricultural irrigation (Iglesias, Ortega,
Batanero, & Quintas, 2010).

Although domestic wastewater is treated by secondary or tertiary
wastewater treatment, reclaimed water can contain infectious patho-
gens, posing a risk for public health. Wastewater treatment methodolo-
gies are used to reduce concentrations of faecal indicators, e.g. faecal
coliforms (FC) or Escherichia coli (EC), to below certain standards
(BOE, 2007). However, wastewater treatment can be considerably less
effective in the elimination of enteric pathogens, such as enteric viruses
(EV) and protozoa (Montemayor et al., 2008). Whilst concentrations of
FC and EC are usually monitored at the wastewater treatment plants
(WWTP), EV, which are relatively resistant to treatment technologies,
are not (BOE, 2007), and concentrations of faecal indicators below the
standards do not imply absence of EV hazards.

The health risks derived from irrigation of fresh produce with
reclaimed water have been previously studied for EV (Hamilton,
Stagnitti, Premier, Boland, & Hale, 2006; Petterson, Ashbolt, & Sharma,
2001, 2002; Seidu et al., 2008; Shuval, Lampert, & Fattal, 1997; Stine,
Song, Choi, & Gerba, 2005). Few studies focused on the norovirus
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This was a detailed investigation of the seasonal occurrence, dynamics, removal and resistance of
human-associated genetic Bacteroidetes faecal markers (GeBaM) compared with ISO-based standard
faecal indicator bacteria (SFIB), human-specific viral faecal markers and one human-associated Bacter-
oidetes phage in raw and treated wastewater of municipal and domestic origin. Characteristics of the
selected activated sludge wastewater treatment plants (WWTPs) from Austria and Germany were
studied in detail (WWTPs, n = 13, connected populations from 3 to 49000 individuals), supported by
volume-proportional automated 24-h sampling and chemical water quality analysis. GeBaM were
consistently detected in high concentrations in raw (median logo 8.6 marker equivalents (ME) 100 ml~)
and biologically treated wastewater samples (median logip 6.2—6.5 ME 100 ml™'), irrespective of plant
size, type and time of the season (n = 53—65). GeBaM, Escherichia coli, and enterococci concentrations
revealed the same range of statistical variability for raw (multiplicative standard deviations s* = 2.3—3.0)
and treated wastewater (s* = 3.7—4.5), with increased variability after treatment. Clostridium perfringens
spores revealed the lowest variability for raw wastewater (s* = 1.5). In raw wastewater correlations
among microbiological parameters were only detectable between GeBaM, C. perfringens and JC poly-
omaviruses. Statistical associations amongst microbial parameters increased during wastewater treat-
ment. Two plants with advanced treatment were also investigated, revealing a minimum logo 5.0 (10th
percentile) reduction of GeBaM in the activated sludge membrane bioreactor, but no reduction of the
genetic markers during UV irradiation (254 nm). This study highlights the potential of human-associated
GeBaM to complement wastewater impact monitoring based on the determination of SFIB. In addition,
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ARTICLE INFO ABSTRACT

Wastewater is increasingly being recognized as a key water resource, and reclaimed water (or treated
wastewater) is used for irrigating vegetables destined for human consumption. The aim of the present study
was to determine the diversity and prevalence of Aeromonas spp. both in reclaimed water used for irrigation
and in the three types of vegetables irrigated with that water. Seven of the 11 (63.6%) samples of reclaimed
water and all samples of vegetables were positive for the presence of Aeromonas. A total of 216 Aeromonas
isolates were genotyped and corresponded to 132 different strains that after identification by sequencing the
rpoD gene belonged to 10 different species. The prevalence of the species varied depending on the type of
sample. In the secondary treated reclaimed water A. caviae and A. media dominated (91.4%) while A.
salmonicida, A. media, A. allosaccharophila and A. popoffii represented 74.0% of the strains in the irrigation
water. In vegetables, A. caviae (75.0%) was the most common species, among which a strain isolated from
lettuce had the same genotype (ERIC pattern) as a strain recovered from the irrigation water. Furthermore, the
same genotype of the species A. sanarellii was recovered from parsley and tomatoes demonstrating that

Keywords:

Reclaimed water
Ready to eat vegetables
Irrigation water
Aeromonas

irrigation water was the source of contamination and confirming the risk for public health.

1. Introduction

Water is an increasingly scarce resource and as a countermeasure
wastewater is being treated to produce reclaimed water that can be
reused mainly for agricultural irrigation, including fruits and vegeta-
bles that are destined for human consumption (Pianetti et al., 2004;
Carvalho et al., 2012; Carey et al., 2016). The safety of reclaimed water
and food products (shellfish, lettuces, meat etc.) is evaluated using
bacteria indicators of fecal pollution (coliforms, Escherichia coli, etc.)
during the stipulated controls fixed by legislation to determine their
sanitary quality and potential health risk (Figueras and Borrego, 2010;
Fernandez-Cassi et al., 2016). However, related illness outbreaks still
occur worldwide mainly due to the failure of the fecal indicator
organisms to predict the presence of pathogens (Figueras and
Borrego, 2010). Among the emerging food and water borne pathogens
the bacterial of the genus Aeromonas are of special interest because
their significance in public health is still not clearly understood (Janda
and Abbott, 2010; Figueras and Beaz-Hidalgo, 2015; Teunis and
Figueras, 2016).

The genus Aeromonas consists of Gram negative, oxidase positive
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bacilli that are considered autochthonous of aquatic environments and
are commonly isolated from clinical and environmental samples
(Janda and Abbott, 2010; Beaz-Hidalgo and Figueras, 2013; Figueras
and Beaz-Hidalgo, 2014, 2015). Several studies have shown that
Aeromonas species are foodborne and waterborne pathogens of
increasing importance (Abeyta et al, 1986; Granum et al., 1998;
Altwegg et al., 1991; Demarta et al, 2000; Figueras and Borrego,
2010; Pablos et al., 2011; Khajanchi et al., 2010; Teunis and Figueras,
2016). Aeromonas spp. can be readily isolated from treated sewage,
reclaimed water, sea water, fresh water and from drinking water
distribution systems, where they appear to survive well, to proliferate
at low temperatures and to be linked to pipe biofilms where popula-
tions may survive at high chlorine levels (Emekdas et al., 2006;
Figueras and Borrego, 2010; Jjemba et al.,, 2010; Khajanchi et al.,
2010; Martone-Rocha et al., 2010; Figueira et al., 2011; Igbinosa and
Okoh, 2013; Robertson et al., 2014; Al-Jassim et al., 2015). Several
species of Aeromonas are recognized to be opportunistic pathogens to
humans and can affect both immunocompromised and immunocom-
petent individuals being the most frequent clinical presentation
gastroenteritis followed by wound infections and bacteremia (Janda
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