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Sinopsi

Next generation sequencing (NGS) techniques have emerged in the last decade as
keystone for the thorough study of microorganisms in a wide variety of samples
and settings, replacing traditional molecular methods. In the field of virology, the
constant evolution of sequencing platforms and applications enabled the
improvement of virome studies. The main limitation when analysing the virome
from any type of sample is the low proportion of viral sequences identified
compared with the total number of sequences, especially critical for human

viruses.

In this work we aimed to evaluate the use of different sequencing approaches,
target enrichment (TES) and amplicon deep sequencing (ADS), for the
characterization of the virome and specific viral pathogens in sewage and as tools
for efficient wastewater-based epidemiology in outbreak scenario. The
application of TES has proved to be a very successful strategy for the study of
vertebrate viruses in sewage samples providing a higher number of detected
families, a higher number of members within these families, more reads and
larger genome coverage than conventional untargeted viral metagenomics.
Additionally, allowed the obtention of SARS-CoV-2 sequences as part of sewage
virome in a COVID-19 pandemic context, retrieving also other relevant human
and animal coronavirus sequences, shedding light on the co-circulation of
different strains in a determined population. In contrast, ADS proved to a very
sensitive technique for the description of the diversity within a viral family,
enabling the subtyping of sequences belonging to Enterovirus A71 C1 in sewage,
while an encephalitis outbreak caused by this strain was happening during

sampling period.

NGS, with and without TES panels, was also evaluated for the study of viral
etiological agents of acute gastroenteritis in a collection of samples tested
negative for the commonly associated pathogens. Its application resulted in the
detection of emergent viral variants, like Norovirus GIV, and viruses not
traditionally tested, like sapoviruses and astroviruses. These results highlighted
the need of the incorporation of these viruses in clinical testing and the potential

use of viral metagenomics as a diagnostic tool.



Lastly, to evaluate the use of enrichment panel in animal virology, TES was
applied for the virome study of two economically important fish species from the
Portuguese Atlantic coast. Pathogens causing viral nervous necrosis and
infectious pancreatic necrosis in fishes were detected, demonstrating the utility
of NGS techniques for the study of infections that may cause an economic impact
in fish industry. Also, the identification of human noroviruses sequences in one
of the fish samples suggested that fish virome studies can be used for evaluating

potential threats regarding food safety.
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1. Els virus excretats pels humans

Des de inicis del segle XXI, esta ben acceptat que els éssers humans som
amfitrions d'un ecosistema microscopic complex format per una amplia
comunitat de virus, bacteris, arqueobacteris, fongs i altres eucariotes, que
coneixem de manera conjunta com a microbiota. El component viral que
forma part d’aquest microbioma és el viroma (Garcia-Lopez et al., 2019;

Lecuit i Eloit, 2013).

La metagenomica virica és un camp d'investigacio que estudia la col-leccio
completa de virus que formen part de la microbiota en qualsevol ninxol
donat. La rapida evolucié d’aquest camp de la virologia en els darrers anys
ha estat possible gracies a I'adveniment de técniques de seqiienciacié
massiva, eines principals d’estudi de la present tesi doctoral i de les que
parlarem més endavant. A la figura 1 es presenten les principals families

de virus coneguts fins el moment i que formen el viroma huma.

( Retrovirus endogens \ j _V:I'US assoclats/a -
-« @@ \\ : g A Orthomy

. y A i, i

Caliciviridae  Picornaviride
Flaviviridae  Reoviridae

Ly

Retroviridae

Bacteriofags
comensals )

Hantaviridae
Inoviridae Siphoviridae

Hepeviridae
Virus emergents Coronaviridae
/ Papillomaviridae
Microviridae  Podoviridae

Myoviridae  Picobirnaviridae? Adenoviridae  Mimiviridae

Anelloviridae  Parvoviridae
Altres families Virus associats a
de virus infeccions persistents

Circoviridae Polyomaviridae
Herperviridae  Poxviridae

Virus de plantes (Virgaviridae)

Virus desconeguts

Figura 1. Families de virus que formen el viroma huma. Adaptat de Popgeorgiev et al.,
2013.
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Com a membres del viroma de diversos teixits o organs del cos huma,
trobem principalment virus associats a infeccions persistents que en molts
casos no estan associats o es desconeix el seu paper en el desenvolupament
de malalties. Per una altra banda, es possible detectar virus que estiguin
causant una infecci6 aguda activa i també retrovirus endogens. L’as
generalitzat de técniques d’estudi de viromes ha permes també la deteccid
de virus emergents que, en molts casos, estan relacionats amb malalties
d’alta rellevancia sanitaria. Un dels grups de virus més abundant en tots
els ecosistemes son els bacteriofags (virus que infecten bacteris), és per
aquest motiu que s6n un grup molt nombroés de virus del microbioma
huma, especialment a nivell de I'intesti (Popgeorgiev et al., 2013; Wylie et

al.,2017).

A part de la deteccid de virus en teixits associats a malaltia, moltes de les
families de virus que colonitzen o infecten el tracte digestiu, urinari o
epitelial poden ser excretats. Aquest fet ens permet estudiar de manera
unificada, i a nivell de poblaci6, els membres d’aquestes families que tenen
rellevancia en el desenvolupament de malalties i els que s’excreten
persistentment i seguir la seva preseéncia o concentracid gracies a
I'epidemiologia d’aigiies residuals, un dels focus d’estudi d’aquesta tesi.
L'estudi de virus excretats també genera informacié important de
potencials fonts de contaminaci6 d’aigiies i aliments (Rusinol i Girones,

2017).
1.1. Epidemiologia basada en aigiies residuals

Des de fa decades, I'analisi de les aigiies residuals s’ha utilitzat pel
monitoreig de compostos quimics d’origen huma com ara drogues,
medicaments, contaminants exogens o nutrients. El principal focus
d’analisis ha sigut la determinacié de l'eficiéncia d’eliminacié d’aquests
compostos per les plantes de tractament d’aigiies i la avaluacié dels
efluents d’aquestes plantes com a possibles fonts de contaminaci6 (Choi et

al., 2018). L’epidemiologia basada en aigiies residuals també s’ha postulat
12
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com a eina de control de la preséncia de patogens i d’indicadors de salut

poblacional, entre d’altres (Fig. 2) (Lorenzo i Pic6, 2019; Pina et al., 1998).

MARCADORS DEL
<= =l TAMANY
\ = POBLACIONAL P

PRODUCTES \ PRODUCTES
FARMACEUTCS | DE J x quimics
HIGIENE PERSONAL INDUSTRIALS T

— \\ ) j‘”‘

DROGUES LEGALS |
IL-LEGALS

‘ Mi*
/
%

BIOLOGICS MARCADORS \, _/
(Virus, bacteris i D'ESTRES | ;
protozous) ALIMENTACIO

Figura 2. Aplicacions de l'epidemiologia basada en aigiies residuals. Adaptada de (Choi
et al., 2018).

L’analisi dels virus que circulen en una poblaci6 i s6n excretats a la femta
i l'orina es pot realitzar amb la seva detecci6 en aigiies residuals urbanes.
Gracies al monitoreig d’aquestes, s’ha obtingut informacio rellevant sobre
quins virus es troben presents de manera persistent, podent actuar
d’indicadors de contaminaci6 fecal (Bofill-Mas et al., 2000; Jebri et al.,
2017; Kongprajug et al., 2019; Pina et al., 1998). També ha permes estudiar
quins patogens circulen a la poblaci6 en moments determinats,
caracteritzant els diferents genotips, la seva estacionalitat i diferencies
geografiques (Bisseux et al., 2018; Bofill-Mas et al., 2000; Thongprachum
et al., 2018).
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La vigilancia ambiental s’ha implementat des d’organismes com la
Organitzaci6 Mundial de la Salut, com per exemple en la Iniciativa per
I’Eradicacié Mundial de la Poliomielitis, on es realitza un monitoreig de la
presencia del virus de la poliomielitis en regions en vies d’eradicaci6 de la
malaltia (Nakamura et al., 2015; Tiwari i Dhole, 2018). En aquest mateix
context, també des del Instituto de Salud Carlos III anualment s’utilitza la
detecci6 dels enterovirus circulants en aigiies residuals com a complement
del monitoreig dels casos clinics de paralisi flaccida aguda (Instituto de
Salud Carlos III, 2018).

L’epidemiologia d’aigiies residuals ha generat un important impacte en la
deteccio de virus emergents, detectant-se per exemple la circulaci6 del
virus de I'hepatitis E en paisos industrialitzats (Clemente-Casares et al.,
2003), o reflectint I'efecte de la vacunacio en la circulacié de soques de
virus com els de 'hepatitis A o els rotavirus (Matthijnssens et al., 2012;

Pint6 et al., 2007).

Finalment, també ha demostrat ser una eina eficient per al seguiment de
brots causats per un ampli ventall de virus (Guerrero-Latorre et al., 2011;
Hellmér et al., 2014), aplicacié que ha agafat especial rellevancia aquest
any 2020 arrel de la pandemia causada pel SARS-CoV-2. Existeixen una
gran quantitat de publicacions que recolzen la utilitat de I’epidemiologia
basada en aigiies residuals per al seguiment de I'evoluci6 de la malaltia
com a suport per a la implementaci6é d’accions de control (Medema et al.,
2020; Randazzo et al.,, 2020), el que ha fet que un gran nombre
d’administracions inverteixin en aquests estudis i utilitzin els resultats
obtinguts com una eina més per a la presa de decisions. A Catalunya, des
del mes de juliol de 2020, s’esta realitzant el seguiment de 56 plantes de
tractament d’aigiies residuals repartides territorialment, per a representar
el 80% de la poblacid, analitzant setmanalment l'evolucié de la
concentraci6 del virus (https://sarsaigua.icra.cat) (Corominas et al.,

2020). Aquest tipus de seguiment es pot utilitzar per a coneixer I'estat del
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brot (o pandémia), actuant com a potencial eina de deteccié precog en
casos en els que la malaltia no s’estigui seguint a nivell clinic. També és

util per seguir el funcionament de les estrategies de mitigacié implantades.

Per a realitzar un bon seguiment dels virus que circulen per la poblacio és
indispensable triar el metode de deteccié adequat a les necessitats de
Pestudi. En I'epidemiologia d’aigiies residuals per al seguiment de virus,
els metodes mol-leculars han estat aplicats amb éxit i la millora d’aquests
ha permes I’elaboraci6é d’estudis cada cop més exhaustius (Corpuz et al.,
2020). A continuacié es detallen les principals families de virus que
s’excreten i com la seva detecci6 i caracteritzacio s’ha vist millorada gracies

a I’aparici6 de noves eines basades en la seqiienciaci6 massiva.

1.2. Principals families de virus excretats pels humans i

caracteritzacio de viromes

Es coneixen centenars de virus que infecten els éssers humans i sén
alliberats en la femta i I'orina fent el seu cami a 'ambient per 1'excreci6 o
secrecio de fluids corporals o per la descamacio epitelial. Els virus que
infecten el tracte digestiu s6n en algunes ocasions excretats en elevades
concentracions per persones sanes o malaltes durant llargs periodes de

temps després de la resolucio6 de la malaltia.

Alataula 1s’indiquen les principals families virals que s’excreten, de quina

manera ho fan i les possibles malalties relacionades amb la seva infecci6.
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Taula 1. Principals families de virus que s'excreten a través de femta, orina o pell i les
seves caracteristiques. Adaptada de Rusinol i Girones, 2017.

Familia

Espécies que

. Génere infecten Excrecio Malalties relacionades
(genoma, mida) humans
Adenoviridae Adenovirus Gastroenteritis, infeccions
c, 70- astadenovirus umans ersisten respiratories, conjuntivitis,
(ADNd Mastadenovi h (HAAV)  Persistent piratori juntiviti
9onm) A-G cistitis
.. Possible associacié amb
Anelloviridae Torquetenovirus diverses malalties com
(ADNmc, 30- Alphatorquevirus (TTV) Persistent hepatitis o malalties
32nm)
pulmonars
Astroviridae Astrovirus Associada a
(ARNmc, 28- Mamastrovirus . Gastroenteritis
30nm) (HAstV) 1-9 malaltia
. Norovirus (NoV)  Associada a ..
Calicivividae Norovirus GI, GII, GIV malaltia Gastroenteritis
(ARNmc, 27- . .
4onm) Sapovirus ?ﬁp?}‘?}rugsl(\?agx)/ isefl(;ﬁ?:a & Gastroenteritis
, GII, >
. . . Associada a . L
. . Circovirus huma - Possible associacié amb
Circovirus (HuACV) 1 malaltia / infeccions sistémiques
Circoviridae Persistent
(ADNmc, 15- A ad
20nm) Cuclovirus Ciclovirus huma msefl(;ﬁ?a 7 & Ppossible associacié amb
Yy (HuACyV) 1-12 Persistent infeccions sistemiques
Coronaviridae Associadaa Sindrome respiratoria
(ARNmc, 8o- Betacoronavirus SARS-CoV-2 lalti d P
220nm) malaltia aguda greu
Hepeviridae Virus de Associada a
(ARNmg, 27- Orthohepevirus I'hepatitis E . Hepatitis aguda
34nm) G1,2,3,4,7 (HEV) malaltia
»2,3,4,
Paralisis, meningitis,
Enterovirus A-D . malaltia boca-ma-peu,
. . Associada a . .
Enterovirus (E\./-68.1 EV-71), malaltia anomfihes car'dlaques,
Rhinovirus A-C, erupci6 cutania,
poliomielitis.
Picornaviridae Virus de Associada a
(ARNmc, 24- Hepatovirus I'hepatitis A GI- malaltia Hepatitis aguda
30nm) 111 (HAV)
. Aichivirus A-C Associada a ..
Kobuvirus (AIV) malaltia Gastroenteritis
. Parechovirus 1-16  Associada a Gast'r OEIZIthI'ltlS, 1nfec'c1.0ns
Parechovirus . respiratories, encefalitis,
(PeV) malaltia .. o
meningitis, hepatitis
Reoviridae . .
(ARNdc, 70- Rotavirus Rotavirus A-G ASSOCl?da & Gastroenteritis
~5nm) (RoV) malaltia
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Parvovirus B1g

Associada a

Eritema infeccids en nens,

Erythroparvovirus (PaVv) malaltia artropatia, hepatitis
Human bocavirus  Associada a Gastroenteritis, relacionats
Parvoviridae Bocaparvovirus 1-4 (HBoV) malaltia amb'lnfe\c.cwns
(ADNmc, 18- respiratories
el
26nm) . . Associada a -
Protoparvovirus Bufavirus (HBuV) malaltia Gastroenteritis
Dependovirus Virus Adeno- Associada a Desconegut
P associats (AAV) malaltia? 8
Papil-loma virus Cancer de cérvix, penis,
huﬁlans (HPV) Associadaa anus, vulva i orofaringe.
Alphapapillomavirus 16. 18. 6. 11. entre malaltia / També associats a
Papillomaviridae d'eiltre’zs » Persistent Berrugues genitals,
(ADNdc, 50- infeccions respiratories.
6onm)
Poden estar associats a
Betapapillomavirus flzf(’)vezn(’)c;es(()lieﬁtl?e’s Persistent  berrugues genitals, anals i
’ perianals.
Poliomavirus JC Leucoencefalopatia
ersisten multifocal progressiva
(JCPyYV) Persistent Itifocal progressi
Y (LMP)
Betapolyomavirus
Poliomavirus BK Infeccions respiratories
ersisten eus, nefropatia, cistitis
(BKPyV) Persistent 1l fropatia, cistiti
hemorragica
Polyomaviridae i . bl S
(ADNdc, 50 - Poliomavirus WU Persistent Posmb e associacio amb
6onm) ’ (WUPyV) infeccions respiratories
Poliomavirus KI Persistent Possible associaci6 amb
(KIPyV) infeccions respiratories
Poliomavirus de Associats al carcinoma de
Alphapolyomavirus  les cel-lules de Persistent

Merkel (MCPyV)

cél-lules Merkel

1.2.1. Virus associats a infeccions agudes

Caliciviridae

La familia Caliciviridae engloba un gran nombre de virus de mida petita

(27—40nm) amb un genoma ARN de cadena senzilla i polaritat positiva.

Dins d’aquesta familia, els generes que estan relacionats amb el

desenvolupament de la malaltia en humans son els Norovirus (NoV) i els

Sapovirus (SaV) (Vinjé et al., 2019). Es coneix que s’excreten en titols de

107 a 109 copies genomiques per gram de femta (Bozkurt et al., 2015;

Rimoldi et al., 2011).
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Els NoV so6n els causant de la major part de brots de gastroenteritis
associats a aigua i aliments, i es troben de forma abundant en matrius
ambientals com son aigiies residuals, de riu, de mar o aigiies de rentat de
mol-luscs amb contaminacié fecal (Haramoto et al., 2018). Els principals
genogrups de NoV que trobem en infeccions humanes son els genogrups
1, 2 i 4 (GI, GII, GIV), els quals presenten una freqiiencia de deteccio
diferenciada en 'ambient. Els NoV GI es detecten més freqlientment en
aigiies que no pas els NoV GII i GIV, suggerint una resisténcia major a
condicions ambientals dels primers (Borchardt et al., 2012; Miura et al.,
2013). Mitjancant la seqiienciaci6 massiva s’han realitzat molts estudis
sobre la detecci6 dels tipus circulants, donant informaci6 de la distribuci6o
de genogrups i 'emergencia de nous de subtipus com el NoV GIIL.17

(Fumian et al., 2019; Strubbia et al., 2019).

Els SaV també son els responsables de casos greus de gastroenteritis, amb
un gran augment de la seva prevalenca a nivell mundial, arribant a ser la
tercera causa més comu de gastroenteritis (Iritani et al., 2016). La seva
prevalenca en aigiies residuals ha demostrat ser alta en els darrers anys,

amb una elevada diversitat de genogrups (Ibrahim et al., 2019).
Astroviridae

La familia Astroviridae engloba un gran nombre de virus de mida petita
(28-30 nm) amb un genoma ARN de cadena senzilla i polaritat positiva.
Dins d’aquesta familia, el genere Mamastrovirus (MAstV) esta relacionat
amb un elevat nombre de gastroenteritis en nens i en brots afectant adults.
En femtes les seves concentracions es troben al voltant a les 108 a 103

copies genomiques per gram de femta (Bosch et al., 2012; Payne, 2017).

Els MAstV es troben circulant activament en ’'ambient, detectant-se en
aigiies residuals i efluents de depuradores, i aigiies de pou i de riu amb

contaminaci6 fecal. Mitjancant estudis de metagenomica, s’ha trobat una
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alta diversitat de tipus, incloent emergents (com els MAstV-8), poc

habituals i recombinants (Hata et al., 2018).
Reoviridae

Dins de la familia Reoviridae (virus ARN de cadena doble fragmentat) i
del génere Rotavirus, els Rotavirus A (RVA) son el virus més habitualment
associats a gastroenteritis infantil arreu del mén, convertint-se en una
amenaca per a la salut puablica ja que s'excreten en grans quantitats en
femta (10'° a 102 copies genomiques per gram de femta) (Rimoldi et al.,

2011).

Els RVA sén molt estables i resistents als diferents métodes de tractament
d'aigiies residuals, persistint en el medi ambient durant periodes
prolongats i convertint-se aixi en potencials fonts d’infecci6. Per una altra
banda, I'impacte de la vacunaci6 ha fet que variin els genogrups circulants
amb el temps i en funci6 de les politiques territorials de vacunaci6d

(Matthijnssens et al., 2012; Ruggeri et al., 2015).

Picornaviridae

Un elevat nombre de géneres, amb ampli ventall de malalties associades,
s’agrupen en la familia Picornaviridae. Els membres d’aquesta familia son

virus ARN de cadena senzilla d'una mida al voltant de 24-30nm.

Encara que no estan associats a episodis de diarrea, els generes
Enterovirus i Hepatovirus (amb el virus de I’hepatitis A com a membre
principal), s’excreten en femtes quan estan causant una infecci6 activa en
ordres de 103a 107 cOpies genomiques per gram de femta. Es per aquest fet
que s’ha reportat la seva presencia en 'ambient (Bisseux et al., 2020; La
Rosa et al.,, 2014; Lizasoain et al., 2018) i el seu potencial risc de
transmissi6 a través d’aigua contaminada fecalment (Glas et al., 2001;

Sinha i Dutta, 2019).
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El géneres Kobuvirus i Parechovirus, amb Aichivirus (AiV) i Parechovirus
(PeV) respectivament com a especies principals, si que estan relacionats
amb casos de gastroenteritis. Els AiV s’han detectat en coinfeccions amb
RVA i també com a agents etiologics causants de brots alimentaris
(Rivadulla i Romalde, 2020). Els PeV en canvi, estan relacionats amb
casos lleus de gastroenteritis, pero el seu rol en brots de la malaltia ha estat
qliestionat recentment, suggerint la possibilitat de la simptomatologia
sigui deguda a coinfeccions (Olijve et al., 2018). AiV i PeV s’han trobat en
mostres ambientals en gairebé tots els mesos de 'any en que els s’han

analitzat mostres (Thongprachum et al., 2018).

Hepeviridae

Els virus de la familia Hepeviridae es caracteritzen per tenir un ARN de
cadena senzilla i polaritat positiva i una mida de 27—-34nm (Purdy et al.,
2017). Dins del génere Orthohepevirus trobem el virus de la Hepatitis E
(VHE), un virus emergent responsable de brots d’hepatitis aguda
relacionats amb el consum de carn poc cuinada (Bouwknegt et al., 2007;
Meng i Lindsay, 2009). S’ha descrit la seva presencia en el 70% de les
femtes d’individus infectats, amb una excreci6 de 103 a 107 copies

genomiques per gram de femta (Kim et al., 2014; Takahashi et al., 2007).

La circulaci6 del VHE en l'ambient esta ampliament documentada,
trobant-se, per exemple, en més del 30% de les aigiies residuals
analitzades en un estudi a Espanya (Clemente-Casares et al., 2003).
Aquesta contaminacié pot considerar-se com una font important de

dispersio del virus (Rodriguez-Manzano et al., 2010; Rusinol et al., 2015).

Coronaviridae

Membres de la familia Coronaviridae (ARN de cadena senzilla, 80-
22onm de mida) tradicionalment shan relacionat amb el

desenvolupament de refredats comuns (subespécies 229E, NL63, OC43 i
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HKU1) i, en els darrers anys, de brots de malalties respiratories greus
(subespecies MERS, SARS) (Van der Hoek, 2015).

L’aparici6 del SARS-CoV-2, membre emergent del genere
Betacoronavirus causant de la pandemia de la malaltia COVID-19, ha fet
de la seva excrecio6 un dels principals eixos d’estudi per al seu monitoreig
ambiental. Es coneix que entre el 30% i el 55% dels malalts excreten el
virus en femta, el qual pot arribar a concentracions des de 102a 107 copies
genomiques per gram de femta (Wolfel et al., 2020; Wu et al., 2020; Zhang
et al., 2020). Es aixi, que la seva circulacié en aigiies residuals esta

ampliament demostrada (Farkas et al., 2020; Kitajima et al., 2020).
1.2.2. Virus persistentment excretats
Adenoviridae

En la familia Adenoviridae (ADN de doble cadena, 70-gonm), dins del
genere Mastadenovirus, les espécies d’adenovirus humans (HAdV) A a G
poden estar implicades en el desenvolupament de malalties de diversa
severitat, des de gastroenteritis moderades a infeccions respiratories o

oculars (Lynch i Kajon, 2016).

Els HAdAV es poden excretar en concentracions que es troben sobre 107 a
10" copies genomiques per gram de femta i la seva circulacié és global
(Lion et al., 2010; Rimoldi et al., 2011). Aproximadament en més del 95%
de les aigiies residuals es pot detectar la presencia de HAdV (Farkas et al.,
2020; Rusifiol et al., 2015). Aquesta alta prevalenca, juntament amb la
seva facil detecci6 i capacitat de cultiu, han fet que s’utilitzin exitosament
com a indicadors de contaminaci6 fecal humana (Bofill-Mas et al., 2006;

Pina et al., 1998; Rames et al., 2016).
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Polyomaviridae

Els virus de la familia Polyomaviridae presenten un ADN circular de doble
cadena i una mida de 50-60onm. Les especies de Betapoliomavirus JC i
BK (JCPyV i BKPyV) produeixen infeccions ubiqiies i persistents en
individus sans que, en situacions d'immunodepressio, poden reactivar-se
causant un ampli ventall de malalties (Doerries, 2006). El poliomavirus de
les cel-lules Merkel (MCPyV) ha estat relacionat amb el desenvolupament

d’un carcinoma de pell agressiu (Feng et al., 2008; Varga et al., 2009).

El 85% de la poblaci6 presenta anticossos contra JCPyV, amb
concentracions d’excreci6 en orina de fins a 105 copies genomiques per
mil-lilitre d’orina (Fumian et al., 2010). Tal i com passa amb els HAdV,
lanalisi de la seva presencia es pot utilitzar com a indicador de

contaminaci6 fecal humana (Bofill-Mas et al., 2000).

Papillomaviridae

Els papil-lomavirus humans (HPV, ADN circular de doble cadena, 50-60
nm) pertanyen a la familia Papillomaviridae i es distribueixen en cinc
generes. Els membres del genere Alphapapillomavirus infecten
principalment les superficies mucoses orals i genitals, aixi com els genitals
externs, i estan relacionats amb el desenvolupament de carcinomes. Els
HPV dels generes Betapapillomavirus, Gammapapillomavirus 1
Mupapillomavirus infecten la mucosa no genital i la pell. Les infeccions
per Betapapillomavirus sén en molts casos persistents i poden donar lloc
a una amplia varietat de manifestacions cliniques en les superficies
epidermiques. La seva excreci6 s’ha relacionat amb la descamacid
d’epitelis i per orina i la preséncia d’aquests virus en 'ambient es podria
considerar emergent i ha estat reportada en diversos ecosistemes (Di

Bonito et al., 2015; Hamza i Hamza, 2018; La Rosa et al., 2013).
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1.2.3. Virus excretats sense un paper etiologic clar

Existeixen families de virus de les que es desconeix la seva implicaci6 en
el desenvolupament de malalties pero que s’excreten, a vegades de manera
persistent, i es poden detectar en mostres ambientals, formant part del
viroma. L’aplicaci6 de la metagenomica ha permes saber més d’elles i de

les seves possibles implicacions en la salut publica.

En la familia Parvoviridae (ADN circular de cadena senzilla, 18-26nm) a
part de la presencia de tipus que s’associen a malalties respiratories i
gastrointestinals, trobem especies viriques, com els virus adeno-associats,
de les que es desconeix la seva implicaci6 en el desenvolupament de
patologies. Virus de la familia Anelloviridae (ADN circular de cadena
senzilla, 30-32nm) com els torque-tenos (TTV) han estat postulats com
possibles a agents etiologics de diverses malalties com hepatitis o
infeccions pulmonars, pero la seva implicaci6 encara esta en estudi
(Reshetnyak et al., 2020). Amb tot aix0, actualment se sap que una gran
quantitat de virus ’ADN de cadena senzilla circular, similars a la familia
Circoviridae, s'han detectat a través de la metagenomica en aigiies
residuals, demostrant la necessitat de més estudis enfocats a aquestes
families i el seu potencial patogenic (Blinkova et al., 2009; Rusinol i

Girones, 2017).

Els bacteriofags, o fags, que infecten bacteris associats amb l'intesti huma
també estan presents en altes concentracions en aigiies residuals.
Conseqiientment, els colifags somatics i els bacteriofags d'ARN F-
especifics s'utilitzen per avaluar la contaminaci6 fecal humana (Muniesa
et al., 2009), encara que, com que no totes les soques s'associen
exclusivament a bacteris humans, la seva utilitzacié com a marcadors s’ha
d’aplicar amb precauci6é (Farkas et al., 2020). Un altre tipus de fags amb
potencial utilitzacié com a marcadors son els que infecten a Bacteroides

spp. Entre aquests, trobem els crAssphage, bacteriofags que han co-
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evolucionat amb els humans i recentment han estat descrits com a part
integral del viroma del sistema digestiu huma. Els crAssphage es troben
globalment distribuits i la seva concentraci6 en aigiies residuals és de 104
a 107 copies genomiques per 100 mil-lilitres d’aigua (Edwards et al., 2019;

Garcia-Aljaro et al., 2017; Kongprajug et al., 2019).

Una familia de virus que durant molt temps ha tingut un paper desconegut
com a possibles patogens és la familia Picobirnaviridae. En el passat,
molts autors els hi atribuien un rol en el desenvolupament de diarrea pero
sense poder demostrar una associaci6 epidemiologica consistent (Van
Leeuwen et al., 2010). Estudis recents sobre els motius d’uni6 a ribosomes
dels picobirnavirus han postulat que aquests virus no infectarien animals
i, de fet, podrien classificar-se com bacteriofags (Krishnamurthy i Wang,

2018).

Molts virus de plantes es troben a la femta humana i conseqiientment en
aigiies residuals (Zhang et al., 2006). En els darrers anys un d’aquests
virus, el pepper mild mottle virus (PMMoV; familia Virgaviridae), s’ha
trobat també en aigiies superficials i subterranies i en aigua potable.
L’excreci6 del PMMoV es produeix per la ingesta de pebrots, o aliments
que en continguin, que molts cops estan infectats pel virus (Rosario et al.,
2009). Degut a la seva ubiqiiitat, s’utilitzen també com a indicadors de

contaminaci6 fecal humana (Farkas et al., 2020).

Amb l'expansi6 de les eines de seqiienciacié massiva, també ha sorgit el
terme “materia obscura viral” (viral dark matter), que es refereix a la gran
quantitat de seqiiencies, possiblement de virus encara desconeguts, que es
troben formant part del viroma i que també poden ser persistentment
excretats. Segons quin tipus de mostra s’estigui estudiant, aquest gran
grup de seqiiencies que no es poden identificar poden representar del 40
al 90% del total (Krishnamurthy i Wang, 2017). Millores en les aplicacions

de seqiienciacié han ajudat en el descobriment de virus nous, pero encara
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que queda molt cami per recorrer en I'estudi de la relaci6 del viroma i la

salut (Wang, 2020).

2. Tecniques de seqiienciacid massiva per a 'estudi del

viroma

2.1. Eines d’estudi de virus en mostres ambientals i

cliniques previes a la era de la metagenomica

El descobriment de virus durant la major part del segle anterior va seguir
un enfoc tradicional d’aillament de virus i l'amplificaci6 en cultiu cel-lular
o models animals, classificant-los en funci6 de les seves propietats
morfologiques i serologiques. Aquests metodes es basen en ’'observaci6 de
I'efecte citopatic, I'efecte que genera la infeccio viral en la cel-lula hoste, i
tenen com a principal desavantatge que existeixen especies virals que no
produeixen aquest efecte de manera evident o ho fan en un temps massa
elevat. Per una altra banda, existeixen virus que no es poden cultivar o dels
que no disposem de linies cel-lulars per a fer-ho (Leland i Ginocchio,

2007).

Els métodes moleculars sén els més ampliament utilitzats ja que, en
comparacié a les técniques de cultiu, son metodes més especifics,
sensibles, rapids i economics. Dins d’aquests, els més classicament
utilitzats son els basats en la tecnica de la PCR, que permeten detectar la
preséncia de genomes virics mitjancant I'as d’encebadors especifics amb
els que s’amplifiquen les regions d’interes dels virus. Existeixen variacions
que ens permeten augmentar la sensibilitat per realitzar la deteccio si la
concentraci6 virica és baixa (PCR niuada/nested o nPCR) o si volem
quantificar els genomes d’interes (PCR quantitativa o qPCR). Aquests
metodes no ens permeten tenir dades sobre la infectivitat dels virus
d’estudi, a no ser que els complementin amb tractaments per eliminar

genomes virals no encapsulats o amb I'adici6 de compostos que només
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s'uniran a particules viriques integres (potencialment infeccioses) (Bofill-

Mas et al., 2006; Quijada et al., 2016; Randazzo et al., 2018).

Recentment, s’ha descrit 1'as de la técnica d’edicié genetica CRISPR/Cas
per a la detecci6 dels acids nucleics virals en mostres cliniques de manera
rapida, facilment miniaturitzable i amb baix cost, basada en 1'Gs de
Pactivitat de tall d’enzims CRISPR per al reconeixement d’ADN o ARN

virics (Gootenberg et al., 2018; Mirzaei et al., 2020)

La propia naturalesa dels metodes mencionats fa que molts cops no es
pugui reflectir la diversitat virica real que hi ha en una mostra ja que séon
metodes molt especifics o estan enfocats a un grup determinat de virus,
pel que cal coneixer previament el virus d’estudi (Kumar et al., 2017). El
sorgiment de la seqiienciaci6 massiva aplicada a l'estudi de poblacions
viriques cobreix aquest buit de coneixement, permetent un estudi
exhaustiu d’aquestes poblacions i la seva presencia en mostres cliniques o
ambientals. L’aplicacié d’aquestes técniques, les quals estan evolucionant
de forma molt rapida, ha esdevingut clau per a descriure de forma precisa
els virus que circulen per la poblaci6 i l'ambient, constituint-se com a eines
de gran importancia per a estudis epidemiologics i de salut ptblica i per al
descobriment de virus nous (Cantalupo et al., 2011; Fernandez-Cassi et al.,

2018; Wang et al., 2020).

2.2. Tecniques de seqiienciacié massiva aplicades a la

virologia

L’any 2008 la seqiienciaci6 massiva va ser aplicada per primer cop per a
la identificaci6 d’agents virals desconeguts, els arenavirus, en pacients
amb una malaltia febril que no va poder ser diagnosticada per altres
metodes (Palacios et al., 2008). Posteriorment, va comencar a ser
extensament utilitzada per estudis de metagenomica, transcriptomica i

per al descobriment de virus nous, esdevenint una important eina per a
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I’estudi de la diversitat virica en tot tipus de mostres, com aigiies o mostres

cliniques (Barzon et al., 2013; Kapgate et al., 2015).

Una de les principals limitacions en l'aplicaci6 de la seqiienciacié massiva
per a I'estudi de virus és que en molts tipus de mostres els genomes virals
es troben en menor proporcioé respecte a genomes bacterians o del propi
hoste, en especial en mostres ambientals com poden ser aigiies o aliments.
Previ a tot el procediment de preparacio6 de la seqiienciacié massiva virica,
necessitem assolir una concentraci6 d’ADN minima que no obtenim al
realitzar l'extraccié d’acids nucleics. Es per aquest motiu, que s’ha de
realitzar un pre-tractament del concentrat viral i de 'extracci6 d’acids
nucleics. També, i a diferéncia de la seqiienciacié massiva bacteriana, els
virus no disposen de regions del genoma compartides que puguin ser
usades per fer una amplificaci6 selectiva o un enriquiment previ, fent tot

el processament més complex.

Abans d’iniciar l'extracci6 de 'ADN i ARN viric, els concentrats virals
s’han de tractar amb enzims que degradin els acids nucleics lliures. Un cop
feta I'extraccio, es poden seguir metodes d’amplificacio de desplacament
miltiple (métodes MDA) o independents de seqiiéncia (metodes SISPA)
adaptats al processament de material genetic viric (Allander et al., 2001;
Cantalupo et al., 2011; Kohl et al., 2015). El darrer, SISPA, és el méetode
més extensament utilitzat, i es basa en realitzar una retrotranscripcio del
ARN i una complementaci6é de les dobles cadenes (mitjancant un enzim
sequenasa o klenow) amb un encebador amb nonamers aleatoris que
contenen una seqiiéncia inicial compartida, anomenat Primer A. Aquesta
seqiiéncia inicial s’incorpora a tots els acids nucleics de la mostra, el que

permetra després amplificar-la per PCR mitjancant un encebador especific
(Fig. 3).
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Figura 3. Protocol de pre-amplificacié d'acids nucleics. Metode SISPA.

El nombre de cicles d’amplificacio6 realitzats pot afectar la diversitat de
seqiiencies obtingudes degut a biaixos inherent de la PCR, per aixo és
necessari ajustar el nombre de cicles (25-30) per a obtenir la quantitat de

ADN per a la realitzacio de les llibreries de seqiienciacié (Fernandez-Cassi

et al., 2018).
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2.2.1. Seqiienciacié massiva per metagenomica

El tipus de seqiienciaci6 massiva més utilitzat fins la data ha estat la
metagenomica no dirigida o dalt rendiment (High Troughtput
Sequencing, HTS). L'objectiu d’aquesta tecnica és la seqiienciacio de tots

els genomes que es troben en una mostra.

Tal i com s’ha comentat anteriorment, per tal de realitzar una seqiienciacio6
massiva de tots els genomes virics d'una mostra, s’ha de realitzar un pre-
processament per incrementar la concentraci6 d’ADN motlle. Un cop
realitzat aquest pas, critic especialment en matrius ambientals, es

construeixen les llibreries de seqiienciacio.

Existeixen molts protocols per a fer llibreries i aquests varien en funci6 de
la plataforma de seqiienciaci6 escollida o de la seva automatitzacié (Head
et al., 2014). En aquest protocols, es parteix de ’ADN motlle de doble
cadena que sera fragmentat fisicament, per exemple amb un sonicador
Covaris, o enzimaticament, que no requereix de maquinaria extra encara
que és menys eficient. Si s’utilitzen seqlienciadors que tenen la capacitat
de seqiienciar fragments llargs, com és el cas de les plataformes per
d’Oxford Nanpore, el pas de fragmentaci6 es pot ometre. Seguidament, es
realitza la reparacio dels extrems de les seqiiencies obtingudes i es lliguen
els adaptadors de seqilienciacié que permetran el reconeixement i la uni6é
de les seqiiencies al suport que correspongui de cada seqiienciador. A la
vegada, i si es vol seqiienciar diverses mostres alhora, es lliguen uns
marcadors especifics, anomenats indexs, que etiquetaran totes les
seqiiencies obtingudes segons de la mostra que provinguin (Fig. 4). Un cop
feta aquesta lligacié d’adaptadors i indexs, es pot realitzar una selecci6 de
fragments, generalment amb boles magnétiques, per a reduir fragments
massa llargs o curts que empitjorarien la qualitat de la seqlienciacié (Guan
i Sung, 2016). Segons el protocol utilitzat, les llibreries poden ser

amplificades per PCR i purificades abans de carregar-les al seqiienciador.
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Figura 4. Protocol de seqiienciaci6 massiva per metagenomica. Producci6 de Illibreries.

Aquest protocols han estat utilitzat per a estudis de viroma en una gran
diversitat de matrius. En matrius ambientals la seva aplicaci6 va permetre,
a partir de 'any 2008, I'estudi de bacteriofags i virus animals (Parsley et
al., 2010; Rosario et al., 2009), i millores en les metodologies utilitzades

van fer possible estudis més complets de viromes d’aigiies residuals i
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biosolids en les que es van detectar un alt nombre de virus patogens

d’interes huma (Bibby et al., 2011; Bibby i Peccia, 2013; Cantalupo et al.,

2011; Ng et al., 2012). En l'actualitat, els estudis del viroma amb aquestes

metodologies donen informaci6 valuosa per a la epidemiologia basada en

aigiies residuals i el seu potencial paper com a sistema de detecci6 precog

de brots (Taula 2) (Haramoto et al., 2018).

Taula 2. Revisi6 d'estudis de metagenomica en aigiies residuals (Novembre 2020).

Titol

Autors i any

Matriu

Principals virus detectats

Census of the Viral

Metagenome within an Parsley et al., Fanes actius Bacteriofags
Activated sludge Microbial 2010 8 8
Assemblage
Bacteriofags, Adenoviridae,
. Astroviridae, Caliciviridae,
Raw sewage harbors diverse Cantalupo et . . . D 7,
. . Aigua residual Papillomaviridae, Parvoviridae,
viral populations al.,, 2011 e .. . L
Picobirnaviridae, Picornaviridae,
Polyomaviridae
Viral Metagenome Analysis to Bacteriofags, Herpesviridae,
Guide Human Pathogen Bibby et al., Biosolids Coronaviridae, Picornaviridae,
Monitoring in Environmental 2011 Adenoviridae, Flaviviridae,
Samples Circoviridae
High Variety of Known and Bacteriofags, Adenoviridae,
New RNA and DNA Viruses of Ngetal.,, Aieua residual Astroviridae, Caliciviridae,
Diverse Origins in Untreated 2012 g Hepeviridae, Parvoviridae,
Sewage Picornaviridae, Reoviridae
Papillomaviridae, Adenoviridae,
Identification of Viral Pathogen . . . Parvovlr.zd.ae, Clrcovlrldqe,

. o Bibby i Peccia, . Coronaviridae, Parvoviridae,
Diversity in Sewage Sludge by Biosolids rid licivirid
Metagenome Analysis 2013 REOU.IT'.I ‘ae, Ca eiraae,

Flaviviridae, Astroviridae,
Herpesviridae
Bacteriofags, virus de plantes,
. Adenoviridae, Polyomaviridae,
Metagenomic approaches for . .. . L

. Picornaviridae, Papillomaviridae,

direct and cell culture Aw et al., . . .. ..
. . . Aigua residual Ascoviridae, Hytrosaviridae,
evaluation of the virological 2014 lovirid rid
uality of wastewater chu ovridae, 'Poxv%rf ae,
q Iridoviridae, Circoviridae,
Herpesviridae
. Bacteriofags, virus de plantes,
ﬁ{fﬁigj’:szl:gzj; O;‘eiﬁzszu(iyaof Fernandez- Adenoviridae, Circoviridae,
tool for public health 9 Cassi et al., Aigua residual Parvoviridae, Caliciviridae,
TP 2018 Astroviridae, Picornaviridae,
surveillance

Polyomaviridae, Hepeviridae
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Characterization of Norovirus

and Other Human Enteric . . . . Bacteriofags, Astroviridae,

. . Strubbia et al., Aigua residual i S L
Viruses in Sewage and Stool 201 femtes Caliciviridae, Nodaviridae, ,
Samples Through Next- 9 Picornaviridae, Reoviridae
Generation Sequencing
Variations among Viruses in
Influent Water and Effluent Bacteriofags, virus de plantes,
Water at a Wastewater Plant Wang et al., Efluents de Adenoviridae, Picornaviridae,
Over One Year as Assessed by 2020 depuradora Caliciviridae, Hepeviridae,
Quantitative PCR and Reoviridae, Astroviridae
Metagenomics

Bacteriofags, virus de plantes,
Metagenomlc qnalysw of Rusifiol etal,  Aigua residual i Clrcovl.rl.dae, PlCO.T'{la.U'lrldae,
viruses, bacteria and protozoa .. ~ . ., Astroviridae, Caliciviridae,
2020 aigiies d’irrigacio

in irrigation water Adenoviridae, Hepeviridae,

Anelloviridae, Papillomaviridae

Aquests protocols han estat també satisfactoriament aplicats en la deteccio
de virus en mostres cliniques, demostrant el seu potencial Gis com a eines
de diagnostic que permeten alhora I'estudi de diverses mostres i diversos
grups virics (Bodewes et al., 2015; Zhou et al., 2016). També s’han utilitzat
exitosament per a descriure I'agent etiologic de malalties en les que es

desconeixia (Moore et al., 2015; Palacios et al., 2008).

La seqlienciacié massiva per metagenomica té com a principal avantatge
la possibilitat d’estudiar el viroma complet sense un biaix cap a families de
virus concretes. En contrapartida, en mostres complexes on les seqiiéncies
virals poden suposar només un 1% del total generat pel seqiienciador,
aquesta aproximaci6é pot suposar una perdua d’informacié de seqiiencies
de variants o tipus virics que es troben en una concentracié menor. Es per
aquest motiu que es van desenvolupar aplicacions de seqiienciacid
dirigida, o amb enriquiment de dianes, cap a families o grups virics

d’interes, les quals han estat implementades en aquesta tesi doctoral.
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2.2.2. Seqiienciacié amb enriquiment de dianes

Incrementar la sensibilitat de la seqiienciacié massiva cap a families o
grups de virus d’interes ha estat un dels objectius principals per molts
grups de recerca i per a possibles aplicacions en el diagnostic clinic.
Incorporar un biaix en la producci6 de llibreries de seqiienciaci6é pot ser
de gran utilitat per a no perdre rendiment de seqiienciaci6 en reads de

virus i altres organismes que no son el focus d’estudi.

Amb aquesta idea, a l'any 2015 va néixer les primera aplicaci6 de
seqiienciaci6 amb enriquiment de dianes per a virus. Briese i
col-laboradors van idear un protocol de sondes de captura que estava
dirigit a la seqiienciacio dirigida de virus que infecten vertebrats, el panell
VirCapSeq-VERT. Es van dissenyar 2 milions de sondes que cobrien els
genomes complerts de 207 virus que infecten vertebrats. Aquest
enriquiment va permetre un augment d’entre 100 i 1000 vegades de
seqliéncies virals en mostres d’origen huma (sang i teixit pulmonar). El
metode desenvolupat també va demostrar ser 1til per a la descripci6 de
virus nous, ja que s’identificaven genomes de virus que eren fins a un 40%

diferents dels utilitzat en el disseny de les sondes (Briese et al., 2015).

Es va dissenyar un panell de captura seguint el protocol de construcci6 de
llibreries i hibridaci6 desenvolupat per Nimblegen-Roche, els quals van
comercialitzar posteriorment el kit complet. El fonament del metode de
captura esta representat a la figura 5. Un cop les llibreries de seqiienciacio
estan preparades, aquestes s’hibriden en liquid amb les sondes marcades
amb biotina durant un maxim de 20 hores. Posteriorment, les seqiiencies
unides a les sondes es recuperen mitjancant I’adicio de boles magnetiques
recobertes d’estreptavidina. Es produira la uni6 del conjugat biotina-
estreptavidina que a la vegada estara unit a les seqiiéncies de les llibreries
que hibridin amb les sondes. Amb successius procediments de rentats
s’eliminen aquelles seqiiéncies que no hagin estat reconegudes per les

sondes, obtenint aixi per a seqiienciar Unicament els fragments
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corresponents al virus d’interes. Aquest panell ha estat aplicat amb éxit en
diversos estudis, millorant la deteccio de virus d’interes que d’altra manera
no es detectarien en mostres cliniques (Anderson et al., 2018; Mishra et
al., 2020; Tokarz et al., 2019), ambientals (Hjelmsg et al., 2019; Strubbia
et al., 2019) o associades a brots sense etiologia descrita (Cummings et al.,

2019; Williams et al., 2018).

Un altre panell que segueix el mateix fonament és el de Wylie i
col-laboradors, anomenat ViroCap. En aquest cas, la hibridaci6 és
produida amb la mateixa tecnologia perd en un microxip i les sondes
dissenyades cobreixen virus de 34 families diferents que infecten

vertebrats (Wylie et al., 2015).

Altres empreses com Agilent Technologies, Illumina o Twist Biosciences,
disposen de tecnologies de captura similars que es poden adaptar a
dissenys a mida de sondes per a la seqlienciaci6 dirigida a families de virus
concretes (Chalkias et al., 2018; Li et al., 2017; Miyazato et al., 2016; No et
al., 2019; Oba et al., 2018). Recentment, dos kits de seqiienciaci6 amb
enriquiment de dianes, VirCapSeq VERT de Roche i el SARS-CoV-2
Research Panel de Twist Biosciences, han estat utilitzats per l'estudi
genetic del SARS-CoV-2 en mostres cliniques (Carbo et al., 2020; Klempt
et al., 2020), demostrant la seva gran utilitat en aplicacions de

seqiienciacié massiva.
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Aquestes tecniques milloren substancialment els resultats obtinguts per a
lestudi de virus per seqilienciacié6 massiva i la seva aplicaci6 esta en
constant evoluci6 i millora. La principal limitacié es troba en el biaix
inherent de I'enriquiment per a tipus de virus coneguts, pero tal i com
passa amb Kkits ja descrits, la hibridacio6 es pot fer menys restrictiva per a
obrir la possibilitat del descobriment de nous virus. Una altra limitaci6 que
podem tenir en l'aplicacié de la hibridacié de sondes pot ser la falta de
cobertura del genoma en estudis de variants viriques, ja que si alguna regi6
del virus d’estudi no hibrida amb les sondes dissenyades (noves variants,
pérdua de fragments), no tindriem la totalitat de les regions cobertes. Una
metodologia que supera aquest inconvenient és la seqiienciacié massiva

d’amplicons.
2.2.3. Seqiienciacié massiva d’amplicons

Tradicionalment, la seqiienciaci6 d’amplicons de PCR s’ha realitzat
mitjancant la técnica de Sanger (Sanger et al.,, 1977). El principal
inconvenient d’aquesta técnica és que, si en la mostra d’estudi tenim
diverses variants d’'un mateix virus, la seqiiéncia obtinguda sera la més
abundant en la poblaci6 i per seqiienciar les variants s’hauria de realitzar
el clonatge de poblacions. La seqiienciacié massiva d’amplicons permet
realitzar estudis d’aquest tipus d'una manera molt més eficient, obtenint
una gran quantitat de seqiiencies en un unic assaig i permetent la
seqlienciaci6 de moltes mostres alhora. Amb tot aixd, aporta informaci6
rellevant sobre mutacions de baixa freqiiéncia i ’estructura poblacional

(Beerenwinkel i Zagordi, 2011).

A la figura 6 es detalla el protocol de seqiienciacié massiva d’amplicons.

Amb el producte que s’obté a partir d'una o varies PCR o PCR niuades es

realitza la purificaci6 i lligaci6 d’adaptadors de seqiienciaci6. La

incorporaci6é d’aquests adaptadors, que seran reconeguts per la plataforma

de seqlienciacio, es pot realitzar també a I'hora de fer la PCR, incorporant

aquestes seqiiencies a les seqiiéncies del encebadors que s’utilitzen. Per
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seqiienciar varis amplicons de diverses mostres al mateix temps, es pot
també lligar en els amplicons els index que identificaran cada mostra amb

una seqiiencia tnica.

- - PCR/nested PCR

e
| I
— __ Purificacié d'amplicons
— [— de PCR
I
N
S
| r—
I
| ———y =~
[
e
——— Ligaci6 d'amplicons amb
___ adaptadors de seqiienciacié
T B iindexs
——
e
[ = .
[ ———

Seqtienciacié massiva

Figura 6. Protocol de seqiienciacié massiva d'amplicons.
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Aquesta aproximaci6 ha obert la possibilitat d’estudis detallats de families
especifiques de virus, generant informaci6 de variants genetiques dins de
les propies espécies (estudis de quasiespécies) (Del Campo et al., 2018;
Kijak et al., 2019), reconstruccions de genomes (Charre et al., 2020;
Maurier et al., 2019) i estudis de diversitat viral de families especifiques
en mostres cliniques o ambientals (Fernandez-Cassi et al., 2018; Hata et

al., 2018; Prevost et al., 2015).
2.3. Plataformes de seqiienciacié massiva

Les tecnologies de seqiienciacié d'ADN han existit des de principis de la
década de 1970, pero inicialment el seu cost, la seva complexitat i la
utilitzaci6 de reactius toxics o radioactius van limitar el seu Gs en recerca.
Els metodes de terminaci6é de cadena iniciats per Sanger et al. (Sanger et
al., 1977) eren més practics, i van formar la base per a la primera generacio
de seqiienciadors d'ADN automatitzats. El primer genoma complet d'un
microorganisme de vida lliure, Haemophilus influenza, publicat el 1995
(Fleischmann et al., 1995), va ser seqiienciat utilitzant el métode Sanger.
No obstant aix0, la seqiienciaci6 del genoma sencer per aquesta tecnologia

va ser molt costosa i lenta.

La necessitat de disposar de tecnologies de seqiienciacié d'alt rendiment
es va intensificar per l'inici del Projecte Genoma Huma. Es va tardar més
de 15 anys, amb una inversi6 de quasi 3 billons de dolars, per realitzar la
seqiienciacié Sanger del genoma huma (Venter et al., 2001; International
Human Genome Sequencing Consortium, 2004). Avui en dia, gracies a
Padveniment dels metodes de seqiienciacié massiva, es pot realitzar en
menys d’'una setmana i el cost no supera els 700 dolars (Wetterstrand,

2020).

La seqlienciaci6 massiva ha esdevingut una tecnologia de reemplacament
ja que la informaci6 generada a partir de miltiples fluxos de treball

tradicionals es pot combinar en un tnic flux de treball eficient i amb un
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cost cada cop menor. Juntament amb la bioinformatica i el
desenvolupament informatic esta en rapida evolucid, s'espera que es
produeixin encara més millores propers anys que afectaran en gran
manera l'aplicaci6 de la seqiienciaci6 massiva en tota mena d’ambits de

recerca i clinics (Besser et al., 2018).

L’aparici6 de la primera plataforma de seqiienciaci6é massiva data del 2005
de la ma de la empresa 454 Life Sciences (posteriorment comprada per
Roche) i el seu piroseqiienciador. La seva aplicacio en la seqiienciacié de
genomes es va demostrar amb la exitosa seqiienciaci6 del bacteri
Mycoplasma genitalium (Margulies et al., 2005). Aquesta tecnologia d'alt
rendiment va permetre la generacié i detecci6 de milers a milions de
lectures de seqiienciacié en una sola maquina sense necessitat de clonacio.
Des de llavors, han sorgit moltes altres tecnologies de seqiienciacio
massiva que generen tant lectures curtes (50-400 bp) com llargues (1-100
kb). A la taula 3 es resumeixen les principals caracteristiques de les

plataformes de seqiienciaci6 que es detallaran a continuacio.

Taula 3. Principals plataformes de seqiienciacié i caracteristiques.

Any Reaccio Metode de

Plataforma Companyia sortida seqiienciacié Amplificacié detecci6 Fragments
. W, SI Nucleotids
454 Roche 2005 Piroseqiienciacio (PCR en emulsié) fluorescents Curts
MiSeq, HiSeq,
MiniSeq . ; . SI Nucleotids
NextSeq, Hlumina 2007 Sintesi (PCR en pont) fluorescents Curts
NovaSeq
Thermo ; . SI Canvis de
IonTorrent Fisher 2010 Sintesi (PCR en emulsi6) pH Curts
PacBio PC.lClﬁ.C 2011 Sintesi NO Nucleotids Llargs
Biosciences fluorescents
MinION, Oxford Canvis de
GridION, Nanopore 2015 Pas per nanopor NO Llargs

PromethION Technologies corrent

39



INTRODUCCIO

2.3.1. Seqiienciacié de segona generacid. Seqiienciacié de

fragments curts

Les tecnologies de seqiienciaci6 de fragments curts son les que es coneixen
com a tecnologies de segona generacid. Els fragments curts poden ser
ensamblats bioinformaticament com es fa amb les seqiliéncies que
s’obtenen de la seqiienciaci6 de Sanger. La principal diferencia és que la
regi6 compartida entre seqiliéncies és menor en les resultants de la
seqiienciaci6 massiva, degut a que els fragments son més curts, i
Iensamblat en alguns casos és limitat. Totes les plataformes tenen
associades en el seu procediment 'amplificaci6 de 'ADN de les llibreries

de seqiienciaci6 i actualment son les més extensament utilitzades.

A continuaci6 s’expliquen les principals plataformes de seqiienciacié de

segona generacio.

Roche 454

Aquesta plataforma de seqiienciacié té com a fonament el metode de
piroseqiienciaci6. En aquest metode, les llibreries de seqiienciacid
s’'uneixen, mitjancant adaptadors, a una petita esfera. L’ADN és amplificat
mitjancant PCR en emulsi6 de manera que cada esfera acaba tenint moltes
copies identiques de la mateixa molecula d’ADN. Aquestes esferes son
immobilitzades en unes plaques de fibra optica que contenen més d'un
mili6 de pous i en cada pou es col-locara una esfera per a produir la reaccié
de seqiienciacio. Amb la piroseqiienciacio, la incorporacié de cada
nucleotid durant la sintesi de ’ADN resulta en l'alliberaci6é d'un pirofosfat
inorganic que proporciona l'energia necessaria per activar l'enzim
luciferasa, generant una emissié de llum que sera captada. Els quatre
nucleotids flueixen seqiiencialment sobre la placa, en un ordre definit, de
manera que la produccié d'un pols de llum identificara quina base ha sigut

inserida (Fig. 7) (Mardis, 2008).
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La limitaci6 més important d’aquesta técnica és el baix nombre de reads,
el seu elevat preu, aixi com biaixos en la seqilienciaci6é de regions amb
repeticions de més de tres nucleotids (homopolimers). Aquesta tecnologia

es considera obsoleta i esta en dests.

pirofosfat
i ani AMP
- =m = - inorganic - ATP -
— -—- ‘dTTP PPi PPj | Sulfurilasa ATR
g SE— H
o / TITIIT1T / TITITT1T /
— — ) GAATTC —_ GAATTC —_ GAATTC
— L LUt LUt
— —
- -
PCR Isié
Llibreries de CR en emulsio

seqlienciaci6

ACCATGCG
!

v
- luciferasa | I
ATP | + D-luciferina—
@ uetert luciferina-AMP + 0 l l l
LLUM

@ luciferasa ——— |uciferasa +oxi|uciferina+ + CO, + —

luciferina-AMP 1 Nucleotid 10

Figura 7. Esquema del funcionament de la piroseqtienciacio, base de la seqiienciaci6 en
la plataforma 454 Roche.

Solexa-Illumina

El primer seqiienciador Solexa, anomenat Genome Analyzer, va sortir al
mercat a 'any 2006. Aquesta plataforma generava 1 Gb de seqiiéncies en
un unic run. Al 2007, la companyia Solexa va ser comprada per Illumina i
els seus seqiienciadors es van convertir, i ho segueixen sent avui en dia, en
referent en plataformes de seqiienciacié massiva arreu del mén. Les seves
plataformes han seguit evolucionant amb els anys per aconseguir un
nombre cada cop major de seqiiencies en cada procés de seqilienciacié
independent. Les plataformes MiniSeq i MiSeq ofereixen un rendiment de
mostra baix a mitja, preus d'instruments assequibles, un flux de treball
facil d'utilitzar sense necessitat d'automatitzacié i un cost raonable per
mostra, convertint-se en una opcié atractiva per als laboratoris de
diagnostici salut publica. Els instruments NextSeq, HiSeq i NovaSeq estan

dissenyats per a un rendiment molt més alt reduint el cost per mostra, pero
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requereixen una automatitzaci6 addicional per a la preparacié de les
llibreries de seqlienciacié i per tant estan enfocats a grans centres de
seqiienciacio. De totes les tecnologies de seqiienciacio massiva disponibles
fins a la data, el seqiienciadors d’Illumina sén el que obtenen una

assignaci6 de bases (basecalling) amb major qualitat (Uelze et al., 2020).

Aquestes plataformes de seqilienciacié tenen com a fonament principal
Pamplificaci6 en pont amb marcatge fluorescent (Bentley et al., 2008). La
llibreria preparada es carrega i s'immobilitza a la superficie de la cel-la de
flux la qual conté seqiiencies unides covalentment que soén
complementaries a les seqiiencies dels adaptadors que s'han utilitzat per
fer la llibreria (Mardis, 2013). Aquestes seqiiéncies complementaries
capturen 'ADN i serveixen d'encebadors per a I'amplificaci6 en pont de la
cadena complementaria. Es produeixen successives rondes d'amplificacio
que generen clasters de molécules amplificades a partir d'una sola

molécula original (Fig. 8).

Amplificacié en pont de Seqiienciacio de les
les llibreries d"ADN llibreries amplificades
Hibridacié de llibreries Nucleotids marcats

Lectura de la fluorescéncia i
reconstruccié de
seqiiéncies

amb fluorescencia

- -
— — Claster amplificat N
- = ||||| Cicles cicles d
X i i6 icles de
Llibreries de i damplificacié icles de
seqlienciacio 1 en pont seqiienciacio
N4

Figura 8. Esquema de la seqiienciacié mitjangcant amplificacié en pont en la que es basen
els sistemes d'Illumina.

Els clasters d’amplificacié s’utilitzaran per a la seqiienciaci6 que es
produeix a continuaci6, la qual es fa mitjancant la sintesi ’ADN amb
nucleotids marcats fluorescentment i que a l'incorporar-se aturen la
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sintesi. Després de cada incorporacio, els clisters son monitoritzats i es fa
la lectura de la base corresponent a cada posici6 de la seqiiencia. Abans de
produir-se el segiient cicle, es reverteix quimicament el fluorocrom del
nucleotid que havia aturat la sintesi temporalment, permetent I'addici6 del
segilient nucleotid en la segiient ronda de seqiienciaci6 (Radford et al.,

2012).

La lectura seqiiencial d’un sol nucleotid per cicle assegura una baixa taxa
d’error (al voltant de 1'1%) inclos en regions amb repeticions de bases. Per
contra, degut a que ’addici6 de nucleotids en el claster no es fa alhora en
totes les seqiiéncies que es sintetitzen, la qualitat del senyal que s’obté va
disminuint al llarg dels cicles de seqiienciaci6. Aquest darrer fet
condiciona un dels desavantatges de la tecnologia, ja que no la fa apta per

a seqliéncies més llargues de 300 parells de bases (Tan et al., 2019).

Ion Torrent

La plataforma Ion Torrent, de Thermo Fisher, va sortir al mercat a l'any
2010 per a postular-se com a competidora de les tecnologies del moment.
En comptes d’utilitzar nucleotids amb marcatge fluorescent, el fonament
de la seqiienciacio es basa en la tecnologia semiconductora, mesurant els
ions d’hidrogen que s’alliberen en la sintesi de ’TADN (Myers i Rothberg,

2011).

La llibreria de seqiienciacié s’amplifica mitjancant una PCR en emulsio6.
Aquesta PCR es realitza en els pous d’'una cel-la de flux en la que,
mitjancant un sensor de conductivitat, es detecten els canvis de pH que es
produeixen al alliberar-se ions d’hidrogen. A continuacio, s’assignen a
cada posici6 els nucleotids corresponents segons els canvis de

conductivitat produits (Fig. 9) (Mardis, 2013).
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Figura 9. Esquema de la seqiienciacié mitjangant la plataforma Ion Torrent. Adaptat
de Mardis et al. (Mardis, 2013)

El principal inconvenient d’aquesta tecnologia de seqiienciaci6 és l'alta
taxa d’errors en regions homopolimeriques llargues, degut a la saturacio
que es produeix de la sonda de pH. En comparaci6 a les plataformes
desenvolupades per Illumina, la preparaci6 de les llibreries de
seqiienciaci6 és més laboriosa (encara que es pot automatitzar) pero el run

de seqiienciacié més rapid (Besser et al., 2018; Mardis, 2013).

2.3.2. Seqiienciacié tercera generacid. Seqiienciacié de

fragments llargs

Les tecnologies seqiienciaci6 de tercera generacio es caracteritzen per
tenir la capacitat de seqiienciar llargues molecules d’ADN sense una
amplificaci6 previa per PCR. Aquestes tecnologies son de gran utilitat per

lestudi de regions genomiques grans, complexes o amb moltes

44



INTRODUCCIO

repeticions. En contrapartida, la taxa d’error que es produeix en la

seqiienciaci6 és major que en les plataformes de segona generacio.

PacBio

La primera plataforma en permetre la seqiienciacié d’'una inica molecula

d’ADN va ser PacBio, de Pacific Biosciences, a 'any 2011.

El metode de seqiienciacié que s’utilitza és el que es coneix com a SMRT
(Single Molecule Real-time), en el que la seqiienciacio es produeix a temps
real. Les reaccions es produeixen dins de nanocavitats en les que TADN
polimerasa allarga la cadena creixent afegint nucleotids marcats cadascun
amb un fluorocrom diferent. A la vegada que es van incorporant, es
registra 'emissi6 de fluorescéncia per un laser i el fluorofor del nucleotid
és eliminat abans de que s’incorpori el segiient nucleotid. D'aquesta
manera, els marcadors no s'acumulen en ’ADN i es permet la detecci6 de
cada nucleotid que s'incorpora a la cadena de forma individual (Logsdon

et al., 2020).

S’ha incrementat la longitud mitjana de les seqiiéncies i la precisio6 en la
seqiienciaci6 en els darrers anys, realitzant millores en les reaccions
enzimatiques i la detecci6 optica. Actualment la taxa d’error es troba al

voltant del 10% (McCombie et al., 2019).

Seqiienciaci6 per nanopors: MinlION

El concepte de seqiienciacié per nanopors va apareixer per primer cop en
una publicaci6 de Kasianowicz et al., a I'any 1996 (Kasianowicz et al.,
1996), pero no va ser fins ’'any 2015 que la companyia Oxford Nanopore
Technologies va comercialitzar la primera plataforma de seqiienciacio

utilitzant aquesta tecnologia, anomenada MinION.
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Es distingeix del totes les plataformes de seqilienciacié anteriors per
detectar directament els nucleotids d’'una cadena d’ADN sense la seva
sintesi activa, motiu per a que alguns autors la consideren com a
tecnologia de “quarta generaci6”. A mesura que una molecula senzilla
d’ADN passa a través del nanopor, un sensor detecta els canvis de corrent
ionic que genera cada tipus de nucleotid, determinant aixi a temps real la

seqiiencia d’ADN que passa pel porus (Feng et al., 2015; Jain et al., 2016).

Es carreguen les llibreries de seqiienciacio produides a la cel-la de flux que
conté 2000 nanopors (en grups de 4) en la seva superficie. L’adaptador
que s’incorpora en la produccio de les llibreries es lliga amb una proteina
motora, que permet que la doble cadena d’ADN es separi i una de les
cadenes senzilles passi a través del porus. Al travessar-lo, cada nucleotid
produira consecutivament una pertorbacidé en el corrent del porus que

quedara registrat (Fig. 10).

- ow — ADN
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Proteina Coment
Carrega de llibreries motora ionica
de seqlienciacié a la l
cel-la de flux
\
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‘ Membrana
‘

Figura 10. Esquema de la seqiienciacié mitjancant nanopors.
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El gran avantatge d'aquesta tecnologia és la seva mida (existeixen
plataformes portatils), la seva velocitat i la possibilitat de seqiienciar
fragments molt llargs ’ADN. La seva taxa de error es troba al voltant del
5-10%, pero la tecnologia es troba en constant actualitzaci6 i recentment
han sortit al mercat noves cel-les de flux i plataformes més avancades que
augmenten la fidelitat de la seqiienciacio i el volum de dades generades
(Van Dijk et al., 2018).

2.4. Eines bioinformatiques i possibilitats en P’analisi de
dades

Les plataformes seqiienciacié massiva poden generar de milers a milions
de lectures de seqilienciacié en un sol experiment. No obstant aixo, la
qualitat de les seqiiéncies no és uniforme entre el conjunt de dades. Per
tant, el primer pas per a processar-les és I'avaluaci6 la qualitat de les
seqiiencies obtingudes mitjancant diferents procediments bioinformatics.
La ra6 per la qual les seqiiéncies o reads obtinguts han ha de ser filtrats,
és per eliminar aquelles que poden esbiaixar els procediments segiients,
com son seqiiencies de baixa qualitat, els adaptadors de seqiienciaci6 o
duplicats discordants. La majoria d'eines que s’utilitzen per a fer el control
de qualitat només estan disponibles per a sistemes operatius basats en
UNIX, que no tenen una interficie grafica d"usuari facil d’utilitzar per a no
informatics, no obstant aixo, existeixen algunes eines web que ho fan més

accessible (Goecks et al., 2010; Vincent et al., 2017).

Després de la eliminacié dels reads de baixa qualitat, els restants
s’ensamblen per a formar seqiiencies d’'una llargada major, anomenades
contigs. Existeixen programes especifics per a realitzar ensamblats que
utilitzen diversos algoritmes per a la reconstrucci6 de seqiiéncies, tots es
basen en l'alineament de regions solapades entre seqiliéncies amb
parametres més o menys restrictius segons l'algoritme que s’utilitzi.
Alguns d’ells també realitzen ensamblatges utilitzant genomes de

referéncia (Honaas et al., 2016; Nurk et al., 2017). Aquests contigs
47



INTRODUCCIO

generats es poden ordenar i enllacar entre ells en seqiiencies duna

llargada encara major anomenades scaffolds.

El pas final és I’assignacié taxonomica de les seqiiencies ja processades.
Aquesta assignacio es pot realitzar mitjancant ’'alineament (o mapat) dels
contigs contra bases de dades locals o contra bases de dades disponibles
com poden ser GenBank (“National Center for Biotechnology Information
(NCBI). Bethesda (MD).,” 1988) o UniProt (Bateman, 2019).

Tot a quest procediment bioinformatic és laborios i complex (Fig. 11), i la
disponibilitat de bases de dades actualitzades de virus és limitada.
Recentment han sorgit eines pel processament de dades de metagenomica
virica que apropen al investigadors no bioinformatics el processament i
analisi de les dades generades per les plataformes de seqiienciacid
massiva. Entre les que realitzen un processament de dades més complert
i gratuit trobem les eines web Genome Detective (Vilsker et al., 2018)
(https://www.genomedetective.com/app/typingtool/virus/) i Kaiju
(Menzel et al., 2016) (http://kaiju.binf.ku.dk).
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Figura 11. Esquema del processament bioinformatic de les dades generades en la
seqtienciacié massiva.
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OBJECTIUS

L’objectiu principal de la present tesi doctoral ha estat I'optimitzacio i
aplicaci6 de procediments basats en la seqiienciaci6 massiva per a la
descripci6 del viroma associat a I'aigua residual i a altres mostres d’interes

epidemiologic.

Els objectius especifics han estat:

1. Optimitzar i aplicar diferents técniques de seqiienciacié massiva

per a 'analisi de mostres ambientals i biologiques.

2. Caracteritzar el viroma de l'aigua residual amb focus en els

patogens humans.

3. Avaluar I'as del la seqiienciacié massiva, amb i sense enriquiment
de dianes, i de la seqiienciaci6 d’amplicons per a l'estudi i

monitoreig de brots infecciosos d’origen viral.

4. Aplicar la seqiienciaci6 massiva a mostres de pacients amb
gastroenteritis d’etiologia desconeguda per coneixer la presencia

d’especies virals no detectades pels metodes de diagnostic classics.

5. Estudiar el viroma de diverses especies de peixos Atlantics amb

potencials implicacions comercials i de seguretat alimentaria.
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supervisi6 de les seves codirectores de tesi.
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analitzat les seqliéncies virals i ha redactat el manuscrit juntament amb el
primer signant de l'article, sota la supervisié de les seves codirectores de

tesi.
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Dra. Rosina Girones Llop Dra. Silvia Bofill Mas
Barcelona, Desembre 2020 Barcelona, Desembre 2020
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3. Informe sobre el factor d’'impacte

Els treballs que formen part de la present tesi doctoral s’han publicat o
estan en procés de revisio en revistes cientifiques rellevants per a la linia

de recerca en la qual la doctoranda ha participat en el darrers anys.

L’article “Characterisation of the sewage virome: comparison of NGS tools
and occurrence of significant pathogens” va ser publicat al mes de gener
de 2020 a la revista Science of the Total Environment. L'index d'impacte

de la revista a I'any 2019 era de 6,551 (Q1).

L’article “SARS-CoV-2 is a new member of urban wastewater virome” es
troba actualment en procés de revisié (novembre 2020) a la revista Genes.

L’index d'impacte de la revista a I'any 2019 era de 3,750 (Q1).

L’article “Unveiling viruses associated with gastroenteritis using a
metagenomics approach” va ser publicat al mes de desembre de 2020 a la
revista Viruses. L'index d’impacte de la revista a 'any 2019 era de 3,816

(Qu).

L’article “The Unexplored Virome of Two Atlantic Coast Fish:
Contribution of Next-Generation Sequencing to Fish Virology” va ser
publicat al mes de novembre de 2020 a la revista Foods. L'index d'impacte

de la revista a I'any 2019 era de 4,092 (Q1).

Signat,
Dra. Rosina Girones Llop Dra. Silvia Bofill Mas
Barcelona, Desembre 2020 Barcelona, Desembre 2020
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Article 1: Caracteritzacié del viroma de l'aigua residual:
comparativa d’eines de seqilienciaci6 massiva i presencia

de patogens importants

“Characterisation of the sewage virome: comparison of NGS tools

and occurrence of significant pathogens.”

Martinez-Puchol S., Rusifnol M., Ferndndez Cassi X., Timoneda N., Itarte M., Andrés
C., Ant6én A., Abril J.F., Girones R., Bofill-Mas S.

Science of the Total Environment 713-136604, doi: 10.1016/j.scitotenv.2020.136604

Les técniques de seqiienciaci6 massiva son eines utils pel monitoreig i
identificaci6 del patogens virics que circulen en la poblaci6 pero presenten
certes limitacions, sobretot pel que fa a matrius complexes. L’aigua
residual conté una elevada concentraci6 d’altres microorganismes que
poden interferir a I'hora de seqlienciar virus. Per aixo, és necessari

realitzar optimitzacions previes al protocol de seqiienciacio.

En el present estudi, s’han comparat diferents metodologies de
seqiienciacié massiva per a la deteccid i caracteritzacié de virus en 'aigua
residual, amb especial focus en tres patogens importants: els virus del
papil-loma huma, els adenovirus i els enterovirus. Les técniques aplicades
han estat: seqilienciaci6 massiva per metagenomica, seqiienciaci6 amb

enriquiment de dianes i seqiienciacié massiva d’amplicons.

Aplicant la seqiienciacié massiva per metagenomica s’ha obtingut el perfil
complet dels virus excretats, detectant membres de quatre families
viriques diferents a més de bacteriofags, virus de plantes i virus que
infecten altres hostes. L'Gs de la seqilienciacié massiva amb enriquiment
de dianes, en canvi, ha permeés la detecci6 de vuit families de virus humans,

amb una alta varietat de tipus en cada familia i una elevada cobertura dels
63
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genomes detectats, és a dir s’han pogut ensamblar trossos grans de
genomes virals. Per dltim, la seqlienciaci6 massiva d’amplicons
proporciona moltes dades sobre la diversitat genetica dels tres patogens
d’estudi en comparacié amb les altres dues técniques aplicades. A més, ha
permes detectar i subtipar seqiiencies d’enterovirus A71 C1, la soca causant
del brot de romboencefalitis en nens que va ocorrer a Catalunya a la
primavera de 2016, epoca de presa de mostra de laigua residual

analitzada.

Amb els resultats obtinguts es pot concloure que diferents estrategies de
seqiienciacié massiva proporcionen diferents nivells d’analisis. L’aplicacio
de l'enriquiment de dianes ha esdevingut la millor estratégia per a
descriure la preséncia de virus d’interes huma en mostres complexes, com
l’aigua residual. Les altres eines utilitzades son ttils per 'estudi del viroma
complet d'una mostra (metagenomica) o quan l'interés de 'estudi és la

diversitat viral dins d’'una mateixa familia (seqiienciaci6 d’amplicons).
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NGS techniques are excellent tools to monitor and identify viral pathogens circulating among the population
with some limitations that need to be overcome, especially in complex matrices. Sewage contains a high amount
of other microorganisms that could interfere when trying to sequence viruses for which random PCR amplifica-
tions are needed before NGS. The selection of appropriate NGS tools is important for reliable identification of viral
diversity among the population.

We have compared different NGS methodologies (Untargeted Viral Metagenomics, Target Enrichment Sequenc-
ing and Amplicon Deep Sequencing) for the detection and characterisation of viruses in urban sewage, focusing
on three important human pathogens: papillomaviruses, adenoviruses and enteroviruses.

A full picture of excreted viruses was obtained by applying Untargeted Viral Metagenomics, which detected
members of four different vertebrate viral families in addition to bacteriophages, plant viruses and viruses infect-
ing other hosts. Target Enrichment Sequencing, using specific vertebrate viral probes, allowed the detection of up
to eight families containing human viruses, with high variety of types within the families and with a high genome
coverage.

By applying Amplicon Deep Sequencing, the diversity of enteroviruses, adenoviruses and papillomaviruses ob-
served was higher than when applying the other two strategies and this technique allowed the subtyping of
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an enterovirus A71 C1 strain related to a brainstem encephalitis outbreak occurring at the same time in the sam-

pling area.

From the data obtained, we concluded that the different strategies studied provided different levels of analysis:
TES is the best strategy to obtain a broad picture of human viruses present in complex samples such as sewage.
Other NGS strategies are useful for studying the virome of complex samples when also targeting viruses infecting
plants, bacteria, invertebrates or fungi (Untargeted Viral Metagenomics) or when observing the variety within a
sole viral family is the objective of the study (Amplicon Deep Sequencing).

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Viruses excreted by humans in faeces, urine and skin desquamation
together with animal viruses and viruses infecting invertebrates, plants,
bacteria and fungi constitute the sewage virome, a complex matrix that
contains a large variety of pathogenic and commensal viruses and could
give important information on persistent and acute infections affecting
the population.

Currently, Next Generation Sequencing (NGS) methodologies are in-
creasingly viewed as promising tools for the comprehensive study of
microorganisms in a wide variety of samples and settings, replacing tra-
ditional molecular methods. The main reasons for this new trend are:
the capacity to process larger number of samples simultaneously, the
reduction in sequencing costs, the ease with which samples and librar-
ies can be prepared and the development of faster and more efficient
bioinformatic tools with which to process the huge amount of data.
(Huang et al., 2019).

The application of NGS techniques was easily incorporated into the
study of bacterial communities even for environmental samples, but
the lack of shared regions in viral genomes make them more challeng-
ing for viral sequencing. To overcome this problem, the use of
random-primer-based sequencing facilitates the development of differ-
ent protocols adapted for viral NGS (Cantalupo et al., 2011; Kohl et al.,
2015; Ng et al,, 2012), making this methodology key for the study of
viral communities and viral discovery while providing enough starting
material for library preparation.

The excreted virome of a population provides critical information
about virus circulation, the introduction of emergent viruses and how
they are transmitted among the population. The accurate study of the
virome with a focus on specific target viral groups urges the develop-
ment of NGS protocols with higher sensitivity.

The main limitation when analysing the virome from any type of
sample is the low proportion of viral sequences identified compared
with the total number of sequences amplified when using random
primers (Krishnamurthy and Wang, 2017; Santiago-Rodriguez and Hol-
lister, 2019; Tamaki et al., 2012). This is especially critical for human vi-
ruses which seem to represent a low fraction of the whole virome of
sewage, clearly dominated by phages and plant viruses (Cantalupo
et al, 2011; Ng et al., 2012). Few published studies in viral sewage
metagenomics describe the human virome together with protocols to
achieve a better recovery of viral sequences by applying mainly negative
viral selection methods, also called pre-extraction, which generally en-
tail the use of, for example, filters, density gradients and nucleases
(Cantalupo et al., 2011; Fernandez-Cassi et al., 2018a, 2018b; Hjelmsa
et al,, 2017). Viral selection approaches are effective for avoiding the
high background presence of other non-desired nucleic acids from bac-
teria or other hosts. Apart from negative selection methods, positive se-
lection methods, also referred to post-extraction methods or Target
Enrichment Methods, are characterised by the use of probes within
the PCR assays, microarrays or hybridisation (Kumar et al., 2017).
These methods increase in viral sequence reads as well as in the breadth
and depth of genome coverage, in some cases extending to the full ge-
nome (Paskey et al., 2019; Wylie et al., 2015). Among these, the most
commonly used are those based on hybridisation probes, with different

custom-made and commercial approaches available (Chalkias et al.,
2018; Hjelmse et al.,, 2019; Miithlemann et al., 2018), showing the po-
tential use in viral discovery (Briese et al., 2015).

Another NGS approach useful for identification and typing of differ-
ent viral species for outbreak control or environmental surveillance is
Amplicon Deep Sequencing, based on the mass sequencing of tradition-
ally sanger-sequenced PCR amplicons. This approach opened up new
opportunities promoting the detailed study of specific families and
their diversity within a sample, also proving useful for a different nature
of samples, from studies of quasispecies of Hepatitis C Virus or Human
Immunodeficiency Virus in clinical settings (Del Campo et al., 2018;
Kustin et al., 2019) to environmental samples (Fernandez-Cassi et al.,
2018a, 2018b; Hata et al., 2018; Prevost et al., 2015).

This study shows the wide diversity of viral pathogens identified in
urban sewage over one year of study with the application of different
NGS tools for the determination of the virome with different levels of
analysis. To our knowledge, this is the first work aimed to compare
two different NGS strategies, Untargeted Viral Metagenomics (UVM)
and Target Enrichment Sequencing (TES), for the characterisation of
the virome excreted in a population in terms of viral diversity, specific-
ity and genome coverage. Also, Amplicon Deep Sequencing (ADS), was
examined as an alternative strategy when a deeper study on a concrete
viral family is needed. The work is focused on three specific viral fami-
lies, human adenoviruses (HAdV), human papillomaviruses (HPV) and
human enteroviruses (EV), since they are important pathogens and
some of them are persistently excreted by the population. In addition,
we analysed enterovirus nucleotide sequences obtained from clinical
samples for evaluating the capacity of the studied NGS strategies to
catch up viruses causing clinical disease in the population.

2. Material and methods
2.1. Sampling, viral particles concentration and nucleic acid extraction

In April 2016, a 24-hour urban raw sewage composite sample was
collected from a wastewater treatment plant (WWTP), located in the
north of Barcelona city (WWTP A), that treats a population equivalent
of up to 2.8 million and receives domestic and industrial waste from
the sewerage system. This composite sample was analysed to compare
TES, UVM and ADS.

Additionally, monthly samples were collected over the year, in 2016,
from a second WWTP located 30 km from Barcelona (WWTP B). The
samples from this WWTP were pooled by season (spring, summer, au-
tumn and winter) and analysed by ADS in order to evaluate specific
viral groups, in depth, over one year. This plant serves up to 115,000
population equivalents.

Samples were collected in sterile containers and kept at 4 °C until
concentrated within 24 h. Viral particles from 42 ml of sewage from
each sample were concentrated by ultracentrifugation, as previously
described (Bofill-Mas et al., 2006). DNase treatment (TurboDNAse,
Ambion) and extraction of nucleic acids was performed as described
previously (Fernandez-Cassi et al., 2018a, 2018b) using QIAmp RNA
Viral Mini Kit (Qiagen).
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2.2. Untargeted viral metagenomics and target enrichment sequencing

2.2.1. Random tagging of nucleic acids and pre-amplification

Samples were prepared prior to the library construction following
the protocol described (Fernandez-Cassi et al., 2018a, 2018b). Briefly,
in order to analyse both RNA and DNA viruses, NA were retrotranscribed
with SuperScript III enzymes (Life Technologies) and a random
nonamer primer. The second cDNA strand was obtained using
Sequenase 2.0 (Thermo Fisher Scientific) and a PCR of 25 cycles was per-
formed in order to obtain enough dsDNA for the next steps. These PCR
products were purified and concentrated with the Zymo DNA Clean &
Concentrate kit (Zymo Research) and quantified using Quibit 2.0
HSdsDNA kit (Life Technologies).

2.2.2. Library construction

For each sample, libraries were constructed in duplicate using KAPA
HyperPlus Library Preparation Kit (KAPA Biosystems, Roche). An enzy-
matic fragmentation was performed in the previously obtained purifica-
tion with a starting concentration ranging from 1 to 3 ng/ul following
the manufacturer's instructions. After the fragmentation and the end-
repair and A-tailing reaction, the adapter's ligation was performed.
Using the KAPA Single-Indexed Adapter Kit (KAPA Biosystems, Roche),
each sample was paired with the desired index. A post-ligation clean-
up was followed with a double-sized size selection with the magnetic
AMPure XP Beads (Beckman Coulter) to select those fragments of be-
tween 250 and 450 bp. Using an LM-PCR, sample libraries were ampli-
fied (seven cycles of amplification for the adapters used) and purified.
The quality of the resulting libraries was assessed by using Agilent
Bioanalyzer DNA 1000 assay (Agilent Technologies) and the concentra-
tion was measured using Qubit 2.0 (Life Technologies). Then, libraries
were mixed together in two replicates, to obtain two pools containing
1 pg each. One pool was directly sequenced on an Illumina MiSeq
2x300bp platform and the other was captured later by using specific
viral probes.

2.2.3. Capture of viral sequences by using the VirCapSeq-VERT Capture
Panel

One of the pooled libraries was captured using the VirCapSeq-
VERT Capture Panel (Roche). This panel consists of approximately
two million probes, covering the genomes of 207 viral taxa known
to infect vertebrates, thus enabling the detection of viral sequences
in complex sample types (Briese et al., 2015). Using the HyperCap
Target Enrichment Kit (Roche) and the HyperCap Bead Kit (Roche),
the sample was prepared and then hybridised with the VirCapSeq-
VERT probes at 47 °C for 20 h. Immediately after the hybridisation,
the captured multiplex DNA sample was recovered with the Capture
Beads (HyperCap Bead Kit, Roche), using a magnetic particle collec-
tor, and cleaned. The DNA captured, still bead-bounded, was ampli-
fied using an LM-PCR. This post-capture PCR was purified and the
concentration and quality were checked, as mentioned before. Cap-
tured DNA was sequenced in the same run as non-captured DNA in
an [llumina MiSeq 2x300bp platform.

2.3. Amplicon Deep Sequencing

Specific nested PCR, previously proved to be adequate for typing
purposes, for HAdV, HPV and EV amplification were performed as de-
scribed (De Roda Husman et al., 1995; Fernandez-Cassi et al., 2018a,
2018b; Forslund et al., 2003; WHO Regional Office for Europe, 2015)
with incorporation of Illumina adapters in the nested primers.
Amplicons were purified from agarose gel with the QIAquick Gel Extrac-
tion Kit (Qiagen) and then sequenced with an Illlumina MiSeq 2x300bp
platform.

24. Clinical enterovirus A71 sampling

Most of 25 EV-A71-studied cases by Vall d'Hebron Hospital Respira-
tory Viruses Unit corresponded to rhombencephalitis, while the re-
maining patients had hand-foot-mouth disease (2), gastroenteritis (2),
aseptic meningitis (1), and acute bronchitis (1). EV-A71 was amplified
from upper and lower respiratory tract samples from suspicious pa-
tients by using CE-marked commercial multiplex real-time RT-PCR-
based assay (Anyplex Il RV16 assay, Seegene, Korea). Total nucleic
acids were previously extracted using NucliSens easyMAG (bioMérieux,
Marcy liEtoile, France) according to the manufacturer's instructions and
kept frozen (—20C) until use. An additional real-time RT-PCR (Seegene,
Korea) was carried out to improve the detection of all EV strains
(Gimferrer et al., 2015).

The partial coding sequences of the viral protein 1 (VP1) from EV
amplicons, obtained according to the protocol recommended by the
World Health Organisation (WHO Regional Office for Europe, 2015),
were used to construct a phylogenetic tree.

2.5. Bioinformatics

2.5.1. UVM and TES bioinformatic processing and taxonomical assignment

Pair-end FASTAQ files generated from the sequencing were analysed
using Genome Detective web-based software (https://www.
genomedetective.com/)(Vilsker et al., 2018a). Briefly, low-quality
reads and adapters were trimmed using Trimmomatic (Bolger et al.,
2014), viral reads were selected using DIAMOND alignment method
and non-viral sequences were discarded. Subsequently, viral reads
were assembled with metaSPAdes (Nurk et al.,, 2017) and taxonomically
classified with NCBI-BLASTX and NCBI-BLASTN against NCBI RefSeq
viral database (Vilsker et al., 2018b; Wheeler et al., 2007), using only
the contigs with 70% identity cut-off. Richness Chao1 ratio was calcu-
lated using the Catchall software, version 4.0 (Allen et al., 2013).

2.5.2. Amplicon Deep Sequencing

For the study of the amplicons, the quality of raw and clean read se-
quences was assessed using the FASTX-Toolkit software, version 0.0.14
(Hannon Lab, http://www.hannonlab.org). The cleaned reads were
clustered using the software cDHIT with default parameters (Huang
et al., 2010); the output was queried for sequence similarity using
NCBI-BLASTN against a reference genome species-specific custom data-
base for HADV, HPV and EV (Wheeler et al., 2007). Based on the best
BLAST results (95% coverage and 95% identity cut-off), each cluster
was classified into its taxonomic group.

2.5.3. Enterovirus phylogenetic analyses

A phylogenetic tree based on enterovirus VP1 nucleotide sequences
of the EV-A71 C1 strains obtained from sewage and clinical samples was
constructed by a using neighbour-joining method with Geneious soft-
ware version 11.0 (https://www.geneious.com), where branches hav-
ing a bootstrap value below 70% were discarded for the Figure.
Coxackievirus A16 sequence (GenBank accession number KT327162)
was used as the outgroup.

3. Results and discussion

3.1. Study of the sewage virome using Untargeted Viral Metagenomics and
Target Enrichment Sequencing

An urban sewage composite sample obtained after 24 h of collection
in WWTP A was analysed using UVM and TES in parallel. A total of 6.07
million viral reads were obtained when applying TES and 727,784 when
applying UVM. Read counts for each of the viral groups detected are pre-
sented in Table 1. The Chao1 diversity index showed, as expected, a
higher richness when using UVM, increasing from 170 obtained using
the TES approach, to 311 when using UVM.
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Table 1 Virgaviridae, Tombusviridae and Solemoviridae. The predominance
Read counts and Genome coverage obtained from contigs of viral species of interest ob- of these viral families in environmental settings has been reported
tained by Target Enrichment Sequencing (TES) and Untargeted Viral Metagenomics before (Fernandez-Cassi et al., 2018a, 2018b) and is of importance

(UVM). - . O
because of their potential economic impact as plant pathogens.
Viral sequence reads Reads from vertebrate families were identified as JC Polyomavirus,
Viral read Breadth Mamastrovirus 1, Aichivirus A, non-human circoviruses and parvovi-
count genome ruses, representing 2.75% of the total sequences. Accordingly, UVM
coverage (%) can be considered a reference tool for the study of a global picture
Viral families  Viral species TES  UVM Fold TES UM of the whole virome of environmental and clinical samples, in accor-
‘(‘l‘criase dance with other studies performed by our research group
%8 (Cantalupo et al., 2011; Fernandez-Cassi et al., 2018a).
Papillomaviridae  Betapapillomavirus2 24 0 138 1547 0 The TES kit used in this study was developed in 2015 by Briese et al.
Picornaviridae - Aichivirus A 23372 33 285 8986 2205 (Briese et al,, 2015) with the aim of capturing viral sequences from only
Enterovirus A 725 0 282 61,12 0 . ; i .. . .
Enterovirus B 902 0 296 4400 0 those viruses that infect vertebrates, for use in clinical and veterinarian
Enterovirus C 2098 0 332 62,10 0 settings. This system uses more than two million probes of 207 different
Adenoviridae  Human 343 0 254 1422 0 vertebrate viruses and has been reported useful for the detection of new
mastadenovirus A variants. When applied to raw sewage, probes helped to capture verte-
Human 1333 0 312 3466 0 N ;
mastadenovirus F brate viruses (Briese et al., 2015), although some sequences from other
Polomaviridae ~ BK polyomavirus 829 0 292 7989 0 viral hosts were still recovered. These kind of enrichment approaches
Human polyomavirus 79 0 19 1088 0 are clearly biased towards specific viral families (Parras-Molté et al.,
6 ) 2018) and while they might be useful for studying specific viral families
IC polyomavirus 714237048 9382 77,37 (or groups of families), they do not provide the whole virome picture.
WU polyomavirus 17 0 123 10,96 0 . . s .
Astroviridae Mamastrovirus 1 83857 64 312 9925 3045 prever, when foqsmg on viral famlllgs that infect humans, TES
Caliciviridae Sapporo virus 421 10 162 62,07 57,33 provided a more sensitive approach, allowing the detection of more
) Norwalk virus 1820 8 236 8872 11,73 viral families and catching a wide diversity of viral species within a
Hepeviridae Orthohepevirus A 781 0 28 2421 0 given family while providing a higher number of reads. Members of
Reoviridae Rotavirus A 423 0 263 38,64 0 S - . . . .
the Adenoviridae, Hepeviridae, Papillomaviridae, and Reoviridae families
Fold increase is presented in logs of increase and breadth genome coverage in percentages. as well as some species of the Picornaviridae (including an EV71 contig)
and Polyomaviridae were only detected when using TES. Regarding the
Probe enrichment increased the detection of sequences from verte- Astroviridae and Caliciviridae families, a big increase in sequences from
brate viruses by a factor of 81.04% (299,650 sequences) of the total se- Mamastrovirus 1 species (up to 3-log) and Norwalk and Sapporo vi-

quences obtained, compared with the 2.74% (3549 sequences) ruses (up to 2-log) was observed when compared with UVM. Again,
obtained without applying enrichment. An exhaustive description of ~ when processing these reads as contigs, a considerable increase in the
the total virome obtained using both methodologies is presented as genome coverage of each virus was observed after TES which is of

Supplementary material 1. huge interest for viral characterisation and discovery, as reported before
A comparison of the viral species obtained via each methodology, (Briese et al., 2015). Contigs corresponding to Aichivirus A, Norwalk
based on host distribution, is shown in Fig. 1. Not only was the num- virus, JC Polyomavirus and Mamastrovirus 1 presented more than 90%

ber of sequences from viruses that infect vertebrates higher after the genome coverage. Indeed, for the latter two, almost the totality of the
TES approach, but also the number of species within each viral family genome was covered, at 93.82% and 99.25% respectively, whereas with-
increased. The Picornaviridae and Parvoviridae families showed a out enrichment the respective coverage of these viruses was 77.37% and
higher number of taxonomically assigned sequences after the appli- 30.45% (Table 1). This fact could be due to the higher number of se-
cation of the TES. When applying UVM, a wide variety of bacterio- quences obtained with TES and the wider distribution of reads from
phage species was observed (49% of the total reads) within the across all viral genomes.

families Siphoviridae, Myoviridae, Microviridae and Podoviridae, as From the data obtained, we conclude that TES is the best strategy to
well as species of the viral plant families (30% of the total reads) obtain a broad picture of human viruses present in complex samples
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Fig. 1. Host distribution of viral species within families obtained by Target Enrichment Sequencing (TES) and Untargeted Viral Metagenomics (UVM) in WWTP A.
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such as sewage, as well as being a technique that might be useful for en-
vironmental public health surveillance.

3.2. Application of Amplicon Deep Sequencing to the study of specific viral
groups in sewage: human adenoviruses, papillomaviruses, and
enteroviruses

3.2.1. Comparison between ADS and TES for the study of the sewage virome

Amplicon Deep Sequencing has demonstrated its usefulness in the
study of specific viral groups, giving higher sensitivity and a large
amount of information about the viruses present in a given sample.
This methodology has previously been applied to environmental sam-
ples for studying diversity within viral groups, such as Adenoviridae
(Fernandez-Cassi et al., 2018a, 2018b; Ogorzaly et al., 2015),
Papillomaviridae (Hamza and Hamza, 2018; laconelli et al., 2015; La
Rosa et al., 2015) or enterovirus (Brinkman et al., 2017).

The composite 24 h sewage sample collected from WWTP A was
evaluated by ADS using specific PCR primers for HAdV, HPV and EV fam-
ilies. Results obtained after the application of ADS are summarised in
Fig. 2.

While ADS showed similar adenovirus species to TES, detecting
Human Mastadenovirus F and A species, with HAdV 41 and HAdV 18
being the most prevalent, some of the species appeared only with TES
(e.g., HAAV5, HAdV 27 and HAdV 56) and others only with ADS
(e.g, HAAV 18, HAdV 12 and HAdV 61).

Regarding HPV, ADS provided a higher diversity of species than TES,
with HPV6 and HPV66 being the only alphapapillomavirus detected by
ADS and the most abundant types, being 36.01% and 21.22% of the total
sequences detected respectively. Other members of the
betapapillomavirus genus were also detected, with HPV120 and
HPV19 being the most prevalent types. An important difference be-
tween these two methodologies was observed: sequences of HPV 122
and HPV 49 (betapapillomavirus types) were obtained from both ap-
proaches, but HPV 17 (betapapillomavirus type) and HPV127
(gammapapillomavirus type) only by TES and a wider variety of types
only by ADS, including oncogenic ones.

Regarding enterovirus, viral species Enterovirus A, B and C were de-
tected by ADS as occurred when applying TES. E-E30 was the most prev-
alent enterovirus, followed by EV-C99 and EV-A119. Also, sequences
from EV-A71 were obtained by ADS and TES, which were of interest be-
cause a clinical brainstem encephalitis outbreak was occurring in Cata-
lonia during the sampling period. By applying TES, only one EV-A71
contig (884 bp) was obtained from WWTP A and, by ADS, 14 amplicons
(301 bp) were obtained from both WWTPs.

Adenoviridae

Papillomaviridae

mHAdAV 41 " HAdV 18 ® HAdV 31
mHPV 66 ®HPV 6
= HAdV 40 ® HAdAV 12 ® HAdV 61 =HPVO =HPV 8
= HPV 20 ®HPV 5

3.2.2. Amplicon Deep Sequencing for characterisation of specific viral
groups in sewage: human adenoviruses, papillomaviruses, and
enteroviruses

The distribution of the three viral groups over one year in sewage
was also evaluated by applying ADS in seasonally pooled samples
from WWTP B and the results obtained are represented in Fig. 3. A
wide variety of HAdV, HPV and EV sequences was obtained.

The in-depth analysis of HAdV showed more than 10 serotypes in
the year of study (Fig. 3a). HAdV from Human Mastadenovirus A species,
related to gastrointestinal, urinary and respiratory infections, and
Human Mastadenovirus F, related to infantile gastroenteritis, were the
groups most commonly detected over the whole year, with being
HAdV 41 (Group F) and HAdDV 31 (Group A) being the most abundant
types. HAdV 40 (Group F), and HAdV 12 (Group A) found throughout
the year and HAdV 18 (Group A) in spring. Other Human
Mastadenoviruses serotypes (HAdV 51, HAdV 59, HAdV 46, HAdV 19)
were detected in lower proportions, as previously described in other
studies (Fernandez-Cassi et al., 2018a, 2018b; Iaconelli et al., 2017).

Many HAdV produce infections that may be subclinical and could be
excreted in faeces by healthy people over a long period. The prevalence
of HAdV in sewage through the year is in accordance with the proposal
to use adenovirus as an indicator of human faecal contamination (Pina
et al.,, 1998).

For papillomaviruses, a large diversity of types was observed by ADS
through the whole year of sampling (Fig. 3b). Sequences of the poten-
tially oncogenic types HPV 6 and HPV 66 (genus alphapapillomavirus)
were detected through the year, with higher proportions than other
HPV in the spring and winter months. Members of this genus had
been described previously in raw sewage (laconelli et al., 2015), but
HPV 66, involved in vulvar cancer and classified as a group I carcinogen
(Proceedings of the IARC Working Group on the Evaluation of Carcino-
genic Risks to Humans. Biological Agents., 2009), has never been re-
ported in environmental samples. More than 25 different cutaneous
betapapillomaviruses were detected, with HPV 120, HPV 19, HPV 9,
HPV 8, HPV 49 and HPV 80 being the most abundant during the year
of observation.

Enterovirus ADS showed different distribution patterns through the
studied year (Fig. 3c): CV-B5, E-E18 and E30 (EV species B) were the se-
rotypes more frequently detected in spring and summer and E-E14 (EV
species B) and EV-C99 (EV species C) in autumn and winter. These en-
terovirus species are traditionally related to aseptic meningitis cases
and, with the exception of Enterovirus 99, had been also reported as eti-
ological agents involved in Acute Flaccid Paralysis (AFP) cases by the
Spanish Ministry of Health in their Annual Epidemiologic Surveillance

Picornaviridae (Enterovirus)

“HPV120 ®HPV19 ®E-E30  WEV-C99 ®EV-A119 mCV-Al
=HPV49  mHPV80 ®E-E16 EV-A90 ®(V-A22 ®E-E18
® HPV 24 Others

CV-A5  ®mEV-A71  =CV-B5 Others

Fig. 2. Diversity of specific viral groups (human adenoviruses, papillomaviruses and enteroviruses) obtained by Amplicon Deep Sequencing in the composite raw sewage sample A.
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Fig. 4. Phylogenetic tree based on enterovirus VP1 nucleotide sequences of EV-A71 C1 strains identified by ADS. Represented in bold are the sequences obtained in both WWTPs (BCN_A
and BCN_B). The rest of the strains were the onex obtained from clinical cases by Sanger sequencing from Hospital Vall d'Hebrén (VH) and the ones related to the Germany outbreak in
2015 (those with KU prefix; Béttcher et al,, 2016). Scale bar indicate nucleotide substitution per site. CV-A16 (KT327162) has been used as outgroup, with a distance of 0.511 to BCN A_08.

(Lopez-Perea et al., 2017). This emergent member of enterovirus species
C has been reported to be involved in the development of AFP (Brown
et al, 2009) and was recently described as being very prevalent in
Uruguay and Brazil (Lizasoain et al., 2018; Luchs et al., 2019).

Also, a comparison of EV presence in spring in two different WWTPs
(composite sample from WWTP A, which was collected in spring, and
spring pooled samples from WWTP B) showed E-E30 to be the most
prevalent strain detected in both plants while CV-B5 was the second
most frequent strain in plant B and EV-C99 and EV-119 in plant A.

In fact, the comparison of the results obtained by analysing sewage
samples collected in spring from both WWTPs by ADP resulted in a sim-
ilar distribution of HAdV, HPV and EV, despite the locations being 30 km
apart and treating sewage from different population equivalent
amounts.

Further research should be directed towards analysing sewage dur-
ing longer periods, in order to establish the most appropriate sampling
design for use in the characterisation of the sewage virome from a de-
termined population (composite, pooled or individual samples), as
well as for elucidating if there exist any seasonality in the excretion of
relevant pathogenic viruses.

3.3. Effect of the EV-A71 outbreak on the excreted virome in sewage

An outbreak of brainstem encephalitis occurred in the geographical
area studied during the studied period affecting more than 100 children
showing a peak in spring 2016 (Casas-Alba et al., 2017).

Sequences from EV-A71 were detected using ADS in both of the
WWTP studied which belong to geographical areas located within 30Km

Fig. 3. Diversity of Adenoviridae (a), Papillomaviridae (b) and Picornaviridae (c) families in the seasonal pooled raw sewage samples from WWTP B obtained by Amplicon Deep Sequencing.

Data presented as percentage of viral species and number of reads.
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in the outbreak area. A total of 14 amplicons of 301 bp from VP1 region
were subtyped as C1 with the Enterovirus Genotyping tool (Kroneman
et al,, 2011). These sequences showed a pairwise identity of 97% with se-
quences related to the German outbreak of 2015 (Bottcher et al,, 2016)
and with clinical sequences from patients involved in the outbreak, ob-
tained at Hospital Vall d'Hebron in Barcelona (Andres et al., 2019).

A phylogenetic tree including all these sequences was constructed
and represented in Fig. 4 and, even though the presence of this serotype
was in a minority, these sequences proved to be phylogenetically close
to those that caused the German (2015) and Catalan outbreaks (2016).

By applying TES, only one EV-A71 contig (884 bp) was obtained
from WWTP A, but subtyping was not possible due to the short VP1 re-
gion present in this contig.

Thus, the application of ADS, in addition to TES, has also been useful to
monitor an outbreak, detecting EV A71 sequences only when an enceph-
alitis outbreak was occurring simultaneously with the sampling period in
two different sewage samples from two different locations in Catalonia.

4. Conclusions

Enterovirus A71 C1 was detected by Amplicon Deep Sequencing and
Target Enrichment Sequencing during an encephalitis outbreak, al-
though it was only a small percentage of the enterovirus excreted,
being other serotypes much more abundant. Only Amplicon Deep Se-
quencing was useful for subtyping purposes.

Sewage from two different WWTPs, collected as a unique composite
and as monthly pooled samples in spring 2016, showed a similar dis-
tribution of HAdV, HPV and EV types, despite the locations being
30 km apart and treating sewage from different population equivalent
amounts.

Untargeted Viral Metagenomics is the only NGS technique that pro-
vides a complete picture of the whole virome present in sewage in-
cluding vertebrate, invertebrate, bacteria, plant and fungi viruses.
Target Enrichment NGS based on probe capture has proved a very suc-
cessful strategy for the study of vertebrate viruses in sewage samples
providing a higher number of detected families, a higher number of
members within these families, more reads and larger genome cover-
age than conventional Untargeted Viral Metagenomics.

Amplicon Deep Sequencing proved useful when observing the variety
within a sole viral family is the objective of the study and, because is a
very sensitive technique, it may be useful for the surveillance of spe-
cific pathogenic viruses (e.g: EV-A71).

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.136604.
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Article 2: SARS-CoV-2 és un nou membre del viroma de

l’aigua residual urbana

“SARS-CoV-2 is a new member of urban wastewater virome.”

Martinez-Puchol S., Itarte M., Rusifiol M., Forés E., Andrés C., Antén A., Quer J.,
Girones R., Abril J.F., Bofill-Mas S.

Manuscrit en procés de revisio a la revista Genes.

Arrel de la pandémia de la COVID-19, les tecniques de seqiienciacio
massiva han esdevingut eines encara més importants per a la
caracteritzacio genetica del aillats clinics del SARS-CoV-2. A part de la
recerca enfocada en pacients, I'epidemiologia basada en aigiies residuals
ha demostrat ser una util per a complementar els estudis clinics, servint
també com un mecanisme d’alerta a I’aparicié d’un brot. La utilitzaci6 de
la seqiienciacié massiva en mostres d’aigua residual pot ser clau per un
estudi a fons del viroma excretat ja que pot estar dirigit a 'estudi de la
circulaci6 i caracteritzaci6 del SARS-CoV-2 i també a la deteccio d’altres

virus amb potencial pandémic.

L’objectiu del present estudi ha estat I'aplicaci6 de dues técniques de
seqlienciaci6 massiva, amb i sense enriquiment de dianes, per a la
seqiienciaci6 de dues mostres d’aigua residual en dos moments diferents

de la pandemia, Marg¢ i Juliol 2020.

S’ha obtingut el viroma complet de les mostres analitzades, trobant
membres de la familia Coronaviridae Gnicament en la mostra del mes de
Marg i amb l'enriquiment de dianes. Un contig va ser identificat com a
HCoV-0C43 i vuit contigs (corresponent a 2,03 kb del genoma) com a
SARS-CoV-2. Aquest darrers van ser comparats amb els obtinguts de

mostres cliniques aillades durant el mateix periode i seqiienciades amb el
75



CAPITOL 1

mateix protocol d’enriquiment, observant 3 canvis nucleotidics en la regid
de la nucleocapsida. A més, tres coronavirus animals van ser detectats al

aplicar la seqiienciaci6 amb enriquiment de dianes.

Tot aix0 demostra que existeix una circulacié simultania de coronavirus
humans i coronavirus que probablement infecten animals doméstics i
rosegadors en arees urbanes. Els protocols de seqilienciacié massiva amb
enriquiment de dianes son clau per a la descripcié de 'ocurréncia i de les
caracteristiques genetiques de membres de la familia Coronaviridae que

formen part del viroma excretat en I’aigua residual.
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Article
SARS-CoV-2 is a new member of urban wastewater

virome

Sandra Martinez-Puchol'2*, Marta Itarte!?, Marta Rusifiol’, Eva Forés!?, Cristina Andrés*, Andrés
Anton, Josep Quer’, Rosina Girones!?, Josep F Abril¢ and Silvia Bofill-Mas!?
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Abstract: In the wake of COVID-19 pandemics, NGS applications have raised as important tools for
the genetic characterization of SARS-CoV-2 from clinical isolates and wastewater-based
epidemiology for early warning outbreak containment. The use of NGS in wastewater samples
could be the key for an in-depth study of the excreted virome, not only focusing in SARS-CoV-2
circulation and typing, but also to detect other potentially pandemic viruses within the same family.
With this aim, two 24-hours composite wastewater samples from March and July 2020 were
sequenced by applying specific viral NGS as well as target enrichment NGS. The full virome of the
analysed samples was obtained, with Coronaviridae members (CoV) in one of the analysed samples
after applying the enrichment. One contig was identified as HCoV-OC43 and 8 contigs as SARS-
CoV-2. These contigs were compared with those obtained from clinical specimens by applying the
same target enrichment approach. Animal CoVs were also detected when applying this technique.
The results showed that there is a co-circulation in urban areas of human and animal coronaviruses
infecting domestic animals and rodents. NGS enrichment-based protocols might be crucial to
describe the occurrence and genetic characteristics of Coronaviridae family members within the
excreted virome present in wastewater.

Keywords: next generation sequencing; viral metagenomics; coronavirus;, sewage; target
enrichment sequencing
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1. Introduction

SARS-CoV-2 was identified in China at the end of 2019 and has become the first pandemic
coronavirus (CoV) [1]. Upon confirmation that COVID-19 patients shed SARS-CoV-2 in faeces,
different studies provided significant correlation between the concentration of SARS-CoV-2 in
wastewater and the prevalence of COVID-19 in the served population, increasing the evidence that
wastewater is a good indicator of the prevalence of the excreted virus in a population (wastewater-
based epidemiology, WBE). SARS-CoV-2 has been recently reported to be excreted for up to 55% of
COVID-19 patients suggesting the possibility of long viral shedding in faeces, for nearly 5 weeks after
the patients” respiratory samples tested negative for SARS-CoV-2 RNA [2]. The concentration of
SARS-CoV-2 excreted from infected patients has been estimated to be of 1E+02 to 1E+07 copies per
gram of faeces [3].

It is then presumable that, in a pandemic context, SARS-CoV-2 could become a member of sewage
virome where viruses commonly present in human excreta have been described to occur [4,5].
Previous studies described useful procedures to describe sewage virome and compare high
throughput viral metagenomics to target enrichment and amplicon deep sequencing approaches [6].
In this issue, we applied a probe-capture target enrichment NGS for describing sewage virome from
a 2 wastewater 24-hours composite samples collected in March and July 2020 from a wastewater
treatment plant located in the city of Barcelona, when COVID-19 incidence was of approximately 258
cases and 175 cases/100,000 inhabitants respectively. The results obtained were compared with those
obtained from clinical samples by applying the same enrichment approach.

2. Materials and Methods

Two urban 24-hours composite sewage samples were collected in March 19th and July 14th 2020 from
a wastewater treatment plant (WWTP) located in the city of Barcelona that serves up to 2.8 million
population equivalents and receives domestic and industrial waste from the sewer system. Samples
were collected and kept at 4°C in a sterile container until viral particles from 70 ml of sewage were
concentrated by centrifugal ultrafiltration. After a debris removal (15 min, 4500 g), the sample was
ultrafiltered with a Centricon® Plus-70 device (30KDa) following the manufacturer instructions,
obtaining a viral concentrate of 200 ul. Additionally, two SARS-CoV-2-positive naso/oropharyngeal
swabs were obtained on March 15th from a male and on March 24th from a female patients attended
at Hospital Universitari Vall d'Hebron (HUVH) (consensus sequences by an independent Illumina
TruSeq high coverage sequencing run are already available at GISAID as EPI_ISL_418860 and
EPI_ISL_418861, respectively).

Nucleic acid extraction (NA) was performed as described previously [7]. The concentration of SARS-
CoV-2 RNA in wastewater samples was measured by (RT)-qgPCR of two viral targets in nucleocapsid
phosphoprotein (N1 and N2 region) and clinical samples in HUVH by commercial real-time
multiplex RT-PCR (Allplex™ 2019-nCoV Assay, Seegene, South Korea) [8]. EURM-019 single
stranded RNA (ssRNA) fragments of SARS-CoV-2 (Joint Research Centre, EC,
https://crm.jrc.ec.europa.eu/p/EURM-019) was used to construct the standard for quantitation. JC
polyomavirus (JCPyV) was quantified in the samples as an indicator of human faecal viral

contamination as previously described (Bofill-Mas et al., 2006).

Previous to library preparation, NA were retrotranscribed to cDNA, tagged and complemented to
obtain dsDNA. This viral randomly tagged dsDNA was then amplified (25 cycles) to obtain the
sufficient amount of DNA for the preparation of libraries. Libraries were prepared in duplicate
following the instructions provided by the manufacturer (Roche-Kappa Biosystems). Briefly, dSDNA
was fragmented, indexed, amplified and the quality of the fragments and the concentration measured
by Qubit 3.0 Fluorometer (Thermo Fisher Scientific). Then, one replicate of the libraries was
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hybridized with probes designed to capture sequences from vertebrate viral pathogens (VirCapSeq
Enrichment Kit, Roche). After the capture, quality and concentration were re-checked and sequencing
from the captured and non-captured libraries was performed (Illumina Miseq 2x300bp). The
sequencing raw data obtained was analysed with Genome Detective Virus Tool [9] and the contigs
obtained with a nucleotide identity >70% were further processed with Geneious (v11.1.5;
https://www.geneious.com). Simultaneously, raw reads from wastewater and clinical samples were
cleaned of technical sequences and trimmed by quality using Trimmomatic (v0.38; [10]) in order to
remove low quality segments and Illumina adapters (min Phred score=Q20 on 4 bp window, min
read length=30bp, leading/trailing clip=15bp, max mismatch count=2, palindrome clip threshold=30,
and simple clip threshold=10). When one of the reads, either R1 or R2, was discarded, the remaining
one was collected into a single-ended (SG) reads file to use along with the resulting filtered PE reads
later on samtools (v1.9; [11]) and bamtools (v2.5.1; [12]) sets of commands were used to process, sort,
and index those alignments made by bowtie2 (v2.3.4.3, 64bit; [13]; with parameters k=5, L=12, and
“sensitive-local” switch), mapping the PE/SG reads against the SARS-CoV-2 reference genome
(GenBank entry: NC_045512.2) and ensuring that the stored alignments were position sorted on the
final bam files. Trinity (r20190503git; [14,15]; min contig length=100, k-mer size 31) produced contigs
that later on were mapped over the reference genome obtaining the final scaffolds, then manually
curated to finish the sequences. Due to the low number of reads recovered from wastewater sample,
the corresponding assembly was filled with 93% of Ns to place the contigs into the assembled scaffold
(this sequence is provided as Supplementary File 2). mafft (v7.407; [16]; with localpair switch on) was
chosen to calculate the multiple sequence alignment shown on Figure 3, comparing the wastewater
scaffold against a randomly sampled set of 600 Spanish and 600 international sequences from GISAID
database (available on August, 4th, 2020; [17]; [18]; see also acknowledgements).

3. Results and Discussion
3.1. SARS-CoV-2 quantification in clinical and wastewater samples

The viral N1 and N2 copies were quantified in a composite raw sewage sample collected in Barcelona
in March 2020, one week after the state of alarm declaration in the country due to the COVID-19
pandemics, and in a composite sewage collected in July 2020 just before the beginning of the second
COVID-19 peak. The samples were kept at -80°C until their analysis. The (RT)-qPCR were performed
in quadruplicate with the direct NA extractions and in quadruplicate with 1/10 dilution of NA
extractions, in order to avoid potential inhibitory effects. Mean concentration values obtained were
3.92E3 CG/ml for N1 and 2.71E3 CG/ml for N2 in March 2020 and 3.80E1 CG/ml for N1 and 1.25E1
CG/ml for N2 in July 2020. The concentrations for the human faecal indicator JCPyV were similar in
both samples, with 1.99E2 CG/ml and 8.73E2 CG/ml in March and July respectively [19]. Enzymatic
inhibition was not observed. About the two SARS-CoV-2 laboratory-confirmed clinical samples from
HUVH, the E gene cycle-threshold values were 155 and 16.4 from EPI_ISL_418860 and
EPI_ISL_418861, respectively.

3.2. Urban wastewater virome during COVID-19 pandemics

The virome obtained from March, by using target enrichment, resulted in almost 1 million reads
belonging to 27 viral families. The distribution of the number of reads obtained for each vertebrate
viral family is shown in Figure 1. As expected, a wide variety of viral families infecting vertebrates
was observed when applying the probed-based capture methodology. This approach was
successfully applied in the past to improve the deep sequencing in human-focused virome studies
[6,20,21], a key point in the study of viral species that are present in a low concentration in
environmental and clinical samples. Traditional virome studies have shown the full picture of the
viral sequences present in a sample, being bacteriophages and plant viruses the most abundant ones
in sewage [4,7], but depending on the sequencing platform used or the number of samples
multiplexed, the total number of reads obtained could be reduced and relevant human and animal
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138 viral reads could be undetected. These enrichment methods could overcome these limitations
139 enabling the possibility of viral discovery.

140 In this study we used the VirCapSeq Enrichment Kit (Roche) intended to capture vertebrate viruses
141  from complex samples prior to metagenomic sequencing. It employs approximately 2 million
142 biotinylated oligonucleotide probes designed to bind to the coding sequences of all viral taxa known
143 to infect vertebrates at intervals of 50-100 nt. Libraries prepared from random primed ¢cDNA are
144 hybridized with the biotinylated probes and trapped with streptavidin magnetic beads. After
145  magnetic capture and washing, NA are released from the beads and subjected to post-hybridization
146  PCR prior to sequencing. VirCapSeq platform was initially described in 2015 by Briese and co-
147  workers (Briese et al., 2015) before SARS-CoV-2 emergence; it is based on 1,309,451 fragments derived
148  from 256,679 viral genomic sequences. In silico studies performed in this study showed that although
149  being designed before SARS-CoV-2 emergence, the kit contained 21,414 fragments from 1,838
150  sequences described for 346 Coronaviridae species. NCBI-BLASTn of the full sequences and the probes
151  wasrun, with default parameters but e-value=10e-25, against SARS-CoV-2 reference genome (RefSeq
152 ID: NC_045512; [1]). Among the 1,838 full targets, 277 were found on 456 alignment hits, and 29 of
153 those had hits above 90% identity; on the other hand, 104 probe fragments from 28 different
154 sequences returned 104 hits. The most abundant families obtained using target enrichment were
155  Astroviridae, Picornaviridae and Parvoviridae. A complete list of all the identified viral species and
156  families is presented in the Supplementary File 1.

157  Coronaviridae sequences were also retrieved (Table 1). One contig of a Betacoronavirus 1, typed as
158  HCoV-OC43, was mapped with a high identity to the CoV 2'-O-methyltransferase, an enzyme that
159  enables the mRNA cap formation, essential for viral RNA stability [22]. HCoV-OC43 is one of the
160  four seasonal HCoVs that are known to cause common cold in humans with winter seasonality [23],
161 and is known to have rodents as natural hosts and bovines as intermediate ones [24].

162 Table 1. Coronaviridae family contigs description after performing Probe-capture targeted NGS in
163 one urban wastewater sample (March 2020).
Coronaviridae Length NtID AAID
Host ti Regi

species 0s Contigs (bp) egion %) %)

203 ORF1lab polyprotein 100 100

217 ORF1ab polyprotein 100 100

126 ORF1lab polyprotein 100 100

126 ORF1lab polyprotein 100 100

SARS-CoV-2 Human 8

178 ORF1ab polyprotein 100 100

266 OREF3 protein 100 100

516 Nucleocapsid protein 99.6 99.1

399 Nucleocapsid protein 99.8 99.3

Betacoronavirus 1
Human 1 235 2'-O-methyltransferase 99.5 98.7
(HCoV OC43)
Other
Feline coronavirus 1 524 ORF1lab polyprotein 91.8 86.5
vertebrates

354 ORF1ab polyprotein 97.4 97.1

Lucheng Rn rat Other 5 416 ORF1ab polyprotein 97.0 99.3

coronavirus vertebrates 542 ORF1ab polyprotein 97.0 99.4

848 ORF1ab polyprotein 96.6 96.6
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1129 ORF1lab polyprotein 97.3 99.4

Other
Canine coronavirus 1 231 ORF1lab polyprotein 96.1 94.8
vertebrates

Eight SARS-CoV-2 contigs were obtained, with a total of 2.03 Kb representing 6.8% of the genome.
Five contigs corresponded to the ORFlab polyprotein region and one contig to the ORF3 protein, all
of them with 100% of nucleotide and aminoacidic identity with the genome Reference Sequence
NC_045512. Additionaly, two contigs, with sizes 516 bp and 316 bp, mapped against the nucleocapsid
protein, separated with a gap between them of 231 bp, and presented a nucleotide identity of 99.6%
and 99.8% to the reference sequence.

Regarding other members of the Coronaviridae family, one feline CoV contig (524 bp) matching the
replicase ORFlab polyprotein region was obtained in the analysis of sequences from the March
wastewater sample. This virus causes asymptomatic persistent enteric infections in a high percentage
of household and catteries’ cats [25]. Even though their high prevalence in their hosts, it is known
that their survival is low in sewage [26]. Additionally, one contig from the same region (231 bp) was
typed as canine CoV, known for being responsible of mild or moderate enteritis on dogs of all breeds
and ages and with a high establishment in the environment [27]. Finally, five contigs of Lucheng Rn
rat CoV, comprising 3.28 Kb of the ORFlab polyprotein, were obtained. This Alphacoronavirus was
firstly described on 2014 in rat samples from China [28], when rodents were not considered to be a
relevant CoV reservoir. It is now clear that this group of animals are important reservoirs for
alphacoronaviruses and also betacoronaviruses [29].

Regarding the wastewater sample from July, it retrieved a virome composition similar to sample from
March (data not shown) but no members of the Coronaviridae family were detected. The absence of
SARS-CoV-2 could be due to the fact that COVID-19 incidence recorded when this sample was
collected was lower, 175.2 cases/100,000 inhabitants, with quantifications of SARS-CoV-2 in the
sample two logarithms below the values obtained in March. The lack of presence of HCoV-OC43 and
animal CoV reads in July sample could be explained by the winter seasonality of the human strain
and the low amount of reads of these viruses compared with other members of the virome, suggesting
that the presence of these viral RNA in the samples is close to the limit of detection.

For instance, the presence of new CoV members in bats has been a focus of study since they could be
the origin of important outbreaks. In this field, the use of metagenomics is important for a better
understanding of evolution, epidemiology, and host-relationships of zoonotic and human viruses
[30]. These approaches made possible the discovery of new alphacoronaviruses [31,32], and recently
the description of a betacoronavirus closely related to SARS-CoV-2 in Rhinolophus bats from China
[33].

Moreover, the low sensitivity or the lack of sequencing depth in samples with a high viral load has
revealed enrichment NGS as a successful strategy for CoV surveillance and discovery in Asia [34,35].
Thus, NGS for CoV discovery should ideally be wide enough to detect unknown viruses but targeting
viruses belonging to the family of interest among many other present in the analysed samples.

3.3. Comparison of wastewater strains vs. clinical strains

SARS-CoV-2 contigs retrieved after applying targeted NGS to March wastewater sample were
compared with sequences obtained by applying VirCapSeq enrichment approach to two clinical
samples isolated in the same period of time. A short summary of the sequencing results for the three
samples is provided on Table 2; see Figure 2 for an overview of the coverage distribution of the reads
mapped over reference genome.
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Table 2. Summary of sequencing results for the three samples considered on this work.

Sample Wastewater Clinical_A Clinical_B

Raw PE Reads (x2) 5,901,370 6,021,795 4,663,999
Raw PE Total bp 1,850,065,979 3,015,620,573 2,353,498,179
Clean PE Reads (x2) 5,006,516 375,769 316,398
Clean PE Total bp 1,399,002,141 74,651,907 66,525,983
Clean SG Reads 823,018 5,535,930 4,238,097
Clean SG Total bp 139,990,580 441,056,111 337,855,561

From a total of 5,006,516 paired-end reads, only 8 aligned uniquely at a single location and 20 aligned
more than one time over the reference genome for the wastewater sample. On the contrary,
VirCapSeq clinical samples starting with less clean paired-end reads, 375,769 and 316,398 for samples
A and B, ended up with 1,042 and 1,856 uniquely mapped reads, respectively. The final scaffolds
assembled from those sets of reads recovered up to 6.79% for wastewater sample, 88.38% for clinical
sample A, and 89.83% for clinical sample B, of the 29,903bp of reference SARS-CoV-2 genome
sequence (Abril et al, manuscript in preparation).

Other studies have reported the use of VirCapSeq and Twist Bioscience panels for sequencing of
clinical samples, determining the importance of having low qPCR Ct values in a given sample for
obtaining a high genome coverage after conducting NGS [36,37].

SARS-CoV-2 sequences obtained from sewage were compared with other 1,200 sequences obtained
from clinical isolates available at GISAID database (https://www.gisaid.org/epiflu-applications/hcov-
19-genomic-epidemiology/ [17]) to elucidate the presence of viral variants. Despite that high
similarity was found for the assembled contigs, 3 nucleotide mismatches were found within the
nucleocapsid protein region (Figure 3). These divergences could represent single nucleotide changes
(SNV), but they were only supported by 3 overlapping reads. More read coverage would be needed
in this region to further assess these differences, although it is worth to note that those changes were
not described in clinical samples at the moment.

4. Conclusions

The application of a targeted NGS has provided nearly the whole genome of SARS-CoV-2 from two
clinical samples and eight SARS-CoV-2 contigs from one wastewater sample, both type of samples
obtained in March 2020 from the same geographical area. Because of low genome coverage obtained
in the wastewater sample, the 3 nucleotide differences observed among environmental and clinical
samples could not be further assessed. No contigs were obtained from the wastewater sample from
July. The results of the excreted virome in wastewater showed that there is a co-circulation in urban
areas of human and animal coronaviruses infecting domestic animals and rodents.

Amplicon sequencing panels covering the totality of the genome are available now for studying
SARS-CoV-2 genetic variants. These approaches, as well as specific SARS-CoV-2 and Human CoV
capture panels, would have enabled the obtention of sufficient genome coverage and consequently a
better SNV typing [38,39] than other targeted approaches directed towards wider groups of viruses,
like VirCapSeq capture used in this study. However, the use of this panel designed to cover vertebrate
viruses, allowed the obtention of SARS-CoV-2 sequences as part of sewage virome in a COVID-19
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pandemic context. Also, it retrieved other relevant human and animal CoV sequences which could
shed light on the co-circulation of different CoV strains in a determined population.

Different targeted NGS approaches have been applied for providing information on SARS-CoV-2 and
other CoV circulation and genetic characteristics. Specific SARS-CoV-2/human CoV panels should be
used for studying SARS-CoV-2 and other Human CoV genetic diversity while panels targeting a wide
variety of viral families would be a better choice for evaluating the co-circulation of known and
unknown human and animal CoV, which may be of relevance regarding potentially zoonosis as well
as CoV strains co-circulation immune cross-protective phenomena.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Table S1: Complete list
of all the identified viral species and families in the sewage March sample by Target Enrichment NGS, File S2:
Complete SARS-CoV-2 assembled scaffold from sewage contigs, File S3: Mafft whole alignment from the
recovered reads with respect to the alignment with 1200 randomly chosen GISAID SARS-CoV-2 sequences. The
NGS datasets generated during the current study are available in zenodo under the DOI number
10.5281/zenodo0.4252765.
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Figure 2: Summary of reads coverage along the SARS-CoV-2 reference genome sequence. The
number of reads per position for the clean Pair-End reads (PEcovg) and for the Single-End reads
(SEcovg) is show here for the three samples discussed on this manuscript. SE-reads were
produced when cleaning the raw PE-reads, corresponding to the single member of a pair or reads
that passed the cleaning and trimming criteria while the other read was discarded. Top track
represents the segments defining the open reading frames encoding for the viral proteins (except
the trailing 5UTR and 3'UTR segments that are not protein-coding and were included for
illustrative purposes). Dashed red line is the average coverage.
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Figure 3: Nucleotide mismatches found in the nucleocapsid protein region. The red boxes
highlight the 3 nucleotides that differ on the sequence reconstructed from the recovered reads
with respect to the alignment with 1200 randomly chosen GISAID SARS-CoV-2 sequences
(including the reference). Those nucleotide substitutions correspond to 1 synonymous and 2 non-
synonymous changes: 28721.caa[Q] <> 28514.cCa[P], 29187.tgc[C] == 28959.tgT[C], 29188.aca[T]
<>28960.Gca[A]. Those three positions do not change on the alignment for all the other provided
sequences yet are supported by only three reads which in fact does not allow defining them as
variants. Full alignment is available as Supplementary File 3.
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La gastroenteritis aguda infecciosa és una malaltia amb elevada
importancia a nivell mundial, especialment en nens, on aproximadament
el 70% dels casos estan associats a infeccions viriques. També un elevat
nombre de casos presenten etiologia desconeguda, pel que I'aparicio de les
técniques de seqiienciaci6 massiva ha obert noves oportunitats per a la

detecci6 i descobriment de patogens virics.

Es van analitzar per metagenomica 124 mostres de femta de pacients amb
gastroenteritis, dels que no es va trobar agent causal classic, per tal
d’identificar possibles infeccions viriques. Les families de virus que
infecten vertebrats més abundantment trobades han estat Astroviridae i
Caliciviridae, amb la detecci6 de NoV GIV i sapovirus. També s’han
detectat seqiiéncies d’enterovirus, adenovirus i rotavirus en algunes de les
mostres analitzades. Aquests resultats posen de manifest que caldria
optimitzar les técniques de cribratge rutinari que s’utilitzen actualment,

per a fer possible la deteccié d’astrovirus, sapovirus i NoV GIV.

L’aplicaci6 de la metagenomica per a I’estudi d’infeccions viriques té doncs
un gran potencial en ’analisi clinic rutinari per, principalment, identificar
patogens que tradicionalment no s’han testat i escapen els test rutinaris i

també per detectar noves variants que poden causar gastroenteritis.
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Abstract: Acute infectious gastroenteritis is an important illness worldwide, especially on children,
with viruses accounting for approximately 70% of the acute cases. A high number of these cases
have an unknown etiological agent and the rise of next generation sequencing technologies has
opened new opportunities for viral pathogen detection and discovery. Viral metagenomics in
routine clinical settings has the potential to identify unexpected or novel variants of viral pathogens
that cause gastroenteritis. In this study, 124 samples from acute gastroenteritis patients from 2012-2014
previously tested negative for common gastroenteritis pathogens were pooled by age and analyzed by
next generation sequencing (NGS) to elucidate unidentified viral infections. The most abundant
sequences detected potentially associated to acute gastroenteritis were from Astroviridae and Caliciviridae
families, with the detection of norovirus GIV and sapoviruses. Lower number of contigs associated to
rotaviruses were detected. As expected, other viruses that may be associated to gastroenteritis but also
produce persistent infections in the gut were identified including several Picornaviridae members (EV,
parechoviruses, cardioviruses) and adenoviruses. According to the sequencing data, astroviruses,
sapoviruses and NoV GIV should be added to the list of viral pathogens screened in routine clinical
analysis.

Keywords: acute gastroenteritis; viral metagenomics; children; next-generation sequencing;
norovirus; sapovirus; astrovirus; Picornaviridae

1. Introduction

Gastroenteritis is an important health problem around the globe affecting people at any age, but
it is especially severe among children and the elderly. In 2016, diarrhea was the eighth leading cause
of death among populations of all ages, causing an estimated 1,655,944 deaths and representing the
fifth cause of death in children under 5 years with more than 446,000 estimated deaths [1]. While
most of these deaths occur in developing countries, in developed countries acute gastroenteritis is
still an important cause of death and an economic problem [2]. Clinical gastroenteritis can be caused
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by several infectious agents including bacteria, protozoa and viruses, the transmission of which can
be foodborne or waterborne, through contaminated fomites or by person-to-person contact. Among
all gastroenteritis etiological agents, viruses account for approximately 70% of acute cases in children
with rotavirus (RV), norovirus (NoV), and adenovirus (AdV), accounting for the majority of cases [3,4],
with an increase in astrovirus (AstV) and sapovirus (SaV) in the same age groups [5,6]. Despite these
important viral agents, it has also been estimated that nearly 40% of gastroenteritis cases have an
unknown etiological agent, suggesting that most could be caused by undiscovered viruses [7]. In
recent years, the advent of next-generation sequencing (NGS) technologies has opened new
opportunities for viral pathogen detection and discovery in the clinical setting [8]. Currently, more
than 10,261 validated, complete viral genomes are available in databases (e.g., the National Center
for Biotechnology Information (NCBI) RefSeq in September 2020,
https://www.ncbi.nlm.nih.gov/genome/viruses/).

In the present manuscript, fecal samples from acute gastroenteritis patients who had previously
tested negative for common pathogenic bacteria (Salmonella sp., Campylobacter sp., Shigella sp.,
Yersinia sp. and Verotoxigenic E. coli (VTEC).), parasites (Giardia sp. and Cryptosporidium sp.) and
viruses (rotavirus, adenovirus, norovirus) using conventional routine methodologies, were analyzed
by NGS to elucidate unidentified viral infections.

2. Materials and Methods

2.1. Sample Collection and Characterization

A total of 124 fecal samples from patients with acute gastroenteritis of unknown origin were
collected in collaboration with Hospital Universitari Vall d’Hebron, Barcelona, Catalonia, Spain
during 2012 and 2014. Previously, fecal samples were screened for the most common entero-
pathogens, including Salmonella sp., Campylobacter sp., Shigella sp., Yersinia sp., and Verotoxigenic E.
coli (VTEC), for which they tested negative. Samples were also screened for Giardia sp. and
Cryptosporidium sp. if the clinical symptoms were compatible with a parasitic infection. In addition,
frequent viral gastroenteritis agents for the specific age groups were tested using
immunochromatographic assays for human adenoviruses (ONE STEP Adenovirus CARD TEST,
Certest Biotec S.L), human rotaviruses (ONE STEP Rotavirus CARD TEST, Certest Biotec S.L) and
human astroviruses (ONE STEP Astrovirus CARD TEST, Certest Biotec S.L), and conventional RT-
PCR (norovirus GI and GII) [9]. No etiological agent could be identified to explain the clinical acute
gastroenteritis; hence, the samples were screened using metagenomic means by pooling the samples
according to age criteria in four different categories: less than 1 year (3 pools: F <1, S<1A and S <
1B), from 1 to 3 years (4 pools: F1-3A, S1-3A, S1-3B and 51-3C), from 3 to 10 years (1 pool: 53-10), and
older than 10 years (1 pool: F >10). For pools “F”, all samples were tested by RT-PCR for noroviruses
[9]. Samples pooled under “S” criteria were only tested by RT-PCR under specific clinical request. A
summary of the sample features composing each pool and the clinical tests performed is represented
as Table 1.
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2.2. Viral Concentration, Free DNA Removal, Nucleic Acid Extraction, and Library Preamplification and
Preparation Using Untargeted Viral Metagenomics (UVM) and Target Enrichment Sequencing (TES)

Individual fecal samples of 0.5 g were suspended in 4.5 mL PBS 1x solution to obtain a 10% fecal
suspension. Suspensions were homogenized and pooled by mixing 1 mL of each sample to construct
the pools (Table 1). To enrich the viral fraction, fecal pools were centrifuged for 15 min at 3,000x g to
remove cellular debris and bacteria; the supernatant was collected and filtered using a 0.22-um low-
binding protein syringe filter (Millex-GV, 0.22 um, PVDF, 33 mm, Gamma-Sterilized, Millipore,
Massachusetts, USA). Filtered pools (500 pL) were treated with 230 units of Turbo DNAse (Ambion,
Lithuania) for 1 h at 37 °C to remove free DNA prior to nucleic acid extraction. The NA (nucleic acids)
present in 280 UL of DN Ase-treated viral concentrates was extracted using the QIAamp®Viral RNA
Mini Kit from QIAGEN (Qiagen, Valencia, CA, USA). NA were eluted in 60 uL and stored at =80 °C
until further processing. To enable the detection of both DNA and RNA viruses, the total NAs were
reverse-transcribed as previously described by Fernandez-Cassi et al. [10]. In short, SuperScript III
(Life Technologies, Carlsbad, CA, USA) was used to retrotranscribe RNA to cDNA with primerA (5'-
GTTTCCCAGTCACGATCNNNNNNNNN-3"). Second strand cDNA and DNA were constructed
including primer sequences using Sequenase (USB/Affymetrix, Cleveland, OH, USA). PCR
amplification with AmpliTaqGold (Life Technologies, Austin, Texas, USA) was performed using
primerB (5'-GTTTCCCAGTCACGATC-3'); this step was performed in duplicate. After 10 min at 95
°C to activate DNA polymerase, the following PCR program was used: 25 cycles of 30 s at 94 °C, 30 s
at 40 °C, and 30 s at 50 °C, with a final step of 60 s at 72 °C. The PCR products were purified and
eluted in 15 pL using a Zymo DNA clean and concentrator (cat no. D4013, Zymo Research, Irvine,
CA, USA) to yield sufficient DNA for the library preparation. Amplified DNA samples were
quantified using Qubit 2.0 (cat no. Q32854, Life Technologies, OR, USA).

Untargeted viral metagenomics (UVM) viral libraries were constructed using a Nextera XT DNA
sample preparation kit following the manufacturer’s instructions (Illumina Inc).

For the Target Enrichment Sequencing (TES), one pool (F2, 1-3 years) was reprocessed and
resequenced by hybridizing the libraries with the vertebrate viral capture panel (VirCapSeq
Enrichment Kit, Roche, Pleasanton, CA, USA) developed by Briese and coworkers [11] as detailed by
Martinez-Puchol et al. [12]. Libraries were sequenced for three different runs using Illumina MiSeq 2
x 300 in base-pair paired-end format.

2.3. Bioinformatics Analysis

Bioinformatics analysis was performed using the Genome Detective platform
(https://www.genomedetective.com/) [13]. For a more precise and accurate taxonomic classification,
human viral contigs longer than 100 bp were queried for sequence similarity using BLASTN against
the NCBI GenBank nucleotide collection database [14] with Geneious Software 11.1.5
(www.geneious.com) [15].

The species nomenclature and classification were performed according to the NCBI Taxonomy
standards. For specific typing of human calicivirus, the assembled genomes of human noroviruses
and sapoviruses were uploaded into the Noronet web-based service Typing tool (version 2.0)
developed by RIVM using the updated classification of norovirus genogroups and genotypes [16,17].
Specific phylogenetic trees for Sapovirus were performed by aligning the complete genomes and the
VP1 region against reference strains using MUSCLE [18]. Trees were constructed using tree view [19]
software within Geneious (software version 11.0, https://www.geneious.com). For the Enterovirus
genus within the Picornaviridae family, the same approach was performed, using the Enterovirus
Genotyping Tool (version 0.1) developed by the RIVM [17]. For human adenovirus, retrieved contigs
were mapped against their closest adenovirus type, and the hexon, penton, and fiber genes regions
were annotated, extracted, and phylogenetically analyzed using the prototype strains suggested by
the human Adenovirus Working Group (http://hadvwg.gmu.edu/). For human rotavirus analysis, a
routinely binary phylogenetic analysis using the genes VP4 and VP7 was performed with the tool
Rotavirus A Genotype Determination (ViPR, www.viprbrc.org) [20]. Contigs belonging to the
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mamastrovirus and parechovirus genus were aligned to their complete reference genomes according to
the ICTV classification. In addition, specific alignments using the ORF2 region and VP1 region for
mamastrovirus and parechovirus against selected reference strains were conducted [21,22].

2.4. RT-PCR and RT-qPCR for Specific Viral Pathogens Sequencing

Specific viral RT-qPCR to detect NoVGIV was performed using primers and conditions as
previously described [9,23,24] for individual fecal samples. RT-PCR for norovirus genogroup II was
used in a specific subset of samples to confirm the obtained NGS results [25]. RT-PCR-positive band
products were purified using Zymo DNA clean and concentrator (Zymo Research, cat no. D4013,
Zymo Research, Irvine, CA, USA) and submitted to Sanger sequencing at Serveis Cientifico-Tecnics
of the University of Barcelona.

3. Results and Discussion

3.1. Metagenomic Identification of Viral Families in Pooled Fecal Samples

A summary of the MiSeq output obtained from each sequenced pool containing the raw read
number, contigs, and viral sequences detected, among other information, is presented as
Supplementary material 1. Approximately 44 million raw-paired ends (0.9 to 12 M per sample) were
generated. On average, 95% of the reads passed the QC cut-off and were annotated as viral using the
Diamond tool [26], with 46% of these reads identified as viral (23% to 88%). When analyzing the
samples according to age, a minimum and maximum percentage of viral reads ranging from to 29%
to 50%, 23% to 56%, and 41% to 88% were obtained for pools with individuals aged younger than 1
year (F<1,5<1A and S<1B), 1 to 3 years (F1-3A, S1-3A, 51-3B and S1-3C), and 3 to 10 years (F3-10
and S-3-10), respectively. Despite efforts to enhance viral content using filtration and nuclease
treatment, 54% of the reads were classified as nonviral (12-77%). In the pool enriched by viral probe
capture prior to sequencing (F1-3A), 74% of the reads were classified as viral.

A complete inventory of identified viral species classified according to the genome detective
pipeline are presented in Supplementary material 2. Relevant taxonomical assignments for acute
gastroenteritis will be discussed further. Additionally, these relevant pathogens which were
considered important viral pathogens associated with gastroenteritis were plotted according to age
and log10 abundance of reads (Figure 1).

Reoviridae Astroviridae  Caliciviridae  Caliciviridae Adenoviridae Picornaviridae Parvoviridae
(Norovirus) (Sapovirus)

More than 10
years

3-10 years 161

1-3 years
.69

Figure 1. Age distribution of the number of reads (log10) from human viral families with etiologically
related members with viral gastroenteritis.

Less than 1
year

243
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Astrovirus, Sapovirus and NoV GIV were detected with a high number of contigs, retrieving
almost their complete genomes, and are considered the potential causative agents of gastroenteritis.

3.2. Caliciviridae

The results for this family have been divided into the main two human genera: Norovirus (NoV)
and Sapovirus (SaV).

A summary of the viral contigs identified in the pools belonging to Caliciviridae family is
presented in Table 2.

Table 2. Characterization of Caliciviridae contigs detected in the gastroenteritis pools with the
norovirus typing tool by RIVM (v 2.0) using the dual system assessing the polymerase (ORF1) and
the capsid region (ORF2). NT: non-typable by the RIVM Norovirus Genotyping Tool.

Pool [C,::gt;}gl Classification Polymerase Genotype Capsid Genotype BSLC if:
F<1 7,521 Sapovirus GV NT GV.1 98.03
S<1A 7,440 Norovirus GII GII.P21 (GILPb) GIL3 80.95
F1-3A 7,187 Norovirus GIV NT NT 77.26
4,827 Sapovirus GI NT GI.2 73.61
5,978 Norovirus GII GIIL.P31 (GILPe) GIL.2 85.10
1,107 Norovirus GII NT NT 88.89
7,292 Sapovirus GII NT GIL.1b 74.37
550 Sapovirus GI NT NT 74.27
S1-3A 376 Sapovirus GI NT NT 74.86
698 Sapovirus GI NT NT 76.72
2,109 Sapovirus GI NT NT 72.10
859 Sapovirus GI NT GI3 78.06
1,321 Sapovirus GI NT GIL.3 71.14
S1-3B 6,808 Norovirus GII GIL.P17 GIIL.17 75.56
. GILP4 GIL4
F3-10 7,384 Norovirus GII New_Orleans_2009 New_Orleans_2009 84.54
7,521 Sapovirus GV NT Gv.1 98.08
3,533 Norovirus GI NT NT
2,065 Norovirus GI NT GI.2 69.38
798 Norovirus GI GLP2 GI.2 77.26
S3-10 1,551 Sapovirus GI NT NT 75.02
1,059 Sapovirus GI NT NT 72.61
345 Sapovirus GI NT GI3 66.47
349 Sapovirus GI NT GI.3 73.99
924 Norovirus GIV NT NT 98.70
F>10 576 Norovirus GIV NT NT 98.44
1,249 Norovirus GIV NT NT 99.25
375 Norovirus GIV NT NT 98.67

3.2.1. Norovirus

Norovirus is the leading viral agent related to acute gastroenteritis in all age groups worldwide,
with frequent outbreaks related to schools, hospitals, or cruise ships [27]. Its classification into
genogroups and P-types (polymerase types) is sustained using a binary system based on the amino
acid diversity of the complete VP1 gene and nucleotide diversity of the RNA-dependent RNA
polymerase (RdRp) [16,17]. However, due their continuous recombination, NoV taxonomical
classification is constantly evolving [16]. Four main genogroups are known to infect humans: GI, GII,
GIV, and GIX (formerly GII.15) [16]. Norovirus GII genogroups are responsible for the majority of
acute gastroenteritis cases, with GIL.4 being the most predominant genotype worldwide with
different variants emerging frequently [28].
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In pools S1-3A, F1-3A, and F1-3B, three NoV GII contigs were identified. Two contigs of 5978 bp
and 6808 bp were classified as GII.P31-GII.2 and GIL.P17-GIL.17, respectively. Infections caused by
GILP17-GII.17 have been increasing over the last decade, being predominant in some Asian regions,
where they have displaced the classical GII.P4-GII.4 and its recombinant strains [29]. Its presence has
increased and expanded in subsequent years after the first reported case, presenting a worldwide
distribution and producing outbreaks elsewhere [30,31]. According to Van Beek et al., NoV GIIP.17
and GII.17 strains were detected in most European Countries in 2015-2016, but not in Spain [29]. The
detection in 2014 samples suggests that the virus was already circulating in the population outside
China. To verify this finding, conventional RT-PCR was conducted by following the suggested typing
protocol described by van Beek and collaborators [25]. One sample from the S1-3B pool tested
positive for NoV GII, and the amplicon was submitted to the RIVM Norovirus Genotyping Tool to
confirm the finding of GII.17 (Accession number: MW205840).

Finally, one contig from pool F3-10 was subtyped as NoV GIL.P4-GIL.4 (New Orleans 2009). As
stated previously, this is the predominant genotype worldwide and accounts for more than 70% of
norovirus outbreaks [32], with GIL.4 subvariants emerging, cocirculating, and replacing each other
over time [33,34]. This particular strain could have been considered as non-detected by conventional
RT-PCR due to a failure of the assay.

In pool S< 1A, one contig of 7,440 bp of NoV GIL.P21-GII.3 was obtained. This recombinant strain
is one of the most common strains circulating during the period under study [25,35,36]. In the same
pool, one NoV GIL.2-P1.2 was detected. This genotype has been linked to the consumption of polluted
shellfish [37-39]. The non-detection of this particular genotype has been reported previously on some
commercially available kits [40,41], and in-silico analysis revealed three mismatches with two of the
forward primers used in clinical routine detection.

Several contigs taxonomically classified as NoV GIV were retrieved from the F1-3A and F > 10
pools. To explore the real incidence of norovirus GIV, a specific RT-qPCR assay for NoV GIV was
performed using individual patient samples to confirm the finding. Three of 26 samples (12% of
incidence) within the affected pools were positive by the RT-qPCR assay, with viral loads ranging
from 2.71 x 10° to 1.34 x 107 genomic copies/gr feces. The viral loads are compatible with an active
replication of the virus and could explain the acute gastroenteritis of these three patients, despite its
lower incidence compared with NoVGII and GI. The detected contigs could not be typed using the
Noronet Typing tool. In an attempt to obtain a more precise taxonomic classification, full NoV GIV
retrieved was aligned against NoV GIV full complete genomes available at genbank using MUSCLE,
and a phylogenetic tree was constructed (Figure 2). Full sequenced NoV GIV shares a homology of
99.2% with the NoV GIV strain from Australia (JQ613567) and could be classified as GIV.1. Norovirus
GIV was first reported in 2000 by analyzing sporadic gastroenteritis cases [42], after which two
different genotypes were identified, with NoV GIV.1 affecting humans and NoV GIV.2 considered a
zoonotic genotype producing gastroenteritis in animals. Norovirus infections caused by GIV.1 are
rare, and its prevalence in the population remains unknown. An international molecular surveillance
NoV study conducted between 2005 and 2016 showed that less than 0.1% of the sequences submitted
to NoroNet belonged to the NoV GIV.1 genotype [29]. Our findings are in line with previously
reported results showing an incidence of 16% of NoV GIV in clinical samples [43]. The presence of
this genotype has been detected by metagenomics in samples from children affected by
gastroenteritis [44], as well as in other clinical and urban wastewater samples [43,45,46], indicating
that it is actively circulating in the population but probably underreported. While the introduction of
routine molecular detection in clinical settings could be the key for better monitoring of GIV-related
cases, the NGS techniques have been shown to be a useful tool to detect a broader spectrum of
norovirus genotypes and genogroups. This is especially relevant considering that their detection by
common RT-PCR can sometimes fail due to the high variability in the P1 and VP1 regions, once again
lending importance to the improvement of primer-independent detection techniques [47].
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Figure 2. Phylogenetic tree of the almost-complete NoV GIV sequence from the F1-3A pool. Full
genome sequences of NoV GIV are available at GenBank and were aligned using MUSCLE (Geneious
11.1). The murine norovirus sequence (accession number: AY228235) was used to root the tree. The
tree was constructed with the Tamura-Nei genetic distance model using the neighbor-joining method
with 1,000 bootstrap replicates. The nodes labels indicate the consensus support whereas the labels
on the branch indicate the number of substitutions per site.

3.2.2. Sapovirus

Sapoviruses are one of the leading viral causes of gastroenteritis in children, with a particular
impact in developing countries [48,49]. Their taxonomic classification is based on the capsid (VP1)
sequence, with GI, GII, GIV and GV being the genogroups responsible for human gastroenteritis.
Additionally, genogroups are further classified into genotypes, a classification system that keeps
growing due to their high genetic diversity, with GI.1, GIL.1, and GI.2 being the genotypes most
commonly associated with clinical cases [48,50,51].

Contigs from the sapovirus genus were found in all sample pools except F > 10 (Table 2). Most of
the detected sapoviruses were classified as GI (11/14), the most prevalent genogroup in patients
within the studied age range (1 to 10 years) [49]. The typed GI contigs were GI.2 and GI.3, but no
contig belonging to GI.1 was identified despite being the most prevalent in gastroenteritis samples
and in this patient age group [49,52].

Contigs identified as Sapovirus GII (1/14) and GV (2/14) could not be typed using the Noronet
Typing tool even though the complete genome was nearly assembled. GV is commonly linked to
food-borne outbreaks [53-55], and some studies have shown a lack of detection of these types by
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conventional RT-PCR, while they can be detected when applying NGS [54,55]. Alignments of the
complete genomes retrieved from the sequenced pools against the complete genomes and the VP1
region from reference strains showed the clustering of GII contigs with SaV GII.1b, whereas
sequenced GV contigs clustered with GV.1 (Supplementary material 3).

3.3. Astroviridae

Human astroviruses (HAstV) are important agents causing acute gastroenteritis in children and have
also been involved in outbreaks affecting adults [56]. Recently, astroviruses have also been associated with
a wider array of diseases, including central nervous system alterations such as meningitis or acute flaccid
paralysis [57,58]. The classification is currently based on the amino acid sequence of the capsid region
(ORF2), dividing the HAsV in the “classical” genotypes (Mamastrovirus 1 (MAstV-1) species) and the
“novel” recombinant ones (MAstV-6, 8, and 9 species) [22,59]. A summary of the astrovirus species
detected is presented in Table 3.

Table 3. Characterization of human astrovirus contigs detected in the tested fecal pools.

RF2 % ORF2 % ORF2 9 9
Pool  Contiglength  Classification o %O %O %o Genome %o Genome

Genotype  Identity Coverage Identity Coverage
F<1 6,569 Mamastrovirus 6 MLB-3 97.8 100 98.1 99.8
S1-3A 6,642 Mamastrovirus 1  HAstV-2 92.7 100 85.7 97.6
F3-10 6,652 Mamastrovirus 1 HAstV-1 95.4 100 94.1 97.6
F>10 6,651 Mamastrovirus 1 HAstV-1 95.1 100 94.0 97.6

Nearly the full genomes (6,469-6,652 bp) of four different astroviruses were retrieved. Human
astrovirus species were found in all analyzed pools (Figure 1). HAstV-1 was detected in two pools
and is the most common type associated with infantile gastroenteritis [60]. A HAstV-2 presenting a
low homology over the full genome (85.7% identity) was detected in the S1-3A pool. During the
development of the study, a commercially available immunochromatographic test was used to detect
human astroviruses. In pooled samples “F”, this test was only used under specific circumstances
(clinical signs supported an astrovirus infection, while samples “S” were all tested with this
immunochromatographic test). Interestingly, among samples tested by the antigenic test, one result
was inconclusive, which could be partially explained by the low homology of the detected astrovirus
in this pool of samples. Phylogenetic trees with HAstV ORF2 complete sequences (Supplementary
material 4a) and complete HAstV genomes (Supplementary material 4b) were constructed.

Nearly the full genome (6,569 bp) of an astrovirus MLB-3 was detected in the F < 1 pool. This
novel astrovirus was first described in 2014 in stools from children with acute diarrhea [61]. It has
also been reported in asymptomatic patients [62] or involved in coinfections with other
microorganisms that cause diarrhea, raising doubts regarding its role as a gastroenteritis causative
agent [62,63].

3.4. Adenoviridae

Human adenovirus is a well-known pathogen in children as well as adults, producing a wide array
of diseases, from gastroenteritis to conjunctivitis, respiratory infections, cystitis and meningitis. There
are currently 104 recognized human adenovirus types according to the Human adenovirus working
group (http://hadvwg.gmu.edu/) divided into seven different adenovirus species (A-G) with species D
being the most abundant [64]. Sequencing has allowed the identification of several recombinant types,
rapidly increasing the number of reported human adenoviruses in the literature [65,66].

Human adenovirus contigs were reported in pools F1-3A, S1-3B and F3-10. No human
adenovirus species F (HAdV40 and 41), which are important etiological gastroenteritis agents in
children [67], were detected in any of the pooled samples. This suggests a high specificity of
immunochromatographic tests for HAdV species F. However, the full genome of a HAdV31 has been
retrieved from the pool F3-10. The phylogenetic analysis of the sequenced human adenovirus clusters
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with HAdV31 reference type (Supplementary material 5). HAdV31 has been identified as a causative
agent of acute gastroenteritis in children despite not belonging to HAdV species F [68].

Other HAdV type partial sequences have been identified based on the hexon, penton and fiber
analysis. These adenoviruses might belong to species A (HAdV18, HAdV61, HAdV61, HAdV31), B
(HAdV3, HAdV66), and C (HAdV89). Human adenoviruses are known to produce permanent
infections in symptomatic and asymptomatic individuals. Hence, the detection of fragments of the
adenovirus genomes could be indicative of the presence of persistent HAdV infections [69,70].
However, the lower number of contigs associated to other than HAdV31 and HAdV F species make
them unlikely to be the causative agents of acute gastroenteritis.

3.5. Reoviridae

Rotavirus (RV) reads were detected in pools F <1, S < 1A, S < 1B and S3-10. All detected RV
belonged to the genotype G2P[4]. This genotype is one of the six most commonly genotypes detected
worldwide, together with G1P[8], G3P[8], G4P[8], GIP[8], and G12P[8] [71,72]. RV has been identified
as the main leading fatal etiologic agent for diarrhea in children less than five years old, causing
128,515 deaths in 2016 [1].

In the pool of fecal samples F <1, S<1A, and S < 1B, reads from 9 out of the 11 RVA genes were
as follows: six structural protein (VP) coding genes and three nonstructural (NSP) coding genes. In
the genotyping analysis, R2, C2, M2, P[4], 12, and G2, referred to as VP1, VP2, VP3, VP4, VP6, and
VP?7, respectively, were detected, and N2, T2, E2, referred to as NSP2, NSP3, and NSP4, respectively,
were detected for the NSP genotypes [73]. In pool S3-10, reads of the genes coding for VP2, VP3, VP4,
VP6, and VP7 with the same genotype pattern observed previously were found: C2, M2, P(4), 12, and
G2. RVA detected in the present study showed high similarity (99.5-100%) to the genotype G2P(4)
RVA strains circulating in Europe, Asia, and South America in the last decade for both pooled
samples (data not shown). In this study, no RVA sequences revealed a close nucleotide similarity
with the two commercially anti-RVA vaccines (Rotarix® and Rotateq®) available worldwide.
Together, these results suggest that children probably acquired RVA strains circulating in Barcelona
from 2012 to 2014, having no correlation with an anti-RVA vaccination. A study conducted between
2015 and 2016 revealed the presence of RVA in high viral loads in sewage samples from Barcelona.
The authors also found no evidence of RVA vaccine-related strains in the sewage samples [74]. These
results suggest that RVA is widespread in the community, since the population excretes RVA and
the children still require healthcare assistance due to gastroenteritis associated with RVA.

Immunochromatographic tests for RVA diagnosis have been a useful tool to provide quick and
cost-effective tests for routine clinical analyses at the expense of low sensitivity when compared to
molecular methods such as RT-PCR [75,76]. The low number of reads obtained within the pools might
be explained by three important facts: (a) the samples could have low levels of virus, since all were
negative in the commonly used test; (b) individual patient samples were pooled, diluting the number
of viral reads present in positive patients; (c) dsSRNA viruses have been shown to be difficult to detect
using current NGS techniques [77].

3.6. Other Viral Species Identified in Fecal Samples

Detected picornaviruses have been taxonomically classified according to their genera:
Enterovirus, Kobuvirus, Parechovirus and Cardiovirus. Enterovirus and non-enterovirus picornaviruses
have been summarized in Supplementary materials 6 and 7.

Enterovirus (EV) causes a wide range of diseases in children, such as hand-foot-mouth disease
(HFMD), viral meningitis and encephalitis, acute flaccid paralysis, myocarditis, common cold or
neonatal sepsis. It is also reported to be present in asymptomatic infections or coinfections with
another microorganism both in children and adults [78].

The EV genus is subdivided by its capsid sequence (VP1) in 13 species, with EV-A, EV-B, EV-C,
EV-D, rhinovirus A (RV-A), RV-B and RV-C infecting humans [79,80]. Enterovirus from species EV-
A and EV-B with RV-A and RV-B were detected by NGS in the pooled samples. An exhaustive list
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containing the typed enterovirus and rhinovirus using the RIVM enterovirus typing tool is provided
in Supplementary material 6.

Rhinoviruses A (HRV-A) and B (HRV-B) were present in all the pools analyzed. These species are
the most important etiological agents of common cold, with a high incidence of infections in early
childhood, mainly affecting the upper respiratory airways, with HRV-A being the most prevalent [81].
In the S2 pool, nearly the full genome of HRV-A78 was obtained (6,499 bp). HRV is one of the
predominant circulating species of HRV-A in children [82] and has been previously associated with
pneumonia [83].

Members of the genus Parechovirus (HPeV) are common causes of aseptic meningitis in children
and mild gastrointestinal and respiratory diseases [84]. Currently, more than 18 different types have
been recognized to infect humans according to the HPeV ICTV taxonomy group, all of which cluster
under HPEV-A species (https://talk.ictvonline.org/ictv-reports/ictv_online_report/positive-sense-
rna-viruses/picornavirales/w/picornaviridae/693/genus-parechovirus). Sequences from HPeV A
were detected in pools associated with younger patients (<3 years). Phylogenetic analysis allowed
their classification as HPeV-1 and HPeV-6 (Supplementary material 8).

The Cardiovirus genus was first associated with rodent infections, until their role in human
pathogenicity was described in 2007 [85]. There are currently three recognized species, Cardiovirus A,
Cardiovirus B and Cardiovirus C. More than 11 genotypes of Cardio-virus B species are associated with
human infection, with Saffold viruses (SAFV) 2 and 3 being the most prevalent.

Almost the whole genome of a Cardiovirus B member, genotyped as SAFV-2, was sequenced in
pool F > 10 from affected individuals above 10 years old (Supplementary material 7). SAFV are not
routinely tested in clinical samples, but recent studies have reported a common presence in
gastroenteritis patients [86,87] and in raw sewage [88,89].

The genus Kobuvirus is composed of six recognized Aichi virus (AiV) viral species (AiVA-AiVF)
that are classified according to their amino acid homology in the polyprotein, P1 2C and 3CD regions
(https://talk.ictvonline.org/ictv-reports/ictv_online_report/positive-sense-rna-
viruses/picornavirales/w/picornaviridae/686/genus-kobuvirus). Members of the AiV A and B species
have been recognized as human pathogens causing gastroenteritis outbreaks [90-92]. Members
within this genus are considered zoonotic and have the potential to infect dogs, cats or goats [93].

Two different Aichi virus contigs were detected in pool 53-10. The alignments of the retrieved
contigs were phylogenetically related to AiV A which has been associated with acute gastroenteritis.

Picobirnavirus-related contigs were detected in most of the pools analyzed except F <1 and S3-
10. Previously, picobirnavirus has been considered a putative pathogenic viral species present in the
respiratory and digestive tract of humans and other animals, including pigs, cows, dogs and otters.
However, recent research has suggested that picobirnavirus might be a prokaryotic virus because the
ribosomal binding site (RBS) motif is conserved within its genome. This motif has been detected in
all available picobirnavirus sequences and is commonly enriched in all viral families that infect
prokaryotes, but not in eukaryotic viral families [94].

Contigs belonging to primate bocaparvovirus 2, formerly known as Human Bocavirus 2, were
found in pool S6. These viral species have been previously found in stool samples from
gastroenteritis-related studies in young children with variable prevalence depending on the area of
study and year of sample collection [95].

A diverse number of ssDNA circular viruses belonging to the Anelloviridae and Circoviridae families
have been detected among the different pools analyzed. The family Anelloviridae includes the Torque
teno virus (TTV), Torque teno midi virus (TTMDV) and mini virus Torque teno virus (TTMV). The
detection of anellovirus species in clinical samples does not seem unlikely, as it is estimated that 70—
90% of the human population carries the virus in loads that range from 10° to 10° genomic copies/mL
plasma [96]. None of the different torque teno virus species known to date have been directly associated
with disease [97].

However, the leading role in acute gastroenteritis of the discussed viral agents under this
subsection is at least controversial, as most of them can replicate actively in the intestinal tract [98],
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have been co-detected with other well stablished gastrointestinal viral pathogens such as RV, NoV,
SaV or HAdAV [78,86,92,99] or are commonly detected in non-symptomatic control samples [97,100].

Further studies focusing on these specific families in non-pooled samples are needed to clarify
their involvement in acute gastroenteritis either as monoinfection or coinfection pathogens.

3.7. Target Enrichment Sequencing

A target enrichment approach (TES) was performed in one pool (F1-3A) to evaluate its
usefulness for the detection of gastroenteritis viral agents compared with untargeted metagenomics
(UVM) applied in this study. The application of a target enrichment probe-based capture method,
prior to sequencing, has been demonstrated to overcome the low sensitivity or the lack of sequencing
depth in complex samples with large viral diversity [12,101].

Comparing both methodologies and focusing on viral families of interest regarding
gastroenteritis etiology, TES enabled the detection of a larger number of viral reads (Figure 4a),
allowing the detection of Reoviridae members, which were not detected with the UVM approach.
Additionally, TES allowed the typing of the hexon, penton and fiber genes of a HAdV-31 that could
not be typed by UVM. In contrast, when analyzing these reads as contigs, the differences were
reduced to obtain the same number of contigs by applying both methodologies to the detected
families (Figure 4b). This observation could be related to the sequence fragmentation and diversity
of the sample, the absence of sequences from different regions of each viral assignation, or the absence
of regions to which the probes are hybridizing. This phenomenon would result in a large number of
reads from the same genome region and a reduction of diversity, but an increase in accuracy of the
contig sequence.

(@) (b)

Figure 4. Comparison of the number of viral reads (a) and contigs (b) from families with members
related to gastroenteritis with Target Enrichment Sequencing (TES) and Untargeted Viral
Metagenomics (UVM) in the F1-3A pool. The number of reads is represented as log10.

The application of TES allowed the detection of 4 RV contigs in the sample pool analyzed that
were not previously detected in the UVM pool. The detected rotavirus sequences belonged to
genotype G2P[4], the predominant RV circulating in Europe between 2010 and 2019 [71,72,102]. As
observed for other detected RV sequences in the study, none of the contigs was related to the two
commercially available rotavirus vaccines.

4. General Discussion and Conclusions

Viral metagenomics, in combination with or without a viral enrichment approach, has the
potential to uncover any viral species that might be present in a given sample. These methodologies
are not primer-dependent methods; hence, they detect viral species that might be undetected by using
conventional molecular methodologies such as RT-PCR or RT-qPCR. The use of primer-independent
methodologies represents an important advantage in detecting new viral pathogens (i.e., SARS-CoV-
2) or recombinant/reassortant types. These methodologies are especially relevant for viral species, as
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viruses are prone to have high mutation rates and to recombine/reassort their genomes as an
evolutionary mechanism. In addition, the gastrointestinal tract is a complex ecosystem, and the
evolution and severity of acute gastroenteritis might be conditioned by the presence of coinfections
that could be masked by the application of single pathogen detection methods such as
immunochromatography or real-time PCR. However, a large number of sequences obtained by
metaviromics cannot be taxonomically classified by using reference databases and are considered
viral dark matter, requiring a more exhaustive analysis [103,104]. The use of a viral-enriched
approach (TES) increased the number of viral reads up to 74%, in contrast to the 23% viral reads
detected without enrichment in the same pooled sample. However, despite the enrichment applied,
a wider diversity of viral species could be detected without the viral enrichment with the exception
of rotavirus A, which was not detected without applying TES.

According to the number of reads detected, the most abundant sequences from vertebrate viral
families were from Astroviridae-related members, which were identified in all age groups, suggesting
the need to include systematic molecular testing for this particular viral family independently of the
patient age. Following AstV, NoV and SaV present an important number of reads. At the time of
sample collection, clinical screening did not include any molecular assay to detect sapoviruses; thus,
their detection using NGS seems reasonable. Sapoviruses have been identified as an increasing
etiological agent for human gastroenteritis, and their screening in the clinical setting should be
systematically performed at least for children under 10 years of age. Human noroviruses were
detected in all pools analyzed despite most samples having been previously tested by conventional
RT-PCR in clinical settings. Some of these NoV might have escaped detection by RT-PCR due to the
presence of mismatches in primer annealing zones. Additional in-silico analysis of the NGS-retrieved
sequence showed mismatches in the primer binding region, highlighting the utility of primer-
independent methodologies to target viruses with a high mutation rate. Interestingly, NoV GIV, a
minority NoV species related to gastroenteritis, was detected by NGS and confirmed in three patients
by RT-qPCR. The inability to detect this specific NoV genogroup is expected because it is not
routinely tested. Samples for which the NoVs test was ruled out according to clinical evaluation
showed the presence of both NoV GI and GII. Therefore, we recommend the inclusion of NoVGI, GII
and GIV in the systematic testing of all acute gastroenteritis cases.

HAAJV not belonging to species F were detected in patients less than 10 years old. The use of
immunochromatographic tests targeting adenovirus species F (HAdV 40 and 41) might present a
lower sensitivity towards other adenoviruses (i.e., HAdV species A or C), which could be the
etiological agents for some acute gastroenteritis such as the detected HAdV31. Nevertheless, HAdV
are known to produce a wide array of infections including asymptomatic persistent infections of the
gastrointestinal tract, raising doubts about their involvement in acute gastroenteritis. Similarly,
human enteroviruses and other related picornaviruses (such as parechovirus and cardiovirus) can
produce a wide array of clinical outcomes but are also persistently excreted by healthy asymptomatic
individuals. Thus, without any additional clinical information, their detection in clinical samples
might result from a coinfection with another gastroenteritis virus or simply as a subclinical infection.
In this sense, the application of viral metagenomics has emerged as a promising tool contributing to
increased knowledge of excreted viruses and their role in human pathogenesis.

Finally, a small proportion of reads could be taxonomically assigned to the family Reoviridae,
which includes HRV. According to the phylogenetic analyses, the identified RV were not related with
any of the existent vaccine strains; hence, their presence in the analyzed pools suggests their
implication in the clinical gastroenteritis despite the low genome coverage and small number of reads
retrieved from this particular viral family in this study. Similarly to HAdV, the small number of
obtained reads could be explained by an inefficient tagging of double-stranded genomes during the
retro-transcription or sequenase steps resulting in low coverage and the small number of reads
assigned to this viral family. Specific protocols to increase the sensitivity towards double-stranded
genomes (dsDNA and dsRNA) might need to be applied to explore the viral diversity within these
genomic conformations [77].
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Article 4: El viroma sense explorar de dos especies peixos
de la costa Atlantica: Contribucié de la seqiienciacio

massiva en la virologia de peixos

“The Unexplored Virome of Two Atlantic Coast Fish: Contribution of
Next-Generation Sequencing to Fish Virology.”

Filipa-Silva A., Parreira R., Martinez-Puchol S., Bofill-Mas S., Barreto Crespo M.T.,
Nunes M.

Foods, 9, 1634, doi:10.3390/foods9111634.

Molt del coneixement que tenim dels virus esta enfocat en aquells causants
de malalties en humans o que generen impacte economic al infectar alguns
animals i plantes. En canvi, aquesta classificacié reflecteix només una
petita part de la biosfera. En aquest context, s’ha col-laborat amb el
Instituto de Biologia Experimental e Tecnolégica (Lisboa, Portugal) en
lestudi, mitjancant eines de seqiienciaci6 massiva, del viroma de dues
especies de peixos de pesca i aqiiicultura, sorell i orada, de les regions

centre i sud de Portugal.

S’han detectat seqiieéncies viriques d’espécies amb potencial patogenic per
peixos, crustacis i humans de les families Astroviridae, Nodaviridae,
Hepadnaviridae, Birnaviridae, Caliciviridae i Picornaviridae. A més, les
seqiiencies trobades amb més abundancia en les dues espécies de peixos
corresponen a bacteriofags. Comparant entre aquestes espécies de peixos
d’estudi, els sorells han presentat un major nombre de virus en els teixits

analitzats.

Els resultats obtinguts mostren que els peixos disponibles per al consum
poden contenir una elevada diversitat de virus, molts d’ells desconeguts.

Mentre que la transmissi6 de virus de peixos a humans és improbable, la
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Abstract: Much of the knowledge on viruses is focused on those that can be propagated using
cell-cultures or that can cause disease in humans or in economically important animals and plants.
However, this only reflects a small portion of the virosphere. Therefore, in this study, we explore
by targeted next-generation sequencing, how the virome varies between Atlantic horse mackerels
and gilthead seabreams from fisheries and aquaculture from the center and south regions of
Portugal. Viral genomes potentially pathogenic to fish and crustaceans, as well as to humans,
were identified namelyese included Astroviridae, Nodaviridae, Hepadnaviridae, Birnaviridae, Caliciviridae,
and Picornaviridae families. Also bacteriophages sequences were identified corresponding to the
majority of sequencese detected, with Myoviridae, Podoviridae, and Siphoviridae, the most widespread
families in both fish species. However, these findings can also be due to the presence of bacteria in
fish tissues, or even to contamination. Overall, seabreams harbored viruses from a smaller number
of families in comparison with mackerels. Therefore, the obtained data show that fish sold for
consumption can harbor a high diversity of viruses, many of which are unknown, reflecting the
overall uncharacterized virome of fish. While cross-species transmission of bonafide fish viruses to
humans is unlikely, the finding of human pathogenic viruses in fish suggest that fish virome can be a
potential threat regarding food safety.

Keywords: virome diversity; metagenomics; Atlantic horse mackerel; gilthead seabream; health-threat

1. Introduction

As an important source of food and revenue for millions of people globally, it was estimated
that fish production in 2018 reached 179 million tons, 87 percent of which were used directly for
human consumption [1]. While the demand for fish may be rising, viral diseases are a major factor
constraining fish trade and aquaculture production, affecting the development of fish industry with
substantial economic losses worldwide [2,3]. Furthermore, the increasing demand for seafood with the
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subsequent growth of aquaculture systems, and the impact of climate change, offer new opportunities
for the transmission of both novel and previously characterized pathogens, namely viruses [3].

Marine environments are known for their viral diversity and richness. Bacteriophages, commonly found
in marine and freshwater systems, play an important role in the aquatic environments balance as predators
of bacteria, representing one of the most abundant organisms in fish [4-6]. In addition to the presence of
bacteriophages, recent studies suggest that fish harbor a greater number of viruses than any other class of
vertebrates, including multiple families of RNA viruses previously thought to infect only mammals [3,7].
For instance, the discovery of hepadnaviruses and filoviruses in fish implies that these viruses have ancient
vertebrate origins, and that their evolution possibly required more host jumping than previously realized,
involving a possible move from aquatic to terrestrial vertebrates [3,7,8].

Valuable insights into virus ecology and evolution are provided when using metagenomics
approaches [3,7], with benefits for aquaculture [3] and food security. For instance, information about
outbreaks associated with human pathogenic viruses in fish is scarce. However, the Centers for Disease
Control and Prevention (CDC) compiles searchable lists of viral outbreaks that can be retrieved from
the National Outbreak Reporting System [9]. In this system, regarding the years between 2008 and
2018, fish alone were responsible for 14 noroviruses (NoV) outbreaks, totaling 177 human infections
and 3 hospitalizations.

Much of our present knowledge of fish viruses is focused either on those that act as agents of disease
for economically relevant species, or those that can be easily isolated in cell culture, representing a small
proportion of the overall viral diversity [10]. To circumvent this problem, metagenomic approaches
provide the possibility for an in-depth characterization of the molecular diversity of viruses present
in a range of environments, potentially revealing the entire virus composition associated with an
individual or faxa—i.e., its virome—even when they are not associated with evident disease [7,11,12].
Metagenomic-based studies and characterization of more viruses can also offer important new data
about evolutionary processes, as well the factors that may mediate differences in virus composition
between different species of fish, and the frequency with which viruses jump over species borders [3].
Moreover, it can provide insightful information on how viral community composition changes,
which depends on regional and local processes, including interactions occurring between fish, as well
as environmental factors such as temperature, salinity, or dissolved oxygen, that determine fish
distribution [13,14]. Virome diversity in fish populations is also affected by how viral transmission
between fish occurs: primarily through feces, contaminated water and/or broodstocks, culture of
multiple fish species in close proximity, or the use of unsterilized fish products (e.g., feed) in aquaculture
productions [15].

Therefore, in this study, the diversity of viruses associated with two of the most highly captured,
farmed and consumed fish species in Europe was evaluated using a metagenomic approach. We aimed
to determine: (i) how virus composition varies between species; (ii) how virus composition varies
between fisheries from different regions and aquaculture within the same species; (iii) whether a large
and dense host population is associated with a greater number of viruses when compared to a more
solitary counterpart; (iv) and, if the analyzed fish virome could pose a risk regarding food safety.
To address these goals, targeted next-generation sequencing (NGS) was used to evaluate the virome of
wild gilthead seabreams (Sparus aurata) and of Atlantic horse mackerels (Trachurus trachurus) from
fisheries of Portugal, namely from Peniche and Algarve regions, as well as farmed gilthead seabreams
from Algarve.

2. Materials and Methods

2.1. Fish Sample Collection and Nucleic Acids Extraction

Fish from two distinct regions of Portugal with different population density and ocean temperature,
were analyzed during this study (Figure 1). A total of 15 gilthead seabreams caught along the coast of
Peniche (n = 5, west/central Atlantic coast of Portugal), Algarve (n = 5, Portuguese southern Atlantic
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coast) and from an aquaculture farm in Algarve (n = 5) were purchased post-mortem from the respective
commercial fisheries (Table 1). Additionally, 20 Atlantic horse mackerels were analyzed post-mortem
from the same fisheries (Peniche, n = 10; Algarve, n = 10) (Table 1).

PenicheO- . 4

A

Population density (people/km?)
— High

-Low

@O 480 2 4 6 8 10 12 14 16 18 20 22 2 26 28 30

Algarvé [

Figure 1. Localization of the fish sampling regions studied. (a) Population density on Portuguese coast
(adapted) [16]; * indicates aquaculture sampling site. (b) Sea surface temperature during the summer
of 2017 in Europe. Black arrows indicate the sampling sites on the Portuguese coast (adapted) [17].

Table 1. Fish samples acquired during this study, their source, and fishery type.

Species Source Fishery Type N° of Specimens
Sparus aurata (gilthead seabream) Peniche fish market Wild fisheries 5
Sparus aurata (gilthead seabream) Algarve fish market Wild fisheries 5
Sparus aurata (gilthead seabream) Algarve fish market Aquaculture 5
Trachurus trachurus (Atlantic horse mackerel) Peniche fish market Wild fisheries 10
Trachurus trachurus (Atlantic horse mackerel) Algarve fish market Wild fisheries 10

Fish have been divided by size and species. Larger fish, namely gilthead seabreams were gathered
in pools of five specimens, while the smaller fish, Atlantic horse mackerel, in pools of 10. One internal
tissue (liver—detoxification tissue and local of viral replication), and two external tissues (skin—contact
tissue exposed to several environmental contaminants, and gills—portal of entry of many viral
pathogens) were selected considering their characteristics. Approximately 2.0 g of tissue were chopped
individually by using a sterilized razor blade to minimize external contamination. The dissection
material was decontaminated with a solution of bleach a 10% and sterilized water between each sample
manipulation. The tissues were homogenized in 10 mL of TNE buffer (50 mM Tris-HCl, 100 mM
NaCl, 0.1 mM EDTA, pH 7.6) using a Precellys Evolution Homogenizer (Bertin Instruments, France).
The homogenates previously obtained were centrifuged 10 min at 2000 rpm at 4 °C to remove any
potential tissue debris, and the supernatant of each homogenized tissue was divided in triplicates
and used for nucleic acids extraction. From the 45 samples, nucleic acids extraction was carried out
from 250 uL of clarified supernatant, using NZYol (NZYTech, Portugal), following the manufacturer’s
instructions. Nucleic acids were dissolved in 30 uL of DEPC-water, and the concentration and purity,
of the obtained extracts determined using a NanoDrop 1000 spectrophotometer. The extracted nucleic
acids were stored at —80 °C until further use.
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2.2. Library Preparation and Sequencing

For all samples, libraries were prepared using the protocol described by Fernandez-Cassi
et al. [18]. Briefly, in order to detect both RNA and DNA viruses, total RNA was retrotranscribed
into cDNA using Invitrogen Superscript IV (Life technologies, Austin, TX, USA) and primer
A, which is composed of 17-nucleotide specific sequence followed by a random nonamer for
random priming A-(5’-GTTTCCCAGTCACGATANNNNNNNNN-3’) [19]. A cDNA complementary
strand was synthesized using Sequenase 2.0 (USB/Affymetrix, Cleveland, OH, USA). To obtain
enough DNA for sequencing library preparation, a pre-amplification PCR was performed using
primer B (5’-GTTTCCCAGTCACGATA-3") and AmpliTaqGold (Life technologies, Austin, TX, USA).
The temperature profile for this reaction was: 10 min at 95 °C as hot start, followed by 30 cycles
of 30 s at 94 °C for denaturation, 30 s at 50 °C for annealing, and 1 min at 72 °C for extension.
Finally, an extension at 72 °C for 10 min was used. To remove excess primers and dNTPs, PCR products
were cleaned and concentrated using the Zymo DNA Clean and Concentrator kit (Zymo Research, USA).
The concentration of the obtained DNA samples was determined using Qubit 2.0 (Life Technologies,
USA), and for each sample, libraries were constructed using the KAPA HyperPlus Library Preparation
kit (Roche, Switzerland) according to the manufacturer’s instructions.

Libraries were captured using VirCapSeq-VERT capture Panel (Roche, Switzerland). This panel
consists of approximately two million probes, covering the genomes of 207 viral taxa known to infect
vertebrates, thus enabling the detection of viral sequences in complex samples [20]. The samples
prepared with the HyperCap Target Enrichment Kit (Roche, Switzerland) and the HyperCap Bead
Kit (Roche, Switzerland), were hybridized with the VirCapSeq-VERT probes at 47 °C for 20 h.
Immediately after the hybridization, the captured DNA samples were recovered with the Capture
Beads (HyperCap Bead Kit, Roche) using a magnetic particle collector, and cleaned. The captured
DNA, still bead-bounded, was purified using an ligation mediated PCR (LM-PCR). This post-capture
PCR was purified and then sequenced in two runs using an Illumina MiSeq (2 x 300 bp) device,
producing paired-end reads.

All reactions included non-template negative controls to rule out the possibility of positive
amplification results due to external contamination.

2.3. Bioinformatic Pipeline

Bioinformatic processing and taxonomical assignment of the pair-end reads obtained as described
above were analyzed using Genome Detective web-based software (https://www.genomedetective.
com/) [21]. Briefly, low-quality reads were filtered and adapters trimmed using Trimmomatic [22].
Viral reads were selected using the DIAMOND protein-based alignment and non-viral sequences
discarded. The obtained viral reads from Genome Detective were assembled with metaSPAdes [23]
and taxonomically classified with NCBI-BLASTn and BLASTX tools to search for candidate reference
sequences against the NCBI RefSeq virus database. In addition, assembled unused viral contigs and
discovery viral contigs from Genome Detective software were analyzed using NCBI-BLASTn and
tBLASTx tools against NCBI RefSeq viral databases using Python scripts. Only viral contigs with 85%
identity and an e-value threshold below 1073 (used as a cut-off) were used in this study.
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2.4. Dataset Compilation and Phylogenetic Analysis

Nucleotide (nt) sequences used for the preparation of the different sequence-datasets were selected
among those previously deposited in the GenBank database (Supplementary Materials Tables S1 and 52),
on the proviso that they would be representative of (i) each of the previously described species with (ii) a
significant sequence overlap with the sequences obtained in the course of this study, in order to maximize
the number of unambiguously aligned nt positions in each sequence alignment. For phylogenetic
analysis, multiple alignments of nt sequences were constructed with the iterative G-INS-I method as
implemented in MAFFT vs. 7 [24] followed by their edition using GBlocks [25]. Phylogenetic trees
were constructed using the Maximum Likelihood (ML) optimization criterium and the best fitting
evolutionary model (GTR+I'+I; GTR—general time reversal, [—Gamma distribution, [—proportion of
invariant sites), as suggested W-IQ-TREE [26]. Phylogenetic reconstructions were carried out using
either the Mega X software [27] run on a Linux server or W-IQ-TREE (version 2.1.2 MacOSX) [26]
running on a personal computer, and the stability of the obtained ML tree topologies assessed by
bootstrapping with 1000 re-samplings of the original sequence data. The sequence data files were
deposited in GenBank within the BioProject with the SRA accession number PRJDB10531.

3. Results
3.1. Viral Sequences Diversity

3.1.1. Viral Sequences Diversity—Global Results

We performed metagenomics analysis to characterize tissue-specific virome of two species
of ray-finned (Actinopterygii) bony fish: the gilthead seabream and the Atlantic horse mackerel.
This analysis was carried out using wild-caught specimens of gilthead seabreams and Atlantic horse
mackerels, available from fisheries on the west (Peniche) and south (Algarve) Atlantic coast of Portugal,
and farmed specimens of gilthead seabreams from the south (Algarve). To carry out this study,
nucleic acids were extracted from the liver, gills, and skin of these animals, which was then pooled
in libraries for next-generation sequencing. Overall, 1,216,428 viral reads were obtained that were
assembled, de novo, into viral contigs for metagenomic analysis.

In total, the analysis revealed viral sequences that could be assigned to 25 different viral families
(Figure 2). The analytical approach used in this study was able to identify both RNA and DNA viruses
based on sequence similarity (Figure 2). The majority of the viral contigs were assigned to DNA viral
families Ackermannviridae, Alloherpesviridae, Genomoviridae, Hepadnaviridae, Herelleviridae, Herpesviridae,
Marseilleviridae, Microviridae, Mimiviridae, Myoviridae, Nimaviridae, Parvoviridae, Phycodnaviridae,
Podoviridae, Poxviridae, and Siphoviridae. The remaining viral contigs were assigned to families of
RNA viruses, including Astroviridae, Birnaviridae, Caliciviridae, Marnaviridae, Nodaviridae, Picornaviridae,
Peribunyaviridae, Retroviridae, and Totiviridae. This analysis also revealed an unclassified taxonomic
fraction of contigs (around 20%), with 3% of unclassified DNA viruses, 10% of unclassified RNA viruses,
and 7% of viral sequences without any assignment to a known viral faxon after BLAST analysis [28,29].
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Figure 2. Blast results concerning viral diversity within each fish species and region. (a) Viral diversity

in each fish species per region (including those contigs assigned as unclassified even within a family).

(b) Viral diversity of unclassified viral contigs of each species per region. Bacteriophages families are

pointed out with *, whereas pathogenic families for fish/other vertebrates and humans/other vertebrates

are marked with ** and ***, respectively.



Foods 2020, 9, 1634 7 of 18

3.1.2. Atlantic Horse Mackerel and Gilthead Seabream Viral Sequence Diversity

Our first analysis focused on parallel assessment of the viral sequence diversity between the two
species selected, without considering their geographic or fishery/aquaculture origins. A comparison of
viral abundance across the different studied organs for both species under analysis, revealed several
differences. In total, viral sequences were more abundant in skin samples (44%) than in the liver (38%)
or gills (18%). Bacteriophages from families Myoviridae, Podoviridae, and Siphoviridae were the viruses
most frequently found in both fish species (Figures 2 and 3). Podoviruses, which comprise short
noncontractile-tailed bacteriophages with dsDNA genomes, were the most abundant (31%), totaling 19%
and 8% of the total viral sequences associated with the liver and skin, respectively. The remaining 4%
of podoviruses sequences were found in the gills. In the liver tissue samples prepared from Atlantic
horse mackerel, the total virome associated with the Podoviridae family comprised 48% of the sequences
analyzed, while the equivalent value for the gilthead seabream was only 14% (Figure 3). As for the
gilthead seabream, we observed that almost 26% of the total virome for Podoviridae was associated
with the skin tissues, whereas in the case of the Atlantic horse mackerel, the corresponding value was

only 5%.
Atlantic horse mackerel Gilthead seabream
Peniche Algarve Peniche Algarve Aquaculture

liver gills skin liver gills skin ||liver gills skin liver gills skin lLiver gills skin
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Alloherpesuiridae

Genomouiridae

Hepadnaviridae

Herelleviridae

[

Herpesviridae

Marseilleviridae

Microviridae

Mimiviridae

Myouviridae

| B
50 < 75%

25<50%

Nimaviridae

Parvoviridae

Phycodnaviridae

Podoviridae

Poxuviridae

Siphoviridae

unclassified DNA viruses

Astroviridae

Birnaviridae

Calciviridae

Marnaviridae

Nodaviridae

Peribunyaviridae

Picornaviridae

Retroviridae

Totiviridae
unclassified RNA viruses

N

unclassified

Figure 3. Viral abundance for each fish species, region, and tissue type normalized for each viral family

(the taxonomic classification used is based on the Taxonomy Database from NCBI).

Additionally, the virome of mackerels from Peniche was apparently characterized by a higher,
and more diverse number of viral sequences from different taxa, when compared with mackerels and
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seabreams from Algarve region, with viral sequences distributing among 17 viral families across the
different organs (Figure 3). Although gilthead seabreams, in general, seemed to harbor a less diverse
group of viral families regardless of the origin of the tissues under analysis, they displayed a higher
abundance of unclassified viral sequences (Figures 2b and 3).

Our data also revealed the presence of viral sequences from astroviruses, birnaviruses, caliciviruses,
hepadnaviruses, nodaviruses, herpesviruses, and picornaviruses, all of which include representatives
that are known to infect not only marine animals, such as fish and crustaceans, but also humans.
For instance, Birnaviridae, Hepadnaviridae, and Herpesviridae viral sequences were identified in Atlantic
horse mackerels, while others, indicating the presence of other families (Astroviridae, Caliciviridae,
and Nodaviridae) were detected in libraries prepared from the skin and gills of gilthead seabreams.

3.1.3. Viral Sequence Diversity: Fisheries vs. Aquaculture

An uneven distribution of viral diversity between fisheries from Peniche and Algarve, as well as
from an aquaculture environment was observed. From the total of viral sequences obtained, the most
abundant ones were associated with fish specimens from Peniche, with a total of 29% associated with
the skin, followed by the liver (28%) and the gills (11%). The same pattern was observed in specimens
from Algarve region, with 9%, 8%, and 2% of viral sequences being associated with the skin, liver,
and gills, respectively. In aquaculture, 5% of viral sequences were detected in sequencing libraries
prepared from skin samples, 3% from the liver and 5% from the gills.

As expected, and regardless the geographic origin of the specimens under analysis, bacteriophages
were the most commonly found viruses, with Podoviridae being the most widespread family representing
21% and 7% of the total viral sequences detected in samples from Peniche and Algarve, respectively.
In specimens from the Peniche region, we observed that 39% of the total liver virome was composed of
podoviruses, although these could also be detected in libraries prepared from the skin (22%) and gills
(7%). A similar trend was observed in specimens collected from Algarve, but the values associated
with the liver (16%), the skin (4%), or the gills (2%) were lower.

It is notable that the Atlantic horse mackerel from Peniche, a more shoaling fish, had an associated
higher number of distinct viral families (17 families) when compared to the gilthead seabream, a more
solitary fish, with only 9 viral families identified (Figure 3). In contrast, Atlantic horse mackerels
and gilthead seabreams from Algarve region presented a smaller number of viral families (9 and 7,
respectively). Additionally, gilthead seabream from an aquaculture farm displayed the less diverse
virome with our analysis, with nucleotide sequences allocated to only 6 viral families, half of which
included bacteriophages. However, the unclassified taxonomic fraction associated with farmed gilthead
seabream is substantial (56%).

3.2. Phylogenetic Relationships of Relevant Viral Pathogenic Families

For further characterization of some relevant viral sequences from known human and fish
pathogenic viruses from selected viral families, a phylogenetic analysis was carried out using the ML
optimization criterium, and different sequence-datasets. The inferred phylogenetic trees (Figures 4
and 5; Supplementary Materials Figures S1 and S2) revealed the phylogenetic relationships between the
obtained sequences and their closest relatives, identified by sequence similarity searches at GenBank.
All trees have been rooted at mid-point.
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Figure 4. Phylogenetics trees of common fish pathogenic viruses: (a) Nodaviridae—partial sequence
of Viral Nervous Necrosis Virus amplified from gilthead seabream gills from Algarve,
(b) Birnaviridae—partial sequence of Infectious Pancreatic Necrotic Virus detected in Atlantic horse
mackerel skin from Peniche, (c) Hepadnaviridae—partial sequence of Hepatitis B virus obtained from
Atlantic horse mackerel gills from Algarve. The viral sequences analyzed in this study are colored
and highlighted by a fish. All viral sequences are identified by their accession number and name.
At specific branch nodes, bootstrap branches >0.60 are displayed by *; branch node point out with a

circle referred to human viral sequences.
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Figure 5. Phylogenetics trees of human pathogenic viruses identified in this study: (a) Picornaviridae—partial
sequence of Rhinovirus A obtained from gilthead seabream skin from Peniche; (b) Caliciviridae—partial
sequence of Norovirus GII amplified from gilthead seabream skin from Algarve. The viral sequences
analyzed in this study are colored and highlighted by a blue fish. All viral sequences are identified by their
accession number and name; all viral sequences used are from human hosts. At specific branch nodes
bootstrap values >0.60 are displayed by *.

Among the viral sequences identified, Viral Nervous Necrosis Virus (VNNV, accession number
LC581281), one of upmost importance pathogenic nodaviruses to fish, which was detected in gilthead
seabream from the Algarve, was placed, as expected, in a cluster with other betanodaviruses but
branched separately from the other sequences previously identified (Figure 4a and Supplementary
Materials Figure Sla). This group also included other viral reference sequences, previously detected
in specimens of striped jack, European seabass, Senegalese sole, and gilthead seabream from Europe
and Asia.

A birnavirus sequence (accession number LC581280), detected in Atlantic horse mackerel
from Peniche (Figure 4b; Supplementary Materials Figure S1b), was placed, as expected from
BLAST search results, with other Infectious Pancreatic Necrosis Viruses (IPNV) amplified from
salmonids. Specifically, the closest homolog to the Atlantic horse mackerel IPNV sequence
identified in this study corresponded to a putative virus detected in an Atlantic salmon (Salmo salar)
caught in Chile. These sequences encoded putative proteins sharing 99.7% of amino acid identity.
Interestingly, hepadnaviruses (which include Hepatitis B viruses (HBV) from various sources) were
also identified from the gills of Atlantic horse mackerel but in this case from Algarve (accession number
LC581279; Figure 4c and Supplementary Materials Figure Slc). The Atlantic horse mackerel HBV
sequence here described branched separately from all the others in the dataset but was clearly
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closely related with other hepadnaviruses from fish, specifically, blue gill HBV, forming a separated
cluster from the HBV that infect mammals. Additionally, a sequence amplified from the skin of
gilthead seabream (accession number LC581278), clustered within a large monophyletic cluster among
Rhinovirus A viral sequences from diverse sources, including those identified in humans, and clearly
segregated away from the genetic lineages that include Rhinovirus B and Rhinovirus C sequences
(Figure 5a and Supplementary Materials Figure S2a). The sequence detected shared 99% similarity
with Rhinovirus A sequences detected in humans from Uganda (accession numbers MH685691 and
MH685686). Another viral sequence obtained from gilthead seabream from Algarve (accession number
LC581277) clustered in a major cluster grouping strains of NoV GII (Figure 5b and Supplementary
Materials Figure S2b), specially NoV GIL.P16-GIL4, phylogenetically close to the recombinant NoV
GILP16-GII.4 Sydney 2012 variant (Figure 5b), one of the most common NoV strains associated with
outbreaks of gastroenteritis worldwide.

4. Discussion

Viruses can be found in every single environment on Earth, but their importance is more evident
in oceans, where they are known to be the reservoir of most of the genetic variety [5]. To explore the
viral diversity of two important commercialized fish species, we analyzed viral sequences obtained
from liver, gills, and skin tissue samples using a metagenomic approach. As these species included
shoaling—Atlantic horse mackerel, and solitary—gilthead seabream specimens, the obtained data
allowed us to tentatively address how fish population density might affect virus composition.

The presence of unknown virus genomes in fish samples was expected since previous studies on
aquatic viral communities have shown that the unknown (orphan) viral fraction (i.e., without homology
to any sequence available in the databases) could be substantial, ranging between 20% to 99% [30,31].
In fact, the analysis of virus open reading frames (ORFs) showed that a large portion were orphans,
with these unclassified ORFs being more frequently identified in viruses than in bacteria (30% and 9%,
respectively) [32].

In addition, nucleotide sequences identifying viral families associated with vertebrate infections
such as Astroviridae, Nodaviridae, Hepadnaviridae, Birnaviridae, Caliciviridae, and Picornaviridae were
detected during this analysis (Figures 2 and 3). Although, astroviruses have only recently been
discovered in fish [7], they are known to persist in aquatic environments and have been detected
in seabirds [33], amphibians [7], and mammals [34], where these viruses are a frequent cause of
intestinal diseases [34]. Nodaviruses can cause neural necrosis, encephalopathy, or retinopathy in fish,
being associated with behavioral abnormalities and high mortality, posing significant problems to
marine aquaculture [35]. The analysis of a VNNV sequence detected in gilthead seabream gills, revealed
that it was closely related to Striped jack nervous necrosis virus, the type species of the betanodaviruses.
While, our sequence forms a separate branch with other betanodaviruses (Figure 4a), also detected
in gilthead seabream, it segregates in a larger group of viral sequences that include others found in
common fish species such as European seabass and Senegalese sole [36]. Interestingly, VNNV is endemic
in the Mediterranean Sea, with several reports in fish samples [37-39], being in direct communication
with the Atlantic Ocean through the Strait of Gibraltar, located at the south of Spain near the Algarve
region, where part of this study was focused. In addition, other nodaviruses were also identified,
namely the Macrobrachium rosenbergii nodavirus or Penaeus vannamei nodavirus, both pathogens of
freshwater crustaceans that pose a threat to food security, and cause significant economic losses in the
aquaculture industries [40].

Until recently, the known host range of hepadnaviruses was limited to mammals and birds [8].
However, previous studies showed that fish carry a remarkable diversity of hepadnaviruses [3,8].
Notably, the Atlantic horse mackerel Hepatitis B virus forms a sister group with other hepadnaviruses
recently discovered in fish [8], segregating away from mammalian hepadnaviruses (Figure 4c and
Supplementary Materials Figure S1c) which are known to cause infections that have the potential to
lead to both severe chronic liver disease and hepatocellular carcinoma in humans [8].
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IPNV is an important fish pathogen and the protype virus of the Birnaviridae family [41]. It has
a worldwide distribution, and normally is associated with an acute and contagious disease that
causes distended abdomen, aberrant swimming, darkened pigmentation, and necrotic lesions in
internal organs. In this study, an IPNV sequence was detected in Atlantic horse mackerel skin tissue,
corresponding to a distinct branch on a phylogenetic tree, separating it from other aquabirnaviruses
such as the Yellowtail ascites virus (Figure 4b), the causative agent of ascites and responsible for
serious losses in the fish-farming industry in Japan [42]. This sequence forms a group with IPNV
sequences amplified from those clustering with others from Europe and South America specimens of
salmonids [43]. This result is not surprising taking into account a report that supports the association
between fish eggs from Europe and the disease transmission across Chilean farms [44].

Human NoV genomic sequence was also identified in the skin of gilthead seabream from the
Algarve. Although, its presence does not mean that the virus is active or infectious, we cannot
exclude the hypothesis that this virus can also be present in the fish flesh that can be consumed raw
or undercooked in several meals, possessing a potential risk to human health. Noroviruses are the
leading cause of viral gastroenteritis worldwide, and are estimated to cause 677 million cases and ~
210,000 human deaths every year [45].

Furthermore, the detection of NoV genomes in these fish samples can indicate that the water was
contaminated with human feces, probably due to sewage pollution, or that fish were contaminated
during handling, processing, or preparation. While the small size of the sequence under study limits
the breath of observations drawn from its analysis, its place in a phylogenetic tree revealed that it
branched with a group containing essentially recombinant strains of NoV GII.4 (Figure 5b) which
caused six food-related outbreaks since 1995 [46]. In particular, the NoV sequence identified in this
study is closely related to the recombinant GIL.P16/GII.4 Sydney 2012. Interestingly, in the last decades,
the GIL4 variant dominated NoV infections, being responsible for 60-80% of all NoV outbreaks.
Therefore, in the last years, we observed the emergence of a novel GII.4 recombinant virus responsible
for several outbreaks worldwide [45,46] that retained the Sydney 2012 capsid-coding sequence but
acquired a new structural region (GII.P16/GIL.4 Sydney 2012) [45,46].

Picornaviruses such as rhinoviruses, or other small non-enveloped viruses with RNA genomes
such as noroviruses (Caliciviridae), have a compact capsid structure that has been selected to allow them
to withstand a long-stand preservation in harsh environments [3]. A closer analysis of the rhinovirus
sequence amplified from a sample of gilthead seabream skin from Peniche showed that this viral
sequence branched separately from Rhinovirus B and C (Figure 5a). It formed a cluster mainly with
Rhinovirus A serotypes 54 and 98, being phylogenetically close to rhinovirus sequences identified
from stools in African children with diarrhea [47]. Although often ignored, human rhinoviruses are
the most frequent causes of respiratory tract infections with severe disease manifestations in patients
suffering from bronchiolitis and asthma [48].

Highly abundant viral sequences associated with the fish species studied were assigned to
bacteriophage families, which are known as the most abundant viruses in the biosphere, occurring in
large numbers in freshwater, soil, sewage, and marine environments [4]. Their presence in the
environment suggests that they play an important role in the ecology and evolution of diverse
ecosystems [5]. In particular, several bacteriophages from freshwater and marine ecosystems seem to
play important roles not only in the equilibrium of the ecosystems as predators of bacteria, but also in
a broad range of ecological processes such as carbon cycle [5,6].

The genomes of myoviruses, podoviruses, and shipoviruses were identified as the most widespread
viral sequences found among the samples analyzed during this study. As expected, they were frequently
associated with exterior organs (the skin), or tissues that were exposed to the external environment
(the gills). Surprisingly, our data also suggest their presence in the liver. Considering that internal
and external portions of the livers were used, it is likely that the majority of bacteriophage sequences
detected in our samples would correspond to viruses found on the liver surface, in the abdominal cavity.
Gut microbiota consists of a plethora of microorganisms including bacteria, fungi, and archaea, and a
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myriad of viruses including bacteriophages and others infecting eukaryotic cells. Bacteriophages have
been found in humans and other animal, inhabiting the oral, gastrointestinal and respiratory tracts,
in the urine and blood, the latter being considered an sterile environment in heathy individuals [49,50].
Moreover, the liver is an important component of the reticuloendothelial system [51], being one
of the organs that filter a variety of foreign elements that are in circulation, including phages [51],
being identified as one of the sites with the highest phage accumulation [30,31,52].

It has previously been shown that species of fish forming large and dense groups are characterized
by high-level contact rates and exhibit higher viral diversity compared to their more solitary
counterparts [3,53-55]. This hypothesis supports classic epidemiological theories that larger populations
with higher contact rates have an increased likelihood of acquiring, and transmitting, viruses [56,57].
Interestingly, in our study, this only seems valid for the specimens caught in the region of Peniche since
Atlantic horse mackerels and gilthead seabreams from Algarve fisheries do not reveal this pattern.
These differences in the distribution of the viral families between the two fish populations could be due
to sampling bias, differences in water temperature (around to 5 °C to 10 °C lower in Peniche than in the
Algarve), anthropogenic factors, and recycled water management systems [57]. Thus, this hypothesis
requires further studies to be investigated. Taking this into account, our data regarding the virome
associated with liver and gills suggests that the most solitary fishes studied, the gilthead seabream from
Peniche, houses the smallest viral diversity. On the other hand, Atlantic horse mackerel from the same
region, a densely shoaling fish, held the greatest number of viral families across the studied organs.
For this analysis, the skin tissue was not considered since it is an external contact organ more propitious
to environmental and handling contaminations. Additionally, as expected, farmed gilthead seabream
had the lower viral diversity, indicating more uniform rearing conditions [58]. Therefore, these results
support, to some extent, the concept that more frequent intra-host contacts could increase viral
diversification and spread. However, a broader comparison of more fish species is essential to
understand how population density may influence virus diversity, abundance, and evolution [3].

Although this study focused on only two fish species commonly consumed in Europe,
a characterization of their virome in different environments was made for the first time. Since the species
analyzed were bought at fisheries, it is possible that we missed viruses with low abundance and gained
other viruses (including phages) due to sample processing, manipulation, external contamination,
and bacterial growth during fish transportation. Our findings support that fish harbor a very
large number of viruses and that viral metagenomics is a useful tool to exhaustively characterize
their viral-associated diversity. Indeed, metagenomic analysis has become a precious tool for the
characterization of viral composition and diversity in environmental samples. However, the procedures
used for sample collection, sequencing preparation and bioinformatic analyses may induce biases
in estimating viral diversity [14]. Nevertheless, our knowledge, regarding the diversity of
viruses in fish, has increased greatly with the development of metagenomic approaches [14].
Moreover, these approaches would be a valuable asset if used to understand the viral diversity
and putative viral pathogens in aquaculture settings, since such information may directly impact on
the biosafety of aquaculture systems [59]. Finally, the data presented here show that fish commonly
sold in the markets, many of which may be consumed raw or undercooked, harbor a wide range of
viral genomes, much of them, unclassified. This fact does not mean that the identified viruses are
infectious or pathogenic, nor does it indicate their degree of virulence. However, we cannot exclude
that at least some of these viruses can pose a potential risk to human health, being some of them human
viral pathogens of interest regarding food safety.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/11/1634/s1,
Figure S1: Maximum Likelihood phylogenetics trees of each fish pathogenic viral family identified in this study,
Figure S2: Maximum Likelihood phylogenetics trees of each human pathogenic viral family identified in this study,
Table S1: Accession numbers of sequences used for phylogenetic analysis, including the sequences obtained in this
study (*) and those downloaded from GenBank, Table S2: Accession numbers of sequences used for phylogenetic
analysis (family analysis), including the sequences obtained in this study (*) and those downloaded from GenBank.
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Seqiienciacio massiva per a estudis d’epidemiologia basats en

aigiies residuals.

L’epidemiologia basada en aigiies residuals és una eina eficient per al
monitoreig dels virus, entre d’altres, que circulen en la poblacid. Les eines
de seqiienciaci6 massiva han experimentat avencos en els darrers anys,
permetent estudiar el viroma circulant en la poblaci6 i el possible

seguiment de brots en un Unic assaig.

El primer capitol de la tesi inclou un article on s’avalua I’aplicacio6 de tres
técniques de seqiienciacié massiva diferents per a I'estudi del viroma i de
la diversitat de patogens presents a 'aigua residual. La principal limitaci6é
en els estudis de viroma en aquest tipus de matrius és la baixa proporcio
de seqiiencies viriques en comparacié amb el nombre total de seqiiéncies
amplificades quan s’utilitzen encebadors aleatoris, un fet critic quan
l'objectiu d’estudi son virus d’interes huma. Els membres més abundants
del viroma son els bacteriofags i els virus de plantes (Aw et al., 2014;
Cantalupo et al., 2011; Fernandez-Cassi et al., 2018), motiu pel qual
Paplicaci6 d’eines de seqiienciacié massiva d’amplicons i d’enriquiment de
dianes poden ser de gran utilitat per a l'estudi detallat de families

especifiques i la seva diversitat en una mostra.

Per avaluar les eines més apropiades per analitzar el viroma en aigiies
residuals, primerament es va analitzar per seqiienciacié massiva per
metagenomica i per enriquiment de dianes una mostra composta d’aigua
residual d’abril de 2016 d'una EDAR de la ciutat de Barcelona, que tracta
laigua residual produida per 1,5 milions d’habitants. La utilitzaci6 de
Penriquiment va resultar en un augment de 0,72 a 6,07 milions de
seqiiencies viriques. El kit d’enriquiment aplicat per a la seqiienciacio
estava dirigit a families de virus que infecten vertebrats, pel que la deteccid
de seqiiéncies obtingudes d’aquestes families es va veure augmentada
quasi un 80% en comparacio a la seqilienciacié no dirigida. Aquesta teécnica
va resultar ser més sensible per a la deteccié de patogens virics d’interes
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huma, permetent la identificaci6 de membres de les families Caliciviridae
i Astroviridae, també detectades per metagenomica no dirigida, a més de
seqiiencies de Adenoviridae, Hepeviridae, Papillomaviridae, Reoviridae,
Polyomaviridae i Picornaviridae. A part d’'una millora substancial en la
deteccio d’especies de virus d’aquestes families, 'enriquiment de dianes va
permetre una cobertura major dels genomes seqiienciats gracies al elevat
nombre i diversitat de seqiiéncies obtingudes amb aquesta metodologia,
arribant a recuperar més del 90% de la seqiliéncia del genoma complet de
diferents virus com AiV, NoV, JCPyV o membres del genere

Mamastrovirus.

A la vegada, es va avaluar la utilitzacié de la seqilienciaci6 massiva
d’amplicons per a I'estudi de la diversitat de tres grups virics (adenovirus,
papil-lomavirus i enterovirus) i la seva presencia en el transcurs d’un any,
mostrejant mensualment una EDAR del nord del Barcelonés (115,000
habitants). Es van poder seqilienciar més de 10 serotips diferents
d’adenovirus dels grups F i A, relacionats amb gastroenteritis i altres
malalties, amb HAdV 41 i HAdV 31 com a membres més abundants, tal i
com ha estat descrit previament (Ayed i Sabbahi, 2017). Es van detectar en
totes les estacions analitzades, el que concorda amb el fet de que els
adenovirus son excretats de manera persistent, també per persones sanes,
i del seu s com a indicador de contaminaci6 fecal humana (Bofill-Mas et
al., 2006; Pina et al., 1998). L’estudi dels virus del papil-loma huma va
constatar I'elevada diversitat de Betapapillomavirus en I'aigua residual,
en concordancia amb I'estudi realitzat a Italia per La Rosa i col-laboradors
(La Rosa et al., 2013). Respecte als membres del genere
Alphapapillomavirus, HPV 6 i HPV 66 van ser detectats en major
proporcid a ’hivern i primavera. Encara que la presencia d’aquest génere
ha estat descrita previament en aigua residual (Iaconelli et al., 2015), el
tipus HPV 66, relacionat amb cancer vulvar, no ha estat descrit amb

anterioritat a 'ambient, encara que recentment s’ha reportat la seva
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elevada incidéncia lesions de cérvix o en el recte (Juarez-Gonzalez et al.,

2020; Smelov et al., 2018).

L’estudi de la diversitat del genere Enterovirus va mostrar un elevat
nombre de genotips amb distribuci6 diferent en funci6 de ’estaci6é de 'any
analitzada. En la primavera de 'any 2016 es va d’escriure a Catalunya
Paparici6 d'un brot de romboencefalitis en nens amb I’enterovirus A71 C1
com a agent causal (Casas-Alba et al., 2017). La seqiienciaci6 massiva
d’amplicons va permetre la detecci6 de seqiiéncies d’aquest genotip en les
mostres d’abril 2016 analitzades, les quals van ser comparades amb les
obtingudes d’aillats clinics del brot, trobant una elevada proximitat
filogenetica entre elles. Amb la seqilienciacié amb enriquiment de dianes
també es van obtenir seqiliéncies d’aquest genotip, pero en analitzar el

contig no va ser possible realitzar el subtipatge.

Els resultats d’aquest estudi demostren la utilitat de les diverses
aplicacions de seqiienciacié massiva en '’epidemiologia d’aigiies residuals.
Mentre que la seqiienciacié per metagenomica permet estudiar el viroma
complet en una mostra determinada, I’enriquiment de dianes facilita la
detecci6 i caracteritzaci6 dels potencials patogens amb una major
sensibilitat i en un tnic estudi, el que fa que sigui una potencial eina per la
vigilincia ambiental en termes de salut puablica. Finalment, la
seqiienciaci6 massiva d’amplicons ha permeés I'analisi de grups virics
especifics, permetent el caracteritzaci6 genotipica de tots els tipus presents

ila seva distribuci6 estacional.

Arrel de la identificacié del nou SARS-CoV-2 i de la declaracié de la OMS
de la pandémia de COVID-19 el passat 11 de marg del 2011, es van aplicar
les tecniques descrites anteriorment per tal de caracteritzar el viroma i
monitoritzar la preséncia del SARS-CoV-2 i altres coronavirus en aigiies
residuals. En el context d’aquesta pandemia, s’ha demostrat la correlacié
entre la concentraci6 del virus en aigiies residuals i la prevalenca de la
malaltia, fent encara més evident la utilitzacié de la epidemiologia basada
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en aiglies residuals com a eina d’estudi de patogens rellevants a nivell

sanitari (Medema et al., 2020).

Es va estudiar una mostra d’aigua residual composta, proporcional al cabal
i durant 24h, del mes de marc¢ de 2020, pic de casos de la primera onada
de la pandémia a Catalunya, i una altra mostra del mes de juliol, previa a
la segona onada, que presentaven concentracions diferents de SARS-CoV-
2 (10°1 104 copies genomiques per litre d’aigua residual, respectivament)
pero concentracions similars de 'indicador de contaminacio fecal JCPyV.
La caracteritzaci6 del viroma es va realitzar amb i sense enriquiment de
dianes, trobant en ambdos mesos analitzats una composicié similar del
viroma. Seqiiéncies de virus de la familia Coronaviridae només es van
detectar en la mostra de marc i mitjancant 'enriquiment, amb la obtenci6
de 8 contigs de SARS-CoV-2 que comprenen aproximadament el 7% del
genoma complet del virus i un contig del coronavirus huma 0C43,
relacionat amb el refredat comu estacional (Van der Hoek, 2015). Altres
coronavirus no humans van poder ser detectats amb la seqiienciacié amb
enriquiment de dianes de virus que infecten vertebrats, trobant
coronavirus felins, canins i de rata, encara que amb un baix nombre de
seqiiencies. Lis d’aquestes aplicacions dirigides especificament a I’estudi
dels coronavirus humans i animals circulants generaria informaci6
valuosa sobre potencials riscs de zoonosi i fenomens d'immunitat creuada

entre soques (Ma et al., 2020).

Les seqiiencies de SARS-CoV-2 recuperades de la mostra d’aigua residual
de mar¢ van ser comparades amb seqiiéncies cliniques provinents de
I'Hospital Vall d’'Hebron, obtingudes en el mateix mes i amb la mateixa
metodologia de seqiienciacié massiva amb enriquiment de dianes. El 90%
de cobertura de genoma aconseguit en les mostres cliniques va permetre
estudiar que existien 3 divergencies nucleotidiques respecte a les
seqiiencies obtingudes de I'aigua residual. A la vegada aquestes tltimes es

van comparar amb un total de 1200 seqiiencies d’aillats clinics del virus
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del repositori de dades GISAID (Elbe i Buckland-Merrett, 2017). Els canvis
nucleotidics detectats no es van trobar en cap de les seqiiéncies
comparades ni estan recollits en estudis preliminars existents de variants
del virus trobades en aigiies residuals (Izquierdo-Lara et al., 2020). Es aixi
que, per que aquests canvis es puguin considerar polimorfismes, seria
necessari disposar de més seqiiéncies de la regi6 divergent per a constatar
que estan presents a I'ambient i la seva preséncia no és fruit d’errors
generats en la preparacio de la mostra o la seqiienciaci6. Aquests resultats
tornen demostrar que per a realitzar aquests estudis de tipatge i analisi de
variants en mostres ambientals és més adequada la utilitzacié de la
seqiienciaci6 massiva d’amplicons, els quals han estat utilitzat recentment
i de manera exitosa per a la caracteritzaci6 del SARS-CoV-2 en mostres

cliniques (Nasir et al., 2020; Xiao et al., 2020).

La seqiienciacié amb enriquiment de dianes en canvi ha permeés també la
detecci6 d’altres coronavirus humans i animals, pero la seva concentracid
ha demostrat ser determinant per la recuperacié eficient de genomes
(Carbo et al., 2020; Klempt et al., 2020). Existeix un ampli espai de millora
en aquestes tecnologies i, arrel de 'aparicié del SARS-CoV-2, el seu Gs s’ha
vist potenciat i millorat com per exemple en els panells dirigits a
Pamplificaci6 massiva de virus respiratoris d’Illumina (Illumina Inc.,
2020) o Twist Biosciences (Twist Bioscience, 2020). La seqilienciacié amb
enriquiment de dianes també ha permes recentment el descobriment de
nous coronavirus en ratpenats asiatics (Li et al., 2020; Lim et al., 2019),
pel que seria interessant I'elaboracié de panells optimitzats per a detectar
virus desconeguts pero dirigits a virus que pertanyen a families d'interes

en les mostres a analitzar.

Identificacié6 de potencials agents etiologics causants de

gastroenteritis mitjancant seqiienciacio massiva.

La gastroenteritis és una important malaltia arreu del mon, afectant amb
més severitat a nens i gent gran i causant un elevat nombre de morts en
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paisos de mitja i baixa renta i un impacte economic important també en
paisos amb bones condicions sanitaries. Dins dels agents etiologics
causants de la malaltia, els virus son responsables de més del 70% del
casos en nens, amb els rotavirus, norovirus i adenovirus com a patogens
principals (Oppong et al., 2020). Encara aixi, en molts casos no és possible
identificar 'agent causal, pel que s’ha postulat que I’estudi mitjancant
seqiienciaci6 massiva de la presencia de virus nous, o no tradicionalment
relacionats amb la malaltia, pot jugar un paper important per al seu

diagnostic clinic (Fischer et al., 2019).

Amb l'objectiu d’identificar patogens virics en mostres cliniques, es va
plantejar l'aplicacio de la seqiienciaci6 massiva per a l'estudi dels virus
presents en mostres negatives pels patogens tradicionalment associats a
gastroenteritis. Aixi, es van seqiienciar pools de mostres de femtes de nens
i adults amb gastroenteritis aguda per metagenomica i per seqilienciacié
massiva amb enriquiment de dianes. Les families identificades conegudes
com a potencials causants de gastroenteritis van ser Caliciviridae,

Astroviridae, Adenoviridae i Reoviridae.

La detecci6 de seqiiéncies de genotips de NoV GII en diversos pools es
podria explicar per possibles canvis en les regions d’anellament dels
primers utilitzats pel diagnostic o per estar presents en baixes
concentracions, el que faria que escapessin a la detecci6 clinica. Dins del
mateix genere Norovirus, es van detectar un elevat nombre de seqiiéncies
corresponents al genogrups IV en dos pools, resultat que va ser comprovat
mitjancant qPCR. La presencia d’aquest genogrups va ser descrita a
principis de I'any 2000 en casos esporadics de gastroenteritis (Vinjé i
Koopmans, 2000), i des de llavors la seva preséncia ha estat descrita en
diversos estudis de metagenomica en casos clinics i en monitoreig
ambiental (Ao et al., 2014; Fioretti et al., 2018; La Rosa et al., 2008),
encara que molts dels kits de deteccié a nivell clinic no inclouen la seva

deteccio. Un cas similar succeeix amb els membres del génere Sapovirus,
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els quals es van trobar en gairebé tots els pools analitzats. Els SaV sén una
de les causes principals de gastroenteritis en nens, amb un impacte major
en paisos de baixa renta pero, degut a la seva emergencia en els darrers
anys, la seva deteccio no es realitza encara de manera rutinaria en molts

dels centres de diagnostic del pais (Varela et al., 2019).

Pel que fa a I'elevat nombre de seqiiencies obtingudes d’AstV humans, es
va poder recuperar, quasi al complet, el genoma de 3 genotips diferents
presents en tots els pools analitzats. Els astrovirus estan relacionats amb
brots de gastroenteritis aguda en adults i nens (Jeong et al., 2012) i la seva
preséncia va ser avaluada mitjancant un test inmunocromatografic en les
mostres que comprenen I'estudi, suggerint aixi la necessitat de millora de

la sensibilitat dels kits de detecci6 utilitzats.

A part dels patdogens mencionats anteriorment, també es van obtenir una
gran quantitat de seqiiéncies d’enterovirus i altres membres de la familia
Picornaviridae, com els PeVi els cardiovirus, dels que es coneix que poden
produir una gran varietat de quadres clinics (Blinkova et al., 2009; De
Crom et al., 2016) i alhora s’excreten activament per individus sans, pel
que la seva relacié amb el desenvolupament de gastroenteritis aguda no es
pot afirmar amb les dades cliniques disponibles. També es van trobar
seqiiencies de virus de les families Parvoviridae, Anelloviridae i
Circoviridae, de les que es desconeix la seva implicacio directa o indirecta
en el desenvolupament de la malaltia (Reshetnyak et al., 2020; Tatte i
Gopalkrishna, 2019). L’aplicaci6 de la metagenomica va poder permetre
detectar membres de totes aquestes families en les femtes dels individus
analitzats, encara que es desconeix si pot la seva presencia estar deguda
per una infecci6é subclinica al moment de la recollida de mostra i/o per

coinfeccions amb altres patogens.

Finalment, I'aplicaci6 de la seqiienciacié massiva amb enriquiment de
dianes en un dels pools analitzats va resultar en la obtencié d'un nombre
major de seqiiencies viriques. Aix0 es va traduir en la detecci6 de més
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reads de membres de les families Caliciviridae, Astroviridae i
Adenoviridae encara que al analitzar-los com a contigs no es van trobar
diferencies significatives amb la seqiienciaci6 sense enriquiment. Aquest
fet es podria explicar perque l'enriquiment de dianes probablement
generaria moltes seqiiencies solapades dels virus detectats, no aconseguint
reconstruir en aquest cas una major part del genoma del virus. Pel que fa
a la familia Reoviridae, I'aplicaci6 d’aquesta técnica de seqiienciacid
massiva si va permetre detectar 4 contigs de rotavirus en aquest pool que

no havien estat detectats d’altra manera.

Els resultats obtinguts, a més de recolzar la incorporacié i millora de tests
de detecci6 de NoV GIV, SaV i AstV en el diagnostic rutinari de
gastroenteritis, posen en valor I'aplicacié de tecniques de seqilienciacié
massiva en el context del diagnostic clinic. Encara que sén eines que
permeten un analisi global dels patogens presents en una mostra en un sol
assaig, la seqiienciacié massiva per a I'estudi de virus presenta un gran
potencial en el camp dels assajos automatitzats i amb plataformes
avancades de seqlienciaci6 per al seu us en diagnostic rutinari, com s’ha
fet, per exemple, en el diagnostic de malalties hereditaries, prenatals o

cancer (Cabanillas et al., 2017; Chen et al., 2016; Muzzey, 2018).

Estudi del viroma d’espécies de peixos atlantics destinats al

consum huma.

La seqiienciaci6 amb enriquiment de dianes també permet estudiar el
viroma d’altres organismes i en concret d’animals destinats al consum
huma. En aquest sentit, s’ha aplicat aquesta metodologia per a I’estudi del
viroma i dels patogens presents en dues especies de peixos duna
important zona de pesca i crianca europea, la costa Atlantica portuguesa.
Aquest estudi es va realitzar en col-laboracié amb un grup de recerca del

Instituto de Biologia Experimental e Tecnoldgica de la ciutat de Lisboa.
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La producci6 de peix és una important font d'aliments per al consum huma
i d’'ingressos per a milions de persones a tot el moén. Tot i que la demanda
de peix es troba en augment, les malalties viriques son un factor important
per restringir el comer¢ de peix i la producci6é d'aqiiicultura, afectant el
desenvolupament de la induastria pesquera amb importants perdues
economiques (Geoghegan et al.,, 2018). El coneixement actual en la
virologia de peixos es centra en aquelles families estan relacionades amb
el desenvolupament de malalties, i conseqiient perdua economica,
d’especies rellevants, pel que una gran proporcié de la diversitat viral
d’aquestes i el seu possible impacte en salut animal i humana es desconeix
(Crane i Hyatt, 2011). Es en aquest darrer punt que laplicacié de la
seqiienciaci6 massiva pot generar informaci6 rellevant per a la salut

animal i a la vegada en termes de seguretat alimentaria.

En aquest estudi es va analitzar, mitjancant seqiienciacié massiva amb
enriquiment de dianes de virus vertebrats, la diversitat virica de diversos
organs de dues especies de peixos de vida lliure, sorell (Trachurus
trachurus) i orada (Sparus aurata), i d’aqiiicultura. Les especies de virus
trobades més abundantment van ser les corresponents a bacteriofags, el
que concorda amb la seva ubiqiiitat i alta presencia també en ecosistemes
marins (Chow & Suttle, 2015). Les families detectades que poden estar
relacionades amb infeccions en vertebrats van ser Astroviridae,
Nodaviridae,  Hepadnaviridae,  Birnaviridae, Caliciviridae i
Picornaviridae. Al voltant del 13% de les seqiieéncies viriques obtingudes

no es van poder classificar en cap familia coneguda.

Respecte a les seqiiencies viriques trobades de families que tenen un
impacte en la salut dels propis peixos, trobem virus de la necrosi nerviosa
(VNNV) un nodavirus que esta relacionat amb necrosis neural,
encefalopaties i rentinopaties i que s’associa a una alta mortalitat
convertint-se en un problema important en aqiiicultura (Hameed et al.,

2019). També es van detectar seqiiencies del virus de la necrosi hepatica
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(IPNV), comunament associat a lesions necrotiques en espécies de
salmons i grans perdues economiques, que poden estar transmesos entre
els ous dels peixos en el moment del seu creixement en granges marines

(Mutoloki i Evensen, 2011).

En quant a l'aplicacio del métode de seqiienciacio6 per a la detecci6 de les
families que tenen poden tenir un impacte en la salut dels consumidors, la
seva utilitat queda demostrada amb la detecci6 de seqiiencies de NoV
GII.4 en mostres de pell d’orada. Encara que la presencia de genomes en
aquest teixit no ens dona informaci6 sobra la seva infectivitat, si que dona
informaci6é sobre una possible contaminacié d’aigua en origen o un mala
manipulacié del producte. Si aquesta contaminaci6 arriba a la carn del
peix, pot suposar un potencial risc per a la salut si és ingerida crua o poc

cuinada.

Els resultats obtinguts en aquest darrer capitol reforcen 1I'ds de la
seqlienciacio massiva per la caracteritzacié de la elevada diversitat virica
en peixos i el seu impacte, juntament amb la deteccié de patogens, en
lestudi de la bioseguretat dels sistemes d’aqiiicultura. A la vegada
Paplicaci6 d’aquestes técniques permet detectar en un tUnic assaig
independent de seqiiencia, com s’ha comentat amb anterioritat, la
potencial preséncia de patogens que poden ser de risc per la salut dels
consumidors. Aquestes eines son doncs potencialment valides per a
I’estudi de virus contaminants d’aigua i aliments amb repercussio en salut

publica.

Aixi doncs, la utilitzacio de diferents tecniques de seqiienciacié massiva en
aigua residual, mostres cliniques i animals ha permes la realitzacid
d’estudis exhaustius sobre la circulaci6 i diversitat de virus en la poblacid,
analitzant la seva potencial relaci6 amb malalties en humans i el seu s en
aplicacions com l’estudi del viroma d’animals d’interées alimentari, posant
emfasi en la necessitat de tractar tota la informaci6é obtinguda mitjancant
aquestes metodologies des d'un context One-Health.
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L’optimitzaci6 i aplicaci6 de diferents técniques de seqiienciacio
massiva en aigiies residuals, mostres cliniques i animals ha permes
realitzar estudis exhaustius sobre la circulacié i diversitat de virus
en la poblacid, la seva potencial relaci6 amb malalties en humans i
el seu Gs en aplicacions com I'estudi del viroma d’animals d’interes

alimentari.

La seqlienciaci6é massiva per metagenomica ha permes descriure el
viroma huma d’aigiies residuals, incloent virus que infecten

vertebrats, invertebrats, bacteris, plantes i fongs.

La seqiienciaci6 massiva amb enriquiment de dianes ha resultat ser
I’eina més ttil per a 'estudi dun grup de virus d’interes, com els
virus que infecten vertebrats, proporcionant un elevat nombre de
seqiiencies d’aquestes families, amb elevada cobertura genomica,
que son d’interes en estudis d’epidemiologia basada en I'estudi

d’aigiies residuals.

La seqlienciaci6 massiva d’amplicons ha facilitat la caracteritzacio
genetica de grups de virus concrets amb una elevada sensibilitat,
podent realitzar estudis de subtipatge de patogens especifics
associats a brots que circulen en la poblacio, com ha estat el cas de
Ienterovirus A71 C1 causant del brot d’encefalitis catala de I'any

2016.

En el context de la pandémia de COVID-19, l'aplicaci6é de
lenriquiment de dianes en la seqiienciaci6 ha permes la
recuperaci6 quasi total del genoma del SARS-CoV-2 en mostres
cliniques i de seqiiéncies parcials del virus aillades de l'aigua

residual.
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El viroma de l'aigua residual estudiat durant el primer pic de la
pandémia ha evidenciat la co-circulacié d’altres coronavirus que
infecten humans, animals domestics i rosegadors en arees urbanes,
demostrant la importancia d’aplicar estudis de caracteritzaci6 de

virus circulants potencialment zoonotics.

Mitjancant seqiienciaci6 massiva, amb i sense enriquiment de
dianes, s’han detectat patogens causants de gastroenteritis aguda
en pacients de diferents edats en els que no s’havia pogut

identificar préviament ’agent etiologic.

Els resultats obtinguts en I’analisi per metagenomica de mostres
de pacients de gastroenteritis suggereix que el diagnostic de virus
causants de gastroenteritis, a més de rotavirus, adenovirus i
norovirus GI i GII, hauria d’incloure la detecci6 de norovirus GIV,

sapovirus i astrovirus.

L’estudi del viroma de dues espécies de peixos de la costa Atlantica
destinats a consum huma ha mostrat una elevada diversitat de
families viriques, detectant importants patogens de peixos amb un
impacte economic directe i amb implicacions en la gestio de la

producci6é d’aquests tipus d’aliments.
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Viral species obtained by Target Enrichment Sequencing and Untargeted Viral Metagenomics in raw sewage from WWTP A.

Host

Family

Genus/Specie

Target Enrichment Sequencing

Untargeted Viral Metagenomics

Human

Adenoviridae

Human mastadenovirus A (HAdV 31)
Human mastadenovirus C (HAdV 5)

Human mastadenovirus D (HAdV 27, HAdV 51, HAdV 56)

Human mastadenovirus F (HAdV 40, HAdV 41)

Astroviridae

Mamastrovirus 1

Mamastrovirus 1

Caliciviridae

Sapporo virus (SV GI.2, SV GlII.1, SV GlII.2, SV GII.3)

Norwalk virus (NV G 11.17)

Sapporo virus (SV GI.2)

Norwalk virus (NV G 11.17)

Circoviridae

Human fecal virus Jorvi2

Human fecal virus Jorvi2

Hepeviridae

Hepatitis E virus

Papillomaviridae

Betapapillomavirus 2 (HPV 17, HPV 122)
Betapapillomavirus 3 (HPV 49)
Gammapapillomavirus 12 (HPV 127)

Parvoviridae

Adeno-associated virus (AAV2, AAV3)
Human bocavirus 3
Parvovirus NIH-CQV

Parvovirus NIH-CQV

Picobirnaviridae

Human picobirnavirus
Human circovirus VS6600022
Human associated cyclovirus 10

Human circovirus VS6600022

Picornaviridae

Aichivirus A

Aichivirus A

Cardiovirus (Human TMEV-like cardiovirus, Saffold virus)

Cosavirus A

Enterovirus A (CV-A16, EV-A71)
Enterovirus B (E-E30, CV-B5, CV-A9)
Enterovirus C (CV-A22)
Hepatovirus A(HAV)

Rhinovirus A (RV-A61)

Salivirus A

Polyomaviridae

BK polyomavirus
Human polyomavirus 6
JC polyomavirus

WU polyomavirus

JC polyomavirus

Reoviridae

Rotavirus A

Others

Hudisavirus, Gemykibivirus

Hudisavirus, Gemykibivirus

Other
Vertebrates

Adenoviridae

Simian mastadenovirus F (Simian adenovirus 18)

Astroviridae

Canine astrovirus

Porcine astrovirus 4

Qinghai Himalayan marmot astrovirus 2
Rodent astrovirus

Circoviridae

Bat associated circovirus 2
Canary circovirus

Canine circovirus

Pigeon circovirus

Porcine stool-associated virus

Porcine stool-associated virus
Duck circovirus

Finch circovirus

Gull circovirus

Fur seal faeces associated virus

Dicistroviridae

Goose dicistrovirus

Hepeviridae

Orthohepevirus C

Papillomaviridae

lotapapillomavirus 1

Parvoviridae

Bovine adeno-associated virus
Canine bocavirus 1

Feline bocaparvovirus 2

Feline panleukopenia virus
Parus major densovirus
Porcine bocavirus H18
Primate bocaparvovirus 2

Rat parvovirus 1

Rodent protoparvovirus 1
Ungulate protoparvovirus 1

Porcine bocavirus H18

Picobirnaviridae

Picobirnavirus dog/KNA/2015
Picobirnavirus green monkey/KNA/2015
Porcine picobirnavirus

Porcine picobirnavirus

Picornaviridae

Cardiovirus B
Cardiovirus C
Rabovirus A
Rosavirus B

Rosavirus B




Hunnivirus A

Hunnivirus A

Rasavirus

Rasavirus
Bovine faeces associated virus
Chimpanzee faeces associated virus

Others Duck faeces associated virus
Gemycircularvirus
Gemykibivirus
Potyviridae Bell pepper mottle virus Bell pepper mottle virus
Secoviridae Broad bean wilt virus 2
Cowpea mosaic virus
Red clover mottle virus
Squash mosaic virus Squash mosaic virus
Tomato mosaic virus Tomato mosaic virus
Virgaviridae Cucumber green mottle mosaic virus Cucumber green mottle mosaic virus

Pepper mild mottle virus
Tobacco mild green mosaic virus
Tobacco mosaic virus

Pepper mild mottle virus
Tobacco mild green mosaic virus
Tobacco mosaic virus

Paprika mild mottle virus
Tomato brown rugose fruit virus
Turnip vein-clearing virus

Tombusviridae

Honeysuckle ringspot virus
Tomato bushy stunt virus

Honeysuckle ringspot virus
Tomato bushy stunt virus

Plant Carnation mottle virus
Japanese iris necrotic ring virus
Olive mild mosaic virus
Saguaro cactus virus
Alphaflexiviridae |Pepino mosaic virus Pepino mosaic virus
Tymoviridae | Turnip yellow mosaic virus Turnip yellow mosaic virus
Clover yellow mosaic virus
Scrophularia mottle virus
Solemoviridae |Velvet tobacco mottle virus
Cymbidium chlorotic mosaic virus
Lucerne transient streak virus
Rottboellia yellow mottle virus
Southern bean mosaic virus
Soybean yellow common mosaic virus
Genomoviridae Soybean leaf-associated gemycircularvirus 1
Parvoviridae |Acheta domestica densovirus
Blattella germanica densovirus 1
Cherax quadricarinatus densovirus
Decapod penstyldensovirus 1 Decapod penstyldensovirus 1
Diaphorina citri densovirus
Dipteran brevidensovirus 1
Junonia coenia densovirus
Mythimna loreyi densovirus
Penaeus stylirostris penstyldensovirus 1
Periplaneta fuliginosa densovirus Periplaneta fuliginosa densovirus
Solenopsis invicta densovirus
Dicistroviridae |Aphid lethal paralysis virus Aphid lethal paralysis virus
Drosophila Cvirus Drosophila C virus
Kashmir bee virus
Taura syndrome virus
Circoviridae Avon-Heathcote Estuary associated circular virus Avon-Heathcote Estuary associated circular virus
Cockroach associated cyclovirus 1
Fiddler Crab associated circular virus
Hermit crab associated circular virus
Genomoviridae |Dragonfly-associated circular virus Dragonfly-associated circular virus
Thrips-associated genomovirus 3
Nodaviridae |Le Blanc nodavirus
Orsay virus Orsay virus
Totiviridae Armigeres subalbatus virus
Other Beihai narna-like virus Beihai narna-like virus
Beihai picorna-like virus Beihai picorna-like virus
Beihai tombus-like virus
Invertebrates Beihai mantis shrimp virus

Changjiang crawfish virus

Beihai zhaovirus-like virus
Changjiang crawfish virus
Changjiang narna-like virus
Changjiang picorna-like virus
Changjiang tombus-like virus
Ctenophore-associated virus
Dragonfly circularisvirus




Hubei arthropod virus 1
Hubei picorna-like virus

Lake Sarah-associated virus

Wenzhou bivalvia virus 3
Wenzhou picorna-like virus

Dragonfly cyclicusvirus

Dragonfly larvae associated virus
Hubei arthropod virus 1

Hubei picorna-like virus

Hubei hepe-like virus 2

Hubei leech virus 4

Hubei narna-like virus 11

Hubei odonate virus 1

Hubei tetragnatha maxillosa virus 1
Hubei tombus-like virus 25

Lake Sarah-associated virus

Sanxia picorna-like virus 9

Sanxia water strider virus 17

Shahe picorna-like virus

Wenling crustacean virus 3
Wenzhou bivalvia virus 3

Wenzhou picorna-like virus
Wenzhou channeled applesnail virus 3
Wenzhou narna-like virus 5
Wenzhou tombus-like virus

Fungi

Marnaviridae

Aurantiochytrium virus

Podoviridae

Actinomyces virus Avl

Partiviridae

Rosellinia necatrix partitivirus 6

Heterobasidion partitivirus 8
Pleurotus ostreatus virus 1
Rosellinia necatrix partitivirus 6

Others

Phytophthora parasitica virus
Sclerophthora macrospora virus A

Fusarium poae fusarivirus 1
Phytophthora parasitica virus
Sclerophthora macrospora virus A

Podoviridae

Acinetobacter phage AB3

Acinetobacter phage vB_AbaP_Acibel007

Alteromonas phage vB_AmaP_AD45-P1

Bacillus virus B103

Erwinia phage Ptpla
Erwinia phage vB_tamP-56

Escherichia phage CICC 80001

Escherichia virus K1-5

Hollowayvirus

Sinorhizobium phage PBC5

Achromobacter phage JWAIpha
Achromobacter phage phiAxp-3
Acinetobacter phage Petty
Acinetobacter phage Presley

Actinomyces virus Avl
Alteromonas phage vB_AmaP_AD45-P1
Bacillus phage MG-B1
Bacillus phage Stitch
Bacillus phage VMY22
Bacillus virus B103
Bordetella virus BPP1
Burkholderia virus DC1
Celeribacter phage P12053L
Citrobacter phage CVT22
Erwinia phage Ea9-2
Erwinia phage PEpl4
Erwinia phage vB_EamP-56
Erwinia virus Frozen
Escherichia phage Bp4

Escherichia phage ECBP2
Escherichia phage IME11
Escherichia phage KBNP1711

Escherichia phage Pollock
Escherichia phage vB_EcoP_PhAPEC5
Escherichia phage vB_EcoP_SU10
Escherichia virus K1-5

Escherichia virus K1E

Escherichia virus N4

Escherichia virus phiEco32
Hollowayvirus

Klebsiella phage F19

Klebsiella phage K11

Lactococcus virus KSY1
Puniceispirillum phage HMO-2011
Rhodoferax phage P26218
Salinivibrio phage CW02
Salmonella phage FSL SP-058
Silicibacter phage DSS3phi2

Streptococcus phage Cp-1
Vibrio phage phi 1
Vibrio phage VBP32




Xylella phage Prado
Xylella phage Xfas53

Acinetobacter phage Acj61 Acinetobacter phage Acj61
Acinetobacter phage LZ35
Acinetobacter phage phiAC-1
Acinetobacter phage vB_AbaM_Acibel004
Acinetobacter phage vB_AbaM_phiAbaAl
Acinetobacter phage YMC13/03/R2096
Acinetobacter phage YMC-13-01-C62
Acinetobacter virus 133
Aeromonas phage Aes508
Aeromonas phage CC2
Aeromonas phage pAh6-C
Aeromonas phage phiAS4

Aeromonas phage vB_AsaM-56 Aeromonas phage vB_AsaM-56
Bdellovibrio phage phi1402
Citrobacter phage Moon
Clostridium phage c-st

- Cronobacter phage CR8

Myoviridae Enterobacteria phage phi92
Enterobacteria phage phiEcoM-GJ1
Erwinia phage vB_EamM_ChrisDB
Escherichia phage phAPEC8
Escherichia virus P1
Flavobacterium phage FCL-2
Klebsiella phage JD001
Klebsiella phage KP15
Klebsiella phage Matisse
Klebsiella phage vB_KpnM_KB57
Pseudomonas phage PA11
Pseudomonas phage PaBG
Pseudomonas phage VCM
Psychrobacter phage pOW20-A
Shewanella phage Spp001
Shewanella sp. phage 1/41

Shewanella sp. phage 3/49 Shewanella sp. phage 3/49

Acinetobacter phage Acj61 Acinetobacter phage AP205

Leviviridae o
Allolevivirus

Acinetobacter phage Bphi-B1251
Acinetobacter phage vB_AbaS_TRS1 Acinetobacter phage vB_AbaS_TRS1
Arthrobacter phage Decurro
Arthrobacter phage Mudcat
Bacillus phage BCIAlc
Bacillus phage vB_BanS-Tsamsa
Bacteroides phage B124-14
Bacteroides phage B40-8
Brochothrix phage NF5
Burkholderia phage Bcepl76
Burkholderia phage KL1
Cellulophaga phage phi10:1
Cellulophaga phage phi39:1 Cellulophaga phage phi39:1
Citrobacter virus Stevie
Clostridium phage phiCT453B
Croceibacter phage P2559S
Croceibacter phage P2559Y Croceibacter phage P2559Y
Enterobacter phage phiEap-2
Enterococcus phage EfaCPT1
Enterococcus phage EFAP-1
Enterococcus phage EFC-1 Enterococcus phage EFC-1
Enterococcus phage IME-EFmM5
Enterococcus phage phiFL4A
Escherichia phage Envy
Escherichia phage K1-dep
Escherichia phage vB_Eco_ACG-M12
Escherichia virus Rtp
Flavobacterium phage 11b
Geobacillus virus E3
Gordonia phage BritBrat
Gordonia phage GMA6
Gordonia phage GRU3
Gordonia phage Terapin

Bacteria




Siphoviridae

Klebsiella phage KP36

Lactobacillus virus phiJL1

Lactococcus phage M5938

Pseudomonas phage phiPto-bp6g

Psychrobacter phage Psymv2

Salmonella phage vB_SosS_Oslo

Serratia phage Eta

Streptococcus phage 315.2
Streptococcus phage Str-PAP-1

Synechococcus phage S-CBS3

Yersinia phage phiR201

Idiomarinaceae phage 1N2-2
Idiomarinaceae phage PhilM2-2
Klebsiella phage 1513

Klebsiella phage phikO2
Lactobacillus phage Ld3

Lactococcus phage 1706
Lactococcus phage 949
Lactococcus phage D4412

Lactococcus phage phi7
Lactococcus phage Q54
Lactococcus phage WRP3
Lactococcus virus bIL170
Lactococcus virus c2

Lactococcus virus Sl4
Leuconostoc phage phiLN12
Leuconostoc phage phiLN25
Listeria phage vB_LmoS_188
Methanobacterium phage psiM2
Mycobacterium phage Lolly9
Polaribacter phage P12002L
Pseudoalteromonas phage H103
Pseudomonas phage NP1
Pseudomonas phage PaMx11
Pseudomonas phage phiPSA1
Pseudomonas phage phiPto-bp6g
Pseudomonas phage PS-1
Pseudomonas virus Ab18
Pseudomonas virus Yua
Psychrobacter phage Psymv2
Rhizobium phage vB_RgIS_P106B
Rhodobacter phage RcTitan
Rhodococcus phage ReqiPepy6
Rhodococcus phage RegiPoco6
Salmonella phage 64795_sal3
Salmonella phage 7-11
Salmonella phage IME207
Salmonella phage Jersey

Salmonella virus SPN3US
Serratia phage Eta

Shigella phage pSf-1
Stenotrophomonas phage S1
Streptococcus phage 315.2
Streptococcus phage Str-PAP-1
Streptococcus phage YMC-2011
Streptococcus virus 858
Streptococcus virus ALQ132
Streptococcus virus DT1
Streptococcus virus 01205
Streptococcus virus phiAbc2
Streptomyces phage Jay2Jay
Synechococcus phage S-CBS3
Vibrio phage pYD21-A

Vibrio phage pYD38-A
Xanthomonas phage Xp15
Yersinia phage phiR201

Bdellovibrio phage phiMH2K

Chlamydia virus Chpl
Chlamydia virus Chp2

Enterobacteria phage alpha3

Bdellovibrio phage phiMH2K
Chlamydia phage 4
Chlamydia virus Chpl
Chlamydia virus Chp2
Chlamydia virus CPAR39

Enterobacteria phage ID18 sensu lato Enterobacteria phage ID18 sensu lato
Enterobacteria phage 1D2 Moscow/ID/2001
Enterobacteria phage St-1

Enterobacteria phage WA13 sensu lato
Escherichia virus phiX174

Gokushovirinae Bog1183_53

Enterobacteria phage WA13 sensu lato
Escherichia virus phiX174
Gokushovirinae Bog1183_53




Microviridae

Gokushovirinae Bog5712_52
Gokushovirinae Bog8989_22
Gokushovirinae Fen672_31

Gokushovirinae Fen7875_21

Gokushovirinae GNX3R

Microviridae Fen2266_11

Parabacteroides phage YZ-2015a

Gokushovirinae Bog5712_52
Gokushovirinae Bog8989_22
Gokushovirinae Fen672_31
Gokushovirinae Fen7875_21
Gokushovirinae GAIR4
Gokushovirinae GNX3R
Microviridae Bog1249_12
Microviridae Bog5275_51
Microviridae Bog9017_22
Microviridae Fen2266_11
Microviridae Fen418_41
Microviridae Fen7918_21
Microviridae IME-16
Microviridae phi-CA82
Parabacteroides phage YZ-2015a
Parabacteroides phage YZ-2015b

Ackermannviridae

Salmonella phage Det7

Pseudomonas phage Pf3
Ralstonia phage 1 NP-2014

Inovirid:
noviricae Ralstonia phage RSSO
uncultured phage WW-nAnB uncultured phage WW-nAnB
Cellulophaga phage phil4:2
Cellulophaga phage phi48:2
Other Pseudomonas phage 04

uncultured crAssphage

Salicola phage CGphi29
uncultured crAssphage
Yellowstone Lake virophage 5
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A complete list of all the identified viral species and families in
March sewage samblpe after Target Enrichment Sequencing.

Family

Adenoviridae

Assignment # Contigs
Human mastadenovirus A 1
Human mastadenovirus F 13

Simian mastadenovirus F

Alphaflexiviridae

Pepino mosaic virus

Anelloviridae

Avian gyrovirus 2

Chicken anemiavirus

Astroviridae

Astrovirus MLB1

Astrovirus MLB2

Astrovirus VA3

Canineastrovirus

Canineastrovirus

Canineastrovirus

Feline astrovirus 2

Feline astrovirus 2

Feline astrovirus 2

Feline astrovirus 2

Feline astrovirus 2

Feline astrovirus 2

HMO Astrovirus A

Mamastrovirus 1

Mamastrovirus 2

Mamastrovirus 9

Porcineastrovirus4

Betaflexiviridae

Garlic common latent virus

Caliciviridae

Norovirus Gl

Norovirus Gll

Norway rat hunnivirus

Sapporo virus

Sapporo virus

Circoviridae

Artemia melana sponge associated circular genome

Cyclovirus TN25

Human associated cyclovirus 10

Human circovirus VS6600022

Human circovirus VS6600022

Human fecal virus Jorvi2

Porcinecircovirus 2

Porcine stool-associated circular virus 4

Coronaviridae

Betacoronavirus 1 (HCoV OC43)

Feline coronavirus

LuchengRn rat coronavirus

SARS-CoV-2

Caninecoronavirus

Dicistroviridae

Aphid lethal paralysisvirus

Drosophila Cvirus

Rhopalosiphum padi virus

CAanAarmaAviridAan

Gopherus associated genomovirus 1

Human associated gemykibivirus 2

Rhinolophus associated gemykibivirus 1
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Sewage derived gemycircularvirus 2

Sewage derived gemycircularvirus 3

Sewage-associated gemycircularvirus-10a

Hepatitis E virus

Hepeviridae Hepatitis E virus rat/R63/DEU/2009
Culex Iflavi-like virus 1
A Sacbrood virus
Iflaviviridae -
Varroa destructor virus 1
Yongsan iflavirus 1
uncultured phage WW-nAnB
Inoviridae Uncultured phage WW-nAnB strain 2
Uncultured phage WW-nAnB strain 3
Iridoviridae Invertebrateiridescent virus 31
Leviviridae Acinetobacter phage AP205

Marnaviridae

Sanfarnavirus 2

Chimpanzee faeces associated microphage 1

Escherichiavirus G4

Microviridae Escherichiavirus D52

Escherichia virus Talmos

GokushovirinaeBog1183_53
Mimiviridae Acanthamoeba polyphaga mimivirus
Myoviridae Acinetobacter phage Acj61

Le Blanc nodavirus (segment RA11)
Nodaviridae Orsay virus (segment RNA 1)

Orsay virus (segment RNA 2)

Santeuil nodavirus (segment RNA 2)

Paramyxoviridae

Human respirovirus 3

Partitiviridae;

Rosellinia necatrix partitivirus 8 (segment RNA 1)

Partiviridae

Fusarium poae partitivirus 2 (segment 2)

Parvoviridae

Adeno-associated virus-1

Adeno-associated virus -2

Adeno-associated virus-5

Aedes albopictus densovirus

Avian adeno-associated virus strain DA-1

Blattodean ambidensovirus 1

Blattodean ambidensovirus 2

Bovine adeno-associated virus

Carnivore bocaparvovirus 1

Carnivore bocaparvovirus 2

Carnivore protoparvovirus 1

Decapod penstyldensovirus 1

Dipteran ambidensovirus 1

Human bocavirus 3

Mythimna loreyi densovirus

Mythimna loreyi densovirus

Orthopteran ambidensovirus 1

Parus major densovirus

Porcinebocavirus 3

Porcine parvovirus

Primate bocaparvovirus 1

Primate bocaparvovirus 2
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Primate protoparvovirus 1

Rodent protoparvovirus 1

Rodent protoparvovirus 2

Ungulate bocaparvovirus 3

Ungulate bocaparvovirus 4

Picobirnaviridae

Chicken picobirnavirus (segment RNA 2)

Human picobirnavirus (segment 1)

Human picobirnavirus (segment 2)

Human picobirnavirus (segment 2)

Otarine picobirnavirus (segment 2)

Picobirnavirus dog/KNA/2015

Picobirnavirus green monkey/KNA/2015

Porcine picobirnavirus (segment S)

Porcine picobirnavirus (segment S)

Picornaviridae

Aichivirus A

Aichivirus F

CardiovirusC

Chicken megrivirus

Chicken picornavirus 1

Chicken picornavirus 5

Cosavirus A

CosavirusD

Enterovirus A

Enterovirus B

Enterovirus C

Parechovirus A

Rabovirus

Rhinovirus A

Rhinovirus B

Salivirus A

Salivirus A

Sicinivirus A

Theilovirus

Theilovirus

Polyomaviridae

Human polyomavirus 1

Human polyomavirus 2

Reoviridae

Mammalian orthoreovirus (segment L3)

Satellites

Sewage-associated circular DNA molecule-1

Sewage-associated circular DNAmolecule-3

Secoviridae

Broad bean wilt virus 2 (segment RNA 1)

Broad bean wilt virus 2 (segment RNA 1)

Broad bean wilt virus 2 (segment RNA 1)

Broad bean wilt virus 2 (segment RNA 2)

Carrot torradovirus 1 (segment RNA 2)

Squash mosaic virus (segment RNA 1)

Squash mosaic virus (segment RNA 2)

Siphoviridae

Streptococcus phage Str-PAP-1

Smacoviridae

Human associated porprismacovirus 2

Solemoviridae

Papaya lethal yellowing virus

Tombusviridae

Grapevine Algerian latent virus

Moroccan pepper virus
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Pelargonium leaf curl virus

Tymoviridae

Poinsettia mosaic virus

Turnip yellow mosaic virus

Unclassified

Gyrovirus 4

Hubei picorna-like virus 15

Hubei picorna-like virus 61

Hubei picorna-like virus 62

Hubei picorna-like virus 63

Hudisavirus sp.

Hudisavirus sp.

Human feces pecovirus

Odonata-associated circular virus-18

Picalivirus A

Picornavirales Tottori-HG1

Wenzhou picorna-like virus 47

Wuhan insect virus 23 (segment Seg 2)

Virgaviridae

Bell pepper mottlevirus

Cucumber green mottle mosaic virus

Paprika mild mottlevirus

Pepper mild mottlevirus

Tobacco mild green mosaic virus

Tobacco mosaic virus

Tomato brown rugose fruit virus

Tomato mosaic virus

Turnip vein-clearing virus
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Supplementary material 5

Accession numbers of reference adenovirus types were retrieved from the Human Adenovirus Working
Group (http://hadvwg.gmu.edu/). Full adenovirus genomes or the annotated regions corresponding to
the hexon, penton and fiber were extracted and aligned with MUSCLE. Phylogenetic tree were
constructed by using tree view software within Geneious (software version 11.0
(https://www.geneious.com) maximum-likelihood (Tamura-Nei model, Bootstrap of 1000 replicates)
analysis. Phylogenetic trees with the full adenovirus reference types (a), using the hexon (b), penton (c)
and fiber (d) are presented. The labels on the branch indicate the number of substitutions per site.

a)

HAGV-D103
HAGV-D33
HAGV-D&3
HAGV-D13
HAQV-D3
HAQV-D36
HAGV-D38
HAGV-D%
HAQV-DT1
HAQV-DR
HAQV-D30
HAGV-D&
HAGV-D101
HAGV-D45
HAQV-D38
HAQV-DI3
HAQV-D5
HAGV-D3
HAQV-D56
HAGV-D8
HAGV-D3s
HAGV-D19
HAGV-DES
HAGV-D8
HAV-DS
HAQV-ES

aos

HAGV-D81
HAQV-D22

HAQV-D17
HAQV-Da1
HAGV-DIT
HAGV-D6¢
HAQV-DE2
HAQV-D25
HAGV-DET
HAGV-058
HAGV-D29
HAQV-DE3
HAGV-DES
HAQV-D25
HAGV-DaT
HAGV-D15
HAGV-D60
HAQV-DS1
HAQV-D7S
HAGV-023
HAGV-D&T
HAGV-DET
HAGV-D86
HAQV-D26
HAQV-D100

0.07



F3-10A contig
HAdV-A31
HAdV-AB1
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Supplementary material 6. Characterization of enterovirus (a) and rhinovirus (b) contigs detected in the
gastroenteritis pools using the enterovirus typing tool by RIVM (v.0.1).

(a)
Sample Contig BLAST Genotype VP1 Serotype, Sub- Classification
length score Genogroup
7400 80.481865 CV-A10 CV-A10 Plcorna\{lrldae
Enterovirus A
7193 83.12013 E-6 E-6 Plcorna\{lrldae
Enterovirus B
7011 95.69187 CV-A6 CV-A6 P|cornav.|r|dae
F1-3A Enterovirus A
2696 83.11688 CV-B5 CV-BS Plcornavllrldae
Enterovirus B
471 83.6518 - _ Plcornav'|r|dae
Enterovirus B
1248 86.3124 _ R P|corna\{|r|dae
Enterovirus B
680 91.87592 - . Plcornav'|r|dae
Enterovirus B
817 83.190186 - _ Plcorna\{|r|dae
Enterovirus B
F3-10 722 84.02778 E-6 E-6 PICorna\{|r|dae
Enterovirus B
965 81.12033 E-6 E-6 P|corna\{|r|dae
Enterovirus B
2835 85.472496 - _ Plcorna\{lrldae
Enterovirus B
S<1A 7213 83.90564 CV-B5 CV-B5 Plcorna\{lrldae
Enterovirus B
2737 93.78882 E-13 E-13 P|corna\{|r|dae
S<1B Enterovirus B
2068 92.30769
1367 91.93899
6865 80.99679 E-9 E-9 Plcorna\{lrldae
Enterovirus B
7085 85.63747 E-3 E-3 P|cornav.|r|dae
Enterovirus B
6650 89.35338 CV-A6 CV-A6 Plcorna\/.lrldae
S1-3A Enterovirus A
6902 80.17743 CV-A10 CV-A10 Plcorna\/.lrldae
Enterovirus A
2608 93.66603 E-13 E-13 Plcorna\/.lrldae
Enterovirus B
365 90.95891 Plcornav'|r|dae
Enterovirus B




Picornaviridae

1363 Enterovirus B
7158 | 95.96199 | CV-AL6 CV-A16, Bla Picornaviridae
Enterovirus A
6284 | 7827817 | CV-BL Cv-B1 Picornaviridae
Enterovirus B
436 | 87.006966 | CV-A4 CV-A4 Picornaviridae
Enterovirus A
S1-3B 458 36.18421 CV-Ad P|corna\{|r|dae
Enterovirus A
1105 | 85.791855 | CV-A4 CV-Ad Picornaviridae
Enterovirus A
2122 | 83.577156 | CV-A8 Picornaviridae
Enterovirus A
564 83.27402 EV-A71
1224 84.72222 E-9 E-9 P|corna\{|r|dae
Enterovirus B
635 86.456696 P|corna\{|r|dae
Enterovirus B
e Picornaviridae
614 83.68679 .
Enterovirus B
794 86.901764 PICOrna\/.|r|dae
Enterovirus B
1454 82.09366 E-16 E-16 P|corna\{|r|dae
Enterovirus B
51-38 Picornaviridae
(unassigned) 741 80.13514 E-16 E-16 Enterovirus B
358 | 9220056 | NTP NTP Picornaviridae

Enterovirus B




Sample o BLAST Genotype VP1 Serotype, Sub- Classification
length score Genogroup

597 90.60403 HRV-A60 Plcgrnay|r|dae

Rhinovirus A

483 90.47619 HRV-A60 Plcc?rna\'nrldae

Rhinovirus A

F3 592 88.983055 NTP PlCanaylrldae

Rhinovirus A

459 94.77124 HRV-B52 PICC?rna\.llrldae

Rhinovirus B

574 91.78322 HRV-B52 Plcc?rna\_nndae

Rhinovirus B

1155 92.03463 | HRV-B52 Picornaviridae

Rhinovirus B

766 92.81985 | HRV-B52 Picornaviridae

S1 Rhinovirus B

626 93.29073 NTP PICC?rna\.llrldae

Rhinovirus B

413 91.26214 NTP Picornaviridae

Rhinovirus B

451 93.11111 NTP Picornaviridae

Rhinovirus B

409 93.887535 NTP PIC?rnaY|r|dae

Rhinovirus B

S2 6499 86.74773 HRV-A78 Picornaviridae

Rhinovirus A




Supplementary material 7. Characterization of non-enterovirus Picornaviridae contigs detected on the fecal
pools analyzed, including parechovirus and cardiovirus.

Pool Contig length Classification VP1 Genotype % VP1 Identity % VP1 Coverage %IS::t?tr;le ﬁf:;(;?:
S<1B 7248 Parechovirus A HPeV-1 87.8 100 87.8 98.5
796 Parechovirus A - - - 95.6 10.8
471 Parechovirus A - 92.0 7.1 95.8 6.4
S1-3B
1695 Parechovirus A - - - 95.4 23.1
343 Parechovirus A - - - 95.0 4.7
6949 Parechovirus A HPeV-6 95.4 100 95.9 94.6
$3-10 7942 Cardiovirus B SAFV-2 94.7 100 90.7 98.7
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Table S1. Accession numbers of sequences used for phylogenetic analysis, including the sequences obtained
in this study (*) and those downloaded from GenBank: a) sequences used for phylogenetic analysis of Viral
Nervous Necrosis Virus obtained from a gilthead seabream gills from Algarve, b) sequences used for
phylogenetic analysis of Infectious Pancreatic Necrotic Virus amplified from an Atlantic horse mackerel skin
sample from Peniche, c) sequences used for phylogenetic analysis of Hepatitis B virus obtained from Atlantic
horse mackerel gills from Algarve, d) sequences used for phylogenetic analysis of Rhinovirus A amplified
from gilthead seabream skin from Peniche; e) sequences used for phylogenetic analysis of Norovirus GII
obtained from gilthead seabream skin from Algarve.

a)
Country Origin Access number
Japan Striped jack AB056572
Japan Striped jack D30814
Japan European seabass AF175519
Italy European Seabass JN189936
Spain Senegalese sole JN189919
Italy Senegalese sole JN189932
Croatia European seabass JN189915
Portugal Senegalese sole FJ803920
Portugal Seabream JN189916
China Threadfin porgy KP994911
Cyprus Seabream JN189920
Cyprus Seabream KY354697
Italy Seabream KY354703
Japan Tiger puffer D38637
Japan Tiger puffer EU236149
Japan Japanese flounder AB045980
Australia Redspotted grouper GQ402013
Israel European Seabass AY284969
Israel White Grouper AY284963
China Hybrid grouper MK107836
China Tiger Grouper KX027363
China Tiger grouper HQ859940
Malaysia Tiger grouper MN493039
Japan Sevenband grouper AB373029
Spain Seabass FJ829452
India Asian seabass JF412273
India Asian seabass GU953669
India Asian seabass JF412263
India Asian seabass GU826692
India Asian seabass GU826693
India Asian seabass FR669249
India Asian seabass GU563883
China Orange-spotted MG874758
grouper
Taiwan Giant grouper MF565445
Australia Redspotted grouper GQ402011
Taiwan Giant grouper KM588181
Vietnam Mouse grouper KU705815
South Korea Sevenband grouper KM095959
Malaysia Golden pompano GQ904199
China Sevenband grouper KP455642
Malaysia Asian seabass HQ859948
Malaysia Tiger grouper HQB859938
Malaysia Asian seabass HQB859935
Malaysia Asian seabass GQ120525




China Pearl gentian MG637439
Malaysia Asian seabass EU380202
Malaysia Golden pompano HQ859932

Taiwan Dragon grouper AF245004
Portugal Seabream LC581281*
Country Origin Access number
Norway Atlantic salmon KX355260
Norway Atlantic salmon AY379737
Norway Atlantic salmon KX355241
Norway Atlantic salmon KX355225
Norway Atlantic salmon KX355244
Norway Atlantic salmon MH562010
Norway Atlantic salmon MH562014
Norway Atlantic salmon MH561943
Norway Atlantic salmon MH561975
Norway Atlantic salmon AY374435

Chile Atlantic salmon KX523805

Chile Atlantic salmon KX523802
Norway Atlantic salmon MH561992
Norway Atlantic salmon MH562002
Norway Atlantic salmon MH562000
Norway Atlantic salmon MH562011
Norway Atlantic salmon MH561997
Norway Atlantic salmon MH561948

China Japanese flounder/ EU161285

Bastard halibut
South Korea Japanese flounder AY283784

Japan Yellowtail AB006783

Japan Japanese amberjack/ AY283785

yellowtail

Japan Yellowtail AY283781

Japan Japanese flounder AY283783

Japan Yellowtail AB011440

Japan Yellowtail AB281673

Japan Yellowtail AY283782

Korea Rockfish AY064396
Portugal Atlantic horse mackerel LC581280*
Country Origin Access number

USA Bluegill KX058433
USA Bluegill NC_030445
Australia Eastern sea garfish MH716822

China Greater horseshoe bat KY962692

China Greater horseshoe bat KY962687

China Woolly horseshoe bat KY962696

China Least horseshoe bat KY962705

China Pomona roundleaf bat NC_038503

China Horseshoe bat KX513949

Mexico Human AB625343
Russia Human KY660218
Poland Human GQ477473
Nigeria Human FN547200




France Human GQ486240
Nigeria Human FN547168
Angola Human KF849736
Taiwan Human EU835940
China Human MK171192
Netherlands Human MH521359
China Human KF917508
China Human KR013765
Taiwan Human KC793068
Indonesia Human AB644297
China Human KY670780
China Human KM455832
China Human KM875412
China Human KM875413
Taiwan Human KC792775
China Human MK580119
Japan Human AB029956
China Human MK170959
China Human KY360845
China Human JX948756
China Human JX948755
China Human GQ402152
China Human KY470927
China Human KX777514
China Human FJ622431
China Human KX777461
South Korea Human KX264903
China Human KY361361
China Human KY470990
China Human MG715397
China Human MG826330
China Human MG715386
China Human MK171235
China Human MK170856
China Human MK170936
China Human MK170895
China Human MK171241
China Human MK170941
Bangladesh Human JQ514420
China Human MK170921
India Human JN107877
China Human KY470916
China Human KY470914
Portugal Atlantic horse mackerel LC581279*
Country Origin Access number
USA Human FJ445114
El Salvador Human JX129407
Peru Human JX129435
USA Human FJ445115
Switzerland Human JF285315
Switzerland Human JF285314
South Korea Human KC414928
Singapore Human MH648009




Singapore Human MH648008
USA Human MN749149
USA Human MN749151

Austria Human X02316
USA Human JN541268

Australia Human KF543937
USA Human MN306051

Australia Human KF543911

Australia Human KF543912
USA Human DQ473494

Uganda Human MH685691

Uganda Human MH685686
USA Human FJ445139
USA Human FJ445138
USA Human FJ445173

Australia Human KF543933

Singapore Human MH648059

Singapore Human MH648037

El Salvador Human JX129408
USA Human KY369875
USA Human FJ445163

South Korea Human JX177625

Singapore Human MH648048
USA Human MK167031
USA Human JN798579
USA Human JX074051
USA Human FJ445129
USA Human JN815252
USA Human FJ445125
USA Human DQ473499
USA Human FJ445145

Singapore Human MH648023
USA Human MN306057
USA Human MN306047
USA Human FJ445123
USA Human JQ747747

Australia Human KF543922

Australia Human KF543929
Peru Human JX129450
USA Human JN837693
USA Human FJ445148
USA Human JN112340
USA Human JN621246
USA Human KY369890

Australia Human KF543930

Singapore Human MH648032

Singapore Human MH648046
USA Human JN837692
USA Human FJ445175
USA Human JN798582
USA Human FJ445180
USA Human DQ473495
USA Human JQ994496
USA Human JN541272
USA Human FJ445141




Singapore Human MH648086
Australia Human KF543896
Australia Human KF543895
India Human KM109982
USA Human JN614995
USA Human FJ445135
Australia Human KF543909
Columbia Human JX129423
South Korea Human JX177621
Switzerland Human EU840727
USA Human FJ445140
USA Human KY369886
Australia Human GQ323774
Australia Human EF186077
USA Human JQ994495
USA Human JN798570
Kenya Human MK989744
USA Human MN306034
USA Human K02121
USA Human L05355
Portugal Seabream LC581278*
Country Origin Access number
USA Human JN797508
Hong Kong Human KT346358
Hong Kong Human KT589391
French Guiana Human KC597139
South Korea Human JX439793
South Korea Human JX439794
South Korea Human KU561250
Netherlands Human JN176920
USA Human MK754442
USA Human MK629457
USA Human MK752942
Japan Human LC153121
Russia Human MG892946
Russia Human MG892955
USA Human MK756037
United Kingdom Human KY887601
United Kingdom Human NC_039477
United Kingdom Human KY887600
United Kingdom Human KY887603
United Kingdom Human KY887602
United Kingdom Human KY817505
USA Human MK?762570
USA Human MK762569
Japan Human LC331997
Japan Human LC325217
USA Human MT032004
Portugal Human MH930953
Japan Human LC175468
Japan Human LC153122
USA Human MK073891
USA Human MH260484




USA Human MK775032

USA Human KY947549

USA Human MK753033
Japan Human LC215415
Japan Human LC213892
Russia Human MG892929

USA Human KY947550
United Kingdom Human MH218685
United Kingdom Human KY887599
Portugal Seabream LC581277*

Table S2. Accession numbers of sequences used for phylogenetic analysis (family analysis), including the
sequences obtained in this study (*) and those downloaded from GenBank: a) sequences used for
phylogenetic analysis of Viral Nervous Necrosis Virus detected in gilthead seabream gills from Algarve, b)
sequences used for phylogenetic analysis of Infectious Pancreatic Necrotic Virus amplified from Atlantic
horse mackerel skin from Peniche, c) sequences used for phylogenetic analysis of Hepatitis B virus obtained
from Atlantic horse mackerel gills from Algarve, d) sequences used for phylogenetic analysis of Rhinovirus
A detected in a gilthead seabream skin sample from Peniche; e) sequences used for phylogenetic analysis of
Norovirus GII obtained from gilthead seabream skin from Algarve.

a)
Country Origin Access number
Japan Barfin flounder NC_013459
Japan Barfin flounder EU826138
Japan Redspotted grouper NC_008041
China Redspotted grouper AY690596
Japan Tiger puffer NC_013461
Japan Tiger puffer EU236149
Portugal Gilthead seabream LC581281*
Japan Striped jack NC_003449
Japan Striped jack D30814
USA Mosquitoes NC_004145
USA Mosquitoes X15960
USA Mosquitoes NC_004144
USA Black beetle X15959
USA Black beetle X00956
USA Mosquitoes NC_002691
USA Mosquitoes AF174534
Peru Southern armyworm NC_003692
Peru Southern armyworm AF171943
b)
Country Origin Access number
Germany Chicken X84034
France Chicken AJ310185
Canada Insects NC_004177
China Mosquitoes JX403941
Germany Mosquitoes JQ659254
France Rotifer FM995220
USA Mosquitoes GQ342962
Singapore Asian seabass MK103419
Vietnam Blotched snakehead NC_005982
Vietnam Blotched snakehead AJ459382
Japan Yellowtail NC_004168




)

d)

Japan Yellowtail AY283781
Canada Fish NC_001915
Canada Fish M18049
Portugal Atlantic horse mackerel LC581280*

USA Bivalve AF342731

United Kingdom Bivalve AJ920336
United Kingdom Bivalve NC_038870
Country Origin Access number

Brazil Capuchin monkey KY703886

Brazil Capuchin monkey NC_043528

USA Woolly monkey AF046996

USA Woolly monkey NC_028129

USA Human NC_003977
USA Human X02763
China White-toothed shrew MH484442
China Asian gray shrew MH484438
Myanmar Bat NC_020881

China Pomona roundleaf bat KF939649

China Pomona roundleaf bat NC_038503

Gabon Noack's roundleaf bat NC_024443

Gabon Noack's roundleaf bat KC790376

Ivory Coast Antelope MK620908
USA Ground squirrel NC_001484
USA Ground squirrel K02715
USA Woodchuck M19183
USA Woodchuck NC_004107

Australia Domestic cat MH307930
Australia Domestic cat NC_040719
Panama Tent making bat KC790381
Panama Tent making bat NC_024445
Portugal Atlantic horse mackerel LC581279 *
USA Bluegill KX058433
USA Bluegill NC_030445
USA White sucker NC_027922
USA White sucker KR229754
Germany Heron NC_001486
Germany Heron M22056
Canada Duck AF047045

China Duck NC_001344

Poland Parakeet JX274035

Poland Parakeet NC_016561

China Tibetan frog MH?700450

China Tibetan frog NC_030446
Country Origin Access number
Finland Human NC_001612

Japan Human NC_001472

Russia Human AY896767

China African green monkey MN427525

China African green monkey MN427527

China African green monkey MN427528

China Rhesus monkey KU587555




e)

China Rhesus monkey NC_029905
Nigeria Wastewater MT542698
Germany Bovine MT019688
Germany Bovine NC_021220
USA Human DQ092795
Dubai Dromedary NC_038310
Dubai Dromedary KP345888
Japan Wild boar LC316832
Japan Wild boar LC316831
Japan Wild boar LC316819
United Kingdom Human NC_001430
Cameroon Human MKO032898
Malawi Human MN914205
China Rodent KX156158
China Rodent NC_038989
USA Simian NC_038309
USA Simian AF326759
USA Human JX193795
USA Human JX074053
Malaysia Human KJ675506
Hong Kong Human NC_009996
USA Human JX074055
Portugal Gilthead seabream LC581278*
USA Environment MF043119
Country Origin Access number
Japan Wild boar AB863586
Canada Wild boar NC_012699
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Figure S1. Maximum Likelihood phylogenetics trees of each fish pathogenic viral family
identified in this study: a) Nodaviridae (including a partial sequence of Viral Nervous Necrosis
Virus detected in gilthead seabream gills from Algarve), b) Birnaviridae (including a partial
sequence of Infectious Pancreatic Necrotic Virus obtained from Atlantic horse mackerel skin from
Peniche), and c) Hepadnaviridae (including a partial sequence of Hepatitis B virus obtained from
Atlantic horse mackerel gills from Algarve). The viral sequences analysed in this study are
coloured and highlighted by fish. All viral sequences are identified by their accession number

AF047045 Duck hepatitisB

5} Parahepadnavirus

Avihepadnavirus
NC_001344 Duck hepatitisB

.| JX274035_ParrothepatitisB
NC_016561_Parrothepatitis

. MH700450_Ti f T B } He P
Herp p u
L NC_030446 TivetanfroghepatitisB.

and name. At specific branch nodes, bootstrap values >0.60 are displayed by *.



NC_001612_Enterovirus A
N NC_001472_EnterovirusB
AY896767_
MN427525_Enterovirus A

[ IN427527_Enterovirus]
- MN427528_Enterovirus]

.| KU587555_Enterovirus L

I NC_029905 EnterovirusL
I MT542695 1 :
—L MTO019688 EnterovirusE
NC_021220_ EnterovirusF
L DQU92795 EnterovirusF
| NC_038310_EnterovirusT
n [ KP345888 Enterovirus]
LC316832_Enterovi
—‘;‘— LC316831_EnterovirusG
LC316819_EnterovirusG
NC_001430_EnterovirusD

MKO032898_] irusD
MN914205_EnterovirusC

.| KX156158 EnterovirusK
I NC_038989_Enterovinusk

.| NC_038309_ EnterovirusH

| AF326759_Enterovirus 1

L [ JX193795_RhinovirusB
L 1x074053 RhunovirusB

K]675506_RhinovirusC
T oo e
JX074055_Rhinovirus A
LC581278 Rhinovirus A >4

MF043119_Rhinovirus A

(a)



AB863586_St Valerien swine virus .
41— Valovirus

NC_012699_Pig calicivirus

. |NC_043512 Tulane virus .
Recovirus
EU391643_Tulane virus

NC_002615 EBHSV

MF356366_EBHSV .
Lagovirus

KF442964 RHDB

MN478485_RHDV.

| DQO13304 Newbury virus
'l : Nebovirus
NC_007916 Newbury virus
.,_— M86379_Feline calidvirus
& NC_001481_Feline calidvirus .

= Vesivirus

.| NC_002551_Vesicularexanthemaof swine virus
. - U76874_Vesicularexanthemaof swine virus
99.9/100 | KX431437_Sapporo virus
—‘l Sapovirus
KY040366_Sapporo virus
NC_033081_Chickencalidvirus’
999099 > - - Bavovirus
98389 . HQO10042_Chicken calicivirus

99.5/100 NC_043516_Turkey calidvirus .
4" ° Nacovirus

JQ347522_Turkey calicivirus

AF093797_Norwalk virus

LC581277 NorovirusGIl >22® | Norovirus

AF504671_Norwalk virus

|KX371097_Falheadn\mno\,vcalici\'im5} N
L Minovirus

NC_035675_Fathead minnow caliciviru:

MN995807_Atlanticsalmon calidvirus .
41_ Salovirus
rus.

NC_024031_Atlantic salmon calicivi

(b)

Figure S2. Maximum Likelihood phylogenetics trees of each human pathogenic viral family
identified in this study: a) Picornaviridae (partial sequence of Rhinovirus A obtained in gilthead
seabream skin from Peniche); b) Caliciviridae (partial sequence of Norovirus GII obtained in
gilthead seabream skin from Algarve). Due to the hight genetic diversity observed in
Picornaviridae, the phylogenetic tree for this taxon was constructed based on the alignment of the
closest sequences from a phylogenetic point of view. The viral sequences analysed in this study
are coloured and highlighted by a blue fish. All viral sequences are identified by their accession
number and name. At specific branch nodes, bootstrap values >0.60 are displayed by *.
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HIGHLIGHTS GRAPHICAL ABSTRACT

« Sensitive methods have been developed
to study the metavirome of sewage s
The metavirome can pinpoint important
pathogens circulating in the human
population

Mainly DNA viruses are excreted in
urine, being JCPyV the most abundant
The sewage metavirome is a useful tool
for metagenomics in public health
surveillance

SN

ARTICLE INFO ABSTRACT

Article history: The application of next-generation sequencing (NGS) techniques for the identification of viruses present in urban
Rece!ved 2 Jun§ 2017 sewage has not been fully explored. This is partially due to a lack of reliable and sensitive protocols for studying
‘l:ecewe::lj '2"'4‘§V’55d f‘z’g;‘723 August 2017 viral diversity and to the highly complex analysis required for NGS data processing. One important step towards
ccepied 24 Auglist this goal is finding methods that can efficiently concentrate viruses from sewage samples. Here the application of

Available online 4 November 2017 " 3 " " < o =
a virus concentration method based on skimmed milk organic flocculation (SMF) using 10 L of sewage collected

Editor: D. Barcelo in different seasons enabled the detection of many viruses. However, some viruses, such as human adenoviruses,

could not always be detected using metagenomics, even when quantitative PCR (qPCR) assessments were posi-

Keywords: tive. A targeted metagenomic assay for adenoviruses was conducted and 59.41% of the obtained reads were

Viral metagenomics assigned to murine adenoviruses. However, up to 20 different human adenoviruses (HAdV) were detected by

Human adenovirus this targeted assay being the most abundant HAdV-41 (29.24%) and HAdV-51 (1.63%). To improve

;/iﬂl pathogens metagenomics’ sensitivity, two different protocols for virus concentration were comparatively analysed: an ultra-
ewage

centrifugation protocol and a lower-volume SMF protocol. The sewage virome contained 41 viral families, includ-
ing pathogenic viral species from families Caliciviridae, Adenoviridae, Astroviridae, Picornaviridae, Polyomaviridae,
Papillomaviridae and Hepeviridae. The contribution of urine to sewage metavirome seems to be restricted to a few
specific DNA viral families, including the polyomavirus and papillomavirus species. In experimental infections
with sewage in a rhesus macaque model, infective human hepatitis E and JC polyomavirus were identified.
Urban raw sewage consists of the excreta of thousands of inhabitants; therefore, it is a representative sample

Next-generation sequencing

* Corresponding author.
E-mail address: x.fernandez-cassi@ub.edu (X. Fernandez-Cassi).
! These authors contributed equally to this work.

https://doi.org/10.1016/j.scitotenv.2017.08.249
0048-9697/© 2017 Elsevier B.V. All rights reserved.
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Viral Concentration and Amplification from Human Serum
Samples Prior to Application of Next-Generation
Sequencing Analysis

Xavier Fernandez-Cassi, Marta Rusiiiol, and Sandra Martinez-Puchol

Abstract

The protocol presented here allows the isolation, purification, nucleic acid extraction, and amplification of
DNA/RNA from viruses present in human sera samples. The method allows the random amplification of
the viral genomes present by using a Sequence-Independent, Single-Primer Amplification (SISPA)
approach enabling the study of both DNA/RNA viruses. An amplification step is needed, as the concen-
tration of viral DNA/RNA in serum samples is low for direct library preparation. The application of the
described protocol guarantees enough randomly amplified double-strand DNA for further library prepara-
tion using Nextera XT kit from Illumina.

Key words DNA viruses, RNA viruses, Metagenomics, Blood virome, Sequence-Independent,
Single-Primer Amplification (SISPA), Metagenomics

1 Introduction

The application of high-throughput sequencing (HTS) techniques
in the virology field has provided us with the detection of known
and unknown viruses in a wide range of samples, allowing the
study of viral populations circulating through the bloodstream [1,
2]. A general overview of the described methodology is summa-
rized in Fig. 1. The protocol presented in this chapter is based on
an ultracentrifugation procedure that allows the concentration of
viral particles from previously filtered serum samples. Free viral
DNA and non-viral DNA is removed using a DNase treatment.
Nucleic acids (NA) of viral origin are extracted from the viral cap-
sids, tagged and amplified by using the Sequence-Independent,
Single-Primer Amplification procedure, hereafter known as
SISPA. Unlike other molecular techniques, the SISPA method is
not hampered by the previous knowledge of the desired targeted
virus sequence, allowing the amplification of all viral DNA/RNA

Andrés Moya and Vicente Pérez Brocal (eds.), The Human Virome: Methods and Protocols, Methods in Molecular Biology, vol. 1838,
https://doi.org/10.1007/978-1-4939-8682-8_13, © Springer Science+Business Media, LLC, part of Springer Nature 2018
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VirWaTest, A Point-of-Use Method for the Detection of Viruses in Water
Samples
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Viruses excreted by humans and animals may contaminate water sources and pose a risk to human health when this water is used for drinking,
food irrigation, washing, etc. The classical fecal bacteria indicator does not always check for the presence of viral pathogens so the detection of
viral pathogens and viral indicators is relevant in order to adopt measures of risk mitigation, especially in humanitarian scenarios and in areas
where water-borne viral outbreaks are frequent.

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

The method described here allows the concentration of viruses from 10 L water samples, as well as the extraction of viral nucleic acids at the
point of use, with simple and portable equipment. This allows the testing of water samples at the point of use for several viruses and is useful in

humanitarian scenarios, as well as at any context where an equipped laboratory is not available. Alternatively, the method allows concentrating
viruses present in water samples and the shipping of the concentrate to a laboratory at room temperature for further analysis.

Video Link

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

Introduction

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

of those affected. Therefore, monitoring water quality is a priority to prevent waterborne outbreaks. It is well-known that contaminated water
is frequently the origin of diseases, but it is often difficult to determine the sources of viral outbreaks such as Hepatitis E virus (HEV), even
with the availability of conventional laboratory methods. The control of water quality is based on the quantification of FIB"2%* However, it has
been extensively documented that there is no correlation between the absence of FIB and the presence of viral waterborne pathogens such
as rotavirus (RoV), norovirus (NoV), or HEVSS. Thus, using the water quality criteria based on FIB might result in an underestimation of risks
associated with the presence of waterborne viral pathogens. The surveillance of indicator viruses, such as human adenoviruses (HAdVZ, or
specific pathogens would be helpful in defining the exposure to viral pathogens and identifying the potential source of human infection”*%'® and
in validating the efficacy of sanitation measures’".

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

The virus concentration is based on the principle of organic flocculation of 10 L water samples, by which viruses are recovered in smaller
volumes'?™. The flocs are collected and added to a buffer that lyses the viruses and prevents the nucleic acids from degradation when they
stored at room temperature for not more than 2 weeks.

Copyright © 2019 Journal of Visualized Experiments May 2019 | 147 | e59463 | Page 1 of 9
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ARTICLE INFO ABSTRACT

Viruses (e.g., noroviruses and hepatitis A and E virus), bacteria (e.g., Salmonella spp. and pathogenic Escherichia
coli) and protozoa (e.g., Cryptosporidium parvum and Giardia intestinalis) are well-known contributors to food-
borne illnesses linked to contaminated fresh produce. As agricultural irrigation increases the total amount of

Keywords:
Irrigation water
Metagenomics

Vimis . water used annually, reclaimed water is a good alternative to reduce dependency on conventional irrigation
Bacteria sdeli EXT W Bl
Piotosod water sources. P have concentrations of certain pathogens and/or

indicators in irrigation water, depending on the irrigation system used and the irrigated crop. However, the
incidences of food-borne infections are known to be underestimated and all the different pathogens contributing
to these infections are not known. Next-generation sequencing (NGS) enables the determination of the viral,
bacterial and protozoan populations present in a water sample, providing an opportunity to detect emerging
pathogens and develop improved tools for monitoring the quality of irrigation water. This is a descriptive study
of the virome, bacteriome and parasitome present in different irrigation water sources. We applied the same
concentration method for all the studied samples and specific metagenomic approaches to characterize both
DNA and RNA viruses, bacteria and protozoa.

In general, most of the known viral species corresponded to plant viruses and bacteriophages. Viral diversity
in river water varied over the year, with higher bacteriophage prevalences during the autumn and winter.
Reservoir water contained Enterobacter cloacae, an opportunistic human pathogen and an indicator of fecal
contamination, as well as Naegleria australiensis and Naegleria clarki. Hepatitis E virus and Naegleria fowleri,
emerging human pathogens, were detected in groundwater. Reclaimed water produced in a constructed wetland
system presented a virome and bacteriome that resembled those of freshwater samples (river and reservoir
water). Viral, bacterial and protozoan path were lly d d in the different irrigation water
sources mcluded in this study, Justlfymg the use of improved NGS techniques to get a comprehensive evaluation
of microbial species and ] health hazards associated to irrigation water.

1. Introduction currently being implemented. Moreover, climate change is expected to
intensify problems of water scarcity and affect irrigation requirements

2009). To reduce de-

Agricultural irrigation accounts for 36% of the total annual water
usage in Europe, reaching up to 80% in some parts of the
Mediterranean region (European Environment Agency, 2012). In Spain
79% of the total irrigated area (3 Mha) is irrigated with surface water
and only 21% with groundwater (Drewes et al., 2017). River flow rate
fluctuation and the overexploitation of groundwater resources are ex-
isting problems in Europe, where integrated water resource plans are

* Corresponding author.
E-mail address: mrusinol@ub.edu (M. Rusifiol).

https://doi.org/10.1016/j.ijheh.2019.113440

in the Mediterranean region (Collins et al.,
pendency on freshwater, reclaimed water can be used for irrigation,
provided that the risk associated with pathogen contamination can be
minimised. Reclaimed water can be relatively nutrient rich and may
reduce the need for additional applications of inorganic fertilizers
(Parsons et al., 2001). In Catalonia, around 300 wastewater treatment
plants (WWTP) treat 700 hm® of water every year to produce 204 hm?

Received 26 July 2019; Received in revised form 17 December 2019; Accepted 20 December 2019

1438-4639/ © 2019 Elsevier GmbH. All rights reserved.
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Abstract: Rotavirus A (RVA) is the most common virus associated with infantile gastroenteritis
worldwide, being a public health threat, as it is excreted in large amounts in stool and can persist
in the environment for extended periods. In this study, we performed the detection of RVA and
human adenovirus (HAdV) by TagMan qPCR and assessed the circulation of RVA genotypes in three
wastewater treatment plants (WWTPs) between 2015 and 2016 in Catalonia, Spain. RVA was detected
in 90% and HAdV in 100% of the WWTP samples, with viral loads ranging between 3.96 x 10* and
3.30 X 108 RT-PCR Units/L and 9.51 x 10* and 1.16 x 10° genomic copies/L, respectively. RVA VP7 and
VP4 gene analysis revealed the circulation of G2, G3, G9, G12, P[4], P[8], P[9] and P[10]. Nucleotide
sequencing (VP6 fragment) showed the circulation of I1 and 12 genotypes, commonly associated with
human, bovine and porcine strains. It is important to mention that the RVA strains isolated from
the WWTPs were different from those recovered from piglets and calves living in the same area of
single sampling in 2016. These data highlight the importance of monitoring water matrices for RVA
epidemiology and may be a useful tool to evaluate and predict possible emergence/reemergence of
uncommon strains in a region.

Keywords: rotavirus A; wastewater; viral quantification; molecular characterization

1. Introduction

Rotavirus A (RVA) is the most common pathogen associated with acute gastroenteritis in children
worldwide. It accounts for approximately 215,000 deaths annually of children up to 5 years old [1]. In
Europe, RVA is responsible for 75,000-150,000 infantile hospitalization due to acute gastroenteritis
associated with RVA infections. In Spain, the annual incidence of acute gastroenteritis associated with
RVA in primary care ranges between 15.4 and 19.5 cases per 1000 children up to 5 years and 20 cases
per 1000 children up to 3 years [2].

RVA is one of the nine groups (A-I) of rotavirus established according to the International
Committee on Taxonomy of Viruses (ICTV) (ICTV, updated in July 2018 and available at https:
//talk.ictvonline.org/taxonomy/). The virion is non-enveloped, icosahedral, with a triple-layered protein
capsid and consists of 11 segments of double-stranded genomic RNA (dsRNA), which encode six
structural (VP1-4, 6 and 7) and six non-structural (NSP1-6) proteins. The binary classification system for
RVA is based on molecular analysis of the two outer capsid proteins, VP7 and VP4, which define the G
(for glycoprotein) and P (for protease sensitive) genotypes, respectively. To date, thereare 36 G genotypes

Viruses 2020, 12, 318; doi:10.3390/v12030318 www.mdpi.com/journal/viruses
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Abstract

As the novel SARS-CoV-2 was detected in faeces, environ-
mental researchers have been using centrifugal ultrafiltration,
polyethylene glycol precipitation and aluminium hydroxide
flocculation to describe its presence in wastewater samples.
High recoveries (up to 65%) are described with electronegative
filtration when using surrogate viruses, but few literature re-
ports recovery efficiencies using accurate quantification of
enveloped viruses. Considering that every single virus will
have a different behaviour during viral concentration, it is
recommended to use an enveloped virus, and if possible, a
betacoronaviruses as murine hepatitis virus, as a surrogate. In
this review, we show new data from a newly available tech-
nology that provides a quick ultrafiltration protocol for SARS-
CoV-2. Wastewater surveillance is an efficient system for the
evaluation of the relative prevalence of SARS-CoV-2 infections
in a community, and there is the need of using reliable con-
centration methods for an accurate and sensitive quantification
of the virus in water.
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Introduction

Many viruses that infect humans are excreted in large
amounts through faeces, urine or skin desquamation,
contributing to wastewater virome. Wastewater is a
complex matrix that comprises a large variety of patho-
genic and commensal viruses and provides important
information about virus circulation, the introduction of
emergent viruses and how they are transmitted among
the population [1]. Waterborne viruses are generally
nonenveloped and excreted in high numbers by infected
individuals with or without disease, and in some cases
long after the resolution of symptoms [2]. The study of
excreted viruses is a very useful tool known as
wastewater-based epidemiology, which has the potential
to act as a complementary approach for current infec-
tious disease surveillance systems and an early warning
system for disease outbreaks [3].

The incidence of emerging microbes is a serious health
concern worldwide. The increase of human—livestock
contacts [4], population mobility and trade networks
[5,6], climate change [7] or the wild meat trade and loss
of animal habitats [8] has raised the risk of a global
pandemics. Since 1980, nearly 90 novel human pathogen
species have been discovered, more than 70 of those
corresponded to novel human viruses, that compared to
other pathogens have the potential to evolve more
rapidly, being 80 of these associated with nonhuman
reservoirs [9,10]. Influenza viruses (HIN1, H7N1 and
H7N9), human immunodeficiency virus, Ebola virus,
coronaviruses as SARS-CoV, MERS and the SARS-CoV-2
causing the COVID-19 pandemic have been the most
significant.

SARS-CoV-2 was identified in China at the end of 2019
[11] and has become the first pandemic coronavirus
(CoV). After the first case report of the presence of
SARS-CoV-2 RNA in faeces [12], and because of the
presence in the past of SARS-CoV-1 in faeces and
sewage [13—15], the scientific community started to
investigate if this virus could spread into the environ-
ment. Specific stability of SARS-CoV-2 has only been
tested in aerosols and surfaces [16], but it is known that
enveloped viruses are capable of retaining infectivity for
days to months in aqueous environments [17—19]. On
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