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Als de casa.

Si totes haguessin de desaparéixer o de morir

hauria d'aprendre a mirar cap a un cel buit

i veure en I'absoluta foscor quelcom gloriés

tot i que aixo em costaria una mica més d'un dia o dos...

Mishima — Qui més estima



Aquesta tesi ha estat finangada amb un ajut predoctoral per a la contractacié de

personal investigador novell (FI 2020).
Disseny de la portada: Nuria ltarte.

Biorender.com s’ha utilitzat per a la creaci6 de les figures d’aquesta tesi.
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Glossari
Assemblatge

Avaluacio del risc

Bioaerosols

Comunicacio del risc

Contig

Coverage

Exposoma viric

Fomit

Gestio del risc

Llibreria (sequienciacié)

Alineament i fusié de reads per tal de construir
contigs.

Caracteritzacio qualitativa o quantitativa i estimacio
dels possibles efectes adversos per a la salut
associats amb I'exposicié d’individus o poblacions a
un perill.

Particules amb una grandaria inferior a 100 ym en
suspensio a l'aire que contenen microorganismes.

Intercanvi interactiu d’informacié sobre I'analisi de
risc entre les parts interessades, considerant la
percepcid publica i la capacitat d’intercanvi
d’'informacio cientifica.

Fragment d’ADN obtingut a partir de la superposicio
d’un conjunt de reads.

Cobertura del genoma, percentatge del genoma
complert recuperat com a resultat de la
sequenciacié massiva.

La totalitat de les exposicions a virus que té un
individu al llarg de la seva vida, i com aquestes
exposicions es relacionen amb el benestar.

Objecte inert que pot esdevenir un focus de
transmissioé d'infeccions com a consequéncia dels
microorganismes patdogens que té adherits a la
superficie.

Procés per controlar un risc determinat, valorant
alternatives i seleccionant accions adequades,
tenint en compte l'avaluacié del risc, aixi com
aspectes d’enginyeria i qlestions economiques,
legals i politiques.

Conjunt de fragments d’acids nucleics que, després
d’haver passat per una série de passos (unid
d’'indexs, lligaci6 d’adaptadors, etc.) estan llestos
per ser seqienciats.
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Metagenomica

Microbioma

One Health

Read

Reassortiment

Run (seqlienciacid)

Seqiienciacio

Viroma

Virus emergent

Virus reassortit

Virus zoonotic

Zoonosi

Terme utilitzat per primera vegada per Jo
Handelsman et al. per descriure “l'analisi funcional, i
basat en sequéncies, dels genomes microbians
col-lectius que es troben en una mostra ambiental”
(Handelsman et al., 1998; Riesenfeld et al., 2004).

Comunitat de microorganismes que existeixen en un
entorn particular.

Enfocament integrador que té com a objectiu
equilibrar i optimitzar de manera sostenible la salut
dels animals, 'ambient i les persones.

Sequéncia obtinguda a partir d’'un procés de
sequenciacio.

Procés de formacié d’un virus reassortit, agrupant i
ordenant segments génics de virus diferents que
han infectat alhora un mateix hoste.

Execucio del procés de sequenciacio.

Deduccio de I'ordre dels nucledtids en una molécula
de DNA o RNA per una seérie de reaccions
quimiques.

Component viric que forma part del microbioma.

Virus identificat recentment, que esta augmentant la
seva incidéncia i/o ambit geografic, o se n’ha descrit
noves vies de transmissio.

Virus de genoma hibrid resultat de I'agrupament i
'ordenacié de segments génics d’altres virus de
soques diferents que han infectat alhora un mateix
hoste.

Virus que es transmet de forma natural d’'un animal
a un huma.

Malaltia infecciosa que pot ser transmesa d’un
animal a un huma.



ABSTRACT /RESUM DE LA TESI

Resum de la tesi / Abstract

Existeix una gran diversitat de virus presents en 'ambient als quals els
humans estem exposats, constituint 'exposoma viric. Les eines de
vigilancia ambiental, com ara I'epidemiologia basada en aigues residuals,
han posat de manifest el seu potencial per monitoritzar la circulacié virica
en una comunitat, sobretot amb la recent pandémia de la COVID-19. Per
aquest motiu, aquesta tesi s’ha centrat, primerament, en 'estudi de I'aigua
residual com a font de contaminacié i eina per a estudis epidemioldgics.
Concretament, s’han avaluat diferents métodes de deteccio i
caracteritzacio dels coronavirus presents en les aiglies residuals en un
context de pandémia, principalment mitjangant técniques de sequenciacio

de nova generacio (NGS).

Els virus excretats a les aigles residuals poden ser resistents als
tractaments de les estacions depuradores d’aigues residuals (EDARS) i
acabar contaminant les fonts d’aigua que s'utilitzen per beure, per regar o
per a Us recreatiu, suposant aixi potencials vies de transmissio d’aquests
virus. En aquesta tesi, s’ha estudiat I'exposicié a virus patdgens presents
en aigles i aliments mitjancant la deteccidé i caracteritzacié virica,
especialment aplicant técniques de NGS en aliments de produccié
organica i les seves fonts d’aigua de reg. A més, també s’ha avaluat la
contaminacio virica i s’ha explorat la diversitat de virus presents en
escorrenties i aiglies subterranies d’'un entorn urba, les quals, en l'actual

context de sequera, son de gran interés per a diferents usos.

Finalment, considerant que I'exposicié ocupacional a patdgens pot
comportar riscos per a la salut dels treballadors, s’ha avaluat I'exposicio
virica en entorns laborals. S’ha quantificat la contaminacio virica i s’han
identificat virus presents en aerosols i superficies d’'una EDAR i una granja

de porcs mitjangant técniques de NGS. A més, s’han realitzat estimacions
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del risc ocupacional associat a I'exposici6 a virus amb l'avaluacié
quantitativa del risc microbiologic (QMRA), seleccionant I'adenovirus
huma (HAdV) per a 'EDAR i un virus hipotéticament zoonotic amb
caracteristiques similars a I'adenovirus porci (PAdV) per a la granja de
porcs com a patdgens de referéncia. Les vies d’exposicié considerades
en els models son la inhalacié d’aerosols i la ingestio oral a través de

superficies contaminades i el contacte ma-boca.

Aquesta tesi ha permés la identificacié de virus presents en diverses
matrius ambientals, incloent-hi aigles residuals, aiglies d’escorrentia,
aigles subterranies, mostres d'origen animal, aliments de produccio
organica i aigues de reg, aixi com superficies i aerosols d’entorns de
treball. S’ha avaluat el nivell de contaminaci6é virica mitjancant la
quantificacié de virus indicadors de contaminacid fecal i altres virus
patdgens. S’han identificat virus humans i animals d’interés aplicant
técniques de NGS, com la seqlenciaci6 massiva d’amplicons i la
sequenciacid amb enriquiment de dianes, utilitzant panells especifics
dirigits a la captura de sequéncies de virus de vertebrats o també de
coronavirus. Finalment, els resultats de QMRA han revelat un potencial
risc ocupacional associat a I'exposici6 a HAdV per als treballadors
d’EDARSs, si no es prenen mesures. La simulacié de QMRA a la granja de
porcs també suggereix un potencial risc en cas d’exposicié a un virus

potencialment zoondtic.

Els resultats d’aquesta tesi ofereixen una visié rellevant sobre la preséncia
de virus en diverses matrius ambientals i els potencials riscos associats
amb l'exposicié a aquests, contribuint al desenvolupament de mesures
que ajudin a reduir aquests riscos i destacant la importancia del
monitoratge i la vigilancia ambiental per a la deteccio de virus emergents
i zoonotics, aixi com per a entendre les seves rutes de transmissio i

identificar possibles fonts de contaminacio.
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Abstract

There is a wide diversity of viruses present in the environment, constituting
the viral exposome to which humans are exposed. Environmental
surveillance tools, such as wastewater-based epidemiology, have
demonstrated their potential in monitoring viral circulation in a community,
particularly with the recent COVID-19 pandemic. For this reason, this
thesis has primarily focused on studying wastewater as a source of
contamination and as a tool for epidemiological studies. Specifically,
different methods for detecting and characterizing coronaviruses in
wastewater have been evaluated in the context of a pandemic, particularly

through next-generation sequencing (NGS) techniques.

Viruses excreted in wastewater can be resistant to treatments in
wastewater treatment plants (WWTPs) and contaminate water sources
used for drinking, irrigation, or recreational purposes, thereby becoming
potential transmission routes for these viruses. This thesis has aimed to
study exposure to pathogenic viruses present in water and food through
viral detection and characterization, especially by applying NGS
techniques in fresh produce and their irrigation water sources. Additionally,
the viral diversity in urban groundwater and runoff has been explored,

given its potential uses in the current context of water scarcity.

Furthermore, considering that occupational exposure to pathogens can
pose health risks, viral exposure in workplace scenarios has been
assessed. Viral contamination has been evaluated, and NGS techniques
have been performed to identify the viruses present in aerosols and
surfaces to which workers in a WWTP and a swine farm might be exposed.
Quantitative Microbial Risk Assessment (QMRA) has been conducted to
estimate the occupational risk associated with viral exposure for WWTP
workers, choosing human adenovirus (HAdV) as the reference pathogen.

In the swine farm, QMRA has been performed as an extrapolation,
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considering a hypothetical zoonotic virus with characteristics similar to
porcine adenovirus (PAdV). The modelled exposure routes include aerosol
inhalation and oral ingestion through contaminated surfaces and hand-to-

mouth contact.

This thesis has allowed the identification of viruses in various
environmental matrices, including wastewater, runoff, groundwater,
animal origin samples, fresh produce, irrigation water, as well as surfaces
and aerosols in workplace scenarios. Viral contamination has been
evaluated through the quantification of indicators of fecal contamination
and other pathogenic viruses. Human and animal viruses of interest have
been identified using NGS techniques, such as amplicon deep sequencing
and target enrichment sequencing, using specific panels designed to
capture sequences of vertebrate viruses or coronaviruses. Finally, QMRA
analyses have revealed noteworthy risks associated with exposure to
HAdV for WWTP workers if measures are not implemented. QMRA
simulation at the swine farm suggests a potential risk in the case of

exposure to a hypothetical zoonotic virus.

Overall, the results of this thesis provide relevant insights into the presence
of viruses in environmental matrices and the potential risks associated with
the exposure to them. This contributes to the development of measures to
mitigate these risks and emphasizes the importance of environmental
monitoring and surveillance for the detection of emerging and zoonotic
viruses, as well as for understanding their transmission routes and

identifying potential sources of contamination.
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INTRODUCCIO

1. Virus a ’'ambient

Els virus son les entitats més abundants del nostre planeta. S’estima que
hi ha 103! virus a la Terra, la gran majoria dels quals son bacteriofags
(Breitbart & Rohwer, 2005). La particula virica esta constituida per un
genoma, ja sigui acid ribonucleic (ARN) o acid desoxiribonucleic (ADN),
de simple o doble cadena, portador de la informacié genética, i una
capsida proteica que assegura la seva proteccié a 'ambient. En alguns
casos, la capsida pot estar envoltada per una segona capa externa,
I'embolcall, format generalment per lipids i glicoproteines (Bouseettine et
al., 2020). A més de la seva abundancia, els virus destaquen per la seva
enorme diversitat en ['organitzacié del seu material genétic, els
mecanismes de replicacio i les interaccions amb els seus hostes, ja siguin

antagoniques, comensals o mutualistes (Roossinck, 2015).

1.1. Vies de transmissio

Els virus que s’excreten a 'ambient per un individu infectat poden infectar
nous hostes (Figura 1). Per exemple, els virus respiratoris es transmeten
mitjangant excrecions respiratories, és a dir, a través de les gotes o
particules aerosolitzades que es generen quan una persona esternuda,
tus, parla o respira (Louten, 2016). Una simple estossegada pot generar
fins a 10,000 petites particules d’aerosols potencialment infeccioses, i un
esternut pot produir prop de 2 milions (Chappell & Dermody, 2015). La
distribucié d’aquestes particules depén de diversos factors, els quals es
detallen més endavant (Figura 2) i, en alguns casos, aquests virus sén
capacos de viatjar llargues distancies a través de l'aire (Labadie et al.,
2020). Alguns dels virus transmesos per l'aire més representatius soén el
virus de la grip, el SARS-CoV-2, el virus de la xarampié o el virus

respiratori sincicial (Wang et al., 2021).
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Figura 1. Principals vies de transmissio de virus excretats a 'ambient.

En canvi, els virus que infecten les cél-lules gastrointestinals s’excreten
en femta i segueixen la ruta fecal-oral. Els aliments, I'aigua o les mans
contaminades amb matéria fecal poden ser una via de transmissio
d’aquests virus, generalment sense embolcall, la qual cosa els confereix

una gran estabilitat a 'ambient i, quan arriben al tracte gastrointestinal, els
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permet sobreviure a l'acidesa de l'estomac, iniciant aixi el seu cicle
infeccidés. Aquests virus suposen problemes importants per a la salut
publica, ja que sbén responsables de malalties com ara gastroenteritis,

hepatitis i meningitis (Bouseettine et al., 2020).

Com que els virus de transmissio fecal-oral son excretats en grans
quantitats a través de la femta, fins a 10" particules viriques per gram de
femta, aquests es troben en gran abundancia a les aigles residuals. El
grau de contaminacio6 virica de les aiglies residuals depén de I'estacié de
'any, la prevalencga de les infeccions viriques i les caracteristiques dels
virus circulants. Els sistemes de tractament d’aiglies residuals, fins i tot
quan funcionen adequadament, només eliminen aproximadament entre el
20 i el 80% dels virus de transmissi6 fecal-oral, degut a que aquests son
molt resistents als tractaments de desinfeccid i poden persistir a I'ambient
durant molt temps sense ser desactivats (Biziagos et al., 1988). Aquest fet
implica una potencial font de contaminacio cap a I'ambient, incloent-hi rius,
aigues subterranies i mars (La Rosa et al., 2012), i aquesta disseminacio
es pot veure incrementada en periodes de pluja que causin
desbordaments de clavegueram i escorrenties (Rusifol, 2023; Rusifol et
al., 2015). A més, alguns processos que es duen a terme durant el
tractament de les aigles residuals poden causar I'aerosolitzacié de les

particules viriques (Corpuz et al., 2020; Kataki et al., 2022).

Aixi doncs, els virus excretats en femta, perd també en orina, saliva i
descamacions epitelials, poden acabar contaminant les fonts d’aigua que
s’utilitzen per beure, per regar o per a Us recreatiu, constituint d’aquesta
manera vies de transmissié d’aquests virus. Els principals virus d’interés
associats a malalties transmeses per l'aigua soén els norovirus (NoV), els
adenovirus humans (HAdV), els astrovirus (AstV), els enterovirus (EV), els
rotavirus (RoV), el virus de I'hepatitis A (HAV) i el virus de I'hepatitis E
(HEV) (Gibson, 2014).
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Els virus de transmissié fecal-oral, a més del consum daigua
contaminada, també es poden transmetre a través dels aliments. Una gran
quantitat de malalties d’origen alimentari s’identifiquen sovint amb
etiologia virica, sent els NoV, HAV, HEV, RoV, AstV i HAdV els virus
patdgens alimentaris més importants (Koopmans & Duizer, 2004; Newell
et al., 2010; Pachepsky et al., 2011; Shaheen et al., 2019). Els aliments
poden contaminar-se mitjangant I'aigua de reg, si es tracta de fruites o
verdures, o també per la manipulacié durant el seu processament (cultiu,
collita, emmagatzematge, transport, venda, preparacio, etc.) (Koopmans
& Duizer, 2004).

D’entre els aliments amb probabilitat de ser contaminats per virus també
hi ha els mol-luscs bivalves, com ara els musclos i les ostres. Tot i que
aquesta contaminacio també pot estar associada a la manipulacio, la font
principal de contaminacié seria, en aquests cas, la contaminacié del mar
amb aigua residual, ja sigui per fuita de clavegueres i escorrenties durant
periodes de pluja o també per aigles residuals tractades de manera
deficient (Koopmans & Duizer, 2004; Landrigan et al., 2020). Els mol-luscs
bivalves es nodreixen filtrant aigua, acumulant patdgens continguts a
I'aigua, com sén els virus de transmissio fecal-oral. Degut a que sovint es
consumeixen crus o0 poc cuits, esdevenen vehicles eficients per a la

transmissio d’aquests virus (Lees, 2000).

A més de la transmissio de virus a través de l'aire, I'aigua i els aliments,
també pot produir-se a través de superficies o fomits, objectes inerts que
poden esdevenir una via de transmissié tant de virus respiratoris com de
virus de transmissio fecal-oral. Aquests fomits es poden contaminar per la
deposicié de particules d’aerosols que contenen els virus, aixi com pel
contacte directe amb mans o altres objectes contaminats. D’aquesta
manera, un individu que toca aquests fomits contaminats i posteriorment
es toca la cara i/o alguna membrana mucosa pot ser susceptible a ser
infectat (Zambrana & Boehm, 2023).
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1.2. Persisténcia a I’'ambient

Els virus es caracteritzen per ser parasits intracel-lulars obligats que
probablement infecten totes les formes de vida (Simmonds et al., 2017) i,
com hem vist, 'ambient t& un paper important com a intermediari o
reservori en la seva transmissio. El seu estudi i importants descobriments,
com ara la persisténcia del virus de la grip a I'aire en funcié de la mida de
les gotes que s’expulsen en tossir o esternudar, o el paper de I'aigua en
la transmissio del poliovirus, han contribuit de forma significativa a la
millora de la salut publica (Labadie et al., 2020). De la mateixa manera, la
recent pandémia de la COVID-19 també ha demostrat la necessitat

d’estudiar la persisténcia dels virus en el nostre entorn.

L’eficacia de la transmissio virica a través de I'ambient depén de la
capacitat de supervivéncia dels virus en aquest ambient. Diversos factors,
sovint interconnectats, determinen la seva persisténcia, que pot durar des
d’'uns segons fins a diversos anys. La temperatura, la humitat, el pH, la
salinitat de l'aigua o la preséncia de llum ultraviolada (UV) sén factors
ambientals que influeixen en la supervivéncia dels virus (Figura 2). A més,
factors virics com la preséncia de mutacions en les proteines estructurals
o la composicié dels lipids dels virus embolcallats també hi juguen un
paper determinant (Louten, 2016). La virologia ambiental i I'estudi
d’aquests factors que afecten la persisténcia dels virus han contribuit de
manera significativa a la millora de la salut de la poblacié, mitjangant el
desenvolupament de métodes de desinfeccio, els tractaments d’aigua
residual, practiques generals d’higiene i la vigilancia ambiental (Labadie
et al., 2020).

19



INTRODUCCIO

/ <
P e, \
/f «{;‘ \
( \ \ ;
\\ Aire F Vent pH \ Oxigen Aigua
. /
/7*—/—————%’ Salinitat '
1/ Mida dels aerosols 1& Microorganismes
|
u‘)‘ Temperatura
\ Qualitat de l'aire I Llots
’%;\ Factors virics l'
\f /
‘\ Lium/uv ¢
\\ Mucines 7
\\ /
N\ Humitat P
N\ _ - s
Material
Porositat
Superficies

Figura 2. La persisténcia dels virus a 'ambient depen de multiples factors que sovint
estan interconnectats. Adaptada de Labadie et al., 2020.

1.3. Exposoma viric, viroma i salut humana

El terme exposoma va ser utilitzat per primera vegada 'any 2005 dins del
camp de I'epidemiologia, i es pot definir com “la totalitat de les exposicions
que té un individu al llarg de la seva vida, i com aquestes exposicions es
relacionen amb el benestar” (Grafanaki et al., 2023; Wild, 2005). Dins
d’aquest terme s’inclou I'exposicid6 ambiental a virus, coneguda com a

exposoma viric (Gordon-Lipkin et al., 2022).

Al mateix temps, el cos huma comprén un microecosistema format per

una amplia comunitat de microorganismes, com ara virus, bacteris,

arquees i fongs. EI component viric que forma part d’aquest microbioma

és el viroma huma (Lecuit & Eloit, 2013). Tot i que la majoria dels virus

humans millor caracteritzats causen infeccions agudes i estan associats a

malalties, un individu sa és hoste d’una varietat molt més gran de virus.
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La major part d’aquests infecten bacteris que habiten a l'intesti huma, perd
alguns virus poden reproduir-se en cél-lules humanes sense causar
malalties, almenys a curt termini i en individus sans. El viroma pot
contribuir significativament a I'estat de salut del seu hoste, tot i que sovint
és dificil assegurar que cap d’aquests virus no pugui causar, a la llarga,
una determinada malaltia sota cap condicié. Un exemple clar son els
herpesvirus, els quals sén practicament ubics en la poblaci6 humana,
mantenint-se com a simbionts en la majoria de les persones la major part
del temps, perd també poden causar malalties que, en alguns casos,
poden ser devastadores en persones immunodeprimides (Koonin et al.,
2021).

Existeix una interaccié complexa entre I'ambient i aquest viroma huma
endogen, la qual esta mediada pel sistema immunologic i pot tenir un
profund impacte en la salut humana (Figura 3). Entendre aquesta relacio
€s important per conéixer de quina manera influeix en la salut d’'un individu
i, aixi, poder desenvolupar noves eines terapeutiques (Sharma & Gilbert,
2018).

Exposoma viric

A

L )

Viroma huma Salut humana

Figura 3. Exposoma viric, viroma huma i salut humana.
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1.4. Virus emergents i One Health

Els virus emergents son definits com “aquells virus que s’han identificat
recentment en una poblacié o que ja existien perd que estan augmentant
rapidament la seva incidéncia i/o ambit geografic, o aquells per als quals
s’han descrit noves vies de transmissio” (EPA, 2023; La Rosa et al., 2012).
Les relacions complexes entre el virus patogen, I'hoste, i I'ambient
determinen I'aparicié de virus patdogens emergents. En un mon globalitzat,
els agents infecciosos tenen la capacitat de propagar-se rapidament per
qualsevol part del mon. D’entre ells, els virus son els més aptes per
esdevenir patdgens emergents, ja que poden adaptar-se no nomes per
mutacions, sind també a través de la recombinacid i el reassortiment,
adquirint aixi la capacitat d’infectar nous hostes i adaptar-se a nous

entorns (La Rosa et al., 2012).

L’inici del segle XXI s’ha vist marcat per un augment en el nombre de
malalties infeccioses emergents detectades arreu del mén, la majoria
causades per virus zoonotics, d’origen animal, amb una llarga historia
d’adaptacio als seus hostes naturals i amb capacitat de travessar barreres
entre especies, i amb un immens potencial de disseminacio (A. Ahmed et
al., 2022; Ermonval & Morand, 2023), El virus de la immunodeficiéncia
humana (VIH), el virus de I'Ebola, el SARS-CoV-2 i el virus de la verola
del mico (MPXV) sén exemples de virus zoonotics que s’han associat amb
una transmissio inicial d’animals a humans (Bardhan et al., 2023; Louten,
2016).

El SARS-CoV-2 ha estat el causant de la recent pandémia de la COVID-
19, representant una amenaca per a la salut global a causa de les seves
altes taxes de transmissi6 i la pérdua d’un elevat nombre de vides. A més,
també s’ha posat de manifest el potencial del virus per alterar rapidament

'economia global (Han et al., 2023). Tot i que al maig de 2023 es va donar
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la crisi sanitaria per finalitzada, el virus segueix circulant i moltes persones

continuen infectant-se actualment a Catalunya (Gencat, 2024).

No obstant, la COVID-19 no ha estat I'Unica malaltia emergent que ha
representat una amenaca per a la salut publica en els ultims anys. Des del
maig de 2022, s’han produit multiples brots de MPXV a tot el mén. La
verola del mico va ser declarada una emergéncia de salut publica per
I'Organitzaciéo Mundial de la Salut (OMS), ja que es feia cada vegada més
transmissible entre humans (Han et al., 2023), fins que 'emergéncia es va
donar per acabada al maig de 2023. A Catalunya, en data de 20 de
novembre de 2023, s’havien notificat un total de 3,256 casos de verola del

mico des dels primers brots (Gencat, 2023).

La recent pandémia de la COVID-19 i els ultims brots de MPXV han posat
de manifest la vulnerabilitat de la poblacié davant dels virus zoondtics. La
propagacio d’aquests virus esta associada a factors ambientals, el canvi
climatic, la salut animal, aixi com altres activitats humanes, incloent-hi la
globalitzacio, la urbanitzacié i els viatges (Shaheen, 2022). Es evident que
vivim en un mon amb un equilibri delicat entre animals, el medi ambient i
els éssers humans (Figura 4), la qual cosa reflecteix la necessitat d’'una
aproximacié One Health (Una Sola Salut) per al control i la prevencio de
malalties zoonotiques (Sheek-Hussein et al., 2023). Aquest concepte
integrador té com a objectiu equilibrar i optimitzar de manera sostenible la
salut animal, ambiental i humana, involucrant diverses disciplines i tota la
societat per respondre a amenaces per a la salut i el medi ambient
(Shaheen, 2022).
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Figura 4. One Health integra la salut animal, ambiental i humana.
Adaptada de Ulrich et al., 2023.

1.5. Vigilancia ambiental i epidemiologia basada en aigilies

residuals

Un dels reptes més grans durant la pandémia de la COVID-19 ha estat el
desenvolupament d’eines de vigilancia ambiental del SARS-CoV-2, com
ara I'epidemiologia basada en aigues residuals (Abdeldayem et al., 2022;
Han et al., 2023; Mackul’ak et al., 2021). Aquesta eina ha demostrat el seu
potencial com a meétode complementari per avaluar I'evolucié de la
pandémia en casos en qué la capacitat d’efectuar proves cliniques
individuals a la poblacié és limitada, sobretot en aquelles arees on els

recursos son escassos (Hu et al., 2021; Robotto et al., 2022).
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El monitoratge de la pandémia a través de les aigles residuals ha estat
possible degut a que el virus s’excreta en femta i el seu ARN és detectable
en aquestes, tot i que no s’ha confirmat la preséncia de particules viriques
infeccioses (Abdeldayem et al., 2022). Molts estudis han demostrat una
relacio entre les concentracions d’ARN del SARS-CoV-2 detectades a les
aigues residuals i el nombre de casos de COVID-19 notificats a la
comunitat, tot indicant que la vigilancia de les aiguies residuals és una font
util d’informacié que permet monitoritzar la circulacié del virus en la
poblacié (Ahmed et al., 2020a; Medema et al., 2020; Rusinol et al., 2021;
Shah et al., 2022). A Catalunya, aquesta eina ha permeés la vigilancia del
SARS-CoV-2 i les seves variants en les aigues residuals, contribuint aixi
a coneixer I'estat i 'evolucié de la pandémia, proporcionant informacioé per
a la deteccio anticipada de nous rebrots o I'entrada i circulacié de noves
variants al territori (ASPCAT, 2022).

Abans de la pandémia de la COVID-19, I'epidemiologia basada en aigles
residuals s’havia utilitzat per monitoritzar la preséncia de residus
farmacéutics o industrials, el consum de drogues en una comunitat i la
prevalenga d’altres virus (Robotto et al., 2022; Singer et al., 2023). La seva
implementacié va ser important per al monitoratge del poliovirus com a
estratégia mundial per a l'erradicacid de la poliomielitis, i encara ara
segueix en actiu de forma rutinaria en paisos amb risc d’emergéncia o re-
emergéncia (Kitakawa et al., 2023; Shah et al., 2022). Alguns exemples
d’'altres virus patogens que també s’han detectat mitjancant estudis
d’epidemiologia d’aiglies residuals soén el virus de la grip (Wolfe et al.,
2022), HAV i NoV (Hellmér et al., 2014), HEV (laconelli et al., 2020) i
MPXV (de Jonge et al., 2022; Tiwari et al., 2023). A més dels estudis de
deteccié de patdgens que circulen a la poblaci6 en moments
determinants, l'analisi de virus presents en les aigies residuals

proporciona informacié rellevant sobre els virus que infecten la poblacio
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de manera persistent i que poden actuar d’indicadors de contaminacié
fecal (Bofill-Mas et al., 2000; Pina et al., 1998).

Tot i que l'epidemiologia basada en aigles residuals s’ha utilitzat
ampliament per a l'estudi de virus, altres compartiments ambientals
involucrats amb la transmissié virica han rebut menys atenci6. Es
important comprendre les vies de transmissié dels virus per identificar
dianes de vigilancia ambiental, com ara l'aigua, l'aire, el sol o les
superficies (Anand et al., 2021; Cela-Dablanca et al., 2021; Nunez-
Delgado, 2020). EI monitoratge de virus en altres matrius ambientals
diferents a les aigues residuals requereix de tecnologies avangades i més

estudis per a la seva extensié i aplicabilitat (Abdeldayem et al., 2022).
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2. Métodes per a I’estudi de virus en matrius ambientals

L’estudi dels virus en mostres ambientals és important per identificar les
vies de transmissio, detectar brots, caracteritzar la contaminacié en una
gran varietat d’entorns i estudiar el risc que suposa I'exposicio a aquesta.
Per aconseguir aquests objectius, s’han utilitzat una amplia varietat de
tecnologies i estratégies que han anat canviant amb el temps, reflectint el
desenvolupament dels métodes disponibles per a I'estudi de virus (Hood
et al., 2021). Cada una d’aquestes estratégies, individualment, pot aportar
informacid Uutil, i sovint sén necessaries combinacions d’aquestes per

proporcionar avaluacions de risc més completes (Santarpia et al., 2023).

21. Meétodes de mostreig i processament de mostres

ambientals

A I'ambient, les potencials fonts de virus humans i, per tant, d’infeccio,
inclouen l'aigua, les aigles residuals i els fangs de depuradora, els fems,
l'aire, les superficies i els fomits, les fruites i verdures i alguns animals,
com els mol-luscs bivalves (Rodriguez-Lazaro et al., 2012). Per tal de
desenvolupar un pla de mostreig per estudiar la preséncia de virus en
aquestes matrius ambientals cal definir I'objectiu, els perills potencials i les
accions a seguir que permetin seleccionar les estratégies i les tecnologies
més adequades i que garanteixin I'obtencié de les dades desitjades
(Figura 5). Coneixer la transmissié del virus o dels virus que es volen
estudiar aporta informacié rellevant per al disseny del mostreig i la

seleccio del tipus de mostra més apropiada (cercle interior de la Figura 5).

27



INTRODUCCIO

quin és l'objectiy >
Na\uacié de/ lise

Figura 5. Marc per al desenvolupament d’un pla de mostreig. Les tres preguntes clau i
les seves respostes generals es situen a l'interior dels cercles, mentre que les icones
fan referéncia a algunes de les tecnologies emprades per al mostreig d’aerosols,
aliments, fomits i aigua. Adaptada de Santarpia et al., 2023

Els métodes de mostreig i de processament de mostres ambientals
difereixen en funcio de les caracteristiques de la matriu i dels agents virics
a estudiar, aixi com de les posteriors analisis que es vulguin realitzar
(Figura 6). De forma general, després del mostreig especific per cada
tipus de mostra ambiental, les particules viriques han de ser separades
de la matriu i, si és necessari, concentrades a un volum adequat per poder
ser detectades posteriorment. Si la deteccié t¢ com a diana els acids
nucleics, caldra realitzar un pas d’extraccid d’aquests previ a la seva

deteccio.
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— —

Aigua Concentracié Acids nucleics
- Presa de mostra puntual - Filtres electronegatius - PCR, nPCR
- Mostrejador automatic - Filtres electropositius -gqPCR
- Mostrejador passiu - Ultrafiltracié -dPCR
- Ultracentrifugacio - LAMP
Aerosols - Floculacio -NGS
- Mostrejador ciclonic iz .
- Impinger Elucié Proteines
- Mostrejador basat en impacte Digesti6 d teil - ELISA
- Mostrejador basat en filtracié Igestio aeiproteines
Eliminacié d’acids nucleics iabili
Superficies / fomits lliures Vlab|.l|tat
- Swab - Cultiu cel-lular
- Draps / tovalloletes - Tractament amb DNAsa o RNAsa -1CC-PCR
- Gomets
Extraccié d’acids nucleics
Aliments - Columnes de membrana de silice
- Fruita - Pal’tI"CL.ﬂeS. [nagnétiques
-Verdures - Precipitacié

- Productes d’origen animal
- Swab (superficie dels aliments)

Figura 6. Flux general per a la deteccio de virus en mostres ambientals, amb els
principals metodes de mostreig en funcié de la matriu analitzada i passos a tenir en
compte durant el seu processament per tal de poder dur a terme la deteccio posterior.

Mostreig

Els mostreigs d’aigues normalment es basen en l'obtencié de mostres
puntuals o bé mostres compostes mitjangant I'Us de mostrejadors
automatics. Aquests ultims sobretot s'utilitzen en estudis d’epidemiologia
basada en aigles residuals, ja que recullen mostres compostes
proporcionals al flux diari i/o a un interval de temps determinat, obtenint
aixi mostres més representatives (W. Ahmed et al.,, 2022). L'Us de
mostrejadors passius s’ha emprat com una alternativa econdomica i
practica, basant-se en la instal-lacié d’'un dispositiu, amb una membrana

o0 material que permeti la retencié de virus, durant un periode de temps
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determinat. Un exemple és la unitat de mostreig amb aparenca de torpede
i impresa en 3D, dissenyada per Schang i col-laboradors (Schang et al.,
2021). Aquesta unitat s’ha utilitzat amb diferents tipus de materials per
retenir virus presents en laigua residual, essent les membranes
electronegatives les que s’han reportat com el material més adequat per

a ser col-locat dins dels torpedes (Mejias-Molina et al., 2023).

El mostreig de bioaerosols és una area d’investigacié activa, ja que
aquests suposen un repte per la seva gran diversitat en termes de mida,
propietats bioldgiques i requisits per a la seva deteccié i quantificacio. Per
al mostreig de virus en aire, existeixen diferents tipus de mostrejadors de
bioaerosols disponibles comercialment, entre els quals es troben els
ciclonics, els impingers i els basats en impactacio o filtracid (Mainelis,
2020). L’eleccié del mostrejador més adequat es basa en molts factors,
incloent-hi la disponibilitat, el cost, el volum d’aire que es vulgui mostrejar,
la mobilitat, I'eficiéncia i les condicions ambientals en les quals es dura a

terme I'obtencié de mostres (Pepper & Gerba, 2015).

L’eina més utilitzada per al mostreig de virus en superficies és I'hisop
(swab), que pot ser de diferents materials. No obstant aixo, també s’han
utilitzat altres técniques, com ara draps i gases i, més recentment, s’ha
descrit I'is d’adhesius de paper, coneguts popularment com a “gomets”, i
que suposa una nova estratégia per mostrejar virus en superficies a llarg
termini (Bobal et al., 2019; Sommer et al., 2021).

Pel que fa als aliments, existeixen metodologies estandarditzades
disponibles associades a la detecci6 i quantificacié de HAV i NoV, per a
un nombre limitat de matrius, incloent-hi fruites petites sense llavors
(maduixes, gerds o groselles), verdures de fulla, tija i bulb, mol-luscs
bivalves i superficies d’aliments (ISO, 2017). En aquestes, s’especifica
que les fruites i verdures a analitzar han de ser fresques o congelades, els

mol-luscs bivalves han d’estar vius o, si estan congelats, intactes i sense
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haver passat cap tractament térmic. Si el mostreig es fa de la superficie
dels aliments, s’indica que s’ha d'utilitzar un hisop de coté estéril

préviament humitejat amb tampo fosfat sali (PBS).

Processament

Un cop obtingudes les mostres, el processament d’aquestes pot ser molt
variat en funcié del tipus de matriu i I'objectiu final de I'estudi. Un pas que
sovint és necessari en mostres ambientals és la concentracié de
particules viriques, ja que els virus habitualment es troben en baixa
quantitat i, sense aquest pas, no es podrien detectar (Stoufer et al., 2024).
En el cas de la concentracio de virus en aigles, encara que s’utilitzen
alguns métodes de concentracio d’un sol pas, la majoria dels métodes
consisteixen en dos passos, permetent aixi la concentracié de particules
viriques presents en el volum de mostra inicial, que pot ser de pocs fins a
centenars de litres, a uns pocs mil-lilitres. D’entre tots els métodes de
concentracio virica disponibles, el tipus i el volum d’aigua a processar son
factors essencials en la seleccio del métode més adequat, ja que no hi ha
un metode unic per a tots els tipus de mostres (Bofill-Mas & Rusifiol,
2020). En aigles residuals, els virus es troben en concentracions més
elevades i, per tant, son detectables facilment amb volums de mostreig
relativament petits (<100 ml). En canvi, la deteccié de virus en aigues
superficials o subterranies requereix volums més grans de mostreig (10 —
100 L), ja que es troben en menor concentracio, excepte si hi ha hagut
episodis puntuals de contaminaci6 com ara fuites de clavegueram o
situacions de pluja torrencial (Rusifiol et al., 2015). Actualment, una amplia
varietat de métodes es basa en diversos processos fisicoquimics, que
impliquen 'adsorcidé de particules viriques en diferents matrius o la seva

retencid segons la seva mida (Bofill-Mas & Rusifiol, 2020).

31



INTRODUCCIO

Altres possibles passos a realitzar durant el processament de mostres
ambientals poden ser I'elucid, que consisteix en el rentat amb buffers
apropiats que permeten alliberar les particules viriques de la matriu, aixi
com els tractaments amb DNAsa o RNAsa o I'extraccid d’acids nucleics,
si posteriorment es vol realitzar un metode de deteccié que tingui aquesta

diana.

Tal i com hem vist, les metodologies estandarditzades disponibles sén per
a un nombre limitat de tipus de matrius (superficies d’aliments, tipus
concrets de fruita, verdures, mol-luscs bivalves i aigua embotellada)
associades a la deteccié de HAV i NoV (ISO, 2017). Tot i que son recursos
utils, no s’apliquen a tota la diversitat de matrius ambientals existent ni
estan validats per a altres virus, i sovint cal fer servir el millor criteri i els
recursos disponibles per determinar quin métode és l'adequat per a
'analisi dels virus en les mostres que es volen estudiar (Stoufer et al.,
2024). Per aquest motiu, I'establiment de métodes estandard que informin
sobre les taxes de recuperacié viriques esperades per cada tipus de
matriu ambiental encara segueix sent una necessitat important (Wang et
al., 2023).

2.2. Eines tradicionals de deteccié de virus en mostres

ambientals

Historicament, els métodes de cultiu cel-lular eren els més utilitzats per a
la deteccié de virus infecciosos (Haramoto et al., 2018). Aquests es basen
en l'observacié de I'efecte citopatic, és a dir, els canvis que genera la
infecci6 virica en la céllula hoste. No obstant, els principals
desavantatges del cultiu cel-lular sén [l'existéncia de virus que no
produeixen aquest efecte de manera evident o el fet que no es disposin
de linies cel-lulars hoste per a molts virus d’interés (Wang et al., 2023).

Des de mitjans de la década dels anys 80, el desenvolupament de les
32



INTRODUCCIO

técniques basades en biologia molecular va suposar un gran avang de la
virologia ambiental gracies al fet que la reaccid en cadena de la
polimerasa (PCR) va esdevenir una técnica de referéncia. Aquesta técnica
és més rapida, sensible, especifica i econdmica que els métodes de
deteccié mitjangant cultiu cel-lular i, a més, permet la deteccié de virus
que no son cultivables. La PCR, juntament amb altres estrategies també
basades en I'amplificacié d’acids nucleics, com I'amplificacié isotérmica
mediada per bucle (LAMP), han millorant considerablement la sensibilitat
de deteccid i han permés la deteccié en matrius ambientals amb baixa
concentracio de virus (Yao et al., 2021). Aquestes técniques permeten la
deteccio de virus mitjangant I's d’encebadors especifics que amplifiquen
regions d’interés del genoma viric. En cas que es vulgui detectar un virus
amb genoma ARN, cal fer un pas de retrotranscripcid (RT) previ a la
reaccio d’amplificacié. Degut a que la concentracié de virus en mostres
ambientals sol ser baixa, sovint es requereix d’'una segona PCR amb
encebadors més interns anomenada PCR niuada (nPCR), augmentant

aixi la sensibilitat del métode.

La PCR a temps real, també coneguda com a PCR quantitativa (qPCR)
va representar el progrés més significatiu en la deteccié de virus en
entorns aquatics (Hamza & Bibby, 2019). L’Us d’'una sonda marcada amb
un fluorofor permet monitoritzar el procés d’amplificacié dels acids
nucleics a temps real en instruments especialitzats capacos de recollir les
dades de fluorescéncia després de cada cicle de PCR, permetent aixi la
quantificacioé de la carrega virica present en una mostra. A més, aquesta
técnica es pot dissenyar per amplificar multiples dianes a la vegada, de
manera que possibilita detectar i quantificar diferents virus de forma

simultania en un mateix assaig (Yao et al., 2021).

La PCR digital (dPCR) ha guanyat l'atenci6é en els ultims anys com a

meétode per quantificar de manera precisa i absoluta, sense necessitat de

dependre d’'una corba estandard com en els assaigs de qPCR. La dPCR
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es basa en dividir aleatdoriament la mostra en reaccions separades, com
ara en milers de gotes, tedricament amb cap o una molécula d’acid nucleic
diana present en cada cambra de reaccid. A continuacié, cada cambra
s'utilitza per realitzar una amplificacié independent, i la quantificacio
absoluta s’estima amb estadistiques de Poisson. Aquest sistema permet
que la dPCR proporcioni una quantificacié absoluta altament sensible i
precisa, reduint els falsos negatius i millorant la quantificacié de virus
presents en mostres ambientals complexes (Yao et al., 2021), ja que
aquest métode es veu menys afectat pels inhibidors de PCR. S’han
desenvolupat diferents plataformes de dPCR, com per exemple la dPCR
basada en gotes (ddPCR), que combina la tecnologia d’emulsi6 de gotes

d’aigua-oli amb la microfluidica (Haramoto et al., 2018).

Existeixen recomanacions per reportar resultats de g°PCR o dPCR, com
ara les MIQE (Bustin et al., 2009), que son directrius sobre la informacié
minima per a la publicacié d’experiments gPCR, o les EMMI (Borchardt et
al.,, 2021), que soén directrius sobre la informaci6 minima per reportar
dades de gPCR i dPCR en estudis de microbiologia ambiental. Aquestes
recomanacions aporten informacié detallada sobre els tipus de controls i
la informacié que hauria d’acompanyar aquestes dades per garantir que

els estudis tinguin resultats comparables i reproduibles.

Un desavantatge important dels métodes moleculars €s que no permeten
diferenciar els virus infecciosos dels que no ho sén. Per tal de superar
aquest inconvenient, s’han desenvolupat estratégies com el cultiu cel-lular
integrat a PCR (ICC-PCR), una combinacié de cultiu cel-lular i molecular
que incorpora els avantatges de tots dos meétodes per superar les
mancances de cadascun. També s’han ideat altres estratégies
independents de cultiu per distingir les particules viriques potencialment
infeccioses, com a pas previ a I'extraccié d’acids nucleics, com ['Us de

nucleases que eliminen '’ADN o ARN lliure, el tractament enzimatic de les
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particules viriques, I's d’intercalants i la captura immunomagnética de

particules viriques (Haramoto et al., 2018; Rodriguez et al., 2009).

Altres métodes tradicionals de deteccid de virus soén la identificacio
mitjan¢ant microscopia electronica o també els immunoassaigs, els quals
es basen en la interaccio altament especifica entre els anticossos i els
seus antigens, com per exemple I'assaig d’'immunoadsorcio lligat a enzims
(ELISA). No obstant, la seva sensibilitat analitica és baixa per a una

deteccid eficag en mostres ambientals (Rodriguez-Lazaro et al., 2012).

La propia naturalesa dels meétodes tradicionals de deteccid de virus
implica que moltes vegades no es pugui reflectir la diversitat virica real
que hi ha en una mostra, ja que son métodes especifics o estan enfocats
a un grup determinat de virus, requerint conéixer préviament les propietats
del virus d’estudi (Kumar et al.,, 2017). En canvi, els avangos amb les
tecnologies de sequenciacié han implicat la transformacié del camp del

descobriment dels virus i 'analisi dels viromes.

2.3. Noves metodologies: seqlienciacié massiva per a la

deteccid de virus en mostres ambientals

El desenvolupament de la metagendmica amb les técniques de
sequenciacio de nova generacio (NGS) ha canviat radicalment el moén de
la virologia, permetent la descripcié de les comunitats viriques, el viroma,
en diferents ecosistemes sense haver de tenir un coneixement
preconcebut de la seva composicié. A més, ha facilitat la deteccio,
identificacio, i caracteritzacio dels virus que constitueixen el viroma huma
(Geng-Hao et al., 2022). També ha suposat afrontar nous reptes, com ara
el fet d’obtenir una gran quantitat de seqiéncies viriques perd sovint amb
informacié limitada sobre els seus hostes o altres propietats bioldgiques

(Simmonds et al.,, 2017). De fet, molts estudis han utilitzat el terme
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“matéria obscura” (“dark matter’) per referir-se a la gran quantitat de
sequéncies obtingudes mitjangant la seqlienciacié massiva, la majoria de

les quals probablement correspon a virus encara desconeguts.

El procediment habitual que es segueix per a estudiar el viroma complet
en mostres ambientals mitjangant NGS es detalla a la Figura 7. La limitacié
que suposa fer aquest tipus d’estudis és que els genomes virics en
mostres ambientals solen trobar-se en menor proporcié respecte d’altres
genomes, com ara bacterians, motiu pel qual es requereix dur a terme una
série de procediments previs a la sequenciacio per tal de reduir els acids
nucleics no virics, incloent-hi métodes de concentracié i d’extraccié que

ho afavoreixin, aixi com I'is de nucleases per eliminar TADN/ARN lliure.

A més, sovint també és necessaria una pre-amplificacié dels acids
nucleics virics presents en la mostra mitjangcant una PCR amb encebadors
aleatoris, com per exemple I'amplificacid per desplagament multiple
(MDA) o ramplificacid independent de sequéncia basada en unic
encebador (SISPA). L’estudi del viroma d’una mostra requereix d’aquests
encebadors aleatoris perqué no existeix cap element genétic compartit per
tots els virus, a diferéncia dels bacteris, la qual cosa dificulta I'estudi de la
diversitat virica. No obstant, si que s’han descrit gens compartits entre els
membres d’'un mateix grup taxonomic de virus que si que permeten
estudiar la diversitat dins d’aquest grup en concret (Breitbart & Rohwer,
2005). Aquest tipus de sequenciacio dirigida a un grup viric concret es

detalla a I'apartat 2.3.2.
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Concentracié de particules
viriques i eliminacio dels
acids nucleics lliures

Extraccié d’acids

nucleics virics

Pre-amplificacio dels acids
nucleics amb encebadors
aleatoris (SISPA)

Construccié de llibreries

Sequenciacié massiva

Analisi bioinformatica

Figura 7. Flux de treball general per estudiar el viroma present en mostres ambientals
mitjiancant NGS.
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Per tant, I'amplificaci6 amb encebadors aleatoris permet I'estudi del
viroma complet d’'una mostra sense dirigir la sequenciacié a cap familia o
grup taxondomic de virus concret. Aquest tipus de sequenciacio és el que
es coneix com a sequenciacié no dirigida o d’alt rendiment (HTS), i té com
a objectiu la seqlenciacié de tots els genomes virics presents en una
mostra. Un cop feta aquesta pre-amplificacié i haver incrementat la
concentracié d’ADN viric, es construeixen les llibreries de sequenciacio.
Existeix una gran diversitat de protocols per a la preparacié de llibreries
de sequienciacio, que varien en funcio de la plataforma de sequenciacié
utilitzada o de la seva automatitzacié (Head et al., 2014). Generalment,
aquests protocols comencen amb una fragmentacié de I’ADN, que pot ser
fisica o enzimatica. No obstant, aquest pas no és necessari en
plataformes que permetin la sequenciacié de fragments llargs, com és el
cas de les plataformes de sequenciacié desenvolupades per Oxford
Nanopore Technologies. Posteriorment, es duu a terme una reparacio
dels extrems de les sequéncies obtingudes i una lligacié dels adaptadors
de sequenciacid, que son necessaris per al reconeixement i la unio al
suport de la plataforma de seqlienciacié. A més, si es volen sequenciar
diverses mostres alhora, es pot efectuar també la lligacié d’indexs, que
son uns marcadors especifics que permeten etiquetar les sequéncies |,
d’aquesta manera, poder identificar les mostres. Una vegada s’han lligat
els indexs i els adaptadors, es pot fer un pas de seleccio de fragments per
mida i, finalment, segons el protocol utilitzat, les llibreries poden ser
amplificades per PCR i purificades abans de ser carregades a la

plataforma de sequienciacio (Martinez-Puchol, 2020b).

Finalment, les dades obtingudes amb la seqlenciacié sén processades i
analitzades bioinformaticament. Breument, aquest processament
consisteix en un filtrat per eliminar els reads de baixa qualitat, i els restants
sén assemblats per formar sequéncies de major longitud, anomenades

contigs. Després, es realitza I'assignacié taxondomica de les sequéncies
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processades mitjangant I'alineament amb una base de dades, com ara
GenBank (NCBI, 2013) o UniProt (Bateman, 2019). Donada la complexitat
d’'aquest procediment d’analisi bioinformatica, han sorgit eines
especificament dissenyades per a I'analisi de sequéncies viriques i que
permeten un tractament de les dades de manera facil, rapida i accessible
per a usuaris que no siguin especialistes en bioinformatica. Alguns
exemples d’eines web que permeten el processament de les dades
generades per les plataformes de NGS de forma gratuita son Genome
Detective (https://www.genomedetective.com) (Vilsker et al., 2019) i CZ ID
(https://czid.org/) (Kalantar et al., 2020).

Considerant que les eines de NGS poden proporcionar informacio
fonamental sobre les sequUéncies d’acids nucleics viriques, com per
exemple l'origen, I'evolucio i les mutacions, aquestes han demostrat ser
una eina valuosa per a la deteccio i el descobriment de virus, aixi com per
als estudis de diversitat virica (Yao et al., 2021). L’aplicacié d’aquestes
eines ha fet possible I'estudi de virus en un ampli ventall de matrius
ambientals, com ara aiglies residuals (Cantalupo et al., 2011; Fernandez-
Cassi et al., 2018; Martinez-Puchol et al., 2020a), oceans (Brum et al.,
2015; Hurwitz et al., 2013), llacs (Djikeng et al., 2009), aigles subterranies
(Kallies et al., 2019; Zaouri et al., 2020), aigles de reg (Fernandez-Cassi
et al., 2017; Rusifol et al., 2020), aliments (Aw et al., 2016; Fernandez-
Cassi et al., 2017; Zhang et al., 2014), aerosols (Hall et al., 2013; Han et
al., 2019), superficies de transport public (Hsu et al., 2016) i, fins i tot,
telefons mobils, fomits, de treballadors de I'ambit sanitari (Boucherabine
et al., 2022). En aquests estudis sobre els virus presents en mostres
ambientals s’ha utilitzat majoritariament la seqlienciacié HTS, la qual
permet I'estudi del viroma general sense dirigir la sequenciacié cap a
families viriques o grups de virus concrets. No obstant, en mostres
complexes on les sequéncies viriques poden representar només un 1%

de les dades generades, aquesta aproximacié pot suposar la pérdua de
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sequéncies viriques d’interés que es trobin en menor proporcié (Martinez-
Puchol, 2020b). Es per aixd que s’han desenvolupat técniques de
sequenciacido massiva amb enriquiment de dianes o també mitjancant la

generacié d’'amplicons, que permeten la deteccié de families o grups virics

-

<

d’interés (Figura 8).

NGS
Sequenciacié de nova generacio
0 sequenciacié massiva

l l l

HTS TES © ADS
Sequenciacié massiva no Seqlienciacié massiva amb Sequenciacié massiva
dirigida o d’alt rendiment enriquiment de dianes d’amplicons

—_— r—

—
— E—
—

Figura 8. Diferents técniques de seqtienciacié massiva o NGS.

2.3.1. Seqlienciacié massiva amb enriquiment de dianes

Una estratégia per tal de millorar la sequienciacio de determinades families
O grups virics és la sequenciacid massiva amb enriquiment de dianes
(TES). L’objectiu d’aquest enriquiment és dirigir la seqlienciacio cap als
virus d’interés i no perdre rendiment amb sequéncies que no estiguin dins

de 'ambit d’estudi, augmentant aixi la sensibilitat i eficiéncia de deteccio.

El panell de captura VirCapSeq-VERT (Roche), el qual consisteix en
aproximadament 2 milions de sondes que cobreixen els genomes de 207
virus coneguts que infecten vertebrats, ha demostrat ser util per a la

deteccié de seqléncies viriques en mostres complexes (Briese et al.,
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2015). No obstant, és limitat el nombre d’estudis que I'han utilitzat en
matrius ambientals, incloent-hi aigles residuals (Hjelmsg et al., 2019;
Martinez-Puchol et al., 2020a; Mejias-Molina et al.,, 2023) i ostres
(Strubbia et al., 2020).

La Figura 9 representa de forma grafica la sequenciaci6 massiva amb
enriquiment de dianes mitjangant la hibridaci6 amb sondes. Durant la
preparacio de la llibreria de seqlenciacio, s’introdueix el pas d’enriquiment
en qué es produeix la hibridacié d’aquestes sondes, conjugades amb
biotina, amb les seqliéncies viriques d’interés. Posteriorment a aquesta
hibridacio, s’utilitzen unes boles magnétiques recobertes amb
estreptavidina que permeten la captura dels hibrids i I'eliminacio de les
sequencies que no siguin diana. Finalment, la llibreria capturada és
amplificada, obtenint una major profunditat de sequenciacio i
proporcionant una comprensié més completa de la diversitat virica que es
vol estudiar, a més de permetre el descobriment de potencials virus

emergents (Pogka et al., 2022).

Existeixen altres panells de captura de diferents cases comercials, com
per exemple /llumina o Twist Bioscience, dirigits a I'enriquiment de
sequencies de grups de virus concrets, com ara panells de captura de
virus respiratoris, de diferents géneres de coronavirus o dedicats
exclusivament a SARS-CoV-2 (Ceballos-Garzon et al., 2024). Actualment,
inclus s’ofereix la possibilitat de dissenyar aquests panells de forma
personalitzada, de manera que l'usuari pot decidir quines sondes incloure
al panell i dirigir aixi la sequenciacié cap a aquells virus concrets que es

vulguin estudiar.
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Figura 9. Seqiienciacié massiva amb enriquiment de dianes mitjangant la hibridacié amb
sondes. Adaptada de Martinez-Puchol, 2020b.

42



INTRODUCCIO

La sequenciacié massiva amb enriquiment de dianes esta en constant
desenvolupament. La principal limitacié que pot suposar I'enriquiment de
sequéncies amb aquests panells és que es produeixi un biaix cap a
sequéncies de virus coneguts. No obstant, fer menys restrictiva la
hibridacié pot possibilitar el descobriment de virus nous. L’altra limitacio
que pot suposar la hibridacid6 de sondes és la falta de cobertura del
genoma viric, la qual cosa podria dificultar I'estudi de variants si les
regions clau per tipificar no hibriden amb les sondes. En aquests casos,
la seqlenciacié massiva d’amplicons pot ser una bona alternativa com a
metodologia per a la caracteritzacido de virus dins d’un mateix grup o

familia virica (Martinez-Puchol, 2020b).

2.3.2. Seqlienciacié massiva d’amplicons

La sequenciaci6 d’amplicons obtinguts per PCR sha realitzat
tradicionalment mitjangant el métode Sanger (Sanger et al., 1977), perd
amb aquest métode només s’obté la sequéncia predominant i no mostra
la diversitat de seqiéncies present en una mostra. En canvi, amb la
sequenciaciéo massiva dels amplicons (ADS) si que s’obté el perfil de la
diversitat de sequéncies amplificades amb la PCR (Figura 10), permetent

aixi I'estudi detallat de families especifiques.

Es una aproximacio relativament senzilla i sensible, perd existeixen certes
limitacions com ara la longitud marcada per la reaccié de PCR, aixi com
la localitzacié de regions on puguin unir-se els encebadors alhora que la
regio amplificada sigui prou especifica per poder diferenciar membres dins

d’'un mateix grup viric (Kuchinski et al., 2022).
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PCR/nPCR

Purificacié dels amplicons
de PCR

Construccio de llibreries

Figura 10. Seqlienciacié massiva d’amplicons. Adaptada de Martinez-Puchol, 2020b.

Sequenciacié massiva

No obstant, aquesta aproximacié ha demostrat ser una eina util per als
estudis de diversitat virica dins d’'una mateixa familia i permet detectar
variants minoritaries (Martinez-Puchol et al., 2020b; Radford et al., 2012).
Aquesta estratégia s’ha utilitzat per a I'estudi de determinats grups de
virus en mostres ambientals, com ara HAdV en aigues residuals i rius
(Fernandez-Cassi et al., 2018; Martinez-Puchol et al., 2020a; Ogorzaly et
al., 2015), papil-lomavirus humans (HPV) en aigles residuals (Hamza &
Hamza, 2018; Martinez-Puchol et al., 2020a), rius (laconelli et al., 2015) i

aigies de piscina (La Rosa et al., 2015), i NoV en aiglies residuals
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(Martinez-Puchol et al., 2020a; Prevost et al., 2015) i mol-luscs bivalves
(Desdouits et al., 2020; Imamura et al., 2017; Oshiki et al., 2018). A més,
s’ha demostrat el seu potencial com a estratégia per a la vigilancia de virus
patogens especifics, incloent-hi la identificacid i caracteritzacié de les
variants de SARS-CoV-2 en aigles residuals (Bar-Or et al., 2021; Barbé
et al, 2022; Segelhurst et al, 2023). ElI protocol ARTIC

(https://artic.network), d’accés obert, ha estat ampliament utilitzat amb

aquesta finalitat, i s’ha dissenyat per amplificar el genoma complet del
virus ja que consisteix amb una PCR multiplex de 98 parells d’encebadors
(ARTIC Network, 2020).
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3. Avaluacié del risc microbiologic associat a I’exposicio

a virus

El rapid desenvolupament de métodes de deteccié de microorganismes
patdgens en el nostre entorn en les ultimes décades ha generat un
augment en l'interés per desenvolupar eines d’avaluacio dels riscos per a
la salut associats a aquests (Nwachuku & Gerba, 2004). Tot i que les
malalties infeccioses han existit des dels inicis de la humanitat, no va ser
fins larribada dels métodes de deteccié que els patdogens van ser
identificats com a perill i que I'ambient va ser reconegut com a via

d’exposicié (Haas et al., 2014).

Concretament, l'avaluacié del risc consisteix en la caracteritzacié
qualitativa o quantitativa i I'estimacié dels possibles efectes adversos per
a la salut associats amb l'exposicié d’individus o poblacions a un
determinat perill (Haas et al., 2014), en aquest cas microbioldgic. Es una
avaluacié precisa per estimar els riscos, ja que organitza i analitza
sistematicament tota la informacié cientifica i técnica disponible, alhora
que considera les variabilitats i les incerteses (Van der Fels-Klerx et al.,
2018). No obstant, I'avaluacié del risc no s’utilitza de manera aillada, siné
que forma part del que es coneix, en un context més ampli, com a analisi

del risc.

L’analisi del risc és un procés utilitzat en diversos camps, incloent-hi
negocis, assegurances i desastres naturals, perd també en I'ambit de la
contaminacié ambiental i la salut. De forma general, I'analisi de risc consta
de tres components interconnectats: I'avaluacio, la gestio i la comunicacié
del risc (Figura 11). En primer lloc, és important identificar i caracteritzar
el perill potencial per a un individu o una poblacio, aixi com avaluar-ne
I'exposicid i els seus efectes sobre la salut. L'objectiu principal és la
seguretat i, per tant, la gestid i la comunicacié del risc sén part integral
d’aquest procés d’analisi.
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Avaluacio del risc
- Formulacio del problema Gestio del risc

- Avaluacié de I'exposicié % - Valoraci6 de mesures

- Avaluacio dels efectes en - Implementacié de mesures

la salut - Seguiment i revisié

- Caracteritzacio del risc m

Comunicacié del risc
- Intercanvi d’informaci6 i d’opinions
entre les diferents parts interessades

- Percepcié publica .
I’

Figura 11. Estructura i components de I'analisi de risc. Adaptada de Fazil, 2005.

L’avaluacié qualitativa del risc permet determinar si un perill concret
necessita una analisi addicional i, a diferéncia de la quantitativa, permet
categoritzar els riscos tot i tenir grans buits de dades. La probabilitat del
resultat o la magnitud de les conseqliéncies s’expressa en termes com
“alt”, “mitj@a” o “pbaix” (Macdiarmid & Pharo, 2003). En canvi, amb
lavaluacid quantitativa es pretén determinar numéricament les
probabilitats i, per tant, requereix una major exigéncia de dades i una

comprensio més exhaustiva del risc.
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3.1. Avaluacié quantitativa del risc microbiologic

L’avaluacié quantitativa del risc microbioldgic (QMRA) és una eina tedrica
que permet estimar la probabilitat d’'una infeccié o d’'una malaltia a causa
de I'exposicié d’'un individu a un agent microbiologic infeccids. Aquesta
eina s’ha utilitzat durant més de 35 anys (Haas, 1983a, 1983b) i ha resultat
ser util en diversos estudis sobre exposicio a virus patdogens en diferents
matrius ambientals, com ara bioaerosols (Brooks et al., 2005; Brooks et
al., 2012; Carducci et al., 2018; Dada & Gyawali, 2021; Medema et al.,
2004; Paccha et al., 2016; Tanner et al., 2008), superficies o fomits
(Brooks et al., 2012; Lanzarini et al., 2022; Paccha et al., 2016), aigua de
beguda i aliments (Brooks et al., 2012; Deere & Ryan, 2022; Gonzales-
Gustavson et al., 2019; Petterson, 2016; Sales-Ortells et al., 2015b;
Schijven et al., 2019), aigles regenerades i de reg (Antwi-Agyei et al.,
2016; Schoen et al., 2018), aigles recreatives (Girardi et al., 2019; Gularte
et al., 2019; Sales-Ortells et al., 2015a; Sales-Ortells & Medema, 2014) i

aigles residuals (Zaneti et al., 2021).

Per la seva propia naturalesa, la QMRA és interdisciplinaria i, per tant,
requereix la participacio de diverses disciplines establertes, incloent-hi
'economia, I'enginyeria, les matematiques, les ciéncies politiques i
socials, aixi com les ciéncies naturals (Haas et al., 2014). Aquesta eina ha
permeés establir criteris per al tractament de I'aigua en diferents contextos
(produccié d’aigua potable i reutilitzacié d’aigles), desinfeccié de
superficies, processament d’aliments i purificacid de I'aire (Blatchley &
Cui, 2023; Dada & Gyawali, 2021; Haas, 2020).

L’aplicaci6 de QMRA per a I'exposicié ambiental a un virus patogen

consisteix en quatre passos clau (Figura 12):
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1. Formulacié del problema
Quin és I'ambit i I'objectiu de I’avaluacié del risc?
- Quin és el perill?
- Quines son les vies d’exposici6 (incloent-hi els esdeveniments perillosos)?
- Com expressar 'impacte que suposa per a la salut?

- Quin nivell de certesa es necessita per a la gestio del risc?

2. Avaluacio de I'exposicio 3. Avaluacio dels efectes
Quina és la dosi estimada del virus en la salut
patogen per a les vies d’exposicié Quins son els efectes en la salut esperats
definides? del perill definit?
- Concentraci6 virica a la matriu ambiental - Model dosi-resposta
- Reducci6 virica aconseguida per barreres - Malaltia i seqlieles

o mesures de control - Transmissié secundaria i immunitat
- Magnitud i freqiiéncia de I'exposicié - Impacte en la carrega de la malaltia

1.

4. Caracteritzacio del risc

Quins son els efectes en la salut esperats
de la dosi estimada?

- Quantificacié del risc

- Analisi de variabilitat i incertesa

- Analisi de sensibilitat

Figura 12. Marc de treball de la QMIRA. Adaptada de WHO, 2016.

Formulacié del problema. Consisteix en identificar I'agent viric
que pot estar present en una matriu ambiental concreta i que
potencialment pot causar efectes adversos per a la salut. En
aquest pas, també s’identifiquen les vies d’exposicio i s’estableix
la métrica per expressar I'impacte que el virus té en la salut, com
ara la probabilitat d’infecci6 i la probabilitat de malaltia, o bé un
indicador que representi la carrega de la malaltia agrupant tots els

impactes.
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2. Avaluacié de I'exposicio. L'objectiu és estimar la magnitud i la
freqliéncia de I'exposicié al virus patogen a través de les vies

d’exposicié identificades durant la formulacié del problema.

3. Avaluacio dels efectes en la salut. Consisteix en recopilar les
dades sobre I'impacte del virus en la salut i la poblacié d’estudi
especifica. L’avaluacid és possible amb les relacions dosi-
resposta identificades per cada virus patogen, que relacionen la
dosi d’exposici6 amb la probabilitat d’infeccié o malaltia, i la
probabilitat de morbiditat i mortalitat. Altres factors rellevants per a

aquesta avaluacio soén la transmissio secundaria i la immunitat.

4. Caracteritzacié del risc. Es tracta de la integracio del
coneixement sobre l'agent viric i la seva exposicio, amb
combinacio de 'avaluacio dels efectes en la salut, per generar una
mesura quantitativa del risc. D’aquesta manera, es pot predir la
probabilitat d’'un resultat advers en un individu o una poblacio

determinada, juntament amb les incerteses associades.

Aquestes fases permeten recopilar el coneixement cientific sobre el
patogen, el seu desti i el seu transit en 'ambient, aixi com les seves vies
d’exposicié i les malalties que causen com a consequéncia (Owens et al.,
2020; WHO, 2016).

L’escala de temps en qué s’expressa el risc pot variar, des
d’esdeveniments d’exposicié unics fins a totes les exposicions que es
produeixen en un periode determinat, com ara un any. A meés, I'estimacio
del risc pot quantificar-se utilitzant diferents métriques, incloent-hi la
probabilitat d’infeccid, la probabilitat de malaltia, el nombre esperat de
casos de malaltia i mesures que representen la carrega de la malaltia,
com per exemple els anys de vida ajustats per discapacitat (DALYS).
Aquesta ultima es calcula com la suma dels anys de vida perduts a causa
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de la mort prematura en la poblacié i els anys perduts per discapacitat per
als casos incidents de la condicié de salut (Deere & Ryan, 2022). Els
DALYs van ser proposats per TOMS com a métrica per avaluar la carrega
de malaltia associada a exposicions ambientals, especialment a
microorganismes, i s’ha utilitzat ampliament per valorar les prioritats de
salut publica (WHO, 2011). A més, en les directrius per a la qualitat de
laigua de beguda, 'OMS va definir un limit de 10 DALY per persona i
per any de carrega de malaltia tolerable. Un altre limit de referéncia
ampliament utilitzat és el nivell acceptable de risc d’infeccié anual
proposat per '’Agéncia de Proteccio Ambiental (EPA) dels Estats Units, el
qual s’estableix a 10 per persona i per any (U.S. EPA, 2005). Ambdds
limits de referéncia es van establir al voltant del objectius de salut,
fonamentats amb meétriques ben definides, i dels nivells de carrega de
malaltia tolerables (Fuhrimann et al., 2016). Determinar aquests limits per
a un nivell de risc acceptable o tolerable és rellevant, ja que el risc zero és

generalment reconegut com un objectiu inassolible.

L’aplicacio de QMRA per a I'estimacié de riscos virics s’ha trobat amb
diverses complicacions, com ara la baixa concentracié de virus en
'ambient que dificulta la seva quantificacié i tipificacio. A més, no
existeixen métodes estandarditzats per a la quantificacié de virus en
diferents matrius ambientals i, en molts casos, no es disposen de models
de dosi-resposta per als principals virus que es troben a I'ambient. Per
obtenir quantificacions fiables, cal considerar diversos factors, com per
exemple l'eficiencia de deteccié de l'assaig utilitzat, i s’han dutilitzar
parametres adequats per determinar amb precisid la concentracio del
virus a 'ambient (Rodriguez-Lazaro et al., 2012). Finalment, malgrat que
s’aspira que l'analisi sigui la més objectiva possible, sovint manquen
dades essencials i s’ha de recoérrer a determinades assumpcions

(Macdiarmid & Pharo, 2003). En aquest punt, és important que aquestes
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assumpcions es declarin explicitament i es justifiquin adequadament per

tal de preservar el rigor cientific i transparéncia.

L’estudi dels virus presents en 'ambient i 'obtencié de dades adequades,
sbén essencials, doncs, per a I'estimacié dels riscos potencials que aquests
poden representar per a la salut publica, i aixi poder implementar mesures

de control adequades en funcié de I'escenari de risc avaluat.

3.2. Risc ocupacional associat a I’exposicio virica

L’entorn laboral pot ser una font de disseminacié virica i, per tant, els
treballadors poden estar exposats a determinats virus patdgens que
poden suposar un risc per a la seva salut. Les instal-lacions sanitaries son
els entorns ocupacionals més estudiats, perd en els ultims anys també
s’ha prestat atencio als treballadors relacionats amb el tractament
d’aigles residuals, els quals poden estar exposats a virus de transmissio
fecal-oral, aixi com personal veterinari que estigui en contacte amb
animals i, per tant, pugui estar exposat a virus zoonotics per manipulacio
de fems o per inhalacié dels aerosols generats (Rodriguez-Lazaro et al.,
2012).

L’exposicido ocupacional als aerosols, en concret als bioaerosols, s’ha
associat amb una amplia diversitat d’efectes en la salut, incloent-hi
malalties infeccioses, efectes toxics aguts, al-lérgies i cancer (Douwes et
al.,, 2003). Els bioaerosols estan formats per petites particules en
suspensio que contenen microorganismes com ara virus, bacteris i fongs,
i també compostos organics derivats d’aquests microorganismes (Mandal
& Brandl, 2011). Els bioaerosols es poden generar a partir d’'un gran
nombre de processos i activitats dins I'entorn laboral, com sén els
tractaments d’aiglies residuals, 'agricultura i la ramaderia (Mirskaya &
Agranovski, 2018). Considerant que les aiglies residuals contenen una

gran diversitat de microorganismes patogens, entre els quals s’inclouen
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virus com HAdV, RoV, HAV, NoV i Ast, la generacio de bioaerosols durant
el seu tractament pot afavorir lalliberament d’aquests virus cap a
I'atmosfera (Corpuz et al., 2020; Kataki et al., 2022). La gran majoria de
les condicions de salut adverses reportades per treballadors d’estacions
depuradores d’aigues residuals (EDARs) s’han atribuit als bioaerosols
(Amoah et al., 2022; Carducci et al., 2016; Corrao et al., 2012).

Els bioaerosols generats i, per tant, els micoorganismes que els formen,
poden acabar dipositant-se sobre les superficies (Han et al., 2013). Per
tant, els treballadors d’'una EDAR no només poden estar exposats a virus
mitjangant la inhalacioé de bioaerosols, sin6é també a través de la ingestio
oral després del contacte directe amb superficies o fomits contaminats,
com ara les eines de treball. De fet, s’ha constatat que aquests
treballadors tenen un major risc de desenvolupar simptomes en
comparacio amb la poblacié general, incloent-hi simptomes respiratoris o
gastrointestinals, relacionats amb I'entorn de treball (Masclaux et al.,
2014).

No obstant, I'avaluacié del risc ocupacional per a un treballador d’'una
EDAR és particularment dificil a causa de la gran diversitat de patdogens
presents en les aiglies residuals, els diferents escenaris d’exposicio, la
naturalesa estocastica de la infeccio i els diferents nivells de susceptibilitat
que poden tenir els treballadors, juntament amb la manca de dades
d’estudis epidemioldgics (Amoah et al., 2022). A més, la probabilitat
d’'infeccid en aquests entorns depén principalment de la capacitat
d’infeccié del patogen, la seva concentracid i el temps d’exposicié
(Carducci et al., 2016).

L’emissié d’aerosols també s’ha convertit en una preocupacio creixent en
el sector de la produccié porcina, especialment amb I'expansio rapida de
la seva activitat intensiva i sota la visi6 One Health. Els aerosols produits

a les granges de porcs principalment provenen de fonts com els fems, el
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pinso, els péls i la pell dels porcs, aixi com de la neteja i el tractament de
residus (Liu et al., 2023). S’han detectat virus patdgens a l'aire de granges
de porc, com ara el virus de la grip A (IAV), el virus de la sindrome
reproductiva i respiratoria porcina (PRRSV), el virus de la diarrea
epidémica porcina (PEDV), el virus de la pesta porcina classica (CSFV) i
el virus de la pesta porcina africana (ASFV) (Alonso et al., 2015). A més,
també s’ha demostrat el transport aeri de llarga distancia de patdgens com
PRRSV i IAV (Corzo et al., 2013; Dee et al., 2009). Aquest ultim, s’ha
detectat també en superficies d’instal-lacions d’explotacié porcina (Neira
et al., 2016). Tota aquesta informacio suggereix certs riscos potencials per
als treballadors d’aquestes instal-lacions, la qual cosa coincideix amb
dades que indiquen que els treballadors del sector porci tenen un major
risc d’infectar-se amb un virus de la grip zoonoétic (Gray et al., 2007). Es
important, doncs, tenir en compte aquests treballadors per a la vigilancia

de pandémies i per a les estratégies d’'immunitzacié (Myers et al., 2006).

Diversos estudis han aplicat QMRA per avaluar el risc d’infeccions
viriques en diferents entorns laborals, concretament en EDARs (Carducci
et al., 2016, 2018; Dada & Gyawali, 2021; Gholipour et al., 2021; Medema
et al.,, 2004; Zaneti et al.,, 2021), zones agricoles que utilitzen aigles
residuals regenerades per a la irrigacid (Antwi-Agyei et al., 2016) o
aplicacions de fertilitzants (Brooks et al., 2005; Brooks et al., 2012; Tanner
et al., 2008), instal-lacions d’explotacié porcina (Paccha et al., 2016) i
escenaris en qué es manipulen lixiviats de residus solids municipals
(Lanzarini et al., 2022).

L’aplicacio de QMRA en estudis de risc ocupacional proporciona una base

quantitativa per al procés de presa de decisions en la gestié d’aquest risc.

Els models desenvolupats podrien ser utils per identificar les variables que

es poden controlar des d’'una perspectiva de gestié del risc, com ara el

temps d’exposicio i la concentracié d’agents virics, i establir intervencions

i mesures de proteccid, com la ventilacid, tractaments de desinfeccié o I'is
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d’equips de proteccio individual (EPI) adequats, amb I'objectiu de reduir
els riscos per sota dels limits establerts. No obstant aix0, ara per ara no
s’han definit limits d’exposicié ocupacional per a agents bioldgics. Per
aquest motiu, I'is de models de QMRA pot ser util per a determinar
aquests limits basant-se en un nivell acceptable de risc, permetent aixi
I'elaboracié de directrius per a la gestié del risc i conduint a una millor
comprensio dels riscos per a la salut derivats de I'exposicié a virus en
entorns laborals (Carducci et al., 2016, 2018).
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OBJECTIUS

L’objectiu global d’aquesta tesi és identificar els principals virus presents
en 'ambient als quals els humans estem exposats i que constitueixen
I'exposoma viric, aixi com avaluar el risc associat a I'exposiciod a virus en

determinats entorns ocupacionals.
Els objectius especifics han estat:

1. Optimitzar técniques de NGS per a la deteccio i caracteritzacio de

coronavirus en aigues residuals en un context de pandémia.

2. Avaluar diferents métodes per a la deteccid i caracteritzacio de

variants de SARS-CoV-2 en aigles residuals.

3. Avaluar I'is de la sequienciacié massiva amb enriquiment de dianes i
la sequenciaci®6 massiva d’amplicons per a la deteccid i
caracteritzacio de patogens virics en aliments de produccié organica

i en les seves fonts d’aigua de reg.

4. |dentificar el viroma de les aiglies subterranies urbanes i de les seves
potencials fonts de contaminacié mitjangant la sequenciacié massiva

amb enriquiment de dianes.

5. Avaluar I'is d’adhesius de paper, “gomets”, per a I'estudi de virus en
superficies per a l'obtenci6 de dades quantitatives sobre

concentracions viriques necessaries per a analisis de QVIRA.

6. Aplicar la seqlienciacid6 massiva amb enriquiment de dianes per a

I'estudi de virus presents en aire i superficies.

7. Identificar virus humans i animals en entorns ocupacionals de risc i

avaluar el risc microbioldgic associat a I'exposicio a aquests.
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for a needle in a haystack. SARS-CoV-2 variant characterization in sewage.
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https://doi.org/10.1016/j.coesh.2021.100308
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Exploring the diversity of coronavirus in sewage during COVID-19 pandemic:
Don't miss the forest for the trees. Science of The Total Environment. 8,
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- Martinez-Puchol, S., Tarradas-Alemany, M., Mejias-Molina, C., Itarte, M.,
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Serra-Cobo, J., Abril, J. F. & Bofil-Mas, S. (2024) Target enrichment
metaviromics enables comprehensive surveillance of coronaviruses in
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Heliyon.

- Itarte, M., Martinez-Puchol, S., Forés, E., Hundesa, A., Timoneda, N., Bofill-
Mas, S., Girones, R. & Rusifiol, M. (2021). NGS Techniques Reveal a High
Diversity of RNA Viral Pathogens and Papillomaviruses in Fresh Produce and
Irrigation Water. Foods, 10 (8), 1820.

https://doi.org/10.3390/foods10081820

- Itarte, M., Forés, E., Martinez-Puchol, S., Scheiber, L., Vazquez-Sufié, E.,
Bofill-Mas, S. & Rusifiol, M. (2024). Exploring viral contamination in urban
groundwater and runoff. Article en procés de revisi6 a la revista Science of the

Total Environment.
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2. Informe de coautoria
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I'analisi dels resultats preliminars que s’inclouen en l'article, aixi com en la

seva redaccio, amb la supervisio de les seves directores de tesi.

- Martinez-Puchol, S., Itarte, M., Rusifiol, M., Forés, E., Mejias-Molina, C.,
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col-laborat en la metodologia i el processament de les mostres, aixi com
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directores de tesi i de la investigadora principal del projecte, la Dra. Rosina
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3. Informe sobre el factor d’impacte dels articles publicats

Els estudis que integren aquesta tesi doctoral han estat publicats o es
troben en procés de revisié en revistes cientifiques rellevants dins de la
linia de recerca en la qual ha estat treballant la doctoranda durant els anys

de tesi.

L’article “Looking for a needle in a haystack. SARS-CoV-2 variant
characterization in sewage” va ser publicat 'any 2021 a la revista Current
Opinion in Environmental Science and Health, la qual es situava dins del
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L’article “Exploring the diversity of coronavirus in sewage during COVID-
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L’article “Target enrichment metaviromics enables comprehensive
surveillance of coronaviruses in environmental and animal samples”
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Heliyon, la qual es situa dins del Q2 i del D4 de la categoria
“Multidisciplinary sciences” amb un factor d’impacte de 4.0 segons Journal

Citation Reports™,

L’article “NGS Techniques Reveal a High Diversity of RNA Viral
Pathogens and Papillomaviruses in Fresh Produce and Irrigation Water”
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Q1 i del D3 de la categoria “Food Science & Technology” amb un factor

d’'impacte de 5.561 segons Journal Citation Reports™.

Finalment, l'article “Assessing Environmental Exposure to Viruses in
Wastewater Treatment Plant and Swine Farm Scenarios with Next-
generation Sequencing and Occupational Risk Approaches” s’ha publicat
aquest any 2024 a la revista International Journal of Hygiene and
Environmental Health, la qual es situa dins del Q1 i del D2 de la categoria
“Public, Environmental & Occupational Health” amb un factor d'impacte de

6.0 segons Journal Citation Reports™.
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L’aigua residual: font de contaminacio i eina
per a estudis epidemiologics.

Deteccid i caracteritzacié de coronavirus en
un context de pandémia.
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CAPITOL 1

El primer capitol d’aquesta tesi esta enfocat a I'estudi de I'aigua residual
com a font de contaminacié i, a la vegada, com a eina per a la realitzacié
d’estudis epidemioldgics. En els tres articles inclosos en aquest capitol
s’avaluen diferents métodes de deteccio i caracteritzacioé dels coronavirus
presents en les aigles residuals en un context de pandémia, especialment

mitjancant técniques de NGS.

En el primer article s’avaluen diferents métodes per a la deteccio i
caracteritzacio de variants del SARS-CoV-2 en les aigues residuals,
mentre que els altres dos articles es centren en I'aplicacié de panells de
captura per millorar la deteccié i caracteritzacié de coronavirus humans i

animals en aigues residuals mitjangant NGS.
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Article 1. Buscant una agulla en un paller. Caracteritzacio de

variants de SARS-CoV-2 a les aigles residuals

“Looking for a needle in a haystack.

SARS-CoV-2 variant characterization in sewage”

ltarte, M., Bofill-Mas, S.,Martinez-Puchol, S., Torrell, H., Ceretd, A., Carrasco, M.,
Forés, E., Canela, N., Girones, R. i Rusifiol, M.

Current Opinion in Environmental Science & Health. Volume 24, December 2021,
100308; https://doi.org/10.1016/j.coesh.2021.100308

Les variants del SARS-CoV-2 han anat emergint arreu del mon, i el seu
monitoratge és clau per proporcionar alertes primerenques. Aquest treball
va consistir en una revisio de les diferents estratégies analitiques
utilitzades en mostres d’aigua residual per estudiar la disseminacié de les
variants del SARS-CoV-2, discutint els avantatges i inconvenients de
cadascuna. A més, també es van aportar resultats preliminars de dues
aproximacions sensibles i cost-eficaces: assaigs de RT-nPCR especifics
de variants i una estratégia de sequenciacié massiva d’amplicons de tres
regions clau del gen de la proteina de I'espicula virica, aquesta ultima

sense ser especifica de cap variant concreta.

La revisid i els resultats preliminars presentats van proporcionar
informacié sobre els avantatges i inconvenients de les diferents
estratégies utilitzades per estudiar la disseminacié de les variants del
SARS-CoV-2 a través de les aigles residuals, incloent-hi aproximacions
de RT-gPCR, RT-nPCR i NGS. Les aproximacions basades en PCR i
dirigides a mutacions especifiques necessiten una actualitzacié constant,
perd son una opciod sensible i cost-eficag si es vol monitoritzar una variant
concreta. En canvi, les técniques de NGS permeten la deteccio simultania

de mutacions caracteristiques de diferents variants preocupants (VOC) i
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d’interés (VOI) en un sol assaig i sén la millor opcié per explorar la imatge
completa de les variants que circulen en una regié determinada en un
moment concret. Les diferents eines utilitzades per identificar i estudiar les
variants de SARS-CoV-2 en aigles residuals ofereixen diferents tipus
d’'informacié, la qual cosa és important considerar per seleccionar el

métode més apropiat per a un objectiu establert.
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Abstract
SARS-CoV-2 variants are emerging worldwide, and monitoring
them is key in providing early warnings. Here, we summarize the
different analytical approaches currently used to study the
dissemination of SARS-CoV-2 variants in wastewater and
discuss their advantages and disadvantages. We also provide
preliminary results of two sensitive and cost-effective ap-
proaches: variant-specific reverse transcription-nested PCR
assays and a nonvariant-specific amplicon deep sequencing
strategy that targets three key regions of the viral spike protein.
Next-generation sequencing approaches enable the simulta-
neous detection of signature mutations of different variants of
concern in a single assay and may be the best option to explore
the real picture at a particular time. Targeted PCR approaches
focused on specific signature mutations will need continuous
updating but are sensitive and cost-effective.
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Introduction

Wastewater surveillance for SARS-CoV-2 has proved to
be useful in monitoring the evolution of the COVID-
19 pandemic. However, new emerging variants are
posing new challenges. The SARS-CoV-2 variants o, f3,
Y and & (also known as lineages B.1.1.7, B.1.351, P.1
and B.1.617.2, respectively) were first detected in the
United Kingdom, South Africa, Brazil and India,
respectively, and were immediately considered to be
variants of concern (VOCs). Such variants, which have
been associated with the fluctuations seen with the
pandemic waves, possess mutations that affect viral
infectivity and antigenicity. These mutations are
mainly located in the gene encoding the viral spike
(S) protein. In particular, mutations leading to the
E484K and N501Y substitutions within the receptor-
binding domain of the S protein have been demon-
strated to give the S protein a greater affinity for the
human ACE2 receptor [13]. The commonly applied
PCR methods used to quantify the concentration of
the virus in environmental samples use specific
primers and probes targeting the nucleocapsid (N),
envelope (E) or RNA-dependent RNA polymerase
(RdRp) regions. However, as stated above, the VOCs
and the new variants of interest (VOIs) have most of
their signature mutations within the S gene. Figure 1
summarizes the signature mutations identified in each
VOC and VOI.

Although the combination of genome sequence analysis
of samples from COVID-19 patients with epidemio-
logical datasets has produced reliable assessments of
the extent of SARS-CoV-2 transmission in the com-
munity [22], the time lag between infection and
symptoms and the future decrease in sequencing will
add further delays compared to the expected imme-
diacy of the results from wastewater surveillance. At the
beginning of October 2020, several new SARS-CoV-2
variants started to circulate globally [7]. At that
moment, the minimum number of clinical samples that
had to be sequenced to find the @ variant was 400,
assuming that only 5% of the positive clinical samples
had been sequenced and that the prevalence of this
VOC in the population was 5% [20]. Thus, the analysis
of SARS-CoV-2 genomes sequenced from clinical

www.sciencedirect.com

Current Opinion in Environmental Science & Health 2021, 24:100308



Pango Linage
(First detected)

49LTTA
H8TTTa
ATOTTH
z60T3
HTL0TD
1£20TL
vZ865
NOS6a
18884
N/I6S8L
19121
ATOLY
Y/HT89d
HLL9D
ASSOH
9v19a
aoLsy
1/ATOSN
S06t4
O/r8ra
N8LpL
NZLYS
D/yTsv
L/NLT
9g520
zsz-9vzIea
tzaizamichl
9512a
SO6TY
98ST-95T¥43
ST
ITSTM
PYTARA
azyio
AgETA
1S61
v08a
1921
ASLD
0£-69AHI2A
4750
d9zd
NOZL
¥6TL
4811
IETS
451

B.1.1.7

(United Kingdom)

B.1.351
(South Africa)

|}

1
1

o

s 5=

= =

5 8.2

<8 <3

o= o=
=
==

n
|

I .
| N .

n

-

Y I I S B B N S E

8
£
¢

B.1.427/9
(california)

H
~ £
ol
=
-

| | 7

B.1.525 (Nigeria,
United Kingdom)

1

B.1.526

(United States)

B.1.617.1

H

c37

(Peru)

S2
Current Opinion in Environmental Science & Health

S1




N501Y signature mutation (present in the d, B, ¥ and 0
variants) in wastewater.

Amplicon sequencing based approaches

Reverse transcription-nested PCR (RT-nPCR) assays
followed by Sanger sequencing and/or NGS analysis
have been published for SARS-CoV-2 characterization.
In October 2020, Martin and collaborators designed an
RT-nPCR approach followed by Sanger sequencing and
NGS analysis of the amplified products from five
different regions of the viral genome, which demon-
strated changes in the predominance of the virus vari-
ants [20]. La Rosa and coworkers [25] adopted a similar
approach involving conventional Sanger sequencing of
the amplicon but focusing only on key mutations of the
S gene, which allowed rapid screening of the SARS-CoV-
2 variants [_Rosa_et_al_2021]. Recently, another group
from the United Kingdom used two different RT-nPCR
assays targeting the RARP and ORF8b gene regions for
diagnostics and two primer sets targeting the S gene
regions to discriminate between the o, B and Y vari-
ants [28].

Sequencing amplicons using NGS, commonly known
as amplicon deep sequencing (ADS), has not only been
applied to selected parts of the SARS-CoV-2
genome but also to the whole genome as an informa-
tive method for detecting and identifying SARS-CoV-2
variants. Several custom enrichment strategies based
on designing primer sets coupled with Illumina-
compatible library preparation kits have been used to
sequence amplified fragments spanning the whole or
near-complete genome of SARS-CoV-2 from environ-
mental samples [2,15,18,20,28]. Other studies have
used the open-source ARTIC protocol [3,16,23]. This
protocol, released in March 2020 and designed to
sequence the virus from clinical samples, uses 98
multiplexing PCR primer pairs to amplify the whole
genome of the virus [24]. Similarly, the commercial
AmpliSeq SARS-CoV-2 Research Panel (Thermo
Fisher Scientific) consists of two pools with amplicons
ranging from 125 bp to 275 bp that covers >99% of the
SARS-CoV-2 genome and are compatible with either
[llumina or lon 'Torrent sequencing platforms [2].
Another strategy based on NGS is the use of a com-
mercial oligo-capture approach, like the Illumina Res-
piratory Virus Oligo Panel (Illumina, Inc.) or the
VirCapSeq Enrichment Kit (Roche), which are
designed to enrich the sequences of human respiratory
or vertebrate viruses, respectively, and both have been
applied to complex environmental samples prior to
massive sequencing [8,21].

Based on the findings of available studies, the most
abundant single nucleotide variations (SNVs) that have
been identified in wastewater to date correspond to the
most abundant SNVs in clinical samples [8]. The
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identification of an individual or several signature mu-
tations (Figure 1) located in close proximity to one
another within the sample amplicon can help identify
new SNVs in the population being analyzed. When using
these approaches in environmental samples containing a
mixture of variant sequences, there is a possibility of
generating artificial genome reconstructions or artefacts
during sequence assembly, which could result in unre-
liable VOC or VOI assignations.

The ADS of selected regions provides a more robust
characterization of genomic variants compared to
broader genome reconstructions within individual sam-
ples. When applied to clinical samples, long-read
sequencing platforms have been proven to be efficient
in obtaining highly accurate consensus-level sequences
despite the higher error rates [4]. However, to our
knowledge, this approach has not been applied in the
study of SARS-CoV-2 variants in sewage.

Specific regions for the characterization of
SARS-CoV-2 genomic variants

Approaches targeting selected regions of the SARS-CoV-
2 genome in which signature mutations are located
generate more interest compared to the sequencing of
other regions that are more conserved and less infor-
mative about genomic variants. For discriminating be-
tween variants, European authorities have established
that sequencing should cover at least the S gene,
particularly that encoding the entire N-terminal region
and the receptor-binding domain (RBD) corresponding
to amino acids 1 to 541 [9]. Preliminary data obtained
from two different approaches that were developed by
our research group are detailed below. These approaches
involved specific RT-nPCR assays targeting the signa-
ture mutations of the main VOCs and VOIs followed by
Sanger sequencing (assay A and B) and an ADS strategy
targeting three different regions of the S gene (assays
Al, A2 and A3). Both approaches were tested in parallel
in samples collected from February to May 2021 from
wastewater treatments plants (WWTP) of different
sizes located in Catalonia, northeast Spain. More infor-
mation about the methodology is provided in the Sup-
plementary Material. The results obtained are
summarized in Table 1 and the datasets generated are
available in Zenodo under the DOI number https://doi.
org/10.5281/zenod0.5497909.

As indicated in Table 1, Sanger sequencing allowed the
identification of signature mutations in the samples, in
which the following were predominant: Del69/70,
Del144, K417N and E484K. The ADS approach gave
information about the genomic diversity in each sample,
showing different signature mutation combinations that
are compatible with different variants as expected in
mixtures coming from wastewater samples. Interest-
ingly, ADS indicated the moment when the o variant
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Table 1

Summary of SARS-CoV-2 concentrations (GC/L) detected using RT-qPCR and signature mutations detected using RT-nPCR and Sanger
sequencing or ADS in a MiSeq platform. ND: not detected.

RT-nPCR ADS
Del69/70 (0.1%)
K417N S477N (14,6%)
S ST
N501Y A570D D614G (26,7%)
Del69/70
et DL e e
E484K ( %)
Del69/70
e | e B
(1,497,767 inh.)
E484K
20/4/2021 K417N D
I PGS
Del69/70 )
.. Pt
1,E+03 1,E+04 1,E+05 1,E+06
Del69/70 (64.1%)
ND D614G (44.6%)
Y NSO1Y AS70D D614G (55.4%)
9/2/2021 Dﬁﬁ?ﬁ? IEE)/D ()H0)
,
I e | nsorvas7op pe1ac (100s)
WWTP 2 13/4/2021 I E484K Del69/70 (99.5%)
(183,517 inh.)
20/4/2021 I ND Del69/70 (99.5%)
S i e
1,E+03 1,E+04 1,E+05 1,E+06
| P PTG (100%)
S Np PDeric (100%)
D614G (100%)
Del69/70
WWTP 3 13/4/2021 _ Del144 Del69/70 (99.6%)
(68,860 inh.) E484K
Sl o e
S NP HECEYEOED,
1,E+03 1,E+04 1,E+05 1,E+06
N1 mN2

probably became predominant in Catalonia. From all the
sequences obtained from the NGS analysis of the sam-
ples collected on 2nd February 2021, the Del69/70 mu-
tation was present in 0.1%, 64.1% and 0% of the

sequences

obtained from WWTPI,

WWTP2 and

WWTP3, respectively. One week later, these percent-
ages increased to 99.5%—100%, which was also observed
in other signature mutations of the o variant (N501Y,
A570D and D614G). These ADS results associated with

o, variant predominance agree with the information ob-
tained from the Sanger sequencing. The detection of the
signature mutations compatible with the o variant with
Sanger sequencing was only possible in samples that
showed a high percentage of the signature mutations of
the o variant by ADS, or in other words, when these
mutations were predominant among the mixture of se-
quences. The other signature mutation identified by
ADS was S477N, which is characteristic of the | variant.
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Table 2
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List of pros and cons of the different methodologies used in the study of SARS-CoV-2 variants in sewage samples.

Method Pros Cons Applicability
RT-gPCR Low cost Different target sensitivities when Monitoring of a specific
Approximation of the specific signature multiplexing variant in a region
mutation vs. WT proportion in a mixture Designed to detect a signature mutation where it has spread
Fast obtention of results of a specific variant only, thus not giving
Detects rare mutations and information about other possible
discriminates closely related sequences variants also present in the sample
RT-ddPCR Fast obtention of results Designed to detect a signature mutation of More sensitive

Approximation of the specific signature
mutation vs. WT proportion in a mixture
Detects rare mutations and
discriminates closely related sequences
More sensitive than RT-gPCR

RT-nPCR + Sanger Low cost

Sequencing Fast obtention of results
Easy interpretation of the results
May use primers specific targeting
defined signature mutations
NGS Shows the diversity of variants circulating

More extensive information about
mutations in a larger range of the
genome

a specific variant only, thus not giving
information about other possible
variants also present in the sample
More expensive than RT-qgPCR

monitoring of a
specific variant in a
region where it has
spread

Fast elucidation of the
predominant variant
circulating in a region

Detecting only the predominant variant in
the mixture
Not quantitative
Cannot be effectively performed in
conditions of low virus titers
Expensive
Extensive bioinformatics analysis
Not quantitative
Labour intensive
Time consuming
Might lead to artificial consensus
genomes
Cannot be effectively performed in
conditions of low virus titers

Characterization of
variant diversity
circulating in a region

Variant study approaches: the pros and
cons

Different analytical approaches for the study of SARS-
CoV-2 variants in wastewater samples have been
developed, each one providing different types of infor-
mation. In Table 2, the pros and cons of the different
methodologies that have been used to date are listed.
Depending on their intrinsic properties, a suitable
application has been suggested.

RT-qPCR and RT-ddPCR are designed to detect a
signature mutation of a particular variant and are the
fastest at providing results. Both methodologies are
often designed as duplex or multiplex, allowing the
simultaneous detection of other variants and giving an
estimation of their percentages among other simulta-
neously occurring variants. Thus, they are appropriate
for monitoring a specific variant in a region where it has
spread and become established since a certain propor-
tion of the target variant with respect to the others is
needed to be detected. RT-ddPCR might be more
sensitive and precise than RT-qPCR, but it is also more
expensive [1, 6,14] [_Abachin_et_al_2017].

However, wastewater is a complex sample, and it is
likely to contain a mixture of variants. In a region where
the predominant variant circulating within the popula-
tion is not clear or where the situation is constantly

changing, non-variant-specific methodologies might be
more suitable since they do not need continuous
updating of the assay. In such cases, RT-nPCR assays
followed by Sanger sequencing of specific regions
containing signature mutations would be highly infor-
mative and would identify the predominant variant
circulating in the population, as this type of sequencing
gives information about the most abundant sequence
amplified. Furthermore, RT-nPCR can use specific
primers for a defined mutation that can target specific
variants and regions where other mutations may occur.
By contrast, if the objective is to perform an accurate
characterization of the diversity present in wastewater,
or in other words, identify different variants present in a
mixture, NGS analysis would be more appropriate. The
extensive information provided by NGS techniques,
considered to be expensive, requires an exhaustive
bioinformatics analysis and expertise.

Conclusions

Monitoring SARS-CoV-2 variants in wastewater is
important for epidemiological surveillance in a com-
munity. Different analytical approaches have been
developed to identify and study the dissemination of
SARS-CoV-2 variants in wastewater samples, including
RT-gPCR, RT-nPCR, and NGS approaches. Due to
their intrinsic nature, each method has pros and cons
and provides different types of information that is
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important to consider when selecting the appropriate
method for a specific objective. In a postpandemic
scenario, when PCR-based assays and sequencing of
clinical samples will decrease, the sequencing of a
subset of wastewater samples may be enough to monitor
the circulation of different VOCs and VOIs in a com-
munity. A representative sample needs to be collected
regularly from a certain region to accurately estimate
and monitor the prevalence of SARS-CoV-2 variants.
Nonvariant-specific techniques may be the best option
to explore the real picture of all the circulating variants
at a particular time, providing broader information that
can contribute to community surveillance. This study
provides guidance on available approaches for detecting
and identifying circulating SARS-CoV-2 variants
considering different scenarios. Further work on the
application of massive sequencing of SARS-CoV-2 from
environmental samples is needed towards producing
longer fragments in order to avoid overlapping and
chimera constructions, and also shorter bioinformatic
processing for an effective early warning,.
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Article 2. Explorant la diversitat de coronavirus en les aigues
residuals durant la pandémia de la COVID-19: que els arbres

no ens impedeixin veure el bosc

“Exploring the diversity of coronavirus in sewage during COVID-19

pandemic: Don't miss the forest for the trees”

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

Science of The Total Environment. Volume 800, 15 December 2021, 149562;
https://doi.org/10.1016/j.scitotenv.2021.149562

Amb I'arribada de la pandémia de la COVID-19, les técniques de NGS han
demostrat ser una eina important per a la caracteritzacié genética del
SARS-CoV-2 a partir de mostres cliniques. L’Us de diferents técniques de
NGS disponibles aplicades a mostres d’aigua residual podria ser la clau
per estudiar amb profunditat el viroma excretat, no només centrant-se en
la circulacio i la tipificacio del SARS-CoV-2, sind també per a la deteccio
d’'altres virus potencialment pandémics dins de la mateixa familia

Coronaviridae.

En aquest estudi, es van sequenciar mostres compostes de 24 hores
d’aigua residual, obtingudes durant els mesos de marg i juliol de 2020,
mitjangant dues técniques de NGS, amb i sense enriquiment de dianes.
La sequenciacido massiva amb enriquiment de dianes es va realitzar
mitjancant la captura de sequencies de virus de vertebrats amb el panell
VirCapSeq-VERT.
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La sequenciacié massiva amb el panell de captura VirCapSeq-VERT va
permetre obtenir el viroma de les mostres d’aigua residual analitzades i
detectar virus humans de la familia Coronaviridae, incloent-hi SARS-CoV-
2 i HCoV-OC43. A més, es van detectar altres coronavirus animals amb
aquesta técnica, concretament coronavirus que infecten animals

domeéstics i rosegadors.

Els resultats obtinguts reforcen la idea que el SARS-CoV-2 és un membre
més del viroma de l'aigua residual i, a més, demostren que existeix una
cocirculacié de coronavirus humans i animals. La metodologia basada en
I'ds d’'un panell de captura dirigit a una amplia varietat de families viriques
sembla una bona opci6 per avaluar la cocirculacié de coronavirus humans
i animals, tant coneguts com desconeguts, la qual cosa podria ser
rellevant pel que fa a zoonosis potencials i el descobriment de virus nous.
Per altra banda, els resultats obtinguts suggereixen que panells de
captura més especifics, dirigits a la captura de SARS-CoV-2 o altres
coronavirus, serien més apropiats per a estudiar la diversitat genética de

les variants del SARS-CoV-2 i d’altres coronavirus circulants.
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In the wake of the COVID-19 pandemic, the use of next generation sequencing (NGS) has proved to be an impor-
tant tool for the genetic characterization of SARS-CoV-2 from clinical samples. The use of different available NGS
tools applied to wastewater samples could be the key for an in-depth study of the excreted virome, not only fo-
cusing on SARS-CoV-2 circulation and typing, but also to detect other potentially pandemic viruses within the
same family. With this aim, 24-hours composite wastewater samples from March and July 2020 were sequenced
by applying specific viral NGS as well as target enrichment NGS. The full virome of the analyzed samples was ob-
tained, with human Coronaviridae members (CoV) present in one of those samples after applying the enrichment.
One contig was identified as HCoV-OC43 and 8 contigs as SARS-CoV-2. CoVs from other animal hosts were also
detected when applying this technique. These contigs were compared with those obtained from contemporary
clinical specimens by applying the same target enrichment approach. The results showed that there is a co-
circulation in urban areas of human and animal coronaviruses infecting domestic animals and rodents. NGS
enrichment-based protocols might be crucial to describe the occurrence and genetic characteristics of SARS-

CoV-2 and other Coronaviridae family members within the excreted virome present in wastewater.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

SARS-CoV-2 was identified in China at the end of 2019 and has be-
come the first pandemic coronavirus (CoV) (Wu et al., 2020a, 2020b).
Upon confirmation that COVID-19 patients shed SARS-CoV-2 in feces,
different studies provided significant correlation between the concen-
tration 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 RNA has been re-
ported in feces of 55% of COVID-19 patients in the study cohort,
prolonged fecal shedding was also reported with fecal samples remain-
ing positive for nearly 5 weeks after the patients’ respiratory samples
tested negative for SARS-CoV-2 RNA (Wu et al., 2020a, 2020b). The con-
centration of SARS-CoV-2 excreted from infected patients has been esti-
mated to be in the range of 1E402 to 1E+07 copies per gram of feces
(Wolfel et al., 2020).

It is then presumable that, in the context of a pandemic, SARS-CoV-2
could become a member of wastewater virome where viruses com-
monly present in human excreta have been described to occur
(Cantalupo et al., 2011; Ng et al., 2012). The presence of this virus in
wastewater samples has been extensively reported by RT-PCR based
methods. Also, an extensive effort for SARS-CoV-2 sequencing has
been done based on metagenomic approaches focused on variant anal-
ysis in both clinical and sewage samples. However, the use of
metagenomic approaches to describe its occurrence together with
other excreted viruses in the context of sewage virome has not been de-
scribed. Knowing that SARS-CoV-2 is found in sewage in moderate con-
centrations and sewage is a complex matrix comprising a wide variety
of viruses, studying SARS-CoV-2 in this context may pose a challenge.
Previous studies report procedures to describe wastewater virome and
compare high throughput viral metagenomics to target enrichment
and amplicon deep sequencing approaches (Martinez-Puchol et al.,
2020). In this study, we applied a probe-capture target enrichment
NGS for describing wastewater virome from 2 wastewater 24-h com-
posite samples collected in March and July 2020 from a wastewater
treatment plant located in the city of Barcelona, when COVID-19 inci-
dence was of approximately 258 cases and 175 cases/100,000 inhabi-
tants respectively. The results obtained were compared with those
obtained from clinical samples collected at the same time and se-
quenced applying the same enrichment approach.

2. Materials and methods
2.1. Sample collection and viral concentration

Urban 24-h composite sewage samples were collected on 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 centrif-
ugal ultrafiltration. After a debris removal (15 min, 4500 xg), the sam-
ples were ultrafiltered with a Centricon® Plus-70 device (30 kDa)
following the manufacturer instructions, obtaining a viral concentrates
of 200 pl. Additionally, two SARS-CoV-2-positive naso/oropharyngeal
swabs were obtained on March 15th from a male (clinical sample
A) and on March 24th from a female (clinical sample B) patients
attended at Hospital Universitari Vall d'Hebron (HUVH).

2.2. SARS-CoV-2 quantification by (RT)-qPCR

Nucleic acid extraction (NA) was performed as described previously
(Fernandez-Cassi et al., 2018) with QIAamp Viral RNA Mini Kit. The con-
centration of SARS-CoV-2 RNA in wastewater samples was measured by
(RT)-qPCR of two viral targets in nucleocapsid phosphoprotein (N1 and
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N2 region) and clinical samples in HUVH by commercial real-time mul-
tiplex RT-PCR (Allplex™ 2019-nCoV Assay, Seegene, South Korea).
EURM-019 single stranded RNA (ssRNA) fragments of SARS-CoV-2
(Joint Research Centre, EC, https://crm.jrc.ec.europa.eu/p/EURM-019)
were used to construct the standard for quantitation. JC polyomavirus
(JCPyV) was quantified in the samples as an indicator of human fecal
viral contamination as previously described (Bofill-Mas et al., 2006).

2.3. Library construction and probe-based capture of viral sequences

Before 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, as previously described
(Fernandez-Cassi et al., 2018). Libraries were prepared in duplicate
using KAPA HyperPrep Kit following the instructions provided by the
manufacturer (Roche-Kapa Biosystems). One replicate of the libraries
was hybridized with probes designed to capture sequences from verte-
brate viral pathogens (VirCapSeq Enrichment Kit, Roche). Two negative
controls were also processed, one of them with the enrichment kit.

After the capture, quality and concentration were re-checked and se-
quencing of the libraries from the captured, non-captured, and negative
controls was performed (Illumina Miseq 2x300bp).

Clinical samples were sequenced in an independent Illumina Miseq
2x300bp run (in this case, consensus sequences were assembled with
reads produced from another Illumina TruSeq high coverage sequenc-
ing run on same samples, and are already available at GISAID as
EPI_ISL_418860 and EPI_ISL_418861, respectively).

2.4. Bioinformatic analysis

The sequencing raw data obtained was analyzed with Genome De-
tective Virus Tool (Vilsker et al., 2018) and the contigs with a nucleotide
identity >70% (when comparing against the known viral genomes data-
base) 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; (Bolger et al., 2014)) in order to remove
low quality segments and [llumina adapters (min Phred score = Q20
on 4 bp window, min read length = 30 bp, leading/trailing clip = 15
bp, max mismatch count = 2, palindrome clip threshold = 30, and sim-
ple 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 paired-end reads
(PE) reads later on. Samtools (v1.9; [11]) and bamtools (v2.5.1;
(Barnett et al., 2011)) sets of commands were used to process, sort,
and index those alignments made by bowtie2 (v2.3.4.3, 64bit;
(Langmead and Salzberg, 2012); 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; (Grabherr et al., 2013; Haas et al., 2013); 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 assem-
bly was filled with 93% of Ns to place the contigs into the assembled
scaffold (this sequence is provided as Supplementary File 1). Mafft
(v7.407; (Katoh and Standley, 2013); with localpair switch on) was
chosen to calculate the multiple sequence alignment shown on Fig. 4,
comparing the wastewater scaffold against a randomly sampled set of
600 Spanish and 600 international sequences from GISAID database
(available on August 4th 2020; (Elbe and Buckland-Merrett, 2017; Shu
and McCauley, 2017); see also Acknowledgments).
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3. Results and discussion
3.1. SARS-CoV-2 quantification in clinical and wastewater samples

Viral SARS-CoV-2 copies were quantified in composite raw sew-
age samples collected in Barcelona different times of COVID-19
pandemic, March 2020, one week after the declaration of a ‘state
of alarm’ in the country, and July 2020, 2020 just before the begin-
ning of the second COVID-19 peak. The (RT)-qPCR were performed
in quadruplicate with the direct NA extractions and in quadrupli-
cate with 1/10 dilution of NA extractions, in order to avoid poten-
tial inhibitory effects. Concentration values obtained were 3.92E6
(4 0.154) GC/L for N1 and 2.71E6 (£0.117) GC/L for N2 in March
2020 and 3.80E4 (4-0.06) GC/L for N1 and 1.25E4 (40.017) GC/L for N2
in July 2020. The concentrations for the human fecal indicator JCPyV
were 1.99E5 (40.057) GC/L and 8.73E5 (4-0.026) GC/L in March and
July respectively (Bofill-Mas et al., 2006). Enzymatic inhibition was not
observed. These values are in accordance with the ones observed in the
same WTP after a full year of weekly monitoring surveillance and 2
peak registered periods (Rusifiol et al., 2021).

Regarding the two SARS-CoV-2 laboratory-confirmed clinical sam-
ples from HUVH, the E gene cycle-threshold values were 15.5 and 16.4
from EPI_ISL_418860 and EPI_ISL_418861, respectively.

3.2. Urban wastewater virome during COVID-19 pandemic

Sewage samples from March and July were mass-sequenced in par-
allel using high throughput sequencing and probe-based target enrich-
ment sequencing. The virome obtained in March, using target
enrichment, resulted in almost 1 million reads belonging to 27 viral
families. The distribution of the number of reads obtained for each ver-
tebrate viral family is shown in Fig. 1. As expected, a wide variety of viral
families infecting vertebrates was observed when applying the probed-
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based capture methodology. This approach was successfully applied in
the past to improve the deep sequencing in human-focused virome
studies (Briese et al., 2015; Hjelmsg et al., 2019; Martinez-Puchol
et al., 2020), which is 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 that the most abundant viral se-
quences belong to bacteriophages and plant viruses (Cantalupo et al.,
2011; Fernandez-Cassi et al., 2018), 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
viral reads could go undetected. Target enrichment methods could
overcome these limitations enabling the possibility of viral discovery.

In this study we used the VirCapSeq Enrichment Kit (Roche)
intended to capture vertebrate viruses from complex samples prior to
metagenomic sequencing, trying to improve the limitations of high
throughput sequencing. It employs approximately 2 million biotinyl-
ated oligonucleotide probes designed to bind to the coding sequences
of all viral taxa known to infect vertebrates at intervals of 50-100 nt. Li-
braries prepared from random primed cDNA are hybridized with the bi-
otinylated probes and trapped with streptavidin magnetic beads. After
magnetic capture and washing, NA are released from the beads and
subjected to post-hybridization PCR prior to sequencing. In silico
studies of the VirCapSeq panel performed in this study showed that
although the platform was designed before the emergence of SARS-
CoV-2, the kit nonetheless contained 21,414 fragments from 1838
sequences described for 346 Coronaviridae species. NCBI-BLASTn of
the full sequences and the probes was run, with default parameters
apart from the e-value set at 10e-25, against SARS-CoV-2 reference
genome (RefSeq ID: NC_045512; Wu et al., 2020a, 2020b). Among
the 1838 full targets already contained in the VirCapSeq kit, 277
were found on 456 alignment hits, and 29 of those had hits above
90% identity; on the other hand, 104 probe fragments from 28 differ-
ent sequences returned 104 hits.

OTES HUVM
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Astroviridae

Caliciviridae
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Fig. 1. Diversity and relative abundance of vertebrate viral families reads obtained from March sample. The results for untargeted viral metagenomics (UVM) are represented in dashed
lines, regular lines represent the results after Target Enrichment NGS (TES). Relative abundance of reads is represented in 1og10.
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Table 1
Coronaviridae family contigs description after performing Probe-capture targeted NGS in one urban wastewater sample (March 2020).
Coronaviridae species Host Reads Contigs Length (bp) Region Nt ID (%) AAID (%)
203 ORF1ab polyprotein 100 100
217 ORF1ab polyprotein 100 100
126 ORF1ab polyprotein 100 100
126 ORF1ab polyprotein 100 100
SARS-CoV-2 Human 45 8 178 ORF1ab polyprotein 100 100
266 ORF3 protein 100 100
516 Nucleocapsid protein 99.6 99.1
399 Nucleocapsid protein 99.8 99.3
Betacoronavirus 1 )
(HCoV 0C43) Human 11 1 235 2'-0-methyltransferase 99.5 98.7
Feline coronavirus Other vertebrates 33 1 524 ORF1ab polyprotein 91.8 86.5
354 ORF1ab polyprotein 97.4 97.1
416 ORF1ab polyprotein 97.0 99.3
Lucheng Rn rat coronavirus Other vertebrates 233 5 542 ORF1ab polyprotein 97.0 99.4
848 ORF1ab polyprotein 96.6 96.6
1129 ORF1ab polyprotein 97.3 99.4
Canine coronavirus Other vertebrates 14 1 231 ORF1ab polyprotein 96.1 94.8

The most abundant families obtained in March sample using target
enrichment were Astroviridae, Picornaviridae and Parvoviridae. A com-
plete list of all the identified viral species and families is presented in
the Supplementary File 2. Homology searches against known viral ge-
nomes database retrieved Coronaviridae sequences listed in Table 1.
One contig of a Betacoronavirus 1, typed as HCoV-0C43, was mapped
with a high identity (99.5% at nucleotide level, 98.7% at aminoacid
level) to the CoV 2'-O-methyltransferase, an enzyme that enables the
mRNA cap formation, essential for viral RNA stability (Krafcikova et al.,
2020). HCoV-0C43,0ne of the four seasonal HCoVs that are known to
cause the common cold in humans, is especially prevalent during the
winter months (Van der Hoek, 2015), and is known to have rodents as
natural hosts and bovines as intermediate ones (Ye et al., 2020).

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
ORF1ab polyprotein region and one contig to the ORF3 protein, all of
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them with 100% of nucleotide and amino acid identity with the genome
Reference Sequence NC_045512. Additionally, 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 ORF1ab polyprotein region was ob-
tained in the analysis of sequences from the March wastewater sample.
This virus causes asymptomatic persistent enteric infections in a high per-
centage of household and catteries’ cats (Vogel et al., 2010). While feline
CoV is highly prevalent in their hosts, its survival in sewage has been re-
ported to be limited (Gundy et al., 2009). One contig from the same region
(231 bp) was typed as canine CoV, known for being responsible of mild or
moderate enteritis in dogs of all breeds and ages and with a high establish-
ment in the environment (Pratelli, 2006). Finally, five contigs of Lucheng
Rn rat CoV, comprising 3.28 Kb of the ORF1ab polyprotein, were obtained.
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Anelloviridae
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Caliciviridae

Circoviridae

Coronaviridae

Fig. 2. Diversity and relative abundance of vertebrate viral families reads for March and July samples using Target Enrichment NGS. Relative abundance of reads is represented in log10.
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This Alphacoronavirus was firstly described in 2014 in rat samples from
China (Wang et al.,, 2015). At the time, rodents were not considered to
be a relevant CoV reservoir, however it is now clear that this group of an-
imals are in fact important reservoirs for alphacoronaviruses and also
betacoronaviruses (Wartecki and Rzymski, 2020).

New CoV members in bats has been a topic of interest within the sci-
entific community due to the fact that these viruses 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 (Kivisto et al., 2020). These
approaches made possible the discovery of new alphacoronaviruses (De
Sabato et al., 2019; Hall et al., 2014), and recently the description of a
betacoronavirus closely related to SARS-CoV-2 in Rhinolophus bats from
China (Zhou et al.,, 2020). The low sensitivity of high throughput tech-
niques 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 (Li et al., 2020; Lim et al., 2019). 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 analyzed samples.

Regarding the wastewater sample from July, its virome composition
showed a lower proportion for almost all vertebrate viral families, except
for Polyomaviridae and Papillomaviridae, compared with the sample from
March (Fig. 2), members from the Coronaviridae family where no de-
tected. The absence of SARS-CoV-2 could be due to the fact that COVID-
19 incidence recorded when this sample was collected was low (175.2
cases/100,000 inhabitants), with wastewater quantifications of SARS-
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CoV-2 two orders of magnitude lower than in March. The absence of
HCoV-0C43 and animal CoV reads in the July sample could be explained
by winter seasonality or by the fact that the transmission of these viruses
could have been reduced due to the massive use of masks and the in-
crease in hand washing from March to July as has been observed for
other viruses.

3.3. Comparison of wastewater strains vs. clinical strains

SARS-CoV-2 contigs retrieved after applying targeted NGS to the
March wastewater sample were compared with sequences obtained
by applying the VirCapSeq enrichment approach to two clinical samples
isolated in the same period. A short summary of the sequencing results
for the three samples is provided in Supplementary File 2 (see Fig. 3 for
an overview of the coverage distribution of the reads mapped over ref-
erence genome).

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 refer-
ence 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 1042 and 1856 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 29,903 bp of
reference SARS-CoV-2 genome sequence.

Other studies have reported the use of VirCapSeq and Twist Biosci-
ence panels for sequencing of clinical samples, determining the

ORF7b
M F8 3'UTR
s ™Bre/  orfo
Iqm__ﬁ OR% N ]
=

SarsCov2 reference genome

orflab cds2
—

Wastewater
Sample [March 2020]

Clinical
Sample A

Clinical
Sample B

Captura de pantall

Fig. 3. 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. 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 only included for illustrative purposes). The dashed red line represents the average coverage. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. 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] <> 28,514.cCa[P], 29,187.tgc[C] == 28,959.tgT[C], 29,188.aca[T] <> 28,960.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. Scale on top corresponds to the positions relative to the full
alignment (29,939 columns) that is available as Supplementary File 4. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

importance of having low qPCR Ct values in a given sample for obtaining
a high genome coverage after conducting NGS (Carbo et al., 2020;
Klempt et al.,, 2020).

SARS-CoV-2 sequences obtained from sewage were compared with
other 1200 sequences obtained from clinical isolates available on the
GISAID database (Elbe and Buckland-Merrett, 2017) (https://www.
gisaid.org/epiflu-applications/hcov-19-genomic-epidemiology/) to elu-
cidate the presence of viral variants. While a high degree of similarity
was found for the assembled contigs, 3 nucleotide mismatches were
identified within the nucleocapsid protein region (Fig. 4). These diver-
gences could represent single nucleotide variants (SNV), but they
were only supported by 3 overlapping reads. More read coverage
would be needed in this region to further assess these differences, al-
though it is worth noting that those changes were not described in clin-
ical samples at the moment. Amplicon sequencing panels covering the
totality of the genome are available now for studying SARS-CoV-2 ge-
netic variants. These approaches, as well as specific SARS-CoV-2 and
Human CoV capture panels, would have enabled the acquisition of suf-
ficient genome coverage and consequently a better SNV typing (Nasir
et al,, 2020; Xiao et al., 2020) than other targeted approaches directed
towards wider groups of viruses, like VirCapSeq capture used in this
study. Even so, NGS methods still could not compete with other molec-
ular approaches, as RT-qPCR, as both the time to obtain results and the
processing price are higher. In contrast, these sequencing-based meth-
odologies may be more sensitive than RT-qPCR (Charlebois et al.,
2020) and give broader information about genetic variants and charac-
teristics of other members from the same family that could not be de-
tected by a single primer amplification-based method. This could be
the case of Amplicon Deep Sequencing approaches based on massive se-
quencing of a PCR produced amplicon. High throughput NGS ap-
proaches have as a main advantage that allow detection of unknown
viral sequences, in contrast, PCR-based detection relies of previous
knowledge and primer design of viral targets. RT-qPCR and NGS-based
methods do not necessarily compete but complement each other to
provide useful information in terms of wastewater-based epidemiology.
Moreover, NGS methods are in constant development, thus it is ex-
pected that in a short period of time could compete in terms of time
and cost with other molecular approaches.

4. Conclusions

* The application of a targeted NGS has provided nearly the whole ge-
nome 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 clin-
ical samples could not be further assessed but results obtained show a
high degree of similarity between environmental and clinical samples.
The results of the excreted virome in wastewater showed that there is
co-circulation, in urban areas, of human and animal coronaviruses in-
fecting domestic animals and rodents.

The use of a Target Enrichment panel designed to cover vertebrate vi-
ruses allowed the acquisition of SARS-CoV-2 sequences as part of the
wastewater virome within the context of a COVID-19 pandemic.
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 an-
imal CoV, which may be of relevance regarding potentially zoonosis
and viral discovery.

SARS-CoV-2 can be now considered a new member of the sewage
virome. Its presence in this type of samples after global vaccination
campaigns should be further evaluated as well as the presence of
other human CoV that could change their circulation patterns due to
immune cross reactivity phenomena.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.149562.
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Article 3. Metavirobmica amb enriquiment de dianes per a la
vigilancia de coronavirus en aigues residuals i mostres d’origen

animal

“Target enrichment metaviromics enables comprehensive

surveillance of coronaviruses in environmental and animal samples”

Martinez-Puchol, S., Tarradas-Alemany, M., Mejias-Molina, C., Itarte, M., Rusifiol, M.,
Baliellas, J., Abasolo, N., Canela, N., Monastiri, A., Lopez-Roig, M., Serra-Cobo, J.,
Abril, J. F. i Bofill-Mas, S.

Article en procés de revisio a la revista Heliyon.

La pandémia de la COVID-19 ha posat de manifest la importancia
d’entendre el paper dels animals en la transmissié dels coronavirus i el
seu impacte en la salut humana. Per a un control efectiu d’aquests virus,
és essencial tenir un enfocament One Health que integri la salut humana,
animal i ambiental. Les técniques de sequenciacié de NGS han demostrat
ser Utils en la identificacié i el monitoratge de 'evolucié de coronavirus
emergents, com ara el SARS-CoV-2. No obstant aixd, estudiar
'ocurréncia i la diversitat virica en mostres ambientals i animals suposa
un repte, degut a la complexitat de les comunitats viriques i la baixa

concentracié de virus en aquest tipus de mostres.

Com s’ha vist en l'article anterior, la sequenciaci6 amb enriquiment de
dianes ha demostrat ser una estratégia eficag per investigar virus presents
en mostres complexes. Aquesta técnica permet millorar I'eficiencia de la
deteccid i la caracteritzacié de virus mitjangant la captura i I'enriquiment
de genomes virics amb sondes especifiques de sequéncies de virus de

vertebrats disponibles comercialment.
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En aquest estudi, aquest enriquiment es va dur un pas meés enlla, i es va
desenvolupar i validar un panell de captura per a la seqlienciacié massiva
amb enriquiment de dianes dirigit a estudiar la diversitat de coronavirus
presents en diferents mostres complexes d’origen ambiental i animal. Els
resultats van demostrar l'eficacia del panell per capturar i sequenciar
coronavirus en mostres d’aigua residual urbana, mostres de guano de
ratpenat i lixiviats de cadavers d’animals de granja. Amb aquest panell, es
va millorar la sequenciacié de coronavirus en mostres d’aigua residual
respecte el panell utilitzat en l'article anterior, VirCapSeq-VERT, obtenint
aixi una gran diversitat de coronavirus, sobretot coronavirus que infecten
humans i animals domeéstics. En les mostres de guano de ratpenat es van
identificar quatre espécies diferents de coronavirus que infecten ratpenat,
i també es van detectar reads associats al coronavirus de civeta HKUS, el
qual s’ha especulat que podria estar associat a un possible esdeveniment
de transmissioé entre espécies a partir d’'un coronavirus de ratpenat. D’altra
banda, de les mostres de lixiviats d’animals es va obtenir una diversitat
virica menor en comparacio a la resta de mostres, identificant coronavirus
que infecten aus, porcs, conills, bestiar bovi i gossos, depenent el tipus de

lixiviat analitzat.

La informacié obtinguda a partir d’aquesta investigacié pot contribuir
significativament a la deteccié primerenca, la vigilancia i les mesures de
control dels coronavirus, incloent-hi el descobriment de virus nous i la
identificacié de zoonosis potencials. A més, aquest panell de captura
mostra la possibilitat d’estudiar altres families viriques d’interés i

monitoritzar la diversitat virica en diferents poblacions animals.
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Abstract

The COVID-19 pandemic has underscored the importance of understanding the role of animals in the
transmission of coronaviruses (CoVs) and their impact on human health. A One Health approach,
integrating human, animal, and environmental health, is essential for effective CoVs control. Next-
generation sequencing has played a pivotal role in identifying and monitoring the evolution of novel
CoVs strains, like SARS-CoV-2. However, viral occurrence and diversity studies in environmental
and animal samples are challenging because of the complexity of viral communities and low

abundance of viruses in these samples.
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Target enrichment sequencing (TES) has emerged as valuable tool for investigating viral families in
challenging samples. This approach involves the specific capture and enrichment of viral genomes
using sequence-specific probes, thereby enhancing the efficiency of detection and characterization.

In this study, we aimed to develop and validate a TES panel to study CoVs in various complex
environmental and animal derived samples. The results demonstrated the panel’s effectiveness in
capturing and sequencing a wide diversity of CoVs providing valuable insights into their abundance
and host diversity in urban wastewater, farm animal corpses lixiviates and bat guano samples. In
sewage samples, CoVs were detected solely when TES was employed while in guano samples,
sequencing of CoVs species was achieved in 2 out of 4 samples showing an almost three-logarithmic
increase in the number of reads obtained in comparison with the untargeted approach. For animal
lixiviates, only the TES application enabled the acquisition of CoVs reads. The information obtained
can significantly contribute to early detection, surveillance, and control measures for CoVs, including
viral discovery and potential spillover events. Additionally, this sequencing panel shows potential for

studying other significant viral families and monitoring viral diversity in different animal populations.

1. Introduction

The COVID-19 pandemic highlighted the necessity of understanding the role of animals in the
transmission of coronaviruses (CoVs) and their potential impact on human health (Pekar et al., 2022).
CoVs can cause a range of illnesses in infected humans and animals. Their transmission occurs
through respiratory droplets, but other bodily fluids could be involved and for this, studying their
presence in human and animal excreta can provide valuable information about CoVs circulation
(Maryam et al., 2023). CoVs are zoonotic pathogens capable of cross-species transmission, resulting
in outbreaks in both humans and animals. Consequently, the implementation of effective strategies
for controlling CoVs requires adopting a One Health approach that integrates human, animal, and
environmental health (Ruiz-Aravena et al., 2022; Sharun et al., 2021). Therefore, it becomes
imperative to investigate the interactions between humans, animals, and their shared environments to
identify potential reservoirs and intermediate CoVs hosts. This knowledge plays a crucial role in
proactively preventing future spillover events and emerging infectious diseases, helping early

detection of potential outbreaks and prompt response measures (Islam et al., 2022).
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To identify potential sources of human infections or the emergence of new zoonotic species or strains,
it is essential to study the genetic diversity and evolutionary dynamics of CoVs in both domesticated
and wild animals, as well as in the environment (Carlson et al., 2022; Jo et al., 2021). Next-generation
sequencing (NGS) has played a crucial role in identifying novel CoVs strains, including those
responsible for recent outbreaks like SARS-CoV-2, and has enabled the monitoring of their evolution
(Charre et al., 2020; Liu et al., 2022). This technology facilitates the detection of genetic mutations,
and the tracking of the emergence and spread of new variants within populations.

Virome studies on environmental and animal samples present significant challenges due to the
complex and diverse nature of viral communities within these samples. One of the primary obstacles
in these studies lies in the extensive viral diversity observed in environmental samples (Cantalupo et
al., 2011), which often remains unexplored or insufficiently characterized. Traditional virological
methods often have limitations in capturing and identifying the full extent of viral genomes within a
sample. Moreover, viruses may exhibit low abundance compared to other microorganisms, further
complicating their detection and analysis (Fernandez-Cassi et al., 2018a).

To overcome these challenges, target enrichment sequencing (TES) has emerged as valuable tool,
proving highly beneficial in the investigation of various viral families, including CoVs, in clinical
and environmental samples. However, previous attempts using a commercial probe-panel directed to
vertebrate viruses only yielded a few reads from SARS-CoV-2 and other human and animal CoVs in
sewage (Martinez-Puchol et al., 2020; 2021). This technique enables the specific capture and
enrichment of viral genomes using sequence-specific probes, thereby enhancing the sensitivity and
efficiency of detection and characterization (Briese et al., 2015; Paskey et al., 2019). The use of
targeted panels designed to capture specific viral families of interest within challenging samples can
enhance NGS approaches, resulting in increased sequencing depth and providing a more
comprehensive understanding of viral diversity. This becomes particularly crucial when studying
reservoir animals such as bats (Zhou et al., 2020) or potential intermediate hosts like farm animals
(Khamassi Khbou et al., 2021).

Consequently, the aim of this study was to develop and validate the efficacy of a TES panel
specifically designed to capture members of the Coronaviridae family to study the diversity of CoVs

in sewage,bat guano and farm-derived animal samples.
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2. Materials and Methods

Sample collection, viral concentration, and nucleic acid extraction

Urban 24-hours composite sewage samples were collected on November 16" (Sewage02), and
December 14" (Sewage03), 2021 and on January 3™, 2022 (Sewage01) from a wastewater treatment
plant (WWTP) located in the city of Barcelona. This plant serves up to 2.8 million population
equivalents and receives both domestic and industrial waste from the sewer system. Upon collection,
the samples were placed in a sterile container and kept at 4°C until viral particles were concentrated
from 100ml of sewage. In brief, the samples underwent initial debris removal through centrifugation
at 4750xg for 30 min and resulting supernatant (80mL) was ultrafiltered using the automatic
Concentration Pipette (CP-Select™) with 150kDa tips (Innovaprep, Missouri, USA) (Forés et al.,
2021). After the process, viral concentrates were recovered into a volume of 300uL. Nucleic acids
were extracted using using QIAmp RNAViral Mini Kit (Qiagen, Hilden, Germany).

Pools of guano were collected from bat roosts in four different locations in Catalonia (33) and Balearic
Islands (1). Refuge 1 (June 2019, guano 01) shelters various bat species, notably including significant
colonies of Miniopterus schreibersii and Myotis myotis of hundred individuals. Refuge 2 (March
2016, Guano 02) hosts a hibernating colony of over 2,000 Miniopterus schreibersii. Refuge 3 (August
2017, Guano 03) hosts various bat species, including significant breeding colonies of Miniopterus
schreibersii and Myotis myotis of hundred individuals. Refuge 4 (December 2015, Guano 04) hosts
a very important colony of 15,000-17,000 Miniopterus schreibersii. All gnano samples were obtained
either before or after the hibernating or breeding periods and were preserved using RNAlater
(Invitrogen, Massachusetts, USA) and stored at -80°C.

From each guano pool, viral particles were concentrated from 1gr of feces using glycine (0.25N, 9.5
pH) and ultracentrifugation protocol described by Pina et al. (Pina et al., 1998). To eliminate free-
DNA from sewage and guano viral concentrates, Turbo DNAse (Invitrogen, Massachusetts, USA)
was used, followed by nucleic acid extraction using QIAamp Viral RNA mini kit (Qiagen, Hilden,
Germany) with an initial concentrate volume of 280uL and an elution volume of 80uL.

Animal lixiviate samples from chicken, porcine and rabbit from animal corpse trucks were collected

using sterile containers directly from the leachate generated during discharge at a rendering plant
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located in Catalonia and stored at 4 °C during transport to the laboratory where they were analyzed.
Viruses were released from 2 gr of lixiviate by vortexing and then gentle shaking with 20ml of glycine
buffer (0.25N, 9.5pH) for 20 min at room temperature. The mixture was then centrifuged at 8000xg
for 15min. Total nucleic acids were purified from the supernatant using the Maxwell® Enviro
Wastewater TNA Kit (Promega, Wisconsin, USA), the VacMan® Vacuum Manifold and the
automated Maxwell RSC instrument into a final volume of 60uL.

From all the samples tested, SARS-CoV-2 N1 gene quantification was performed by (RT)-qPCR
(probe, primers and cycling conditions described in the CDC-006-00019 CDC/DDID/NCIRD/

Division of Viral Diseases protocol)

Library preparation and probe-based target enrichment sequencing

Prior to library preparation, nucleic acids and a negative control were reverse transcribed into cDNA,
which was then tagged and complemented to obtain double-stranded DNA (dsDNA). This randomly
tagged dsDNA, representing the viral content, was subsequently amplified through 25 cycles of PCR
amplification to generate enough DNA for library preparation, following the methodology described
by Fernandez-Cassi et al. (Fernandez-Cassi et al., 2018b). Libraries preparation was carried out in
duplicate using the KAPA HyperPrep Kit, following the manufacturer's instructions (Roche-Kapa
Biosystems, Basel, Switzerland). In brief, the dsSDNA was enzymatically fragmented, indexed with
Dual Indexes, and amplified. The resulting DNA fragments' quality and concentration were assessed
using a Qubit 3.0 Fluorometer (Thermo Fisher Scientific, Massachusetts, USA).

One of the libraries replicates was then subjected to hybridization with probes specifically designed
to capture target species from the Coronaviridae family utilizing the KAPA HyperCap Enrichment
Kit (Roche, Basel, Switzerland)., Basel, Switzerland)., Basel, Switzerland). Capture probes were
designed based on the genomic sequences of 18 species from Coronaviride family with the purpose
to maximize the hybridization of the probes with these sequences and related ones, and to minimize
the capture of any other genomic material that might be present in the environment. Species used for
the design were: Severe acute respiratory syndrome coronavirus 2 isolate Wuhan-Hu-1, Severe acute
respiratory syndrome coronavirus 2 isolate SARS-CoV-2/human/IND/CD211295/2021, SARS

coronavirus Tor2, Middle East respiratory syndrome-related coronavirus isolate HCoV-EMC/2012,
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Human coronavirus OC43 strain ATCC VR-759, Human coronavirus 229E, Human Coronavirus
NL63, Human coronavirus HKUI, Porcine coronavirus HKUI15 strain HKU15-155, Bovine
coronavirus isolate BCoV-ENT, Murine hepatitis virus strain A59, Transmissible gastroenteritis
virus, Feline infectious peritonitis virus, Avian infectious bronchitis virus, Alphacoronavirus Bat-
CoV/P kuhlii/Italy/3398-19/2015, Bat coronavirus 1A, Rousettus bat coronavirus HKUI10, Bat
coronavirus HKUS and Bat coronavirus HKU2 (see Supplementary Information 1).

Following the capture step, the quality and concentration of the captured libraries, non-captured
libraries, and negative controls were reassessed. Subsequently, sequencing of these libraries was
conducted on an Illumina NextSeq platform (Illumina, California USA), generating an output of 400

million reads.

Bioinformatic analysis

Raw sequencing reads from samples with and without capture—for each set of Sewage (Sewage01,
Sewage(02 and Sewage03) and Bat Guano (Guano0O1, Guano02, Guano03 and Guano04) samples,
were cleaned, filtered, and assembled using CAPTVRED pipeline ,an automated protocol designed
to assess the virome present in complex samples, specially focused on those obtained by capture-
based metagenomics approach.The analysis is sensible to degraded genomic sequences that may be
present in the environment and provides comprehensive, reproducible and accessible results centered
on viral outcomes (Tarradas-Alemany et al, submitted manuscript). It was run locally in a Debian
server with 32 threads. Main steps of the pipeline and relevant parameters are briefly described
hereafter. For the pipeline cleaning step, the paired FASTQ files were processed with BBDuk
(BBMap version 38.96; Institute J.G., 2022), and reads quality was assessed using FastQC (version
0.11.9; Andrews, S., 2010) and MultiQC (version 1.9; Ewels, P. et al, 2016). A second filtering step
was performed using Kaiju (version 1.9.0; Menzel P, et al., 2016) to discard reads corresponding to
non-viral species (such as eukaryotic, archaea, or bacterial sequences remnant on the samples). After
that, paired and unpaired reads were assembled into contigs by Megahit (version 1.0; Li, D. et al.,
2016); only those contig sequences and non-assembled reads (singletons) over 100bp were selected.
All programs were run using the pipeline default parameters as described in the pipeline

documentation. Then, NCBI-BLASTn (version 2.11.0+; Altschul, S. F. et al., 1990) was run using C-
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RVDB (Goodacre N. et al, 2018) database as reference (identity > 50% and E-value < 10e-10).
Sequenced raw reads obtained from the chicken, porcine and rabbit lixiviates samples were fully
processed using CAPTVRED complete pipeline which already implemented the BLAST step. The

default parameters were used for this analysis.

3. Results and discussion

The use of new targeted methodologies could favor the discovery of potential sources of human
infections or the emergence of new zoonotic species or strains. In this study we aimed to validate the
efficacy of a TES panel specifically designed for studying members of the Coronaviridae family to
study the diversity of coronaviruses in sewage and animal samples.

For the samples used, SARS-CoV-2 concentrations ranged from 5,74E+01 GC/ml to 4,10E+03

GC/ml in sewage samples. Guano and animal lixiviate samples tested negative.

Panel performance on Coronaviridae family

The abundance of CoV in the studied samples in comparison to the analysis of the same samples by
UVM (Untargeted Viral Metagenomics) is graphically represented in Figure 1. In sewage samples,
CoV were detected solely when TES was employed. A total of 390,553 reads assigned to diverse CoV
species were observed across the three analyzed sewage samples.

Concerning guano samples, sequencing of CoV species was achieved in 2 out of 4 samples. In one of
the positive samples, Guano 01, CoV reads were obtained even without using the enrichment panel,
resulting in 99,678 reads. However, the implementation of the panel significantly increased the
number of reads obtained to 37,537,788, representing an almost three-logarithmic increase.

In the case of animal lixiviate samples, only the enrichment strategy enabled the acquisition of CoV
reads. Specifically, 58,767 reads were obtained for rabbit lixiviates, while pig and chicken lixiviate

yielded 665 and 300 reads, respectively.



202
203

204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220

1e+07

Sample
1e+05

=== Guano01
(]
g Guano04
— S 01
o ewage
4 === Sewage02
=3
- Sewage03
o
2 1e+03 === Chicken
=== Rabbit
Pig

1e+01

uvm TES

Figure 1. Representation of the Log10 of number of CoV reads showing increase when applying the

designed TES approach.

CoV diversity using TES

A wide range of species was detected throughout the samples analyzed when using the enrichment
panel, as shown in Figure 2, which presents their abundance and host diversity.

Interestingly, sewage samples exhibited the highest diversity of CoVs. This observation is not
surprising, as these complex samples are known to harbor an extensive range of viral diversity
(Fernandez-Cassi, et al., 2018b, Martinez-Puchol et al., 2020). Consequently, studying less prevalent
species, such as CoVs, within these samples can be challenging and the use of TES methodologies
represents the most effective approach to address this limitation.

In this study, the application of a CoV probe panel represented a considerable improvement in
reference to other targeted efforts. Previous attempts using a commercial probe-panel directed to
vertebrate viruses, including 346 Coronaviridae species, only yielded a few reads from SARS-CoV-
2, canine CoV, feline CoV, human CoV OC43 and Lucheng Rn rat CoV in urban sewage (Martinez-

Puchol et al., 2021).
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Figure 2. Heatmap representing the CoV species abundance (Log10 number of reads) detected in the

analyzed samples.

As shown in Figure 2, SARS-CoV-2 and Canine CoV exhibited the highest number of reads followed
by HCoV-229E and Feline CoV. The presence of these species can be attributed to their well-
established epidemiological status. SARS-CoV-2 was associated with the ongoing pandemic during
the study period (November 2021-January 2022), while HCoV-229E and HCoV OC43 are commonly
linked to the occurrence of the common cold (Van der Hoek, 2015). The presence of Canine CoV in
the samples can be explained by canine waste disposal through toilets or through streets cleaning
which would be applicable to another pet associated CoVs.

The remaining detected species display infectivity across a wide range of animal hosts, providing
valuable insights into the contribution of different animal types (domesticated, farm, and wild
animals) to the sewage in the studied area. The utilization of these targeted panels not only enhances
the understanding of circulating strains but also serves as a potential tool for early detection and

response. This highlights the usefulness of this approach in monitoring CoV and other significant
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viral families, including certain enteroviruses and poxviruses, as suggested in previous studies
(Fernandez-Cassi, et al., 2018a; Hata et al., 2018; Martinez-Puchol et al., 2020).

In the bat guano samples, despite the higher read count compared to other samples, the observed
diversity is relatively limited, primarily consisting of four distinct species of CoVs known to infect
bats. The more abundant of these species is Miniopterus bat coronavirus 1, also known as Bat-CoV
MOPI, which belongs to the Alphacoronavirus genus and was the first CoV identified in bats (Poon
et al., 2005). Bat-CoV MOP1 is closely related to the other CoV found in the analyzed samples, such
as HKU8 and Bat-CoV 1, all of which have a documented impact on Miniopterus spp., commonly
known as bent-winged bats (Chu et al., 2008). These bats are considered reservoirs of
Alphacoronavirus species (Kimprasit et al., 2021).

In addition to this species, a substantial number of reads associated with Civet CoV HKUS8 were also
detected in two different guano samples when the enrichment panel was utilized but also without
enrichment. Notably, Civet CoV HKUS was detected in civets, and it was speculated about a potential
cross-species transmission event involving a bat-associated CoV (He et al., 2022).

The successful use of the enrichment panel for CoV characterization in bats has been documented in
previous studies (Li et al., 2020; Lim et al., 2019). Therefore, the feasibility of conducting targeted,
cost-effective, large-scale genome-level surveillance of bat CoVs has been firmly established. The
information gained from such surveillance efforts could prove invaluable in the prevention and
control of potential spillover events from bats to adjacent mammalian species. Migratory species may
contribute to pathogen persistence in species encountered along the migratory path. Given the
potential for long-range seasonal movements of Miniopterus schreibersii (Serra-Cobo et al. 2009;
2017, Colombi et al. 2019), this specie may represent a central vector for spatial dispersion of viruses
in southern Europe, where this bat species is abundant. Determining which bat colonies exhibit a
higher prevalence of viruses with zoonotic potential enables the implementation of preventive
measures to mitigate the transmission to the human population, livestock, and pets.

In the analysis of animal lixiviate samples, a lower viral diversity was detected in comparison to the
results obtained from wastewater and guano samples. This observation suggests that these highly
complex samples may have a lower contribution of viral excretion, a higher degree of viral nucleic

acid degradation, or may require an optimized methodology for viral isolation.
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Infectious bronchitis virus (IBV) reads were detected in chicken lixiviates. IBV is a particularly
relevant virus that infects various avian body compartments, including the respiratory tract, kidney,
gut, and reproductive systems, and is a significant contributor to economic losses within the poultry
industry (Cavanagh, 2007). Since live attenuated vaccine is available against IBV, the possibility that
some of these sequences belong to excreted vaccine strains could not be ruled out.

The continuous emergence of novel viral strains through mutations and recombination events in the
viral genome exacerbates the challenges associated with the identification and control of IBV
(Jackwood, 2012). Given its status as a major respiratory pathogen affecting the European poultry
industry, advancements in IBV detection, particularly in conjunction with other relevant CoVs,
utilizing enrichment panels, could hold the key to overcoming the apparent difficulties in its control.
Porcine hemagglutinating encephalomyelitis virus (PHEV) sequences were found in pig lixiviates
samples. PHEV is responsible for causing vomiting and/or encephalomyelitis in pigs, being the sole
identified neurotropic CoV known to affect pigs. PHEV exhibits a high prevalence and commonly
circulates sub clinically within most swine herds globally, not having significant clinical implications
in many swine-producing countries (Mora-Diaz et al., 2019). While PHEV is not currently recognized
as a zoonotic virus, it is crucial to acknowledge the emerging understanding of cross-species
transmission and zoonotic potential demonstrated by other porcine CoVs such as Porcine delta CoV
and Swine acute diarrhea syndrome CoV (Guo et al., 2023). This knowledge underscores the
importance of implementing effective control measures for CoVs present in pigs.

In the sequencing analysis of rabbit lixiviates, the presence of Rabbit CoV, Bovine CoV, and Canine
CoV was observed. Rabbit CoV is recognized as the causative agent of common enteric infections in
rabbit colonies (Descoteaux et al., 1985). However, the extent of its involvement in cross-species
transmission events, as well as the implications of Bovine CoV, remain largely unknown. Canine
CoV, which was also detected in sewage samples, has been associated with febrile or lower
respiratory symptoms in humans (Lednicky et al., 2022; Vlasova et al., 2022), suggesting possibilities
for cross-species transmission. Therefore, controlling its spread is significant to prevent potential
recombinant transmissions among various mammalian species.

In addition to identifying the obtained species from each sample, further characterization of these

viral assignments was conducted based on genomic coverage and identity, as outlined in Table 1.
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The use of TES led to notable differences in read acquisition, especially in sewage and bat samples,
where substantial genome coverage was achieved for viral assignments when employing the
enrichment panel. Conversely, in the unenriched sample (UVM) where reads were obtained without
the enrichment, a lower level of genomic coverage was observed, consistent with previous
comparisons of these NGS techniques (Martinez-Puchol et al., 2021).

The coverage observed in the animal lixiviate samples was relatively low, potentially attributed to the
lower quantity of reads obtained for certain species that could have been caused, as explained before,

for the lower contribution of viral excretion in these samples or for the viral nucleic acid degradation.

4. Conclusions

The probe-based enrichment panel designed for sequencing members of the Coronaviridae family
demonstrated success in capturing and sequencing not only the targeted species but also other viral
species within the family. A higher number of different CoV species were detected in comparison
with untargeted metagenomics or with vertebrate viruses directed panels applied in other studies by
this research group. This enrichment panel provided increased sequencing depth for the intended viral
species. It also showed potential for viral discovery which could enable in the future comprehensive
studies on both known and potential animal species susceptible to spillover events. This approach
holds promise for enhancing our understanding of viral dynamics and their potential implications for

zoonotic transmission.
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Exposicio a virus contaminants
d'aigua i aliments:
deteccio i caracteritzacio virica.
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CAPITOL 2

Els virus excretats per humans i animals que arriben a les aigles residuals
poden ser resistents als tractaments de les estacions depuradores
d’aiglies residuals i acabar contaminant les fonts d’aigua que s’utilitzen
per beure, per regar o per a Us recreatiu, constituint aixi potencials vies de
transmissio d’aquests virus. En aquest capitol s’estudia I'exposici6 a virus
patdbgens presents en aigles i aliments mitjancant la deteccio i
caracteritzacié virica, especialment aplicant técniques de NGS en
aliments de produccio organica i les seves fonts d’aigua de reg. A més,
també s’avalua la contaminacié virica i s’explora la diversitat de virus
presents en escorrenties i aigles subterranies d’'un entorn urba, les quals,

en l'actual context de sequera, son de gran interés per a diferents usos.

117



118
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Article 4: Les técniques de NGS revelen una gran diversitat de
virus RNA i papil-lomavirus en aliments de produccié organica

i en aigues de reg

“NGS Techniques Reveal a High Diversity of RNA Viral Pathogens

and Papillomaviruses in Fresh Produce and Irrigation Water”

Itarte, M., Martinez-Puchol, S., Forés, E., Hundesa, A., Timoneda, N., Bofill-Mas, S.,
Girones, R. i Rusifiol, M.

Foods 2021. Volume 10 (8), 1820. https://doi.org/10.3390/foods 10081820

Les fruites i verdures son susceptibles a la contaminacié microbioldgica
en cada etapa de la cadena de produccié alimentaria i, com a font
potencial de patdgens, la qualitat de I'aigua de reg esdevé un factor critic.
En els ultims anys, les técniques de sequenciaci® massiva han anat
prosperant i s’han estés a una amplia varietat de camps. No obstant aixo,
la seva aplicaci6é en la seguretat alimentaria encara esta poc explorada, i

es necessiten millores en la seva sensibilitat.

En aquest estudi es va detectar, mitjangcant assaigs de qPCR, una
contaminacié baixa perd freqlent de patdgens virics que circulen
comunament en el 46.9% de les mostres d’aliments de produccié organica
analitzades: 6/12 mostres d’enciam, 4/12 mostres de maduixes i 5/8
mostres de julivert. A més, l'aplicaci6 de dues técniques de NGS, la
sequenciaciéo massiva amb enriquiment de dianes mitjancant el panell de
captura VirCapSeq-VERT, per a la deteccid de virus que infecten
vertebrats, i la seqienciacid massiva d’amplicons, va revelar una alta
diversitat de patogens virics, especialment NoV i HPV, en fruita, verdura i
aigua de reg. Tots els tipus de NoV i HPV identificats en les mostres de

fruita i verdura també es van detectar en diverses aigles de reg, indicant
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que aquests virus patdgens circulen i sén excretats per la poblacio, i que
l'aigua de reg és la font més probable dels patdgens virics identificats en

aquestes mostres d’aliments de produccié organica.

Les tres metodologies utilitzades per a 'analisi de la contaminacié virica
en mostres d’aliments i mostres d’aigua de reg van demostrar ser utils i
van proporcionar diferents tipus d’informacié a I'estudi: (a) la gPCR és una
tecnica quantitativa, sensible i especifica, (b) la sequenciacid massiva
amb captura utilitzant el panell VirCapSeq-VERT permet la deteccio de
patdgens virics, relativament abundants, presents en l'aigua de reg,
incloent-hi patdgens virics inesperats i soques potencialment zoonotiques,
i (c) la seqlienciacio massiva d’amplicons proporciona una sensibilitat més
alta per a la identificacié de tipus o variants viriques que contaminen

aigues i aliments dins d’'un grup determinat de virus.
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Abstract: Fresh fruits and vegetables are susceptible to microbial contamination at every stage of the
food production chain, and as a potential source of pathogens, irrigation water quality is a critical
factor. Next-generation sequencing (NGS) techniques have been flourishing and expanding to a wide
variety of fields. However, their application in food safety remains insufficiently explored, and their
sensitivity requires improvement. In this study, quantitative polymerase chain reaction (QPCR) assays
showed low but frequent contamination of common circulating viral pathogens, which were found
in 46.9% of samples of fresh produce: 6/12 lettuce samples, 4/12 strawberries samples, and 5/8
parsley samples. Furthermore, the application of two different NGS approaches, target enrichment
sequencing (TES) for detecting viruses that infect vertebrates and amplicon deep sequencing (ADS),
revealed a high diversity of viral pathogens, especially Norovirus (NoV) and Human Papillomavirus
(HPV), in fresh produce and irrigation water. All NoV and HPV types found in fresh fruit and
vegetable samples were also detected in irrigation water sources, indicating that these viruses are
common circulating pathogens in the population and that irrigation water may be the most probable
source of viral pathogens in food samples.

Keywords: organic food; irrigation water; viral pathogens; food safety; next-generation sequenc-
ing; target enrichment sequencing; amplicon deep sequencing; human papillomavirus; norovirus;
vertebrate viruses

1. Introduction

Consumption and production of fresh fruits and vegetables have increased over the
last few years [1] due to population growth, changes in human lifestyles and growing
awareness of the benefits of these foods as important sources of nutritional compounds in
a healthy and balanced diet [2-4]. This increase in fresh food consumption, often eaten raw
or minimally processed, has also been associated with an increase in foodborne infections
and disease outbreaks, most of which have been linked to viral origins [2,5,6]. Pathogen
contamination can occur at any stage of the food production process, from farm to fork,
and irrigation water quality is a critical factor, since it is a potential source of foodborne
pathogens [7-10], especially if it comes in direct contact with the edible portion [11]. The
microbial quality of irrigation water is affected by a wide range of agricultural, wildlife, and
human factors, including: growing season, geographical location, land use, surrounding
activities, and environmental conditions [12-14]. Agricultural farms obtain irrigation
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water from sources such as reservoirs, rivers and groundwaters, and in the context of the
circular economy, reclaimed water is increasingly becoming an important water source for
irrigation.

In 2019, Machado-Moreira et al. collected data from several publications and estab-
lished that most reported outbreaks related to ‘ready-to-eat’ food between 1980 and 2016
were due to the consumption of leafy green vegetables, including lettuce and parsley,
whereas strawberries ranked first place when considering the number of cases linked
to the consumption of a particular foodstuff [15]. This review also reported that leafy
green vegetables and soft fruits are, in fact, the main foodstuffs implicated in the trans-
mission of Norovirus (NoV). This virus, excreted in human feces and transmitted by the
fecal-oral route, is the leading cause of reported foodborne disease outbreaks and is the
main cause of viral gastroenteritis in people of all ages worldwide [5,16-19]. Other enteric
viruses, such as Human Adenovirus (HAdV), Rotavirus (RoV), Hepatitis A Virus (HAV),
Hepatitis E Virus (HEV), and Astrovirus (Ast), are also important agents in foodborne
outbreaks [7,14,20]. Most pathogenic microorganisms of fecal origin that may be present
in irrigation water cause gastroenteritis or acute hepatitis, but other pathologies—such as
meningitis, myocarditis, and neurological disorders—are also possible [5].

Human papillomavirus (HPV) infects the skin and mucosal epithelia, with effects
ranging from benign lesions, such as common warts, to malignant carcinomas, and its
occurrence has been described in raw sewage and river waters [21-24], including high-
and low-risk oncogenic HPV types [21,24]. In fact, HPV excretion in the feces of patients
with diarrhea has been described, suggesting transmission through fecal shedding of a
virus that was believed to be mainly epitheliotropic and, therefore, pointing to possible
transmission through contaminated water [23,25].

In most foodborne viral outbreaks, the link between the contaminated food consumed
and the people infected is often not easily established, which makes it difficult to intervene
and implement preventive measures [26]. Current guidelines on microbiological irrigation
water quality and safety from the European Union rely only on the use of Escherichia coli
(EC) as Fecal Indicator Bacteria (FIB) [27,28]. However, it is well established that these
indicators do not always correlate with important waterborne pathogens that may be
present in diverse water sources, such as irrigation water [5,29,30]. This is particularly
relevant for viral pathogens, which are more resistant to water treatments than bacteria,
and thus, FIB might not accurately represent viral inactivation [31-33]. A more suitable
indicator for viral fecal contamination is HAdV since it is shed in high concentrations and
does not show seasonal variability [34]. HAdV is widely used as a viral fecal indicator; it is
highly stable under many environmental conditions and disinfection treatments [29,35-37].

Quantitative polymerase chain reaction (qQPCR) is the most commonly used method
for the quantification of viruses in food [26], and standardized assays for NoV and HAV
(ISO 1526-1:2017, https:/ /www.iso.org/standard /65681.html, accessed on 8 April 2021)
have been established [38]. However, the detection of viruses in some food matrices can
be difficult due to the presence of inhibitory substances that may impact qPCR detection,
leading to false-negative results [39-42]. Next-generation sequencing (NGS) is a promis-
ing tool with clear applicability to the detection of viral pathogens in the field of food
safety [5,43-45]. The introduction of NGS techniques to this field allows the simultaneous
analysis of myriad viral pathogens in a single assay, including pathogens initially not
suspected to be present. This is achieved by identifying viral sequences in a sample and
comparing them with established sequences in databases [39]. Therefore, NGS has great
potential as a viral surveillance tool in the food production chain due to its sensitivity,
broad detection range, and detailed information about the detected virus [46,47]. Despite
this potential, NGS has still not been widely explored in food safety studies, and technical
optimization is needed since there are limitations associated with the presence of inhibitory
substances [5]. Several viral metagenomic studies applying NGS techniques in the context
of food safety have been published [45,48-53], but to our knowledge, only a few have
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focused on fresh produce: specifically, frozen berries [54], strawberries [39], lettuce [43],
parsley [5], and celery [55].

In this study, lettuce, strawberry, and parsley samples grown under organic agricul-
tural practices as well as water irrigation sources were analyzed by qPCR for the presence
and concentration of HAdV, which was used as a fecal viral indicator, and other relevant
pathogens, such as NoV GI, NoV GII, and HEV. In addition, two different NGS approaches,
target enrichment sequencing (TES) for the analysis of viruses that infect vertebrates and
amplicon deep sequencing (ADS) for NoV and HPV, were applied to the studied samples
to explore the potential application of NGS techniques for viral detection, characterization,
and discovery, especially in fresh fruits and vegetables.

2. Materials and Methods
2.1. Organic Food and Water Samples

Lettuce (n = 12), strawberry (1 = 12) and parsley (n = 8) samples were directly pur-
chased from three different organic agriculture producers located in the province of
Barcelona (Production Sites 1, 2, and 3 in Table 1), all of which are regulated by Com-
mission Regulation (EC) No. 834/2007, No. 889/2008, and No. 1235/2008 and authorized
by Consell Catala de la Produccio Agraria Ecologica (CCPAE). The irrigation water sources
at these production sites were also sampled: 50 L of groundwater samples (1 = 8) and 50 L
of river water (flow of 0.48 m3/s) samples (n = 4). Fresh produce and irrigation water
samples from organic agriculture producers were collected in July 2019.

Table 1. Irrigation water (GW: groundwater; RIV: river), lettuce (LET), strawberry (STR), and parsley (PAR) samples
collected from Production Sites 1, 2, and 3 and also alternative irrigation waters, i.e., Llobregat river water (LLRIV) and
treated wastewater (SE: secondary effluent; WFPE: subsurface water flow-path effluent), included in this study.

Irrigation Water Lettuce Strawberry Parsley
Production Site 1 GW1.1 to GW1.4 LET1.1 to LET1.4 STR1.1 to STR1.8 PAR1.1 to PAR1.4
Production Site 2 GW2.1 to GW2.4 LET2.1 to LET2.4
Production Site 3 RIV3.1 to RIV3.4 LET3.1 to LET3.4 STR3.1 to STR3.4 PAR3.1 to PAR3.4

Llobregat river

Treated wastewater

LLRIV.1 and LLRIV.2

SE and WFPE

Barcelona, with nearly 3.5 million inhabitants, has an important agricultural area on
the outskirts of the city that uses water from the Llobregat river for irrigation. This river,
which flows at 19 m3/s over a densely populated area (4948 km?), receives the effluents
of more than 50 wastewater facilities and is affected by farming and agriculture activities.
Agricultural fields at the Llobregat river delta cover an area of 3489 ha, and organic practices
that use animal manure are increasing every year. Llobregat river water samples of 50 L
(n =2) were collected in autumn before the irrigation water intake (Table 1). Two treated
wastewater samples (10 L), collected in winter, were also analyzed in this study, as this type
of water is becoming an important source for irrigation, and it is also one of the main inputs
of water from small river basins in the studied area (Table 1). The selected wastewater
treatment plant (WWTP) is a conventional plant serving 147,000 inhabitants; it applies
activated sludge as secondary treatment and a tertiary treatment based on Phragmites
australis, a common species of reed that is autochthonous to the region and typically used
in constructed wetlands and stream restoration actions [56], enabling the treatment of
the secondary effluent in subsurface water flow paths receiving treated wastewater [57].
Secondary effluent (1 = 1) and subsurface water flow-path effluent (1 = 1) samples were
collected, transported at 4 °C and processed on the same day of collection.

2.2. Viral Concentration and Nucleic Acid Extraction

The leafy sections of lettuce and parsley were cut into pieces with a length of approx-
imately 2 cm and grouped into 25 g samples according to ISO 15216-1:2017 [38]. Each
sample was washed for 20 min at 60 rpm in a rocker platform in Whirl-Pak® plastic bags
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(Nasco, Fort Atkinson, WI, USA) containing 40 mL of Tris—Glycine-Beef Extract Buffer
(pH 9.5, 0.25 N), and 0.25 volumes of 5x polyethylene glycol/NaCl solution was added.
After precipitation for 1 h at 4 °C and centrifugation (10,000 g, 30 min, 4 °C), the resulting
pellet was resuspended in 500 uL of PBS. Viral concentrates were treated with Turbo DNase
(Invitrogen, Carlsbad, CA, USA) for 1 h at 37 °C to remove free DNA prior to nucleic
acid extraction, and 500 pL of the DNase-treated viral concentrate was extracted using the
NucliSENS® easyMAG system (BioMérieux, Marcy 1'Etoile, France). Nucleic acids were
eluted in 100 uL and stored at —80 °C for further analysis in qPCR and NGS assays.

In accordance with ISO 15216-1:2017 [38], 25 g of strawberries were treated with
tris—glycine-beef extract buffer and pectinase at a pH of 9.5. The solution was centrifuged
(8000x g, 10 min, 4 °C), and the pH was adjusted to 7.0 (-0.2) by using 0.1 N HCI. Then,
0.25 volumes of 5x polyethylene glycol/NaCl solution were added. After precipitation for
1hat4 °C and centrifugation (10,000 x g, 30 min, 4 °C), the resulting pellet was resuspended
in 500 uL of PBS and washed with chloroform/butanol. Nucleic acids were extracted from
the resulting supernatant using the NucliSENS® easyMAG system (BioMérieux, Marcy
I’Etoile, France) and stored at —80 °C for further analysis in qPCR and NGS assays.

Viruses were concentrated from irrigation water samples by ultrafiltration using the
Long Volume Concentration kit (LVC kit) from InnovaPrep® (InnovaPrep, Drexel, MO,
USA) that couples to a Rexeed 25-A polysulfone hollow-fiber ultrafilter. The elution step
was performed using wet foam elution cans with Tris-PBS from InnovaPrep® (InnovaPrep,
Drexel, MO, USA) and the eluted volume (30-50 mL) was further concentrated using
Amicon Ultra-15 devices (50 kDa MWCO) from Millipore (Millipore, Burlington, MA,
USA). Viral particles were recovered in a final volume of 200-500 uL of eluate and stored
at —80 °C until further use. Viral concentrates were treated with Turbo DNase (Invitrogen,
Carlsbad, CA, USA) for 1 h at 37 °C to remove free DNA prior to nucleic acid extraction,
and 280 pL of the DNase-treated viral concentrate was extracted using the QIAamp® Viral
RNA Mini Kit from QIAGEN (QIAGEN, Germantown, MD, USA). Nucleic acids were
eluted in 80 pL and stored at —80 °C for further analysis in qPCR and NGS assays.

2.3. Viral Quantification

To evaluate the level of human fecal contamination in fresh food and irrigation water
samples, a specific quantitative polymerase chain reaction (qPCR) assay for HAdV was
performed using TagMan® Environmental Master Mix 2.0 (Applied Biosystems, Waltham,
MA, USA) with the specific primers and probe previously described [58]. Viral RNA
pathogens were also quantified in all samples using the RNA UltraSense™ One-Step qRT-
PCR System (Applied Biosystems, Waltham, MA, USA) with specific primers and probes
for NoV GI [59-61], NoV GII [62,63], and HEV [64]. All assays were carried out using the
Stratagene MX3000P sequence detector system (Agilent Technologies, Santa Clara, CA,
USA). The qPCR standards were prepared using synthetic gBlocks® Gene fragments (IDT,
Coralville, IA, USA), and serial dilutions were quantified using Qubit 3.0 dSDNA HS Assay
Kit (Invitrogen, Carlsbad, CA, USA). All qPCR assays were performed in quadruplicate
and included non-template controls.

LOD Determination

The limit of detection (LoD) of the qPCR was calculated by running six 10-fold
dilutions of target DNA/RNA suspensions around the detection end points (2.5, 5, 25,
and 50 Genome Copies (GC)/reaction) for each analyzed virus. The concentration that
produced at least 95% positive replicates was assumed to be the LoD of the qPCR assay,
which was transformed to the LoD of the entire process using the sample volume or grams
tested in each analysis performed.
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2.4. Target Enrichment Sequencing (TES)
2.4.1. Sequence-Independent, Single-Primer Amplification (SISPA)

A selection of samples that showed the presence of fecal contamination or specific viral
pathogens were further analyzed using the TES approach, together with a negative control.
Sample preparation prior to library construction consisted of the random tagging of nucleic
acids and pre-amplification, allowing the study of both RNA and DNA viruses. This
approach was performed following the procedure described previously [21,65,66], with the
difference that SuperScript IV enzyme (Invitrogen, Carlsbad, CA, USA) was used in the
retrotranscription step. Briefly, retrotranscription was performed using a random nonamer
primer and followed by second-strand synthesis using Sequenase 2.0 (Applied Biosystems,
Waltham, MA, USA). To obtain enough dsDNA for library construction, nucleic acids were
amplified by 25 PCR cycles using AmpliTaqGold (Applied Biosystems, Waltham, MA,
USA). The obtained PCR products were cleaned and concentrated with Zymo DNA Clean
& Concentrate kit (Zymo Research, Irvine, CA, USA) and quantified using the Qubit 3.0
dsDNA HS Assay Kit (Invitrogen, Carlsbad, CA, USA).

2.4.2. Library Construction

For each sample, libraries were constructed using the KAPA HyperPlus Library Prepa-
ration Kit (KAPA Biosystems, Roche, Basel, Switzerland). Briefly, library construction
consisted of fragmentation, indexation with KAPA Dual-Indexed Adapters (KAPA Biosys-
tems, Roche, Basel, Switzerland) and amplification of the dsDNA obtained from SISPA.
Afterwards, the resulting libraries were quantified using the Qubit 3.0 dsDNA HS Assay
Kit (Invitrogen, Carlsbad, CA, USA).

2.4.3. Capture of Viral Sequences by VirCapSeq-VERT Capture Panel

Libraries were equimolarly pooled and captured using the VirCapSeqVERT Capture
Panel (Roche, Basel, Switzerland). This panel involves the hybridization of probes designed
to capture sequences from vertebrate viral pathogens, and it has enabled the detection of
viral sequences in complex sample types in previous studies [21,49,50,67,68]. After the
capture, quality and concentration were checked, and captured libraries were sequenced
using an Illumina MiSeq 2 x 300 bp platform.

2.4.4. TES Bioinformatic Processing

Paired-end FASTAQ files generated from sequencing were analyzed using Genome
Detective Virus Tool Version 1.126, a web-based software used to identify, assemble,
and classify all known viruses present in NGS data (https://www.genomedetective.
com/app/typingtool/virus/, accessed on 4 May 2021) [69]. For more precise and ac-
curate taxonomic classification, human viral contigs obtained with nucleotide identity
above 70% were further processed and queried for sequence similarity using BLASTN
against the NCBI GenBank nucleotide collection database [70,71] with Geneious R9.1.8
(https:/ /www.geneious.com/, accessed on 4 May 2021) [72].

NCBI Taxonomy standards were followed for the species nomenclature and classifi-
cation. For specific typing of human caliciviruses, the obtained NoV contigs were further
analyzed using the Noronet web-based Typing Tool (version 2.0) developed by RIVM using
the updated classification of NoV genogroups and genotypes [73-75].

2.5. Amplicon Deep Sequencing (ADS)
2.5.1. Amplicon Generation

A selection of samples that showed the presence of fecal contamination or specific viral
pathogens were further analyzed using an ADS approach. Sample nucleic acid suspensions
were processed by ADS using specific nested PCR for NoV and HPV, previously described
as suitable for typing purposes [21,52,76-79], with the incorporation of Illumina adapters in
the nested primers. The obtained amplicons were purified from agarose gel using QIAquick
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Gel Extraction (QIAGEN, Germantown, MD, USA) and sequenced with an Illumina MiSeq
2 x 300 bp platform.

2.5.2. ADS Bioinformatic Processing

Sequences generated from ADS were classified using BLASTN [71] (identity > 90%;
coverage > 80%; length alignment: NoV > 200 bp, HPV > 100 bp) against a custom database
populated with NoV prototype strain sequences from GenBank for the 9 genotypes of
genogroup GI and 26 genotypes of genogroup GII determined by VP1, following the NoV
classification proposed by Chhabra et al., 2019 [73] (Corrigendum 2020 [74]). The HPV
database included sequences obtained from the International HPV Reference Center of
Karolinska Institutet (https:/ /www.hpvcenter.se/, accessed on 4 May 2021), consisting
of all currently described HPV types, from HPV-1 to HPV-227. Other vertebrate papillo-
mavirus genomes obtained from the Papillomavirus Episteme (PaVE)
(https:/ /pave.niaid.nih.gov/, accessed on 4 May 2021) were also included in the database.

3. Results
3.1. Virus Quantification in Irrigation Water and Organic Food

Samples of fresh fruits and vegetables from three organic farmers and irrigation
water were tested for the presence of viral contaminants by specific qPCR assays. Low
levels of contamination with human pathogenic viruses were detected in 46.9% of fresh
produce samples and 50% of irrigation water samples (Table S1). The principal agent
detected was NoV GII. Llobregat river water and treated wastewater samples showed
simultaneous contamination with HAdV, NoV GI, and NoV GII, which were present in
higher concentrations than in the rest of the samples.

The presence of HAdV, an indicator of human fecal contamination, was detected
in 100% of the river water samples from the Llobregat river (LLRIV.1 and LLRIV.2) and
100% of the treated wastewater samples (SE and WFPE). Lower percentages of human
fecal contamination were detected in the organic food samples: 37.5% of parsley samples,
33.3% of lettuce samples and 16.6% of strawberry samples analyzed from all production
sites. No human fecal contamination was detected in groundwater samples using HAdV
quantification. Figure 1 summarizes the mean viral concentrations measured in irrigation
waters and harvested food samples from organic production sites by specific qPCR, and
Table 2 specifies viral concentrations in alternative irrigation water sources. Further details
can be found in Supplementary Materials, Table S1.

Production Site 1 Production Site 2 Production Site3
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Figure 1. Quantification of viral pathogens in irrigation waters and harvested food samples (lettuce, strawberry, and

parsley) from organic Production Sites 1, 2, and 3. Values on the X-axis show the mean concentrations of HAdV and NoV
GII detected by qPCR assays, expressed in GC/25 g for food samples and in GC/L for irrigation water samples.
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Table 2. Viral concentrations obtained from alternative irrigation water sources. Values are expressed
in GC/L. ND: not detected. SE: secondary effluent, WFPE: subsurface water flow-path effluent.

HAdV NoV GI NoV GII HEV
. LLRIV.1 347 x 10* 636 x 103> 1.33 x 104 ND
Llobregat river
LLRIV.2 599 x 103 1.01 x 10*  4.75 x 10* ND
SE 899 x 10+  3.77 x 10° ND ND
Treated wastewater
WEPE 1.88 x 10°  9.49 x 10> 6.64 x 102 ND

NoV GI was found in 100% of Llobregat river water samples and 100% of treated
wastewater samples, but NoV GI contamination was not detected in any of the irrigation
water or food samples from the organic production sites. A different distribution was
observed for NoV GII, which was widely present in all types of samples. This human viral
pathogen was found in all irrigation water sources, including 50% of groundwater and
river water samples, with the highest concentration detected in the Llobregat river sample.
NoV GII was also detected in 25% of the organic food samples, with especially relevant
values in all parsley samples collected from Production Site 3. HEV was not detected in
any of the samples analyzed in this study.

The detection limits of the assays analyzing food samples were 75 GC/25 g for HAdY,
144 GC/25 g for NoV GI, 1036 GC/25 g for NoV GII, and 1000 GC/25 g for HEV. For the
irrigation water samples, the detection limits of the assays analyzing groundwater and
river water samples were 2.14 GC/L for HAdV, 4.11 GC/L for NoV GI, 29.60 GC/L for
NoV GlII, and 28.57 GC/L for HEV. In the analysis of treated wastewater samples, the limits
of detection were 10.71 GC/L for HAdV, 20.57 GC/L for NoV GI, 148 GC/L for NoV GII,
and 142.86 GC/L for HEV.

3.2. Virome of Irrigation Water and Organic Food Using TES

A selection of samples that showed the presence of fecal contamination or specific
viral pathogens were further analyzed using the TES approach. These were: GW1.1,
STR1.1, GW2.1, RIV3.1, LET3.4, PAR3.2, LLRIV.1, SE, and WFPE. This approach consisted
of capturing sequences from vertebrate viral pathogens during library preparation using
the VirCapSeqVERT Capture Panel (Roche, Basel, Switzerland). TES enabled the detection
of human and other vertebrate viruses in all irrigation water samples and the identification
of a human virus belonging to Caliciviridae in a parsley sample.

All contigs obtained from Genome Detective with nucleotide identity above 70% were
further analyzed, resulting in a total of 77,565 viral reads: 31,634 reads for GW1.1, 44 reads
for STR1.1, 977 reads for GW2.1, 1609 reads for RIV3.1, 20 reads for LET3.4, 9 reads for
PAR3.2, 7446 reads for LLRIV.1, 16,421 reads for SE and 19,405 reads for WFPE. From the
negative control included in the analysis, seven reads were assigned to the bacteriophage
family Microviridae, but no other viral assignments were obtained. Further information
about the assignment and distribution of all viral reads obtained in different hosts is de-
tailed in Supplementary Materials, Table S2. Most of the reads belonged to bacteriophages
(48.91%), followed by viruses that infect invertebrates (33.95%), plants (8.28%), humans
(6.15%), and other vertebrates (2.44%). Using this capture approach, reads assigned to
vertebrate viruses were obtained from all irrigation water samples, with the highest di-
versity found in a Llobregat river water sample (LLRIV.1). The distribution of vertebrate
virus reads obtained using TES from different types of irrigation water sources is shown
in Figure 2. Of the obtained reads of viruses that infect vertebrates, human viruses were
present in greater proportions and accounted for all viruses detected in secondary-treated
wastewater. In the Llobregat river, the highest number and diversity of reads were assigned
to viruses that infect non-human vertebrates, including feline, canine, porcine, rodent,
and cattle viruses belonging to Astroviridae, Caliciviridae, Parvoviridae, and Picornaviridae.
Avian, equine and bat viruses belonging to Genomoviridae and Parvoviridae were detected in
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groundwater, whereas river water from Production Site 3 was found to have feline and
porcine viral members of Astroviridae and Genomoviridae. Treated wastewater showed a
huge proportion of human virus reads, with a low proportion representing canine and
cattle parvoviruses in the effluent of subsurface water flow paths.

Groundwater Llobregat river River from Production
Bat Horse (19 m3/s) Site 3 (0.48 m3/s)
Bird . -

Pig
Pig
Dog
Cow
Rat
Human Human
Subsurface water Secondary effluent
flowpaths effluent
Dog
Cow

Human Human

Figure 2. Distribution of vertebrate virus reads among different hosts obtained using target enrichment sequencing from
different types of irrigation water sources: groundwater, Llobregat river (flow of 19 m3/s), river water from Production
Site 3 (flow of 0.48 m3/s), subsurface water flow-path effluent and secondary effluent. Further details are provided in
Supplementary Materials, Table S2.

In food samples, no reads of viruses that infect humans or other vertebrates were
obtained from strawberry and lettuce samples, despite the detection of NoV GII and
HAAV by gPCR, respectively, and three reads assigned to a human virus belonging to
Caliciviridae were obtained from the parsley sample, which showed both HAdV and NoV
GII contamination in qPCR assays.

The human pathogenic viruses sequenced using TES are summarized in Table 3. De-
spite having samples positive for HAdV in the qPCR assay, no assignments belonging
to Adenoviridae were obtained. Reads assigned to members of Caliciviridae were obtained
from the Llobregat river and the parsley sample, as mentioned previously. Sequences
obtained from the Llobregat river were assigned to NoV GI.1, GIL.4, and GII.17, the last
of which was also the genotype found in parsley. In this study, all sequences assigned to
Astroviridae were mainly detected in river water samples. The Llobregat river contained a
wide diversity of Human Astroviruses (HAstVs) belonging to different species, including
Mamastrovirus 1 (HAstV-1 and HAstV-4), Mamastrovirus 6 (AstV-MLB1 and AstV-MLB2),
and Mamastrovirus 8§ (HAstV-VA2). HAstV-1 and HAstV-5 were also detected in the river
sample from Production Site 3. The presence of HAstV-5 was also detected in subsurface
water flow-path effluent. Members of Picornaviridae were detected in river water and
treated wastewater. Sequences of Aichivirus A, typed as Aichi virus 1, were sequenced from
river water, whereas Salivirus A was found in river water and treated wastewater. Other as-
signments obtained from irrigation water samples belonged to Circoviridae, with sequences
detected in groundwater and secondary effluent, and Parvoviridae, with sequences detected
in groundwater, river water, and subsurface water flow-path effluent.
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3.3. Diversity of NoV and HPV Sequencing in Irrigation Water and Organic Food Using ADS

NoV sequences obtained using ADS and classified by VP1 analysis are shown in
Table 4. Treated wastewater samples (SE and WFPE) presented the highest diversity of
NoV GI, whereas the highest diversity of NoV GII was detected in Llobregat river water
(LLRIV.1). NoV GIL.4 was the most abundant genotype, and it also accounted for the
highest number of NoV reads in Llobregat river water. Among NoV GII sequences, NoV
GII.4 and GII.13 were the genotypes that appeared in a greater number of samples, and a
high number of reads were obtained mainly from Llobregat river water. Other NoV GII
genotypes sequenced from the Llobregat river were GII.2, GII.17, and GIL3.

Table 4. Number of reads of each NoV genotype obtained from a strawberry sample from Production Site 1, irrigation

water and parsley samples from Production Site 3 and alternative irrigation water sources using amplicon deep sequencing.

Production

Site 1 Production Site 3 Llobregat River Treated Wastewater
STR1.1 RIV3.1 PAR3.1 PAR3.2 LLRIV.1 LLRIV.2 SE WFPE
GlL4 17 1 10 3 15 59
GL1 4 2
NoV GI GI.2 2
GL3
GI5 2
GIL.4 1 6
GII.13 16
NoV GII GIL2 4
GIL.17
GIL3

1-10 10-100 100-1000 1000-10,000 10,000-100,000 >100,000

All food samples presented a lower diversity of NoV, but it is remarkable that all NoV
genotypes identified were also found in some of the irrigation water sources. NoV GI
members found in food samples, GI.4 and GI.1 in strawberry (STR1.1), and GI.4 in parsley
(PAR3.2), were also found in river water and treated wastewater. NoV GII genotypes found
in parsley samples, GII.13 and GIL.2 in PAR3.1 and GII.4 and GII.13 in PAR3.2, were also
found in different irrigation water sources.

HPV and other PV sequences obtained using ADS and classified by L1 analysis are
shown in Table 5. The sequences obtained were classified into 16 different HPV types,
most of which were members of the genus Betapapillomavirus. Llobregat river water and
treated wastewater showed the highest diversity of HPV. HPV-92, HPV-105, and HPV-122,
belonging to the species Betapapillomavirus 4, 1, and 2, respectively, were sequenced from
all samples. Few Alphapapillomavirus were identified (HPV-177 and HPV-57), and only one
Gammapapillomavirus (HPV-4) was found in river and lettuce samples from Production Site
3, in the Llobregat river and in treated wastewater samples (SE and WFPE). Other PVs
not classified as HPV were sequenced: Bos taurus Papillomavirus 7 (BPV-7) from treated
wastewater samples and Rattus norvegicus Papillomavirus 2 (RnPV-2) from a Llobregat river
sample (LLRIV.2).
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Table 5. Number of reads of each type of human and other Papillomavirus obtained from irrigation water, lettuce, and

parsley samples from Production Site 3 and alternative irrigation water sources using amplicon deep sequencing.

Production Site 3 Llobregat River Treated Wastewater
RIV3.1 LET3.4 PAR3.1 PAR3.2 LLRIV.1 LLRIV.2 SE WFPE
HPV-92 1 2
HPV-105 3 45
HPV-122 2 19
HPV-38
HPV-177 16 10
HPV-182 1 9
HPV HPV-37 __

HPV-76 84
HPV-96 2

HPV-4 1 2 3
HPV-57 6 56 1
HPV-12 20 16 79 17 35

HPV-8 1
HPV-17 2 3
HPV-196 49 1

BPV-7 1 1

Other PV RaPV2 17
[ T .
110 10-100 100-1000 100010000  10,000-100,000 100,000

As was the case with NoV, all HPV types detected in food samples were also identified
in some of the irrigation waters.

4. Discussion

At present, quantitative PCR is the most common method applied to the identification
of viral contamination in foods. ISO methods focused on qPCR detection and quantification
of NoV and HAV in different food matrices are available and can be applied even when viral
food quality is not included in any regulations. Additionally, HAdV has been suggested
and proven to be useful as a viral fecal indicator in water matrices, as this human pathogen
is widely detected when water is affected by sewage [80-83] and has been previously
detected in conventional and reclaimed irrigation water [29]. In this study, JPCR detected
the presence of HAdV in river water and treated wastewater, indicating that irrigation
water is a potential source of human fecal contamination and can potentially become a
vehicle for viruses that are transmitted via the fecal-oral route through fresh fruits and
vegetables. Using the HAdV indicator, fecal contamination was also detected in the parsley,
lettuce, and strawberry samples tested in this study. In 2017, Fernandez-Cassi et al. also
described the presence of this indicator in water samples from the Besos river and parsley
samples irrigated with this river water source [5]. Other studies have reported HAdV
in lettuce and irrigation water [84] and in strawberries collected from European food
production chains [85].

In addition to HAdYV, other pathogenic viruses were detected by qPCR in this study.
NoV GI was found in river water and treated wastewater, but it was not detected in food
or irrigation water samples from the organic production sites, despite the fact that some
were positive for HAdV. Other studies reported NoV GI contamination in strawberries and
suspected irrigation water to be the potential source of contamination [86]. On the contrary,
NoV GII was widely present in all types of samples. All irrigation water sources and 25%
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of food samples showed NoV GII contamination in concentrations consistent with those
reported in other studies in which polluted water was suspected to be the contamination
source of NoV in fresh fruits and vegetables [84,85,87]. Secondary effluent and the effluent
of subsurface water flow paths showed similar levels of contamination, indicating that
these flow paths were not efficient in eliminating viral contaminants.

HEV was not detected in any of the samples analyzed in this study. Other studies
have found HEV to be present in fresh produce: in a pack of frozen raspberries taken
from a cold room at point-of-sale [85], in an irrigated, field-grown strawberry sample
suspected to be contaminated by irrigation water [86] and in lettuce heads from primary
production sites and at point-of-sale [84]. This last study also reported the presence of
HEYV in irrigation groundwater, which was also described by Rusifiol et al. in an area
with intensive pig farming activities [22]. HEV is a zoonotic pathogen that can cause self-
limiting or fulminant hepatitis in humans, and it is important to check for its presence since
an increasing number of foodborne HEV cases are being reported in Europe, frequently
associated with the consumption of pork products [27].

Ultimately, qPCR assays revealed low but frequent contamination associated with
human pathogenic viruses in fresh produce and irrigation water, with NoV GII being the
principal agent detected. Regarding the NGS data obtained in this study, a targeted assay
(TES) was applied by using the VirCapSeqVERT Capture Panel (Roche, Basel, Switzerland)
on a selection of samples showing fecal contamination or the presence of specific viral
pathogens. This panel employs approximately 2 million biotinylated oligonucleotide
probes designed to bind coding sequences of all viral taxa known to infect vertebrates. The
TES approach is known to facilitate the detection of vertebrate viruses [68], although some
sequences from other viral hosts can be identified [21]. In fact, with the real picture of the
virome in mind, vertebrate viruses are commonly found in low proportions with respect to
other viruses such as bacteriophages and plant viruses, which have been described as the
most abundant in sewage samples [65,88]. TES has been successfully employed in previous
studies [21,49,50,67,68] to improve the detection of vertebrate viruses of interest that would
otherwise be difficult due to their low concentrations in environmental samples. Recently,
the VirCapSeqVERT Capture Panel was applied in a metagenomic study to evaluate NoV
genomic diversity in oysters [50], but to date, no studies have applied this capture approach
to fresh fruits and vegetables. In this study, TES allowed the acquisition of reads assigned
to vertebrate viruses from all irrigation water samples, with the highest diversity observed
in the Llobregat river water sample (LLRIV.1). Among the viruses identified in food
samples, NoV GII sequences obtained from parsley, which showed a concentration of
7.12 x 10' GC/25 g by NoV GII gPCR, constituted a unique contig that was typed as NoV
GIL17. This genotype emerged as a major cause of gastroenteritis outbreaks in China and
Japan in the winter of 2014/2015 [89]. Interestingly, NoV GII sequences were not obtained
from the strawberry sample STR1.1 using the capture approach despite it showing a high
concentration of NoV GII in the specific JPCR assay. This result could be associated with
differences in food matrices: detecting viruses in berries is known to be challenging due
to the presence of various inhibitory substances and low pH [90]. Bartsch et al. also
obtained a low number of NoV reads from the metagenomic analysis of frozen strawberries
involved in a large NoV gastroenteritis outbreak [39]. The emergent genotype detected in
parsley—NoV GII.17—was also sequenced from the Llobregat river, which also showed
other sequences belonging to the Norwalk virus typed as NoV GI.1 and NoV GIIL.4.

ADS assays enabled a better characterization of the NoV diversity present in the
studied fresh produce and irrigation water samples. This approach, based on the mass se-
quencing of traditionally Sanger-sequenced PCR amplicons, facilitates the detailed study of
specific families and their diversity within a sample [21] and has previously been applied
to environmental and shellfish samples for studying viral groups—such as Adenoviri-
dae [21,65,91], Papillomaviridae [21,23,92,93], or NoVs [48,52,53]—but none of these studies
investigated fresh food samples. Due to differences in the sensitivities of NoV assays and
the fact that the concentrations detected were low, not all qPCR-positive samples were
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positive in RT-PCR amplification for ADS. In particular, STR1.1, PAR3.1, PAR3.2, and
RIV3.1, which were qPCR-positive for NoV GII and qPCR-negative for NoV GI, produced
an RT-PCR amplicon of the expected size for NoV GI but not for NoV GII. Additionally,
groundwater and treated wastewater (WPFE) samples were positive for NoV GII in the
qPCR assay, but no amplicons of the expected size were produced by conventional RT-PCR.
This result may be explained by the lower sensitivity of this technique as compared to
the qPCR assay [87,94]. In contrast, LET3.4 showed an amplicon of the expected size
for NoV GI, although it did not show (or at least not above the limit of detection) NoV
contamination by gPCR, which could be due to sensitivity differences between assays
when concentrations are around this limit.

NoV GII.4 has been reported to be the most predominant genotype worldwide [95,96].
This is consistent with our findings, in which the presence of the GII.4 genotype was widely
observed in different samples using ADS, including river water and treated wastewater
samples, and also in a parsley sample. Llobregat river water was the sample with the
highest number of sequences obtained from this specific genotype using ADS, and it was
also the only sample in which this genotype was possible to sequence using TES. In fact,
the three genotypes identified from the Llobregat river using TES, GI.1, GII.4, and GII.17,
were also identified by ADS. It is important to highlight that all NoV genotypes found in
food samples, GI.4 and GIL.1 in strawberry and GI.4, GII.4, GII.13, and GII.2 in parsley, were
also found in irrigation water samples. Maunula et al. also detected NoV GI.4 in frozen
raspberries from one particular batch that was confirmed to be the source of a described
cluster of NoV outbreaks affecting about 200 people in Southern Finland in 2009 [97].

In addition to viruses belonging to Caliciviridae, the TES results also showed other
pathogenic or potentially pathogenic viruses present in river water, specifically viruses
belonging to Astroviridae, Picornaviridae, and Parvoviridae families, which is consistent with
the virome previously described in a river in the same geographical area that is also used
for irrigation [5]. The Llobregat river contained a wide diversity of HAstVs, including the
species Mamastrovirus 1, 6, and 8. HAstVs are important agents causing acute gastroenteritis
in children and have been involved in outbreaks affecting adults [95,98]. Although HAstV
prevalence seems to be of lower importance compared to the number of outbreaks caused
by NoV, its importance might be underestimated [5]. Recently, HAstVs have also been
associated with other pathologies, such as meningitis and acute flaccid paralysis [95,99-101].
HAstV-1, which was found in river water samples, is the most common type associated
with infantile gastroenteritis [95,102]. Picornaviridae sequences found in river water samples
belonged to the genus Kobuvirus, specifically to Aichivirus A, a viral species that includes
members recognized as human pathogens that cause gastroenteritis outbreaks [103-105].
Other Picornaviridae sequences were assigned to Salivirus A, belonging to the genus Salivirus.
The highest proportion of the vertebrate virus sequences obtained were human viruses,
and among all types of irrigation water, the Llobregat river showed the highest number of
reads and diversity of viruses that infect non-human vertebrates, including feline, canine,
porcine, rodent, and cattle viruses belonging to Astroviridae, Caliciviridae, Parvoviridae, and
Picornaviridae families. River water from Production Site 3 presented feline and porcine
viruses designated as Astroviridae members. Among all vertebrate virus sequences obtained
using TES, the greatest proportion of viruses that infect humans was observed, as expected,
in treated wastewater, with human viruses accounting for all viruses detected in secondary-
treated wastewater, and were identified as members belonging to Astroviridae, Circoviridae,
Parvoviridae, and Picornaviridae, which is consistent with other metagenomic studies [22,106].
The non-human vertebrate viruses sequenced in treated wastewater were canine and
cattle parvoviruses. Human viral sequences belonging to Circoviridae and Parvoviridae
and avian, equine and bat viruses belonging to Genomouviridae and Parvoviridae were also
detected in groundwater samples. Viruses are commonly detected in groundwater used
for irrigation, even though it is often considered a microbially safe source [7,107]. These
viruses may originate from the leakage of sewage water or diffuse contamination from
livestock production zones close to produce fields [108]. In this study, the sequences
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obtained using TES assigned to viruses that infect non-human vertebrates of interest could
be related to intensive farming activities in the surrounding areas, which have the potential
to contaminate irrigation water through leakage. Despite lower yields of production in
organic farming compared with intensive agriculture, organic farming systems represent an
attractive environmentally friendly alternative, delivering equally or more nutritious foods
that contain less, or no, pesticide residues [109]. This system relies on the incorporation of
organic material into the soil using animal manure as fertilizer [110-112]. Although animal
manure is considered a beneficial organic fertilizer and a good source of nutrients, it is
also a well-known source of foodborne pathogenic bacteria, parasites, and viruses if it is
not adequately aged or treated before application [13,113,114] and, therefore, is a potential
consumption risk.

Despite having samples positive for HAdV in the qPCR assay, no assignments be-
longing to Adenoviridae were obtained using TES. It has been previously reported that the
SISPA protocol, which is performed prior to library preparation in order to overcome the
limitation of low quantities of viral genomes, might introduce bias by amplifying the most
abundant genomes and, therefore, underrepresenting others [115,116]. Fernandez-Cassi
et al. already noted these specific difficulties when detecting low numbers of dsDNA
viruses such as HAdV in river water or when unable to detect HAdV in parsley samples
that were positive for the virus in the qPCR assay [5]. Considering that TES did not allow
the acquisition of HAdV sequences, a more suitable approach, such as ADS, should be
applied to improve the sensitivity of viral metagenomics. Similarly, no sequences of Papil-
lomaviridae were obtained from the TES approach. The detection of HPVs could also be
affected by SISPA bias due to their dsDNA genome. However, ADS was demonstrated to
be a suitable HPV detection and diversity exploration tool that overcomes this specific TES
limitation since a wide variety of HPV was observed using this approach. Two different
primer sets were used: GP5+/GP6+ were designed for detecting mucosal HPV types [79],
whereas FAP6085/6319 were designed for detecting cutaneous HPV types [78]. The role
of cutaneous HPV types in pathogenesis remains unclear: some are regarded as potential
high-risk types because they are found in squamous cell carcinoma (SCC), such as HPV-5 or
HPV-8, while most other cutaneous HPVs are only associated with benign lesions such as
epidermodysplasia verruciformis [117,118]. Most of the HPV types sequenced in this study
were classified as Betapapillomavirus. River and treated wastewater samples contained the
highest diversity of Betapapillomavirus: HPV-12, HPV-17, HPV-37, HPV-38, HPV-76, HPV-92,
HPV-96, HPV-105, HPV-122, HPV-145, and HPV-182. Treated wastewater also contained
HPV-196 and HPV-8 sequences, the last of which is the HPV mostly found in SCC of
the skin [117], and it has been described as an abundant HPV type in urban sewage [21].
HPV-12, HPV-37, HPV-38, HPV-76, HPV-92, HPV-105, HPV-122, and HPV-145 types were
also identified in lettuce and parsley samples, and HPV-96 was only detected in lettuce.
HPVs belonging to Alphapapillomavirus were also sequenced. HPV-177 was identified in
river water and treated wastewater, as well as in lettuce and parsley samples. HPV-57
is associated with common warts typically occurring in the anogenital region [119] and
was identified in river water, treated wastewater, and lettuce. Members belonging to the
genus Alphapapillomavirus have been described previously in raw sewage [21,23]. HPV was
frequently detected in the food and irrigation water samples analyzed in this study and
should therefore be considered a potential emergent pathogen, and the role of irrigation
water and fresh produce in the transmission of HPV should be further investigated. To
our knowledge, this study is the first to provide data on the diversity of HPVs and NoVs
present in fresh fruit and vegetable samples. Manipulation during the production process
should not be ruled out as a route through which viral contamination is introduced to the
food analyzed in this study. It is possible that some of the HPVs detected in food samples
were skin contaminants, since most of the reads were classified as members belonging to
the genus Betapapillomavirus, which includes types commonly isolated from skin. From
sample collection to analysis, samples were handled carefully using gloves during all
processes in order to avoid any kind of viral contamination. It is important to remark that
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all viruses detected in food were also detected in water samples, supporting the possibility
that irrigation water is a source of contaminant HPVs.

The results of this study indicate that irrigation water and fresh fruits and vegetables
present a wide variety of viral pathogens that may pose a risk to humans. Natural water
treatments or disinfection procedures are often necessary to obtain high quality irrigation
water. The implementation of quality monitoring programs integrated with Quantitative
Microbial Risk Assessment (QMRA) investigations will provide an estimate of the level
of risk and the treatments needed to produce high quality water. The NGS techniques
described in this study would be useful for the identification of significant pathogens
present in water and food for risk assessment studies, the selection of water treatments
and the development of optimized site-specific safety plans. Because wastewater is usually
of poor chemical and microbiological quality, extensive treatments are required before
it can be safely used for irrigation [113]. However, drought conditions are linked to the
utilization of untreated wastewater or contaminated groundwater for irrigation due to the
lack of clean water, increasing the chances of microbial contamination of food products and
soil [120]. In addition, due to climate change, unpredictable meteorological phenomena
are expected to become more frequent and likely to drive an increase in the incidence of
water scarcity with a probability of drought [1], potentially leading to the utilization of
reclaimed water as a common source for irrigation in many locations. The association
between pathogen diversity in this type of irrigation water and foodborne disease would
imply that efficient treatments must be implemented to promote its use as an additional
and safe water source. This study only suggests a possible link between irrigation water
and the contamination origin of fresh produce, but other contamination factors involved
in agricultural practices could certainly have an impact and should be considered, such
as organic fertilizer or run-off from nearby animal pastures, which could also be vehicles
for viral contamination [85,121]. Furthermore, detection of viral genomic sequences does
not necessarily imply a consumption risk since infectivity potential was not verified in this
study. In sum, irrigation water and animal manure are considered the two most important
pathways of pathogen transmission from human or animal hosts to fresh produce at the
preharvest level [10].

Checking for the presence of viruses as a part of controlling the quality of irrigation
water is a key intervention step to reduce the risk of transferring contamination to fresh
produce [108,122]. Further studies are needed to confirm and elucidate the significance
of the information provided in terms of risk for consumption. From the data obtained in
this study, we conclude that TES is a useful tool to obtain a broad picture of vertebrate
viruses that integrate into the virome of irrigation water samples, whereas ADS allows
the in-depth characterization of the diversity of a specific viral pathogen contaminating
irrigation water and fresh produce. More relevant is that, by applying these methodologies,
human pathogenic viruses were detected in samples in which qPCR showed low levels of
contamination, suggesting that NGS approaches could be a suitable tool to identify and
characterize viral pathogens and improve food monitoring and foodborne disease outbreak
control.

5. Conclusions

e  The fresh fruits and vegetables cultured in the analyzed organic farms show a high
frequency of viral contamination, and the contaminating viruses are also detected in
river water and tertiary effluents from subsurface water flow paths used in irrigation,
indicating that they are common circulating pathogens.

e In this study, irrigation water is the most probable source of the viral pathogens,
primarily NoV and HPYV, detected in food. All pathogens were detected in some
types of irrigation water, such as river water or treated wastewater, indicating that
are potential sources of contamination. However, virus infectivity potential was not
analyzed in this study.
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e A wide diversity of cutaneous HPV was detected in fresh produce and a wider
diversity of HPV was identified in more polluted water samples, such as river and
treated wastewater samples. HPV-8, a high-risk type associated with SCC, was found
in treated wastewater.

e  The three methodologies used for the analysis of viral contamination of irrigation
water and organic food are useful and produce different types of information: (a)
gPCR is a highly sensitive quantitative and specific technique, (b) TES shows the
presence of relatively abundant viral pathogens present in irrigation water, including
unexpected viral pathogens and potentially zoonotic strains, and (c) ADS provides
higher sensitivity for the identification of viral types or variants in viral groups that
contaminate food and water.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/f00ds10081820/s1, Table S1: Quantification of viral pathogens in irrigation water and fresh
produce samples. Values are expressed in GC/L for irrigation water samples and in GC/25 g for
food samples. ND: Not Detected; Table S2: Reads obtained from each viral assignment in irrigation
water, strawberry, lettuce, and parsley samples using target enrichment sequencing. Colors represent
the specific host of vertebrate viruses, legend can be found under the table.
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CAPITOL 2

Article 5: Explorant la contaminacié virica en aigues

subterranies i d’escorrentia en un entorn urba

“Exploring Viral Contamination in Urban Groundwater and Runoff”

Itarte, M., Forés, E., Martinez-Puchol, S., Scheiber, L., Vazquez-Suié, E., Bofill-Mas,
S. i Rusifiol, M.

Article en procés de revisio a la revista Science of the Total Environment.

La dependéncia dels aquifers urbans per part de la poblacié mundial esta
augmentant de manera constant, i la monitoritzacié de la qualitat de les
aiguies subterranies és insuficient. Els aquifers urbans son susceptibles a
la contaminacié de patdgens a través de diverses fonts de contaminacio,

com ara les fuites de clavegueres o les escorrenties urbanes.

En aquest estudi, es va analitzar la preséncia d’indicadors fecals i
patdgens virics en aigles residuals, aigles subterranies i escorrenties
urbanes mitjangant assaigs de gqPCR. A més, es va aplicar la sequienciacio
massiva amb enriquiment de dianes mitjancant el panell de captura
VirCapSeq-VERT per explorar la diversitat de virus de vertebrats present
en les mostres d’aigles subterranies i d’escorrentia, oferint informacié
sobre la contaminacid virica i les possibles rutes de transmissié de virus

en arees urbanes.

Es va identificar HAdV en totes les mostres d’aiglies residuals, en el 67%

de les mostres d’aigua subterrania i en una mostra d’escorrentia

mitjangcant gPCR, indicant contaminacioé fecal humana. NoV del genogrup

I (NoV GI) es va detectar en aigles residuals i en dues mostres d’aigua

subterrania d’hivern de zones altament i mitianament urbanitzades. NoV

del genogrup Il (NoV Gll), EV i SARS-CoV-2 es van detectar
143
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exclusivament en aigles residuals. La seqlienciacié massiva utilitzant el
panell VirCapSeg-VERT va permetre la deteccié de virus humans i
animals en aigUes subterranies i d’escorrentia. En aiglies subterranies, es
va identificar HPV, aixi com circovirus i picornavirus animals que infecten
ratpenats, coloms o gossos. D’altra banda, les mostres d’escorrentia van
mostrar una major diversitat virica, incloent-hi virus que infecten humans,
coloms, animals domeéstics o ratpenats, i que pertanyen a les families
viriques  Anelloviridae,  Astroviridae,  Caliciviridae,  Circoviridae,
Coronaviridae, Genomoviridae, Parvoviridae, Picobirnaviridae,

Picornaviridae, Poxviridae i Retroviridae.

Aquest estudi ofereix informacidé sobre el viroma present en aigles
subterranies i d’escorrentia urbanes. Les aigles subterranies urbanes
s’utilitzen sovint per al reg de parcs i jardins, la neteja de carrers, etc. No
obstant, en els ultims anys, s’ha plantejat I'objectiu d’ampliar les seves
aplicacions, considerant la possibilitat d’utilitzar-les per al subministrament
d’aigua de la poblacié. Aixi doncs, amb la creixent demanda de recursos
hidrics, la contaminacié virica d’aquestes aiglies podria resultar en un
augment de la incidéncia de malalties transmeses per laigua. La
identificacid de virus patdgens presents en les aigles subterranies
mitjancant la sequenciaci6 massiva amb enriquiment de dianes és
important per avaluar els riscos potencials associats amb les malalties
transmeses per l'aigua, especialment en arees urbanes cada vegada més
poblades perd també en arees rurals que depenen de l'us d’aigles
subterranies. D’entre les possibles fonts de contaminacio, les aiglies
d’escorrentia urbanes poden representar un risc important si contenen
virus patogens. Per tant, identificar les fonts de contaminacié i monitoritzar
els virus humans i animals amb potencial zoondtic en aigles subterranies
i d’escorrentia, ajuda a avaluar els riscos per a la salut publica i permet

desenvolupar mesures de mitigacio efectives.

144



O 00 N o U b

10
11
12
13

14

15
16

17

18
19
20
21
22
23
24
25

26
27
28
29
30
31
32
33

34

35

Exploring Viral Contamination in Urban Groundwater and Runoff

Marta Itarte’?", Eva Forés™?, Sandra Martinez-Puchol’?, Laura Scheiber?,

Enric Vazquez-Suné®, Silvia Bofill-Mas™"? and Marta Rusifol"?

"Laboratory of Viruses Contaminants of Water and Food, Seccié de Microbiologia, Departament
de Genetica, Microbiologia i Estadistica, Facultat de Biologia, Universitat de Barcelona (UB),
08028 Barcelona, Spain

2Institut de Recerca de I'Aigua (IdRA), Universitat de Barcelona (UB), 08001 Barcelona, Spain
3Vicerectorat de Recerca, Universitat de Barcelona (UB), 08007 Barcelona, Spain

4Department of Geosciences, Institute of Environmental Assessment and Water Research
(IDAEA), Severo Ochoa Excellence Center of the Spanish Council for Scientific Research (CSIC),
08034 Barcelona, Spain

*Corresponding author: mitarte@ub.edu

KEYWORDS

Groundwater virome; runoff virome; next-generation sequencing; virus contamination sources.

ABSTRACT

The reliance of the global population on urban aquifers is steadily increasing, and there is
insufficient monitoring of groundwater quality. Urban aquifers are susceptible to pathogenic
contamination through sources such as sewer leakage or urban runoff. In this study, quantitative
polymerase chain reaction (QPCR) was employed to evaluate the presence of human fecal viral
indicators and viral pathogens in urban wastewater, groundwater, and runoff. Additionally, a target
enrichment sequencing (TES) approach was utilized to explore the viral diversity within
groundwater and runoff samples, offering insights into viral contamination and potential virus

transmission routes in urban areas.

Human adenovirus (HAdV) was identified in all wastewater samples, 67% of groundwater
samples, and one runoff sample by gPCR indicating human viral fecal contamination. The viral
pathogen NoV Gl was detected in wastewater and two winter groundwater samples from highly
and medium urbanized areas. NoV GII, EV and SARS-CoV-2 were exclusively detected in
wastewater. Human and other vertebrate viruses were detected in groundwater and runoff
samples using TES. This study gives insights about the virome present in urban water sources,
emphasizing the need for thorough monitoring and deeper understanding to address emerging

public health concerns.



36

37
38
39
40
41

42
43
44
45
46
47
48

49
50
51
52
53
54
55
56
57
58

59
60

61

62

63

64
65
66
67
68
69
70
71
72

1. INTRODUCTION

The proportion of the global population relying on urban aquifers as drinking water sources is
growing annually, especially during periods of drought. However, in most cases, there is
insufficient monitoring of groundwater quality. Large amounts of pathogens may be introduced
into urban aquifers through multiple sources and pathways, mainly from sewer leakage but also

urban runoff, sewer overflows, and wastewater treatment plant effluent recharge areas (1).

The primary contributing factor to disease outbreaks associated with untreated groundwater
appears to be human sewage, and indeed, these outbreaks are more likely to have a viral etiology
(2). In highly urbanized areas, rainfall events generate highly polluted stormwater runoff, which
has also been identified as a significant source of microbial contamination to receiving bodies of
water (3). Human and animal viruses of fecal origin, including SARS-CoV-2, have been identified
in stormwater collected from urban areas (4-9), highlighting runoff as a potential transmission
pathway (10).

The study of groundwater virome is indeed an emerging field, and while there might be limited
research (1), it is plausible to assume that the groundwater virome possesses a rich diverse array
of viruses. The presence of a high diversity of viruses in both raw wastewater and treated
wastewater (11,12) suggests that a similar diversity might exist in groundwater impacted by
sewage. Next-generation sequencing (NGS) techniques enable the identification of viruses in
environmental samples and can provide a comprehensive overview of the groundwater virome,
with plant viruses and bacteriophages being the most widely prevalent viruses in groundwater
environments (13). Additionally, target enrichment sequencing (TES) has demonstrated to
improve the detection of vertebrate viruses that would otherwise be difficult to identify due to their
low concentrations in environmental samples, such as groundwater used for irrigation (14).

This study aimed to explore the viral diversity in both urban groundwater and runoff, and providing
insights into viral contamination and potential transmission routes of viruses in urban areas.

2. MATERIALS AND METHODS
2.1 Sampling and sample processing

Four locations in the urban area of Barcelona were chosen for groundwater and sewer wastewater
sampling, representing areas with different degrees of urbanization: highly urbanized (26,288
hab/km?2), medium urbanized (7,590 hab/km?), industrial district (8,272 hab/km?), and riverside
areas (23,271 hab/km?) (15). One-hundred liters of groundwater and grab wastewater samples
(80 mL) from the nearest sewer system were collected in parallel over two sampling campaigns.
A total of 7 groundwater and 8 wastewater samples were collected in summer (June and July
2020) and winter (December 2020) seasons, with two sampling events per season. Industrial
district wastewater sample was not collected during the winter campaign due to intensive rainy
events and restricted access to the sewer system. Two sites from the medium urbanized district

2
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were selected for runoff sampling and up to 8 L were collected for each site (RO1 and RO2) after

storm events (17.2 mm of accumulated precipitation) occurred in November 2020.

Viruses were concentrated from groundwater and runoff samples by ultrafiltration using the Long
Volume Concentration kit (LVC kit) from InnovaPrep® (InnovaPrep, Drexel, MO, USA) that uses
a Rexeed 25-A polysulfone hollow-fiber ultrafilter and wet foam elution cans with Tris-PBS. The
eluted volume (50-100 mL) was subjected to a secondary concentration step with Centricon®
Plus-70 devices with a cut-off of 30 kDa (Merck Millipore, Burlington, MA, USA), into a final eluted
volume of 200-300 uL (16). Wastewater samples were concentrated directly with Centricon®
Plus-70 as described before (17). The nucleic acids were extracted using the QlIAamp® Viral RNA
Mini Kit from QIAGEN (QIAGEN, Germantown, MD, USA) into 100 pl and stored at -80°C for
further analysis in quantitative polymerase chain reaction (QPCR) and NGS assays.

2.2 Viral quantification

Viral contamination was assessed by specific qPCR assays for HAdV using TagMan®
Environmental Master Mix 2.0 (Applied Biosystems, Waltham, MA, USA) with the specific primers
and probe previously described (18,19). Viral RNA pathogens were also quantified in all samples
using the RNA UltraSense™ One-Step gqRT-PCR System (Applied Biosystems,Waltham, MA,
USA) with specific primers and probes for NoV Gl (20-22), NoV GlI (23,24), EV (25) and SARS-
CoV-2 (26). With the exception of the synthetic SARS-CoV-2 control (control 51 from Twist
Biosciences), the gPCR standards were prepared using synthetic gBlocks® Gene fragments (IDT,
Coralville, IA, USA). All gPCR assays were performed using the QuantStudio™ Real-Time PCR
System from ThermoFisher Scientific. Both undiluted and 10-fold diluted nucleic acid extractions

were analyzed, and non-template controls were included in each of the assays.

2.3 Metagenomic analysis: target enrichment sequencing (TES)

To explore the diversity of vertebrate viral pathogens present in groundwater and runoff samples,
nucleic acid extractions were analyzed using the VirCapSeqVERT Capture Panel (Roche, Basel,
Switzerland). This panel employs probes designed for the capture of sequences from vertebrate
viral pathogens through hybridization, allowing the detection of these sequences in complex
sample types, as demonstrated in previous studies (11,27-33).

A sequence-independent, single-primer amplification (SISPA) method was performed, and the
KAPA HyperPlus Library Preparation Kit (KAPA Biosystems, Roche, Basel, Switzerland) along
with the KAPA UDI Primer Mixes (KAPA Biosystems, Roche, Basel, Switzerland) were used to
prepare the sequencing libraries as described in previous studies (30). The libraries were
equimolarly pooled, captured using the VirCapSeqVERT Capture Panel and sequenced on an
lllumina NextSeq 500 platform using a 2 x 150 cycles Mid Output run.
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Bioinformatic analysis was performed using the CZ ID portal (https://czid.org/, accessed on 6
February 2024), an open-source cloud-based pipeline and service designed for metagenomic
pathogen detection and monitoring (34). Briefly, this portal performs host and quality filtration
steps, followed by an assembly-based alignment pipeline, which results in the assignment of
reads and contigs into taxonomic categories. Only viral assignments with a nucleotide identity
above 70% and an alignment length exceeding 100 bp were considered in the analysis.

3. RESULTS
3.1 Viral quantification in wastewater, groundwater, and runoff samples

Urban groundwater and its sources of viral contamination, wastewater and runoff, were analyzed
for viral contaminants by specific gPCR assays. The presence of HAdV, an indicator of human
fecal contamination, was identified in wastewater samples across all study locations during both
winter and summer seasons with concentrations ranging from 1.18E+03 to 5.18E+06 GC/L. This
viral indicator was also detected in 67% of groundwater samples with concentrations ranging from
4.67E+00 to 4.67E+02 GC/100 L. Additionally, it was found in one runoff sample at a concentration

of 3.00E+00 GC/L, while no other viruses were identified in runoff samples using gPCR assays.

Figure 1 provides a summary of the mean viral concentrations observed in wastewater and
groundwater samples during the summer. HAdV concentration values in summer wastewater
samples ranged from 1.18E+03 to 6.92E+04 GC/L. NoV Gl and GIl were detected in all
wastewater locations, with the exception of NoV GlI that was not detected in medium urbanized
wastewater samples. NoV Gl concentrations in wastewater ranged from 4.45E+0.2 to 1.34E+05
GC/L, whereas NoV Gll ranged from 1.13E+04 to 1.02E+05 GC/L. EV was exclusively detected
in one riverside wastewater sample, with a concentration of 2.94E+05 GC/L. No viral pathogens,
rather than HAdV, were detected in urban groundwater samples collected during the summer
season. Groundwater from all locations, except in highly urbanized areas, exhibited low levels of
contamination with HAdV, up to 2.25E+02 GC/100 L.
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Figure 1. Viral pathogens detected and quantified in wastewater (WW) and groundwater (GW) samples from
the summer campaign. Bars represent mean values of the concentrations obtained by qPCR assays.

Samples that tested negative are indicated with 0.

The mean viral concentrations detected in winter wastewater and groundwater samples are
presented in Figure 2. As for the summer campaign, HAdV was identified in all wastewater
samples, with concentrations ranging from 3.50E+04 to 5.18E+06 GC/L. NoVs were detected in
wastewater from highly urbanized and riverside district areas, with concentrations ranging from
5.89E+01 to 7.50E+05 GC/L for NoV Gl, and from 1.35E+04 to 3.12E+06 GC/L for NoV GlI. EV
was not found in any wastewater samples. Contamination by both HAdV and NoV Gl was
observed in highly urbanized and medium urbanized groundwater, whereas industrial district and
riverside groundwater showed only HAdV contamination. The highest concentration value of
HAdV, 4.67E+02 GC/100L, was observed in a sample from the highly urbanized area, whereas a
medium urbanized sample showed the greatest NoV Gl concentration value of 1.69E+02
GC/100L.
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Figure 2. Viral pathogens detected and quantified in wastewater (WW) and groundwater (GW) samples from
the winter campaign. Bars represent mean values of the concentrations obtained by gPCR assays. Samples

that tested negative are indicated with 0.
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SARS-CoV-2 RNA was detected in winter wastewater samples using the N1 and N2 assays, with
concentrations ranging between 2.39E+03 and 4.07E+05 CG/L. Groundwater, runoff, and

summer wastewater samples all tested negative for SARS-CoV-2 assays.

The detection limits of the assays analyzing wastewater were 6.86E+03 GC/L for HAdV, 6.58E+03
GC/L for NoV Gl, 4.74E+04 GC/L for NoV GIl, 6.58E+03 GC/L for EV, and 2.95E+03 and
2.1ME+03 for N1 and N2 SARS-CoV-2 targets, respectively. For groundwater samples, the
detection limits were 1.71E+02 GC/100 L for HAdV, 1.65E+02 GC/100 L for NoV GlI, 1.18E+03
GC/100 L for NoV GllI, 1.65E+02 GC/100 L for EV, and 7.38E+01 and 5.28E+01 GC/100 L for N1
and N2 SARS-CoV-2 targets, respectively. For runoff samples, the detection limits were 2.14E+01
GCI/L for HAdV, 2.06E+01 GCI/L for NoV Gl, 1.48E+02 for NoV GlI, 2.06E+01 GC/L for EV, and
9.23E+00 and 6.60E+00 GC/L for N1 and N2 SARS-CoV-2 targets, respectively.

3.2 Virome of urban groundwater and runoff using TES

Urban groundwater and runoff samples were analyzed using the TES approach to explore the
presence of vertebrate viruses in these matrices.

The viral assignments and reads sequenced in winter groundwater samples are presented in
Figure 3, and additional details can be found in the Supplementary Material. Vertebrate viruses
were sequenced in highly urbanized, industrial district, and riverside groundwater samples using
TES. No viral reads were obtained from the medium urbanized groundwater sample; therefore, it
was not included in the figure. Reads belonging to the Betapapillomavirus 2 species (Human
papillomavirus, HPV-38, as the main identified type) were detected in the industrial district and
riverside groundwater. Non-human vertebrate viruses were found in highly urbanized, industrial
district, and riverside groundwater samples, with the highest diversity observed in the highly
urbanized sample, including animal circoviruses and picornaviruses infecting bats, pigeons, or
dogs. Bat circovirus was also detected in industrial district groundwater, while pigeon circovirus

was identified in riverside groundwater.
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Figure 3. Vertebrate viruses and reads sequenced in highly urbanized, industrial district and riverside

[ ]
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Figure 4 presents the viral assignments and reads sequenced in urban runoff samples, and
additional details can be found in the Supplementary Material. A higher number of reads and
number of viral assignments were obtained from RO1 sample, and most of the viral assignments
in RO2 were found in RO1. A high diversity of human and other vertebrate viruses was identified
in urban runoff, including members of Anelloviridae, Astroviridae, Caliciviridae, Circoviridae,
Coronaviridae, Genomoviridae, Parvoviridae, Picobirnaviridae, Picornaviridae, Poxviridae, and
Retroviridae. These assignments included viruses infecting pigeons, dogs, cats, or bats.
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4, DISCUSSION

The easy entry of pathogens into the urban environment through different pathways, such as the
discharge of inadequately treated sewage, stormwater runoff, combined sewer overflows, and
sanitary sewer overflows, is a significant concern for water resource managers (35). Groundwater
is used for urban purposes, including irrigation for parks and gardens, street cleaning, etc.
However, in recent years, cities have been enhancing the management of groundwater use with
the objective of expanding its applications, considering the possibility of using it for human water
supply.

In this study, gqPCR assays revealed viral contamination in urban wastewater, runoff, and
groundwater. The human fecal indicator HAdV was detected in 67% of groundwater samples,
reaching concentrations of up to 4.67E+02 GC/100 L. The viral pathogen NoV Gl was identified
in winter samples from highly and medium urbanized groundwater, with values of 5.89E+01 and
1.69E+02 GC/100 L, respectively. In a recent review on waterborne viruses in urban groundwater
environments, it was reported that over 80% of the studies in the literature identified NoV as the
primary cause of the outbreaks. However, the occurrence of HAdV was higher in all studies where
both were analyzed, suggesting that the evaluation of the presence of HAdV could be useful in
predicting the presence of other waterborne pathogens in groundwater (1). The HAdV
concentration in the runoff sample, 3.00E+00 GC/L, was consistent with concentrations reported

in other studies and reviewed by Ahmed and colleagues (5).

There is limited literature available on groundwater virome. Using viral metagenomics, the viral
families Myoviridae, Siphoviridae and Podoviridae have been described as the three most
dominant families in groundwater (36,37), comprising viruses that infect bacteria and archaea.
Although the applied approach in this study has been designed to capture sequences of
vertebrate viruses, some bacteriophage sequences belonging to Microviridae were detected in
riverside groundwater (Supplementary Material).

Waterborne viruses such as HAdV-41 and Hepatitis E Virus (HEV) have been detected in
groundwater through untargeted viral metagenomics (13), and avian adenoviruses and
sequences related to human and bovine alpha- and gamma- herpesvirus have also been found
in sub-Saharan urban settlements (12). In addition, avian, equine and bat viruses belonging to
Genomoviridae and Parvoviridae, as well as human viruses belonging to Circoviridae and
Parvoviridae in groundwater used for irrigation in organic agriculture have been detected using
the TES approach (30). In the current study, TES enabled the identification of human and other
vertebrate viruses in urban groundwater. HPV-38, the main HPV type identified, has been linked
to skin cancer (38). Groundwater samples also revealed other vertebrate viruses, including
animal, circoviruses and picornaviruses infecting bats, pigeons, or dogs. Although the TES
approach is known to facilitate the detection of vertebrate viruses, sequences from other viral
hosts can be identified (13,30). Consequently, assignments of invertebrate and plant viruses,
along with phages, were also obtained from the sequencing (Supplementary Material).
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A higher diversity of viruses was identified in runoff samples using TES. Human and other
vertebrate viruses were assigned as members of Anelloviridae, Astroviridae, Caliciviridae,
Circoviridae, Coronaviridae, Genomoviridae, Parvoviridae, Picobirnaviridae, Picornaviridae,
Poxviridae, and Retroviridae families. These assignments included viruses infecting pigeons,
dogs, cats, or bats. As in the case of groundwater, invertebrate and plant viruses, and phages,
were also identified in runoff samples (Supplementary Material). To the best of our knowledge,
this is the first study employing NGS to explore the viral diversity in urban runoff samples. The
presence of enteric viruses in runoff samples have been reported before by PCR or gPCR
techniques, including adenoviruses, polyomaviruses, enteroviruses, and noroviruses (7,9). All
these findings suggest that human sewage input could be the major source of fecal viral
contamination in stormwater, posing a health risk due to potential exposure to a wide array of

excreted pathogens.

Although groundwater samples tested positive for HAdV and NoV and a runoff sample for HAdV,
no reads assigned to these viruses were obtained using TES. This could be attributed to the bias
introduced by the SISPA step, performed before the sequencing library construction, that amplifies

the most abundant genomes, underrepresenting others, as described before (30).

It is important to note that infectivity potential was not assessed in this study since gPCR and TES
data does not provide information about the infectivity potential of the detected viruses. However,
it is known that waterborne viruses can survive in groundwater environments for long periods and
remain infective in water (39). Another significant limitation of this study is the limited number of
sampling events. Future studies should focus on exploring viral diversity in these samples
throughout the year to obtain a fully comprehensive overview of the groundwater and runoff

virome, considering seasonal variability.

5. CONCLUSIONS

This study offers valuable insights into the virome present in urban groundwater and runoff. With
increasing demands on water resources, the potential for surface and groundwater contamination
by pathogens could result in an increase in waterborne disease outbreaks. The identification of a
broad spectrum of pathogens that could contaminate groundwater, using targeted massive
sequencing approaches, is crucial for assessing potential risks associated with waterborne
diseases, especially in increasingly populated urban areas but also in rural areas that rely on
groundwater use. Urban runoff, if contaminated with pathogenic microorganisms, may pose a
significant risk. Implementing strategies to determine contamination sources and monitoring
human and animal viruses with zoonotic potential in groundwater and runoff is essential to provide

accurate information for assessing public health risks and develop effective mitigation measures.
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DATA AVAILABILITY

The raw sequencing data generated during the current study are available in Zenodo under the
DOI number 10.5281/zenodo.10514178.
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CAPITOL 3

En aquest tercer i ultim capitol de la tesi s’avalua I'exposicid virica en
entorns laborals, ja que I'exposicié ocupacional a patdgens pot comportar
riscos per a la salut dels treballadors. Aquest capitol consta d’'un unic
article, en el qual s’estudia I'exposicié ambiental a virus en una EDAR i
una granja de porcs mitjangant técniques de NGS i estimacions de risc

ocupacional mitjangant analisis de QMRA.
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Article 6: Avaluacid de I'exposicid ambiental a virus en
estacions depuradores d’aigua residual i granges de porcs
mitjangant sequenciacié de nova generacio i aproximacions de

risc ocupacional

“Assessing Environmental Exposure to Viruses in Wastewater
Treatment Plant and Swine Farm Scenarios with Next-generation

Sequencing and Occupational Risk Approaches”

Itarte, M., Calvo, M., Martinez-Frago, L., Mejias-Molina, C., Martinez-Puchol, S.,
Girones, R., Medema, G., Bofill-Mas, S. i Rusifiol, M.

Journal of Hygiene and Environmental Health. Volume 259, June 2024, 114360.
https://doi.org/10.1016/j.ijheh.2024.114360

L’exposicié ocupacional a patdgens pot comportar riscos per a la salut
dels treballadors. Aquest estudi investiga I'exposicio virica dels
treballadors d’'una EDAR i dels d’'una granja de porcs mitjangant I'analisi
de mostres d’aerosols i superficies d’aquests llocs de treball. Les mostres
d’aerosols es van obtenir amb el mostrejador d’aire ciclonic Coriolis p,
mentre que les superficies es van mostrejar utilitzant adhesius de paper
com a estratégia per mostrejar virus en superficies a llarg termini. La
contaminacio virica es va avaluar mitjangant assaigs de qPCR, i es va
aplicar la técnica de seqlenciacié massiva amb enriquiment de dianes
utilitzant VirCapSeq-VERT per identificar els virus de vertebrats als quals
els treballadors podrien estar exposats. A més, es va realitzar una QMRA
per estimar el risc ocupacional associat a I'exposicié a virus per part dels
treballadors de 'EDAR, seleccionant HAdV com a patogen de referéncia.
A la granja de porcs, es va dur a terme una QMRA com a extrapolacio,
considerant un virus hipotéticament zoondtic amb caracteristiques

similars a I'adenovirus porci (PAdV). Les vies d’exposicié dels models van
165
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incloure la inhalacié d’aerosols i la ingestié oral a través de superficies

contaminades i el contacte ma-boca.

HAdV i PAdV van ser detectats de manera extensa a les mostres de
'EDAR i de la granja de porcs, respectivament, mitjangant els assaigs de
gPCR. La seqlenciacié massiva utilitzant el panell de captura VirCapSeg-
VERT va permetre va identificar virus humans i animals en mostres de
'EDAR, incloent-hi virus de les families Adenoviridae, Circoviridae,
Orthoherpesviridae, Papillomaviridae i Parvoviridae. A la granja de porcs,
la majoria dels virus de vertebrats identificats van ser virus de porc
pertanyents a Adenoviridae, Astroviridae, Circoviridae, Herpesviridae,

Papillomaviridae, Parvoviridae, Picornaviridae i Retroviridae.

Els resultats de la QMRA van revelar riscos considerables d’infeccions
viriques per als treballadors de 'EDAR, si no es prenen mesures de
seguretat. La probabilitat de malaltia per inhalacié de HAdV va resultar ser
més alta a I'estiu en comparacié amb I’hivern, mentre que el major risc per
ingestio oral es va observar als espais de treball durant I'hivern. La
simulacié de QMRA a la granja de porcs va suggerir un potencial risc

considerable en cas d’exposicié a un virus zoondtic hipotétic.

Aquest estudi proporciona una visid6 d’interés sobre [I'exposicid
ocupacional dels treballadors ’EDARSs i granges de porcs a virus humans
i animals. Els analisis de NGS i QMRA realitzats en aquest estudi poden
ajudar els gestors a prendre decisions basades en evidéncies, facilitant la
implementacio de mesures de proteccio i practiques per a la reduccié de

riscos per als treballadors.
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ARTICLE INFO ABSTRACT
Keywords: Occupational exposure to pathogens can pose health risks. This study investigates the viral exposure of workers
Occupational exposure in a wastewater treatment plant (WWTP) and a swine farm by analyzing aerosol and surfaces samples. Viral

Aerosol sampling

Sticker-based surface sampling

Target enrichment sequencing

Viral metagenomics

Quantitative microbial risk assessment

contamination was evaluated using quantitative polymerase chain reaction (QPCR) assays, and target enrichment
sequencing (TES) was performed to identify the vertebrate viruses to which workers might be exposed. Addi-
tionally, Quantitative Microbial Risk Assessment (QMRA) was conducted to estimate the occupational risk
associated with viral exposure for WWTP workers, choosing Human Adenovirus (HAdV) as the reference
pathogen. In the swine farm, QMRA was performed as an extrapolation, considering a hypothetical zoonotic
virus with characteristics similar to Porcine Adenovirus (PAdV). The modelled exposure routes included aerosol
inhalation and oral ingestion through contaminated surfaces and hand-to-mouth contact.

HAdV and PAdV were widespread viruses in the WWTP and the swine farm, respectively, by qPCR assays. TES
identified human and other vertebrate viruses WWTP samples, including viruses from families such as Adeno-
viridae, Circoviridae, Orthoherpesviridae, Papillomaviridae, and Parvoviridae. In the swine farm, most of the iden-
tified vertebrate viruses were porcine viruses belonging to Adenoviridae, Astroviridae, Circoviridae, Herpesviridae,
Papillomaviridae, Parvoviridae, Picornaviridae, and Retroviridae.

QMRA analysis revealed noteworthy risks of viral infections for WWTP workers if safety measures are not
taken. The probability of illness due to HAdV inhalation was higher in summer compared to winter, while the
greatest risk from oral ingestion was observed in workspaces during winter. Swine farm QMRA simulation
suggested a potential occupational risk in the case of exposure to a hypothetical zoonotic virus.

This study provides valuable insights into WWTP and swine farm worker’s occupational exposure to human
and other vertebrate viruses. QMRA and NGS analyses conducted in this study will assist managers in making
evidence-based decisions, facilitating the implementation of protection measures, and risk mitigation practices
for workers.

1. Introduction bioaerosols in the occupational environment has garnered attention due
to its association with various health effects, including infectious dis-

People can be exposed to various risk factors in workplaces, with eases, acute toxic effects, allergies, and cancer (Douwes et al., 2003).
biological factors being of particular importance. Exposure to Bioaerosols are composed of small particles containing microorganisms
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such as viruses, bacteria, and fungi, as well as organic compounds
derived from microorganisms (Mandal and Brandl, 2011).

Numerous processes and activities can lead to the generation of
bioaerosols in occupational settings, including manufacturing, agricul-
ture, waste and wastewater treatment, farming, and laboratory envi-
ronments (Mirskaya and Agranovski, 2018). In a Wastewater Treatment
Plant (WWTP), most of the adverse health conditions reported among
workers have been attributed to bioaerosols (Amoah et al., 2022; Car-
ducci et al., 2016; Corrao et al., 2012). These aerosols can be generated
by several wastewater treatment processes, and pathogenic microor-
ganisms from wastewater can be easily released into the atmosphere in
aerosols (Kataki et al., 2022).

Wastewater contains a diverse range of viruses, with geographical
and seasonal differences observed among specific viral groups (Nieu-
wenhuijse et al., 2020). The abundance and diversity of pathogenic vi-
ruses in wastewater have been shown to reflect the pattern of infection
in the human population, and some of the principal human pathogenic
waterborne viruses include Human Adenovirus (HAdV), Rotavirus
(RoV), Hepatitis A Virus (HAV), and other enteric viruses, such as
Norovirus (NoV), Coxsackievirus (CV), and Astrovirus (AstV) (Corpuz
et al., 2020).

Aerosols of different sizes produced in WWTPs and all airborne
biological agents can subsequently settle on surfaces (Han et al., 2013).
Therefore, WWTP workers may be exposed to viruses through either the
inhalation of bioaerosols generated during technological processes in
the WWTP or oral ingestion after direct contact with contaminated
surfaces, clothes, or tools. In fact, WWTP workers have been found to be
at a higher risk of developing a wide range of work-related symptoms
compared to the general population. These symptoms may include res-
piratory and gastrointestinal effects, such as diarrhea (Masclaux et al.,
2014). The level of risk faced by WWTP workers also depends on factors
such as the infectivity of the pathogen, its concentration, the duration of
exposure, and the immunity (Carducci et al., 2016, 2018).

With the rapid expansion of large-scale and intensive swine pro-
duction, the emission of aerosols from swine farms has also become a
growing concern (Liu et al., 2023). This concern has intensified espe-
cially in the context of the One Health era, which emphasizes the
interdependence of human, animal, plant, and environment health (One
Health Commission, 2018). Aerosols produced in swine farms mainly
originate from sources such as manure, feed, swine hair and skin, sec-
ondary production, and waste treatment (Liu et al., 2023). Airborne
pathogenic viruses, including Influenza A Virus (IAV), Porcine Repro-
ductive and Respiratory Syndrome Virus (PRRSV), Porcine Epidemic
Diarrhea Virus (PEDV), Classical Swine Fever Virus (CSFV) and African
Swine Fever Virus (ASFV), have been detected in the air of swine farms
(Alonso et al., 2015; Corzo et al., 2013; Dee et al., 2009; Neira et al.,
2016; O’Brien and Nonnenmann, 2016; Olesen et al., 2017; Weesendorp
et al., 2009). Additionally, long-distance airborne transport of patho-
gens such as IAV and PRRSV has been demonstrated (Corzo et al., 2013;
Dee et al., 2009) and IAV has also been detected on surfaces in swine
production facilities during outbreaks (Neira et al., 2016). These find-
ings imply potential risks, which align with data suggesting that swine
workers and their non-swine-exposed families are at an increased risk of
zoonotic influenza virus infections (Gray et al., 2007), leading to calls
for the inclusion of these workers in pandemic surveillance and in
antiviral and immunization strategies (Myers et al., 2006).

Next-generation sequencing (NGS) is a valuable and highly effective
tool for detecting viral pathogens within a sample by simultaneously
analyzing the sequences present. The metagenomic information ob-
tained from these samples is essential for investigating potential bio-
logical exposures. To date, only a few studies have employed NGS
techniques to characterize viral communities in aerosols and surfaces in
the context of occupational exposure, such as aerosol samples from an
animal slaughterhouse (Hall et al., 2013) and WWTP (Han et al., 2019),
as well as surface and mobile phone swab samples from healthcare
workers in the Emergency unit of a tertiary care facility (Boucherabine

International Journal of Hygiene and Environmental Health 259 (2024) 114360

et al., 2022). These studies utilized NGS to characterize the profile of
viruses present in aerosol and surface samples, providing a deeper un-
derstanding of the viruses to which workers are exposed.

Quantitative Microbial Risk Assessment (QMRA) approaches can be
used to evaluate the risk of infection within those occupational settings.
The use of QMRA involves assessing the risk of harmful microorganisms
through hazard identification, exposure assessment, dose-response
modeling, and risk characterization (Haas et al., 1999). QMRA is
commonly estimated through Monte Carlo simulations to quantitatively
assess the range and probability of health risks (Chen et al., 2021; Lim
et al., 2015; Shi et al., 2018; Yan et al., 2021). For risk characterization,
the two primary health risk benchmarks widely used in describing the
magnitude of QMRA outcomes are the acceptable annual infection risk
level proposed by the U.S. Environmental Protection Agency (U.S. EPA,
2005) (<10E—4 pppy, per-person-per-year) and the acceptable
disability-adjusted life years (DALYs) proposed by the World Health
Organization (WHO, 2008) (<10E—6 DALYs pppy) (Chen et al., 2021;
Yan et al., 2021). Additionally, the importance of all input variables can
be identified through sensitivity analysis, which tests the relative im-
pacts of stochastic input parameters on health risks (Chen et al., 2021).
QMRA has been applied to assess the risk of viral infections associated
with drinking water and food (Deere and Ryan, 2022; Petterson, 2016;
Schijven et al., 2019), reclaimed water (Schoen et al., 2018), as well as
in various working environments, such as WWTPs (Carducci et al., 2018;
Dada and Gyawali, 2021; Medema et al., 2004; Zaneti et al., 2021),
agricultural areas utilizing reclaimed wastewater for irrigation (Ant-
wi-Agyei et al., 2016) or fertilizer applications (Brooks et al., 2005,
2012; Tanner et al., 2008), and scenarios dealing with leachate from
municipal solid waste (MSW) (Lanzarini et al., 2022).

This study aims to provide valuable insights into the occupational
exposure of workers to viruses in two different settings, WWTPs and
swine farms. The first objective is to evaluate viral contamination
through quantitative polymerase chain reaction (qPCR) assays and
investigate the presence of vertebrate pathogenic viruses in bioaerosols
and contaminated surfaces from these workplaces by employing NGS.
To our knowledge, this is the first study to characterize the profiles of
viruses infecting vertebrates present in aerosol and surface samples
using a target enrichment sequencing (TES) approach. Additionally, the
second objective of this study is to estimate the risk of exposure to viral
pathogens with QMRA analysis in a WWTP, with HAdV as a model virus
transmitted through mixed oral-fecal and respiratory routes. In the
swine farm scenario, the risk is intended to be estimated through a
QMRA simulation, considering the inhalation or oral ingestion of a hy-
pothetical virus with assumed zoonotic potential and characteristics
similar to Porcine Adenovirus (PAdV).

2. Material and methods
2.1. Sampling sites and samples

Two workplace scenarios located in Catalonia were chosen for this
study: a WWTP and a swine farm. The selected WWTP is a conventional
plant that treats wastewater from 183,517 inhabitants with a flow ca-
pacity of 57,000 m®/day. On the other hand, the selected swine farm is a
breeding and gestation barn with an occupancy of 2,000 piglets, where
newborn pigs spend the first weeks of life before being moved to a
fattening farm. The sampling campaigns included both winter and a
summer seasons, with three sampling events for each workplace sce-
nario and season. Table 1 and Table 2 provide a summary of the expo-
sure scenarios, samples analyzed, seasons, and the conducted analysis in
the WWTP and the swine farm, respectively.

For aerosol sampling, a Coriolis p air sampler (Bertin Technologies,
France), designed to capture particles ranging from 0.5 to 20 pm, was
used at a flow rate of 300 L/min during 60 min in specific areas where a
higher exposure to aerosols by workers was identified. Aerosol samples
were collected in sterile collection cones, pre-filled with 15 ml of a saline
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Table 1
WWTP exposure scenarios, specifying the type of samples analyzed, seasons and the type of analysis conducted.
Samples analyzed Season Analysis
Workspaces Centrifuge zone (indoor) Aerosol Winter qPCR, NGS, QMRA
Summer qPCR, NGS, QMRA
Surface Winter qPCR, NGS, QMRA
Summer qPCR, NGS, QMRA
Reactor zone (outdoor) Aerosol Summer qPCR, NGS
Surface Winter qPCR, NGS, QMRA
Summer qPCR, NGS, QMRA
Other Surface Winter qPCR, NGS, QMRA
Summer qPCR, NGS, QMRA
Break room Surface Winter qPCR, NGS, QMRA
Summer qPCR, NGS, QMRA

Table 2
Swine farm exposure scenario, specifying the type of samples analyzed, seasons
and the type of analysis conducted.

Samples analyzed Season Analysis

Aerosol Winter qPCR, NGS, QMRA
Summer qPCR, NGS, QMRA

Surface Winter qPCR, NGS, QMRA
Summer qPCR, NGS, QMRA

phosphate buffer solution (PBS). At the WWTP, aerosol samples were
collected in the centrifuge zone (indoor) during winter (3 samples) and
summer (4 samples). Additionally, in summer, 3 long-monitoring
aerosol samples lasting 6 h were collected in the reactor zone (out-
door). At the swine farm, 3 aerosol samples were collected from the
breeding area for each season. In all aerosol samplings, the manufac-
turer’s accessory to maintain a constant liquid volume and compensate
evaporation was used.

For surface sampling, samples were collected following the strategy
described by Sommer and coworkers as a long-term sampling approach
to study viruses on surfaces (Sommer et al., 2021), technique previously
outlined by Bobal and Witte for the detection and monitoring of bac-
terial pathogens (Bobal et al., 2019). Commercially paper-based stickers
(Markierungspunkte ¢ 8 mm, permanent, ref. PSA08J 301; Avery of CCL
Industries, Inc., Toronto, Canada), sterilized with UV-C radiation for a
minimum of 15 min, were applied to frequently touched surfaces by
workers, such as switches, doorknobs, and working tools, using sterile
tweezers.

After 7 days, the stickers were removed and transferred to 2 ml
Eppendorf tubes. At the WWTP, two scenarios were differentiated: the
workspaces and the break room, which serves as the kitchen where
workers take a break to eat. During winter, 12 surfaces samples from the
workspaces (5 from the filtering zone, 2 from the centrifuge zone, 4 from
the main building and 1 from the reactor zone) and 6 surface samples
from the break room were collected on each sampling event of the
season’s campaign. In summer, a selection of surface samples that
showed higher contamination during winter was collected, consisting of
5 workspaces surface samples (2 from the filtering zone, 1 from the
centrifuge zone, 1 from the main building and 1 from the reactor zone)
and 2 break room samples. For the swine farm, each sampling event
involved collecting 6 surface samples distributed on switches and
doorknobs around the entire farm. Stickers were also collected from
surfaces on upper walls, serving as a negative control for sampling and
subsequent sample processing.

Both aerosol and surfaces samples were transported at 4 °C to the
laboratory and processed on the same day of collection.

2.2. Sample processing and viral quantification

The concentration of viral particles from aerosol samples was per-
formed by ultrafiltering the volume from the collection cones using the
automatic Concentration Pipette (CP-Select™) with 150 KDa tips

(InnovaPrep, Drexel, MO, USA) to obtain a final volume of 300 pL,
following the procedure previously described for viral concentration
from wastewater (Forés et al., 2021). The viral nucleic acids from the
concentrated aerosol samples were then extracted using the QIAamp®
Viral RNA Mini Kit from QIAGEN (QIAGEN, Germantown, MD, USA).
The extracted nucleic acids were eluted in 70 pl and stored at —80 °C for
further analysis in qPCR and NGS assays.

For the surface samples, the viral nucleic acids were extracted using
the RNeasy® PowerMicrobiome® Kit (QIAGEN, Germantown, MD,
USA) with a final volume of 50 pl, following the manufacturer’s in-
structions. An additional pre-step of bead-beating for 30 s at 4 m s~*
using FastPrep-24™ (MP Bio, USA) was included, as previously
described (Mejias-Molina et al., 2023). The extracted nucleic acids were
stored at —80 °C for further analysis.

For evaluating the viral contamination in the WWTP and swine farm
samples, specific qPCR assays were performed for Human Adenovirus
(HAdV) and Porcine Adenovirus (PAdV), respectively. TagMan® Envi-
ronmental Master Mix 2.0 (Applied Biosystems, Waltham, MA, USA)
was used, along with specific primers and probes previously described
(Bofill-Mas et al., 2006; Hernroth et al., 2002; Hundesa et al., 2009).
Additionally, all samples, from both the WWTP and the swine farm,
were analyzed using the SARS-CoV-2 N1 assay (CDC Division of Viral
Diseases, 2023) with the RNA UltraSense™ One-Step qRT-PCR System
(Applied Biosystems, Waltham, MA, USA). With the exception of the
synthetic SARS-CoV-2 control (control 51 from Twist Biosciences), the
qPCR standards were prepared using synthetic gBlocks® Gene fragments
(IDT, Coralville, IA, USA), which were quantified with a Qubit 3.0
dsDNA HS Assay Kit (Invitrogen, Carlsbad, CA, USA) and serially diluted
from 10° to 107 copies per reaction. All gPCR assays were performed
using the QuantStudio™ Real-Time PCR System from ThermoFisher
Scientific. Both undiluted and 10-fold diluted nucleic acid extractions
were analyzed, and non-template controls were included in each of the
assays.

2.3. Metagenomic analysis: target enrichment sequencing (TES)

Nucleic acid extractions from aerosol and surface samples were
pooled, considering the type of sample, the season of the year, and the
workplace zone studied (further details can be found in the Supple-
mentary Material, Table S1 and Table S2). The nucleic acid pools were
analyzed using the NGS approach target enrichment sequencing (TES) to
explore the diversity of vertebrate viral pathogens present in the aerosol
and surface samples, aiming for a better characterization of the viruses
to which WWTP and swine farm workers are exposed.

2.3.1. Sequence-independent, single-primer amplification (SISPA)

A total of 11 nucleic acid pools were prepared prior to library con-
struction following a sequence-independent, single-primer amplification
(SISPA) method, which has been previously described for studying both
RNA and DNA viruses (Fernandez-Cassi et al., 2018, 2018b; Itarte et al.,
2021; Martinez-Puchol et al., 2020; Mejias-Molina et al., 2023). Briefly,
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a retrotranscription step was performed using a random nonamer primer
and SuperScript IV (Invitrogen, Carlsbad, CA, USA), followed by a
second-strand synthesis with Sequenase 2.0 (Applied Biosystems, Wal-
tham, MA, USA). To obtain sufficient dsDNA for library construction,
nucleic acids were amplified using AmpliTaq Gold DNA polymerase
(Applied Biosystems, Waltham, MA, USA), and the resulting PCR prod-
ucts were purified with the Zymo DNA Clean & Concentrate kit (Zymo
Research, Irvine, CA, USA). The purified PCR products were quantified
using the Qubit 3.0 dsDNA HS Assay Kit (Invitrogen, Carlsbad, CA, USA).

2.3.2. Library construction

For each pool of samples, libraries were constructed using the KAPA
HyperPlus Library Preparation Kit (KAPA Biosystems, Roche, Basel,
Switzerland). Following the manufacturer’s instructions, the library
construction consisted of enzymatic fragmentation, end repair and A-
tailing reaction, and adapter ligation. Then, samples were amplified
using the KAPA UDI Primer Mixes (KAPA Biosystems, Roche, Basel,
Switzerland). Afterwards, the resulting libraries were quantified using
the Qubit 3.0 dsDNA HS Assay Kit (Invitrogen, Carlsbad, CA, USA).

2.3.3. Capture of viral sequences by VirCapSeq-VERT Capture Panel

Libraries were equimolarly pooled and captured using the
VirCapSeq-VERT Capture Panel (Roche, Basel, Switzerland). This panel
consists of probes designed to capture sequences from 207 viral taxa
known to infect vertebrates through hybridization and a following post-
capture PCR amplification, enabling the detection of viral sequences in
complex sample types as described in previous studies (Briese et al.,
2015; Filipa-Silva et al., 2020; Hjelmsg et al., 2019; Itarte et al., 2021;
Martinez-Puchol et al., 2020, 2022; Mejias-Molina et al., 2023; Strubbia
et al., 2020). Captured libraries were sequenced using an Illumina
NextSeq 500 platform for a 2 x 150 cycles Mid Output run.

2.3.4. TES bioinformatic processing

Bioinformatic analysis was performed using CZ ID portal (https://
czid.org/, accessed on November 30, 2023), an open-source cloud-
based pipeline and service for metagenomic pathogen detection and
monitoring (Kalantar et al., 2020). Briefly, this portal performs host and
quality filtration steps, followed by an assembly-based alignment pipe-
line, which results in the assignment of reads and contigs to taxonomic
categories. Only viral assignments with a nucleotide identity above 70%
and >100 bp alignment length were considered.

2.4. Quantitative Microbial Risk Assessment

The QMRA was constructed, as described in the following para-
graphs, to estimate the individual-level occupational risk faced by
workers in WWTPs and also as an extrapolation for workers in swine
farms.

2.4.1. Risk assessment framework and hazard identification
The reference viruses HAdV and PAdV were selected for WWTP and
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swine farm risk assessment, respectively. Both HAdV and PAdV are
double-stranded DNA viruses belonging to the Adenoviridae family and
they are commonly found in the environment due to their high resis-
tance to environmental conditions (Hijnen et al., 2006). HAdV has been
suggested as a human fecal indicator since it is persistently excreted in
feces or urine by infected humans, both with and without clinical
symptoms (Bofill-Mas et al., 2013), causing various conditions such as
gastroenteritis, respiratory infections, eye infections, acute hemorrhagic
cystitis, and meningoencephalitis (Allard and Vantarakis, 2017). On the
other hand, PAdV has been used as a Microbial Source Tracking (MST)
tool to identify sources of porcine fecal contamination (Rusinol et al.,
2014). Although PAdV infection in pigs is often subclinical, it can cause
mild diarrhea, anorexia and dehydration (Kumthip et al., 2019).

PAdV is a virus that infects pigs and not humans but, as an
assumption, it was chosen as a model of a hypothetical virus with zoo-
notic potential for the following reasons: (1) no potential zoonotic vi-
ruses were detected in these samples, (2) it was prevalently excreted and
present on the farm, and 3) it allows the application of well-known
parameters to construct a robust model (adenovirus parameters).

In the WWTP scenario, the QMRA analysis focuses on estimating the
occupational risk of viral infections from pathogens present in waste-
water. In contrast, the QMRA for the swine farm is an approximate
analysis to assess the risk of workers getting infected with a hypothetical
virus with an assumed zoonotic potential and characteristics similar to
PAdV, in a One Health context. The exposure pathways considered for
both scenarios include inhalation and oral ingestion, as these are known
transmission routes for both HAdV and PAdV (Kumthip et al., 2019;
Teunis et al., 2016).

2.4.2. Exposure assessment

The objective of the exposure assessment models was to estimate the
dose of the selected virus to which WWTP and swine farm workers are
exposed during their work-related tasks at different seasons of the year.
The study considered two main exposure pathways: inhalation of
aerosols and oral ingestion through contaminated surfaces. Addition-
ally, for the WWTP scenario, a distinction was made between the sur-
faces in the workspaces and those in a break room where the workers
take breaks to eat. This differentiation was made because it was
considered that the workers’ activities and behaviors in the break room
were different compared to the workspaces.

2.4.2.1. Aerosol model. The daily HAdV or PAdV dose to which each
WWTP or swine farm worker is exposed by inhalation (d;) was estimated
from Equation (1), adapted from (Carducci et al., 2018) and the input
parameters detailed in Table 3.

Jeons

rw

dy = Cyay % X togy XTig X Cf (€Y

In Equation (1), the concentration Caqy represents the number of
genomic copies (GC) of HAdV or PAdV per m® detected in WWTP or
swine farm air samples, respectively, and is expressed in GC/m®. These

Table 3
Input exposure parameters used in the QMRA model for the aerosol inhalation pathway.
Model inputs Notation Distribution/value Unit Source
Concentration of HAAV (WWTP) or PAdV (farm) in air Caav WWTP winter: Uniform (3.09, 6.34) GC/m® This study (see sections 2.1. and 2.2.)

WWTP summer: Uniform (86.13, 96.24)
Farm winter: Uniform (1.53, 126.96)
Farm summer: Uniform (6.15, 128.23)

Conversion factor Seonv 1/700 TCIDso/GC McBride et al. (2013)

Recovery efficiency Teff WWTP: 80 % Estimated in section 2.4.3.2.
Farm: 75

Exposure time texp WWTP: Uniform (60,120) minutes Observed in this study (see section 2.4.3.3.)
Farm: Uniform (240,360)

Inhalation rate Tin Lognormal (p = 1.4, 6 = 0.51) m?/hour EPA (2011)

Conversion factor of 1/60 hour/minutes -
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data were obtained in this study as explained before in sections 2.1. and
2.2. and follow a uniform distribution (see section 2.4.3.1. for boundary
estimations). Since the qPCR data does not provide quantification of
infectious particles, the constant f,n,y = 1/700 is the ratio between tissue
culture infective dose (TCIDsp) and GCs, assuming 700 GC = 1 TCIDs,
(McBride et al., 2013). The constant r, represents the recovery effi-
ciency, which is the recoverable amount of HAdV or PAdV present in the
sample. This efficiency slightly varies between the WWTP and the swine
farm (see section 2.4.3.2. for estimations). The random variable tey,
corresponds to the amount of time that the worker is exposed to aerosols
and is expressed in minutes per day, following a uniform distribution
(see section 2.4.3.3.). The random variable inhalation rate r,, represents
the inhalation rate, expressed in m®/hour, which is the volume of air
inhaled per unit of time and it follows a lognormal distribution with p =
1.4 and 6 = 0.51 (EPA, 2011). The constant conversion factor cf is equal
to 1/60, which is used to transform minutes to hours.

2.4.2.2. Surface model. For the surface risk equations, considering oral
ingestion through hand-to-mouth contact, the dose was estimated using
the model from Lanzarini et al. (2022), a conceptual model developed by
the Institute for Occupational Medicine (Cherrie et al., 2006; HSE et al.,
2007), and adapted to the specific exposure scenarios of this study using
the input parameters detailed in Table 4. Oral exposure of WWTP and
swine farm workers relies on the oral ingestion of HAAV or PAdV,
respectively, through the contact of contaminated hands with the mouth
after touching contaminated surfaces with bare hands. Therefore, the
daily exposure dose for the surface risk is given by:

dy = Cpay X"

feom
Tepy

X feont|surf X TEsurfihand X TEnandimouth X feontlmouth X Phours (2)

Caqy represents the concentration of HAdV or PAdV expressed in GC/
cmz, data obtained in this study (sections 2.1. and 2.2.) and in this case,
follows a lognormal distribution (see section 2.4.3.1. for the parameter
estimations). The constant fo,y is also 1/700, and the constant r,g is now
5.95%, experimentally determined (data not shown). The random var-
iable feont|surf Tepresents the frequency of hand contact with any surface,
and it follows a uniform distribution (see 2.4.3.3. for the estimation).
The random variable TEgyfjhand models the percentage of viral transfer
efficiency from stainless steel surfaces to hands and follows a normal
distribution (Lopez et al., 2013). TEhqnd|moush is the constant percentage
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of viral transfer efficiency from bare hands to mouth (Rusin et al., 2002).
The number of hand-to-mouth contacts (feontmourn) follows a discrete
distribution (see section 2.4.3.3) and finally, npe, represents the hours
the worker spends in each studied workplace zone (workspaces or break
room in WWTP and general workspaces on farm). The skin contact area
between the hand and peri-oral compartment for each exposure event
was assumed to be 1 cm?.

2.4.3. Fitting parameters in aerosol and surface exposure models

2.4.3.1. Fitting the virus concentration parameters in aerosol and surfaces.
As explained in the preceding subsection, both aerosol and surface
concentrations in equations (1) and (2) are treated as random variables
following a suitable probabilistic distribution. In the case of aerosol
concentrations, where the number of samples was small, a uniform
distribution was used (see Carducci et al., 2018) for both seasons and
both scenarios. The parameters of these situations were trivially
computed as the minimum and maximum values registered in each case.

On the other hand, the number of surface samples was larger,
enabling the adjustment of a lognormal distribution that fits the
observed data. It is important to note that all the samples, including
those recorded below the limit of detection, were used for these esti-
mations. The limit of detection was determined based on the minimum
value reported for each virus assay and each type of sample. Such
samples were treated as censored data (see Canales et al. 2018),
allowing the fitting of the lognormal distribution using the “fitdistrplus”
package in R (R Core Team, 2023). The “fitdistr” method of this package
fits a univariate distribution for censored data using maximum likeli-
hood estimation.

2.4.3.2. Fitting the recovery efficiency in aerosol exposure model. A rela-
tionship between the diameter of the particles suspended in the air and
the collection efficiency was established from the information provided
in a white paper supplied by the air sampler’s manufacturer, Bertin
Technologies (https://www.bertin-technologies.com/, accessed on
November 30, 2023), about the particle collection efficiency according
to size and flow rate. On the logarithmic scale, this relation appears to be
approximately linear. Assuming that the diameter of the particles fol-
lows a lognormal distribution, the two parameters of the density can be
obtained from Gholipour et al. (2021); Agranovski et al. (2004), which

Table 4
Input exposure parameters used in the QMRA model for the oral ingestion pathway from contaminated surfaces.
Model inputs Notation Distribution/value Unit Source
Concentration of HAAV (WWTP) or PAdV (farm) Caav WWTP winter workspaces: GC/cm? This study (see sections 2.1. and
in surfaces Lognormal (p = 1.42, 6 = 3.16) 2.2)
WWTP summer workspaces:
Lognormal (p = 0.21, ¢ = 3.61)
WWTP winter break room:
Lognormal (p = 0.89, ¢ = 3.13)
WWTP summer break room:
Lognormal (p = 0.51, 6 = 2.31)
Farm winter: Lognormal (p = 3.81, 6 = 1.81)
Farm summer: Lognormal (4 = 9.17, 6 = 2.57)
Conversion factor Seonv 1/700 TCIDso/GC McBride et al. (2013)
Recovery efficiency Teff 5.95 % This study (data not down)
Frequency of hand-to-surface contacts Seont|surf WWTP workspaces: Uniform (6, 11) events/hour Observed in this study (see section
WWTP break room: Uniform (4.5, 10) 2.4.3.3.
Farm: Uniform (8, 12)
Viral transfer efficiency from surface to bare TEsurfihand Normal (37, 16) % Lopez et al. (2013)
hands
Viral transfer efficiency from hands to mouth TEhand| 34 % Rusin et al. (2002)
mouth
Frequency of hand-to-mouth contacts Seontjmouth WWTP workspaces: p~ 2.8, 6 ~ 2.7 events/hour (see section 2.4.3.3.)
WWTP break room: ji~ 7.6, ¢ ~ 3.6
Farm: p~ 2.8, 6 ~ 2.7
Number of hours spent at workplace Mhours WWTP workspaces: Uniform (2, 5) hour Observed in this study (see 2.4.3.3.)

WWTP break room: Uniform (0.1, 1)

Farm: Uniform (4, 6)

41
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characterize the size particle range generated in WWTPs and swine
farms, respectively. By applying the linear transformation, a mean re-
covery efficiency was obtained for the WWTP and the farm scenarios.

2.4.3.3. Fitting the exposure times and frequency of contacts in aerosol and
surface exposure models. In the aerosol model, the parameters of the
uniform distribution for tey, were chosen based on the observed
behavior of the workers. Similarly, in the surface model, the parameters
for Npoyrs and feonr|surf Were obtained in an analogous manner. Since these
three variables were modelled as uniform distributions, with tey, and
Nhoyrs being continuous, and feonsurf being discrete, their boundaries
were estimated as the minimum and maximum values in the observed
data.

As for the frequency feont|mouth, the number of hand-to-mouth con-
tacts was modelled as a discrete variable. The jump points and cumu-
lative distribution were fitted to the quantiles in the adult’s rows in the
eating and non-eating macro-activity of Table 1 from Wilson et al.
(2021).

2.4.4. Dose-response model

Dose-response models describe the relationship between exposure
and the probability of infection and illness. The dose-response model
developed by Teunis et al. (2016) was adopted in this study for HAdV
and PAdV risk models, and it was used before in other QMRA studies
(Carducci et al., 2018; Lanzarini et al., 2022). Briefly, this response
model describes the distributions of infectivity and pathogenicity in
adenovirus studies, incorporating differences in inoculation route
(aerosol inhalation, oral ingestion and intranasal or intraocular droplet
inoculation) as shift in average infectivity and pathogenicity. The daily
dose variable allowed to compute the probability of infection (P):

Piy(di|a, ) =1— Fi(a,a+f, —d;) 3)

where 1F ; is the Kummer confluent hypergeometric function, and o and
p are infectivity (infection dose-response) parameters of the distribution
that refer to the inhalation route or the oral ingestion route. The infec-
tivity parameters for the adenovirus dose-response were established as a
= 5.24 and f = 2.95 for the inhalation route (aerosol model), whereas a
= 5.11 and § = 2.80 were the parameters for the oral ingestion route
(surface model) (Teunis et al., 2016). The daily probability of illness
conditioned to be infected, denoted by Py, was:

d\ ™"
Py (d,) =1 — <1 + ;) 4)

where the pathogenicity parameters for the adenovirus dose-response
used were r = 3.04 and n = 3.36 for the inhalation route (aerosol
model), whereas r = 0.41 and n = 6.53 (Teunis et al., 2016) were the
parameters for the oral ingestion route (surface model). Finally, the
daily probability of illness (Py) was given by the following relation:

Pm(d‘) :Py’u\m/(d\) X P.u/’(d.\) (5)

For any of the situations, the seasonal probability of illness was
computed as:

70
Pit season =1 — [ (1 = Random(Pu)) ©

1

where Random(Py) is a random sample from the distribution of Py
(Karavarsamis and Hamilton, 2010). Both the winter and summer sea-
son were assumed to comprise 70 working days.

2.4.5. Risk characterization

Hazard identification, exposure assessment and dose-response
assessment were combined to determine the probability of infection
with HAdV in WWTPs and to provide an approximation for the proba-
bility of infection with a hypothetical virus with zoonotic potential and
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characteristics similar to PAdV in swine farms. A Monte Carlo analysis
was conducted for 10,000 simulations for each of the 10 different sce-
narios considered, obtaining their daily probability of illness and a
suitable set of quantiles.

Following Lanzarini et al., 2022, a sensitivity analysis was conducted
to assess the relative importance of the stochastic variables on the results
of both models: the concentration Caqy in both exposure models, the
exposure time teyp, and the inhalation rate ri, in the aerosol model,
whereas the transfer efficiency TEqufjhand, the frequencies of contacts
(feont|surf hands-surface, and feone|mouh hands-mouth) and the exposure
time Mpoyrs, in the surface model. To determine the effect of any variable
-for instance, the variable v;-on the final risk estimate, all the other input
parameters in the model equation were fixed to their average values,
while v; was treated as a random variable in the Monte Carlo runs. This
computation was conducted over all the random variables v; in the
equation, fixing in each case all the parameters except the one of in-
terest. Sensitivity analysis was also computed based on the median
values, as some Cuqy distributions exhibit long-left-tailed asymmetric
shapes.

All the simulations were conducted using R 4.3.0 (R Core Team,
2023).

3. Results
3.1. Viral quantification in aerosol and surface samples

Aerosol and surface samples from the WWTP and the swine farm
were analyzed using specific qPCR assays for the detection and quanti-
fication of HAdV and PAdV, respectively. Additionally, all samples were
analyzed for the presence of SARS-CoV-2. The qPCR assay results are
summarized in Table 5 and Table 6, with further details available in the
Supplementary Material (Table S1 and Table S2).

HAdV was detected in 60% of WWTP aerosol samples. In the winter
season, all indoor samples from the centrifuge zone tested positive, with
a mean concentration of 4.87 E+00 GC/m”. In the summer season, 2 out
of 4 samples were positive with a mean value of 9.12 E+01 GC/m?,
resulting in higher HAdV concentrations in summer centrifuge aerosol
samples. For outdoor samples in the reactor zone during the summer, 1
out of 3 samples tested positive, with a concentration value of 9.04E-01
GC/m®. Moreover, HAdV was also detected in 65% of workspaces sur-
face samples and in 50% of the surface samples in the break room.
Among these surface samples, those collected in the workspaces during
winter had the highest HAdV concentrations, with a mean value of 1.29
E+02 GC/cm?.

PAdV was detected in 83% of the swine farm aerosol samples and
86% of the surface samples. Notably, all surface samples from summer
tested positive and exhibited higher concentrations (mean value of 5.73
E+04 GC/cm?) compared to those reported in winter (mean value of
1.89 E+02 GC/cm?).

On the other hand, SARS-CoV-2 was not detected in any of the

Table 5

Quantification of HAdV in WWTP, respectively, during winter and summer
seasons using qPCR, including mean concentrations (standard deviations, posi-
tive samples vs tested samples). HAAV concentrations in aerosol samples are
expressed as GC/m°, while surface concentrations values are in GC/cm?. Addi-
tional details are available in the Supplementary Material (Table S1).

Winter Summer

Aerosol (GC/m®)  Centrifuge zone (indoor):

4.87 E+00 (1.64 E+00, 3/3)

Centrifuge zone (indoor):
9.12 E+01 (7.15 E+00, 2/4)
Reactor zone (outdoor):
9.04E-01 (0, 1/3)
Surface (GC/cm?) Workspaces: Workspaces:
1.29 E4+02 (3.29 E+02, 23/32)  2.94 E+01 (2.38 E+01, 8/16)
Break room: Break room:
1.77 E401 (3.04 E+01, 8/18) 1.27 E4+01 (1.35 E+01, 4/6)
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Table 6

Quantification of PAdV in swine farm samples, respectively, during winter and
summer seasons using qPCR, including mean concentrations (standard de-
viations, positive samples vs tested samples). PAdV concentrations in aerosol
samples are expressed as GC/m°>, while surface concentrations values are in GC/
cm? Additional details are available in the Supplementary Material (Table $2).

Winter Summer

Aerosol (GC/m®)  4.98 E+01 (6.75 E+01, 3/3) 6.72 E+01 (8.63 E+01, 2/3)
Surface (GC/cm?) 1.89 E+02 (1.96 E+02, 14/19) 5.73 E+04 (7.42 E+04, 18/18)

aerosol and surface samples from the WWTP. In the case of the swine
farm, two surface samples tested positive for the presence of SARS-CoV-
2 RNA, which was linked to an outbreak among the workers (further
discussed in the discussion section). The viral concentrations quantified
in these samples were 1.35 E+01 and 2.32 E+02 GC/cm?.

3.2. NGS results

Aerosol and surface samples from the WWTP and the swine farm
were analyzed using the TES approach to explore the presence of
vertebrate viruses within these environments. For this purpose, nucleic
acids extractions were pooled, considering the type of sample, season of
the year, and workplace zone studied. The TES approach involved
capturing sequences from vertebrate viruses during library preparation
by employing the VirCapSeq-VERT Capture Panel (Roche, Basel,
Switzerland).

The viral assignments and reads sequenced in WWTP samples are
presented in Fig. 1, and additional details can be found in the Supple-
mentary Material (Tables S3-S9). TES enabled the detection of human
and other vertebrate-infecting viruses in aerosol and surface samples
from the WWTP. The sequencing reads obtained from the WWTP were
assigned to viruses from Adenoviridae, Circoviridae, Orthoherpesviridae,
Papillomaviridae, and Parvoviridae families. Additionally, several fam-
ilies, including Anelloviridae, Astroviridae (Human astrovirus), Calicivir-
idae (Norwalk virus), Coronaviridae (Avian coronavirus) and
Picornaviridae, were only sequenced in aerosol samples, while Herpes-
viridae (Porcine lymphotropic herpesvirus 3), Polyomaviridae (Merkel
cell polyomavirus, MCPyV) and Retroviridae were exclusively found in
surface samples. The highest viral diversity, considering the number of
different viral assignments, was observed at the indoor samples
(centrifuge zone) collected in the summer months, followed by work-
spaces surfaces in winter.

The Parvoviridae family accounted for the highest number of reads at
the indoor aerosol samples in both seasons, as well as at the surfaces of
workspaces in winter with Adeno-associated virus accounting for the
majority of reads. Indoor aerosols from summer presented a high viral
diversity within this family including a variety of known hosts suscep-
tible to these viruses, such as humans, birds, dogs, pigs, and rodents.

The highest diversity of Circoviridae was also found in summer indoor
aerosols, including human circovirus and cyclovirus, and pigeon
circovirus.

A notable viral diversity of Papillomaviridae, Orthoherpesviridae and
Retroviridae members was detected in surface samples, in both work-
places and the break room. Most of the Papillomaviridae reads were
assigned to alpha, beta, gamma and mu Human Papillomavirus (HPV)
genera, and also to Canine Papillomavirus. Epstein-Barr virus (EBV),
belonging to Orthoherpesviridae family, was the most ubiquitous viral
assignment within this viral family, as it was also detected in most of the
surface samples. Retroviridae-assigned reads belonged to avian, sheep
and goat viruses. MCPyV reads were detected only in workspace surfaces
in winter.

HAdV, used as a reference virus in the QMRA analysis, was detected
in all aerosol and surface samples, except for the break room samples,
and the main serotype identified in all samples was HAdV-41. Other
members of Adenoviridae family were detected, such as Fowl adenovirus
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in summer aerosol and workspaces surface samples and Turkey adeno-
virus only in the break room surfaces in winter.

Fig. 2 presents the viral assignments and reads obtained from swine
farm samples, and additional information is available in the Supple-
mentary Material (Tables S10-S13).

TES also enabled the detection of vertebrate viruses in aerosol and
surface samples from the swine farm. Most of the sequenced reads in
aerosol and surface samples were assigned to porcine viruses, belonging
to families like Adenoviridae (PAAV), Astroviridae, Circoviridae, Herpes-
viridae, Papillomaviridae, Parvoviridae, Picornaviridae and Retroviridae
(Porcine type-C oncovirus). Additional families, including Anelloviridae
(Torque teno sus virus), Genomoviridae (Porcine feces-associated gemy-
circularvirus) and Tobaniviridae (Bovine torovirus and Porcine tor-
ovirus), were exclusively detected in aerosol samples, while
Polyomaviridae and Sedoreoviridae members (Porcine polyomavirus and
Porcine Rotavirus A, respectively) were only found in surface samples.
The greatest viral diversity was observed in winter aerosol samples,
followed by summer surface samples.

Porcine bocavirus (PBoV) was the viral assignment that accounted
for the highest number of reads in aerosol samples, whereas in surface
samples, it was Porcine type-C oncovirus. Aerosol samples from winter
and summer showed a high similarity in viral assignments between
them. The aerosol sample collected in winter only showed few addi-
tional viral assignments compared to the summer sample, including
PAdV, Porcine circovirus, Porcine feces-associated gemycircularvirus,
Adeno-associated virus, Porcine parvovirus, and Porcine enterovirus.
Similarly, high similarity was observed between surface samples from
winter and summer, with the summer sample having a few more viral
assignments, including Porcine astrovirus, Porcine stool-associated cir-
cular virus, Gamapapillomavirus, Porcine parvovirus, the bat-infecting
virus Rhinolophus sinicus bocaparvovirus 2, Porcine enterovirus and
Porcine Rotavirus A. In contrast, Porcine circovirus was the only viral
assignment detected in winter samples.

The reference virus PAdV, used in the swine farm QMRA simulation
as a model virus, was detected in all surface samples and in the winter
aerosol sample.

3.3. QMRA

3.3.1. QMRA analysis in the WWTP

Fig. 3 presents the distributions of the daily illness probability (Py;)
for a WWTP worker, considering the inhalation or oral ingestion of
HAdV. The scenario involving inhalation of HAdV through aerosols in
the reactor zone (outdoor) was not included in the QMRA analysis
because only one sample tested positive for HAdV, which did not pro-
vide sufficient data for the model.

When inhaling aerosols in the centrifuge zone (indoor), the highest
probability of illness occurs during the summer season, with a mean
value of 5.4%. In contrast, the highest probability of illness resulting
from oral ingestion due to contaminated surfaces and hand-to-mouth
contact was observed in the workspaces during the winter, with mean
and median values of 13% and 0.14%, respectively. Surfaces in the
workspaces exhibited a higher probability of illness compared to those
in the break room.

The mean seasonal probability of illness for a WWTP worker
exceeded 90% for both HAAV transmission routes in both seasons,
expect for oral ingestion from contaminated surfaces in the break room
and inhalation during winter (88.48% and 1.47%, respectively).

3.3.2. QMRA simulation in the swine farm

The distributions of daily illness probability (Py) for a swine farm
worker, considering the inhalation or oral ingestion of a hypothetical
virus with an assumed zoonotic potential and with characteristics
similar to PAdV, are depicted in Fig. 4. The graph suggests that,
assuming the presence of a potential zoonotic virus with similar char-
acteristics to PAdV, the highest probability of illness would occur
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Adenoviridae Fowl adenovirus
Human adenovirus
Turkey adenovirus
Anelloviridae Avian gyrovirus 2
Chicken anemia virus
Gyrovirus 4
Astroviridae Human astrovirus
Caliciviridae Norwalk virus
Circoviridae Human circovirus
Human cyclovirus

Pigeon circovirus

Porcine circovirus

Sewage associated circovirus
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Fig. 1. Viral assignments and reads sequenced in aerosol and surface samples from the WWTP using target enrichment sequencing. Centrifuge zone aerosols (indoor)
were analyzed in both winter and summer, while reactor zone aerosols (outdoor) were only analyzed in summer. Regarding surface samples, which were also
analyzed in both winter and summer, two scenarios were distinguished: the workspaces and the break room.

through oral ingestion from contaminated surfaces, particularly during
the summer season, with mean and median risk values of 63.6% and
87.5%, respectively. The probability of illness due to the hypothetic
virus inhalation would be similar between winter and summer, with
mean values of 20.8% and 21.8%, respectively, both of which are lower

than the values associated with the oral ingestion route.

As an approximation, the mean seasonal probability of illness for a
swine worker, in the hypothetical scenario of the presence of a virus
with zoonotic potential and characteristics similar to PAdV, would be
100% for both transmission routes in both seasons.
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Fig. 2. Viral assignments and reads sequenced in aerosol and surface samples from the swine farm using target enrichment sequencing. Both aerosol and farm

samples were analyzed in winter and summer.
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Fig. 3. Boxplots showing the distribution of daily illness probability in the WWTP, considering inhalation of HAdV from indoor aerosols in winter (Winter.indr) and
summer season (Summer.indr), as well as oral ingestion of HAdV from contaminated surfaces in the workspaces and the break room in winter (Winter.work, Winter.

break) and summer seasons (Summer.work, Summer.break).

3.3.3. Sensitivity analysis

Table 7 provides a summary of sensitivity analysis results, in terms of
variance proportion of Py for the aerosol and surface models across the
different scenarios and seasons. In the aerosol model, the analysis
revealed that the parameter with the greatest influence on the model
output’s Py variations was the inhalation rate (r,) in WWTP scenarios.
On the other hand, in swine farm, Py was most sensitive to variations in
the concentration of PAdV (Cpagy) parameter.

In the surface model, the parameter with the highest influence was
the number of hand-to-mouth contacs (feont|moush) in nearly all scenarios
for both WWTP and the swine farm, except for the break room in the
WWTP during both seasons, where the concentration of HAAV (Cyagv)
parameter held the greatest influence.

4. Discussion

Using suitable sampling and monitoring tools is essential for virus
detection and understanding their transmission routes. The Coriolis p air

sampler enabled the detection of viruses in both indoor and outdoor
environments at the WWTP, as well as in the swine farm. Other studies
have also employed the Coriolis p sampler to detect viruses in WWTP
(Brisebois et al., 2018; Stobnicka-Kupiec et al., 2022) and in swine,
cattle and poultry farms (Prost et al., 2019; Salem et al., 2019; Scoizec
et al., 2018).

Surface samples were collected following the long-term strategy
described by Sommer and colleagues (Sommer et al., 2021). In the
present study, this paper-based sticker approach demonstrated to be a
successful method for detecting viruses on surfaces in the WWTP, as well
as in the swine farm, using qQPCR and NGS assays. A few prior studies
have examined the presence of viruses on WWTP and swine farm sur-
faces, with most utilizing swabs for sampling (Anderson et al., 2021;
Lépez-Lorenzo et al., 2022; Prost et al., 2019; Stobnicka-Kupiec et al.,
2022) while Neira and colleagues employed a sterile gauze dipped in
their sampling procedures (Neira et al., 2016). To the best of our
knowledge, this is the first study to utilize paper-based sticker strategy
for surface sampling and subsequently perform NGS and QMRA analysis.
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Fig. 4. Boxplots showing the distribution of daily illness probability in the swine farm, considering inhalation or oral ingestion from contaminated surfaces of a
hypothetical virus with an assumed zoonotic potential and characteristics similar to PAdV.

Table 7

Sensitivity analysis in terms of variance proportion for each input parameter in the aerosol and surface models that affects the change of the probability of illness.
Aerosol model (a) parameters: Cpqy (concentration of HAdV, WWTP, or PAdV, farm, in air), tey, (exposure time) and r;, (inhalation rate); scenarios: WWTP.wtr.indr
(WWTP winter indoor), WWTP.smr.indr (WWTP summer indoor), Farm.wtr (farm winter) and Farm.smr (farm summer). Surface model (b) parameters: C4qy (con-
centration of HAdV, WWTP, or PAdV, farm, in surface), TE;,fjnand (viral transfer efficiency from surface to bare hands), fcont|surs (frequency of hand-to-surface contacts),
feont|mourh (frequency of hand-to-mouth contacts) and npe,s (number of hours spent at workplace); scenarios: WWTP.wtr.wrk (WWTP winter work spaces), WWTP.wtr.
break (WWTP winter break room), WWTP.smr.wrk (WWTP summer work spaces), WWTP.smr.break (WWTP summer break room), Farm.wtr (Farm winter) and Farm.

smr (Farm summer).

a) Aerosol
WWTP.wtr.indr WWTP.smr.indr Farm.wtr Farm.smr

Cagy 10.34 0.48 70.90 70.77
texp 9.62 17.20 3.58 4.05
Fin 49.67 73.46 32.08 34.32
b) Surface

WWTP.wtr.wrk WWTP.wtr.break WWTP.smr.wrk WWTP.smr.break Farm.wtr Farm.smr
Cadv 116.46 105.9 123.32 105.05 70.76 10.26
TEqurfihand 18.81 471 29.38 27.82 12.87 1.28
Seont|surf 0.62 11.8 0.99 8.02 0.23 0.0005
Seont|mouth 204.90 58.9 206.56 36.30 115.42 112.47
Nhours 1.43 60.3 2.30 35.65 0.23 0.0004

All in all, both aerosol and surface sampling strategies allowed the
detection and quantification of viral contamination using qPCR assays in
samples from the WWTP and the swine farm, and the detection of se-
quences from vertebrate-infecting viruses through NGS analysis using
TES. The viral contamination of aerosol and surface samples from the
WWTP and the swine farm was evaluated by analyzing the prevalence of
HAAQV and PAdV, respectively. HAdV was detected in both aerosol and
surface samples from the WWTP. This human virus is known to be shed
in high concentrations and exhibits stability under various environ-
mental conditions and disinfection treatments (Allard and Vantarakis,
2017). HAdV was detected in 60% of the WWTP aerosol samples.
Samples collected from the centrifuge zone (indoor) exhibited higher
HAAQV concentration during summer (mean value of 9.12 E+01 GC/m°)
compared to winter, which is consistent with previous findings,
(Masclaux et al., 2014) and it has also been described for other microbial
aerosols in WWTP (Grisoli et al., 2009; Oppliger et al., 2005). This could
be related to the expected high evaporation of the wastewater and the
possible increased emission of bioaerosols. HAAV was also detected in
aerosol samples from the reactor zone (outdoor) at lower concentra-
tions, as expected, due to its location in an open-air area. Other studies
have detected higher concentration of HAAV in indoor WWTP air sam-
ples and observed slower concentrations outdoors (Carducci et al., 2016;
Masclaux et al., 2014).

As for surfaces, HAdV was detected in 65% of the WWTP workspaces
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samples and in 50% of the surface samples in the break room. In contrast
to aerosol samples, the surface samples collected from the WWTP
workspaces in summer exhibited lower concentrations of HAdV
compared to winter. One possible explanation for this is that since most
of the workspace surface samples were located outdoors and exposed to
direct sunlight for an extended period, factors such as intensive solar
radiation and high temperatures could have reduced the viral load on
the paper-based stickers.

A recent investigation has explored the use of qQPCR in combination
with propidium monoazide (PMA) dye pretreatment, also known as
viability-PCR (v-qPCR), as a method to distinguish potentially infectious
and non-infectious viral particles at WWTP workplaces (Stobnick-
a-Kupiec et al., 2022). The study reported a mean concentration of
potentially infectious AdV of 4.41 E+-03 GC/m® in air samples, as well as
2.22 E+01 GC/cm? on steel and 6.68 E-+00 GC/cm? on plastic swab
surfaces samples. These findings suggest that HAdV detected in WWTP
aerosol and surface samples in this study could be potentially infectious,
although infectivity potential was not assessed.

In the swine farm, PAdV was detected in both aerosol and surface
samples. PAAV is commonly found within swine populations, present in
feces, residual water and sludge (De Motes et al., 2004; Hundesa et al.,
2006; Rusinol et al., 2014). PAdV is primarily transmitted through
inhalation and the fecal-oral route, causing asymptomatic or mild illness
in pigs. Typical symptoms include watery diarrhea, dehydration,
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depression, and vomiting. In some cases, PAdV infection can lead to
glomerulonephritis, chronic pneumonitis, and even death (Benfield and
Richard, 2012; Kumthip et al., 2019; Nietfeld and Leslie-Steen, 1993).
PAdV was detected in 83% of the swine farm aerosol samples, with mean
concentrations values of 4.98 E+01 GC/m® in winter and 6.72 E+01
GC/m® in summer. PAdV detection in aerosol samples from a pig
handling facility has been described before using conventional PCR (Poh
et al., 2017) but to our knowledge, no data on PAdV concentration in
swine farm aerosols have been reported to date. Regarding surfaces,
PAdV was detected in 86% of the surface samples. All surface samples
from summer tested positive and exhibited higher concentrations of
PAAV (mean value of 5.73 E+04 GC/cm?) compared to those reported in
winter (mean value of 1.89 E+02 GC/cm?). The presence of PAAV ge-
netic material on swine farm surfaces may result from the deposition of
airborne PAdV, as well as contact from contaminated hands. Upon
observing the behavior of workers, it was noted that workers tended to
wear gloves during winter but not during summer. This could provide a
possible explanation for the higher PAAV concentrations detected on
surfaces in the summer season. To date, studies analyzing the presence
of viruses on surfaces in swine farms have primarily focused on Influ-
enza A virus, porcine circovirus type 2 (PCV2), and porcine circovirus
type 3 (PCV3) (Anderson et al., 2021; Lopez-Lorenzo et al., 2022; Neira
et al., 2016; Prost et al., 2019). Like aerosols, the concentration of PAdV
on swine farm surfaces has not been previously described.

SARS-CoV-2 RNA was detected in two surface samples collected from
the swine farm. Importantly, both samples were obtained on a day when
there was an ongoing outbreak of the virus among the workers. While it
appears that the risk of SARS-CoV-2 transmission through contaminated
surfaces is low, the role of fomite transmission has been widely dis-
cussed, and the plausibility of a SARS-CoV-2 transmission chain from
fomites has been suggested (Onakpoya et al., 2022). Furthermore, the
susceptibility of pigs to SARS-CoV-2 is a subject of controversy (Frazzini
et al., 2022). In this study, NGS data were obtained using a targeted
assay (TES) with the VirCapSeq-VERT Capture Panel (Roche, Basel,
Switzerland) to characterize the presence of vertebrate viral pathogens.
This panel comprises approximately 2 million biotinylated oligonucle-
otide probes designed to bind coding sequences of all known viral taxa
that infect vertebrates. While TES has been successfully employed in
previous studies (Briese et al., 2015; Filipa-Silva et al., 2020; Hjelmsg
et al., 2019; Itarte et al., 2021; Martinez-Puchol et al., 2020, 2022;
Mejias-Molina et al., 2023; Strubbia et al., 2020), this is the first study to
utilize this approach for the analysis of aerosol and surface samples.

The TES approach allowed the detection of vertebrate viruses in
aerosol and surface samples from both the WWTP and the swine farm. In
the case of the WWTP, the reference pathogen HAdV was detected in all
aerosol and surface samples from the WWTP, except for the break room
samples. The primary serotype detected was HAdV-41. Interestingly,
HAdV-41 was also the predominant serotype identified through HAdV
nested PCR and subsequent Sanger analysis of wastewater samples
collected during the same period as the aerosol and surface sampling
events in the WWTP (data not shown). HAdV-41 is etiologically asso-
ciated with gastroenteritis and its high prevalence in environmental
samples has been identified previously (Bofill-Mas et al., 2013). In
addition to HAdV, other human and vertebrate viruses belonging to
different viral families were detected in aerosol and surface samples
from the WWTP. In the study conducted by Han et al. (2019), the
metagenomic analysis of viral population in submicron aerosols emitted
during wastewater treatment resulted in the detection of viruses pri-
marily having bacteria or archaea as natural hosts. In this study, the TES
approach facilitated the detection of vertebrate-infecting viruses,
including HAdV, Human astrovirus, Norwalk virus, Human circovirus,
Human cyclovirus, beta-HPV, Adeno-associated virus, and Human
bocavirus. These viruses have been described as excreted and water-
borne viruses, reinforcing that the source of these viruses would be the
aerosolization from the wastewater. Some of these viruses cause
asymptomatic infections and also outbreaks or sporadic cases with a
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wide range of symptoms, from mild to severe gastroenteritis to menin-
gitis, respiratory disease, conjunctivitis, myocarditis, paralysis, or hep-
atitis (Rusinol and Girones, 2017). HPVs were initially believed to be
mainly epitheliotropic, but some studies have reported their presence in
raw sewage and river waters, including high- and low-risk oncogenic
types (laconelli et al., 2015; Itarte et al.,, 2021; La Rosa et al., 2013;
Martinez-Puchol et al., 2020; Rusinol et al., 2020). Additionally, evi-
dence of their excretion in the feces of patients with diarrhea has been
documented (Di Bonito et al., 2015; Iaconelli et al., 2015; La Rosa et al.,
2013), suggesting a potential transmission route through fecal shedding.
A diverse array of avian viruses was detected in both aerosol and surface
samples, aligning with prior studies that found avian viruses in waste-
water samples from the same WWTP and confirming the impact of
poultry industry effluents (Carratala et al., 2012).

If the viruses detected in aerosol samples are suspected to originate
from wastewater aerosolization, the profile of viruses found in surface
samples provided insights suggesting that the presence of most of these
viruses may be more likely caused by the contaminated hands of WWTP
workers. A variety of different genera of HPVs were detected in all
surface samples from the WWTP. HPVs infect the skin and mucosa
epithelia, with effects ranging from benign lesions, such as common
warts, to malignant carcinomas (Egawa et al., 2015). In most of the
surface samples, EBV was also detected. This virus, mainly transmitted
through saliva, is highly prevalent in the human population and can
cause latent infection, being associated with many diseases, from mild
asymptomatic infection to tumorigenesis (Huang et al., 2023). Finally,
another human virus detected in workspaces surfaces in winter was
MCPyV. This virus is the first polyomavirus to be associated with human
cancer (Liu et al., 2018). It is highly prevalent in the general population,
and nearly all healthy adults asymptomatically shed MCPyV from their
skin. However, this infection can lead to a lethal form of skin cancer in
elderly and immunosuppressed individuals (Liu et al., 2016). Further
investigation should be conducted to explore the seasonality of these
viruses. The SISPA protocol, performed before library preparation to
overcome the limitation of low quantities of viral genomes, may intro-
duce bias by amplifying sequences in a random manner, as previously
reported (Duhaime et al., 2012; Itarte et al., 2021; Karlsson et al., 2013).
Therefore, additional research is required to elucidate whether the
variations in virus detection between seasons are attributable to SISPA
bias or are due to the seasonal behavior of the viruses.

Regarding the swine farm, the TES approach also enabled the
detection of PAdV, in all surface samples and in the winter aerosol
sample. PAdV infections are common in swine, and this virus appears to
persist in swine tissues for extended periods (Paul et al., 2003). Addi-
tionally, other viruses were detected in both aerosol and surface samples
from the swine farm, with most of them being described as common
viruses infecting swine and belonging to different viral families. Among
the detected viruses, PBoV was the viral assignment with the highest
number of reads in aerosol samples. PBoV has been reported worldwide,
primarily in weaning piglets, and exhibits a wide tissue tropism (Aryal
and Liu, 2021). Porcine type-C oncovirus species, which accounted for
the highest number of reads in surface samples, consists of Porcine
Endogenous Retroviruses (PERVs) and constitute an integral part of the
porcine genome (Lopata et al., 2018). Other swine viruses of veterinary
interest found in both aerosol and surface samples include porcine cir-
coviruses, parvoviruses and bocaviruses, all of which are associated with
porcine respiratory disease complex (PRDC) (Qin et al., 2018). Porcine
astroviruses and porcine kobuviruses have been associated with
neonatal piglet diarrhea (Qiu et al., 2022). Porcine lymphotropic her-
pesviruses (PLHVSs) are widespread in pigs and, although no association
between PLHVs and any pig diseases has been described Denner (2021);
Halecker et al. (2022) suggested that they could be involved in the
pathogenesis of erythema multiforme diagnosed in sows. Sus scrofa
papillomavirus 1 (SsPV1), a member of Dyodeltapapillomavirus 1 spe-
cies, has previously been described in domestic pigs and has been
attributed to papillomatosis tumor (Li et al., 2023; Link et al., 2017).
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Additional families, including Anelloviridae, Genomoviridae and
Tobaniviridae, were exclusively detected in aerosol samples. Among
these viral families, Torque teno sus virus (TTSuV) has also been asso-
ciated with PRDC (Qin et al., 2018). Porcine torovirus is another po-
tential enteric swine pathogen, and its interspecies recombinant nature
with Bovine torovirus has been revealed (Ito et al., 2016). Both tor-
oviruses were detected in aerosol samples. Members of Polyomaviridae
and Sedoreoviridae families, Porcine polyomavirus (PPyV) and Porcine
rotavirus A (RVA) respectively, were found only in surface samples. A
previous study described PPyV in nasal swabs of pigs with respiratory
disease (Hause et al., 2018), while RVA has primarily been associated
with diarrhea but also has been identified in pulmonary infections in
pigs with respiratory diseases (Nelsen et al., 2022).

All these NGS results provided essential information about the
vertebrate viruses to which WWTP and swine farm workers may
potentially be exposed. TES can be employed as a tool for WWTPs and
farms to screen for the most significant pathogenic viruses present in
aerosols and/or surfaces for QMRA. Additionally, it helps identify the
most abundant genotypes and assess the emergence of zoonotic viruses
on farms or the evolution of animal viruses, potentially increasing the
zoonotic risk.

The QMRA analyses conducted in this study aimed to estimate the
occupational risk of WWTP workers’ exposure to aerosols and contam-
inated surfaces during their work-related tasks in different seasons of the
year. These analyses revealed a noteworthy risk of illness for WWTP
workers if safety measures are not taken, due to the inhalation and oral
ingestion of HAdV through exposure to workplace bioaerosols and
contaminated surfaces. In contrast, the QMRA analysis in the swine farm
is intended to be a simulation, as a hypothetical scenario that considers
the presence of a virus with zoonotic potential and characteristics
similar to PAdV. This extrapolation suggested a possible risk to swine
farm workers if all these factors occur and if safety measures are not
implemented. These findings align with previous epidemiological
studies that have reported work-related symptoms and health effects
among WWTP (Al-Batanony and El-Shafie, 2011; Douwes et al., 2001;
Thorn and Kerekes, 2001) and swine farms workers (Andersen et al.,
2004; Donham et al., 1995; Samadi et al., 2013). These studies further
support the association between occupational hazards in these work-
places and adverse health outcomes.

In the WWTP setting, the daily probability of illness due to HAdV
inhalation was found to be higher during summer compared to winter,
while the higher risk resulting from HAdV oral ingestion was observed in
the workspaces during winter. This difference in risk can be attributed to
the variations in the concentrations of HAdV in the WWTP aerosols and
surfaces explained before. The mean seasonal probability of illness for a
WWTP worker exceeded 90% for both transmission routes in both sea-
sons, except for oral ingestion from contaminated surfaces in the break
room and inhalation during winter. All these seasonal probabilities
would be exceeding the U.S. EPA benchmark (<10E—4 pppy). Inhala-
tion of aerosols produced in a WWTP has been suggested as the primary
exposure pathway for WWTP workers (Hsiao et al., 2020) and several
studies have conducted QMRA to determine the risk of illness caused by
inhalation exposure to HAdV (Carducci et al.,, 2016, 2018), and
SARS-CoV-2 (Dada and Gyawali, 2021; Gholipour et al., 2021). The
QMRA analyses by Carducci and colleagues also indicated a high-risk of
illness for wastewater workers due to exposure to bioaerosols, reporting
a higher average risk in sewage influent and biological oxidation tanks
(15.64% and 12.73% for an exposure of 3 min) (Carducci et al., 2018).
On the other hand, the study conducted by Amoah and coworkers re-
ported that hand-to-mouth ingestion was the major route of exposure
during untreated wastewater exposition at the head of the works
(Amoah et al., 2022).

In the swine farm, a hypothetical virus with zoonotic potential and
similar characteristics to PAdV was chosen for the model. It is important
to note that PAdV is a virus that infects pigs and not humans, and the
QMRA analysis conducted in the swine farm scenario approximates the
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risk of workers getting infected with a hypothetical zoonotic virus. The
highest probability of illness occurred through this hypothetical virus
oral ingestion from contaminated surfaces, especially during the sum-
mer season. The mean seasonal probability of illness for a swine farm
worker was 100% for both transmission routes in both seasons,
exceeding the U.S. EPA benchmark of <10E—4 pppy. A study assessed
the occupational risk of zoonotic influenza infection in swine workers,
and it was found that spending 25 min working in a barn during an
influenza outbreak in a swine herd could be sufficient to cause zoonotic
infection in a worker through airborne transmission (Paccha et al.,
2016).

The importance of the input variables in QMRA analysis was iden-
tified through a sensitivity analysis, which tests the relative impact of
stochastic input variables on the result of the models (Federigi et al.,
2019). In the aerosol model, the analysis revealed that the parameter
with the greatest influence on the model’s output, Py; variations, was the
inhalation rate (r;;,) in WWTP scenarios and the concentration of PAdV
(Cpaqy) in swine farm. HAdV concentration was the predominant factor
in the sensitivity analysis in the estimated risk described by Carducci
et al. (2018). In the surface model, the parameter with the highest in-
fluence was the number of hand-to-mouth contacts (feont|mourn) in nearly
all scenarios for both WWTP and the swine farm, except for the break
room in the WWTP during both seasons, where the concentration of
HAdV (Chagv) parameter had the greatest influence. These results are
consistent with the sensitivity analysis performed by Lanzarini et al.
(2022), which reported that the most impacting parameters in the
hand-to-mouth model were the frequency of hand-to-mouth contact and
the concentration of HAAV.

While QMRA is a valuable tool for estimating occupational risk, it is
essential to acknowledge the limitations of the analysis. Firstly, although
this study is focused on HAAV and PAdV, the QMRA analysis could
potentially be applied to other biological agents that pose an occupa-
tional risk for WWTP and swine farm workers. However, selecting ad-
enoviruses as an index pathogen due to their prevalence and
environmental persistence allows for a conservative estimation of the
levels of other pathogens in the environment (Carducci et al., 2018). It is
important to note that PAdV is a virus that infects pigs and not humans.
It was chosen as a model to approximate the risk of workers getting
infected with a hypothetical virus assumed to have zoonotic potential
and infectivity equivalent to adenovirus types. Nevertheless, the prob-
ability of spillover for this virus was not incorporated into the models.
Additionally, the concentration of the viral pathogens was determined
using qPCR, but the infectivity potential was not verified. Therefore, the
assumption of a fixed ratio of 700 GC = 1 TCIDs, across all scenarios in
this study might not accurately reflect the true infectivity potential.
Furthermore, the dose-response models used from Teunis et al. (2016)
were applied indiscriminately to HAdV and PAdV, even though the
study focused on AdV-4, AdV-7, and AdV-16 adenovirus types. Impor-
tant factors such as secondary transmission of infection, immunity, and
variations among workers based on gender, age or health conditions
were not considered in the analysis. The deposition efficiency of aerosols
in the respiratory tract was also not contemplated in the model for the
inhalation route. These limitations highlight the need for further
investigation in future studies to enhance the accuracy of QMRA.

The QMRA and NGS analysis performed in this study will facilitate
evidence-based decision-making by managers and provide new insights
into protection measures and good practices for workers. Assessing
occupational risk is essential, and the measures to control it must be
defined, as established by the European Union (EU) Directive 2000/54/
EC on the protection of workers in the case of activities involving
exposure to biological agents (European Commission, 2000). Never-
theless, it is important to note that the directive does not specify expo-
sure limits. The application of QMRA can provide valuable insights for
the decision-making process in occupational risk management. By un-
derstanding the risks associated with microbial hazards in the work-
place, decision-makers can effectively identify and prioritize these risks.
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This enables the development of appropriate management strategies and
the implementation of safety measures to protect workers.

From a risk management perspective, controlling key factors such as
pathogen concentration and exposure time can help mitigate the risks
associated with exposure to biological agents. Additionally, increasing
the frequency of professional trainings on workplace hazards, imple-
menting protective measures for workers like masks and gloves, and
enforcing mandatory vaccinations among WWTP workers can reduce
potential risk effects (Jaremkow and Agata Kawalec, 2018). The use of
personal protective equipment (PPE), including respirators and eye
protection, is recommended for swine workers when working with sick
animal to reduce risk of cross-species transmission of IAV as well as
exposure to other contaminants on swine facilities (Paccha et al., 2016).

These measures collectively contribute to a safer working environ-
ment and better protection for workers. The aerosol and surface sam-
pling methods used in the present study could be employed in swine
farm as a noninvasive and efficient means to detect and characterize
circulating virus in these facilities, as previously suggested for con-
ducting surveillance of novel influenza viruses and other animal viruses
through bioaerosol sampling (Anderson et al., 2016). Other pathogenic
swine viruses of veterinary interest that could be monitored are PRRSV,
PEDV, CSF and ASFV.

Detecting specific viruses in both swine farm aerosol and surface
samples, specially through NGS approaches, could serve as an early
warning method for the detection of emerging zoonotic pathogens.

5. Conclusions

WWTP and swine farm workers are exposed to viruses during their
workday and could face occupational risks associated with exposure to
viral pathogens if measures are not implemented. Viral contamination of
aerosol and surface samples from these workplaces was identified by
qPCR assays, and vertebrate pathogenic viruses were detected through
TES.

The application of QMRA models to evaluate the risks associated
with aerosol and surface exposures provides valuable estimations of the
occupational risk in these workplaces. The daily illness probability due
to HAdV inhalation in WWTP was higher in summer, whereas the
greatest risk for HAdV oral ingestion from contaminated surfaces was
observed in the workspaces during winter. In the swine farm QMRA
simulation, considering a hypothetic virus with zoonotic potential and
characteristic similar to PAdV, the highest probability of illness occurred
through oral ingestion from contaminated surfaces, especially during
the summer season.

Overall, this study highlights the significance of evaluating and
managing viral pathogen exposure risks in occupational settings to
protect the health and well-being of WWTP and swine farm workers. To
minimize the risk of virus transmission, it is advisable to implement
effective cleaning procedures capable of degrading viral particles on
frequently touched surfaces and objects. Additionally, the use of per-
sonal protective equipment, especially in areas where bioaerosol parti-
cles are aerosolized and can pose a risk, should be made compulsory.
Aerosol and surface sampling of WWTP and swine facilities could be
implemented as monitoring tools for conducting surveillance to detect
emerging zoonotic pathogens.
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DISCUSSIO

L’aigua residual: font de contaminacié i eina per a estudis
epidemiologics. Deteccio i caracteritzacié de coronavirus en un

context de pandémia.

L’epidemiologia basada en aigues residuals ha demostrat ser una eina
eficag per al monitoratge de virus que circulen en una poblacié. Amb la
recent pandémia de la COVID-19, aquesta eina de vigilancia ha contribuit
de forma significativa al seguiment de I'evolucié epidemiologica. A més,
les tecniques de NGS permeten estudiar el viroma de les aigles residuals
i, aplicant 'assaig adequat, s possible obtenir la diversitat de variants, en
aquest cas de SARS-CoV-2, que circulen a la poblacié en un moment

determinat.

En el primer article presentat en aquesta tesi consisteix es van revisar i
avaluar les diferents metodologies utilitzades en mostres d’aigua residual
per estudiar la disseminacio de les variants del SARS-CoV-2. L’aparicio
de les variants a, B, y i &, considerades VOC en el seu moment, va
evidenciar la necessitat de desenvolupar estratégies per estudiar-ne la
circulacié. Aquestes variants, associades amb les fluctuacions
observades amb les onades de la pandemia, presentaven mutacions
signatura caracteristiques, la majoria localitzades al gen de I'espicula
virica, que influien en la infectivitat virica i I'antigenicitat (Harvey et al.,
2021). Per tant, les regions amb mutacions signatura de les VOC i VOI
son generalment seleccionades com a diana per a les diferents

estrategies analitiques.

A més, en aquest article es van incloure dades preliminars de dues
aproximacions desenvolupades: assaigs especifics de RT-nPCR amb
posterior sequlenciacid Sanger dissenyats per identificar mutacions
signatura de les principals VOC i VOI, descrites fins a la data de la
publicaci6 de [larticle, i una estratégia de sequenciaci® massiva

d’amplicons de tres regions diferents del gen de I'espicula virica. Les dues
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aproximacions es van aplicar de forma paral-lela en mostres compostes
d’aigua residual recollides d’EDARs catalanes de diferents dimensions

durant els mesos de febrer i maig de 2021.

Els assaigs especifics nPCR i la posterior seqlenciaci6 Sanger van
permetre la identificaci6 de mutacions signatura predominants en les
mostres d’aigua residual, incloent-hi Del69/70, Del144, K417N i E484K.
En canvi, mitjangant la sequienciacié massiva d’amplicons, es va obtenir
la diversitat genética de cada mostra, revelant diferents combinacions de
mutacions signatura compatibles amb diferents variants, tal com s’espera
de la diversitat virica present en les aigies residuals. Curiosament, la
sequenciacié massiva d’amplicons va permetre identificar el moment en
qué la variant a probablement es va convertir en la predominant a
Catalunya, entre la primera i la segona setmana de febrer de I'any 2021.
Aquests resultats van ser coherents amb els de la seqlienciacié Sanger,
ja que les mutacions signatura de la variant a només es van detectar quan
les mostres presentaven un alt percentatge d’aquestes mutacions, és a
dir, quan aquestes mutacions eren les predominants entre la barreja de

sequéncies corresponents a les diferents variants circulants.

Amb aquests resultats preliminars i la revisio de les diferents metodologies
utilitzades per caracteritzar les variants de SARS-CoV-2 en aigues
residuals, es va poder realitzar una avaluacio assenyalant els avantatges
i inconvenients de cadascuna. Els assaigs de RT-gPCR i RT-ddPCR
dissenyats per detectar mutacions signatura d’'una variant concreta sén
els més rapids i permeten monitoritzar una variant en una regié on s’ha
propagat i s’ha establert. L'estratégia RT-nPCR amb posterior
sequenciacio Sanger pot ser util per elucidar la variant predominant que
circula en una regi6, ja que amb aquest tipus de sequienciacid6 nhomés
s’obté la sequiéncia amplificada més abundant. En canvi, considerant que
les aigues residuals contenen una barreja de variants, les técniques de
NGS soén les més adequades si es vol realitzar una caracteritzacié de la
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diversitat present, perqué permeten identificar la diversitat de variants de
SARS-CoV-2 que circulen en una regi6 determinada en un moment
concret. En conclusio, cadascuna de les metodologies descrites ofereix
diferents tipus d’informacié, amb els seus propis avantatges i
inconvenients. Es important considerar aquests aspectes a I'hora de
seleccionar I'estratégia més adequada, la qual dependra dels objectius

especifics de I'estudi.

El segon estudi es va centrar en I'aplicacié de técniques de NGS per
descriure l'ocurréncia del SARS-CoV-2, juntament amb altres virus
excretats que constitueixen el viroma de les aigues residuals. El SARS-
CoV-2 s’excreta en femta per la majoria de les persones infectades,
tinguin simptomes o no, de manera que el seu material genétic pot
detectat fins a dies i setmanes després (Ahmed et al., 2020b; Medema et
al., 2020). En aquest context, per tant, el SARS-CoV-2 podria considerar-
se un membre més del viroma de les aigues residuals. No obstant, tenint
en compte que l'aigua residual és una matriu complexa amb una gran
diversitat virica (Fernandez-Cassi et al., 2018; Martinez-Puchol et al.,
2020a), la deteccié de SARS-CoV-2 en estudis de viroma pot suposar un

repte.

Es van estudiar dues mostres compostes de 24 hores d’aigua residual
d’'una EDAR de Barcelona. Una mostra va ser obtinguda al marg de 2020,
quan es va produir el pic de casos de la primera onada de la pandémia a
Catalunya, mentre que l'altra corresponia al moment abans de la segona
onada, al juliol del 2020. La caracteritzacié del viroma d’aquestes dues
mostres es va fer tant amb com sense enriquiment de dianes, utilitzant el
panell VirCapSeqg-VERT per a la captura de sequéncies de virus de

vertebrats.

Les sequéncies viriques de la familia Coronaviridae només es van

detectar en la mostra de marg¢ mitjancant la seqienciacié amb enriquiment
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de dianes. Es van identificar coronavirus humans, incloent-hi SARS-CoV-
2 i HCoV-0C43, associat amb el refredat comu (Van Der Hoek, 2007), aixi
com coronavirus animals que infecten animals domeéstics i rosegadors.
Les sequéncies de SARS-CoV-2 es van comparar amb les sequéncies
obtingudes de mostres cliniques que es van analitzar amb el mateix
protocol de captura. A part de tres diferéncies nucleotidiques, els resultats
obtinguts van demostrar una alta similitud entre les sequéncies ambientals
i cliniques. A causa del baix coverage obtingut del genoma, no es va poder
determinar si aquestes diferéncies nucleotidiques estaven realment
presents a 'ambient o si es tractaven d’errors de la propia sequenciacio.
En aquest cas, es demostra que per a la caracteritzacié de la diversitat de
variants de SARS-CoV-2 circulant, pot ser més convenient la
sequenciacio massiva d’amplicons, estratégia aplicada i avaluada a

I’'article anterior.

No es van detectar sequéncies de coronavirus a la mostra de juliol, la qual
presentava quantificacions més baixes de SARS-CoV-2 mitjangant gPCR,
en consonancia amb la baixa incidéncia reportada de la poblacié en aquell
moment de la pandémia. Algunes possibles explicacions per no haver
detectat altres coronavirus humans o animals podrien ser I'estacionalitat
d’aquests virus i/o I'is massiu de mascaretes, que implicarien una menor

circulacio virica entre la poblacio.

La sequenciacié massiva amb captura mitjancant el panell VirCapSeg-
VERT ha permés identificar coronavirus humans i animals presents en
aigua residual. Considerant que els coronavirus son patdgens zoonotics
amb capacitat de causar brots, tant en humans com en animals,
mitjangant la transmissio entre espécies, es requereix adoptar una
perspectiva One Health, integrant la salut humana, animal i ambiental, per
a la implementacio d’estrategies efectives de control (Sharun et al., 2021).
No obstant, el baix nombre de sequéncies obtingudes suggereix que
encara es requereixen millores per poder detectar aquests virus en
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mostres ambientals. Una opci6é de millora és I'Us de panells dissenyats
especificament per capturar membres de la familia Coronaviridae,
resultant en una major profunditat de sequenciacié i proporcionant una

visio més completa de la diversitat de virus d’interés.

En el tercer i ultim article d’aquest capitol es va desenvolupar i validar un
panell de captura dirigit a millorar la sequenciacié de coronavirus en
mostres ambientals i d’origen animal. El panell es va dissenyar amb
sondes especifiques per capturar diversos membres de la familia
Coronaviridae que infecten humans i animals, incloent-hi porcs, bestiar

bovi, rosegadors, gats, gossos, aus i ratpenats.

La sequenciacié massiva amb la captura i enriquiment de coronavirus
utilitzant el panell dissenyat es va aplicar a tres mostres compostes de 24
hores d’aigua residual d’'una EDAR de Barcelona, a quatre pools de
mostres de guano de ratpenat recollides en ubicacions diferents de
Catalunya i les llles Balears i, finalment, a mostres de lixiviats de

pollastres, porcs i conills procedents de camions de cadavers animals.

En les mostres analitzades, gracies al panell de captura dissenyat, es va
poder sequenciar una gran diversitat de coronavirus. Amb la sequenciacio
HTS, sense enriqguiment de dianes, només es van obtenir reads
corresponents a coronavirus en un dels pools de mostres de guano, tot i
que amb un ordre de magnitud molt inferior al nombre de reads obtinguts
del mateix pool sequenciat amb captura. Les mostres d’aigua residual van
ser les que van mostrar la major diversitat de coronavirus, la qual cosa
concorda amb el fet que aquest tipus mostres presenten una extensa
diversitat virica (Fernandez-Cassi et al., 2018; Martinez-Puchol et al.,
2020a). Els coronavirus humans detectats, SARS-CoV-2, HCoV-229E i
HCoV-0C43, poden atribuir-se a I'estat epidemioldgic del moment, ja que
les mostres van ser recollides durant un periode en qué la pandémia

causada pel SARS-CoV-2 continuava activa (de novembre de 2021 a
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gener de 2022), mentre que el HCoV-229E i el HCoV-OC43 estan
associats a I'ocurréncia del refredat comu (Van Der Hoek, 2007). Es va
detectar una diversitat més gran de coronavirus animals, essent els
coronavirus de gos i de gat els que van presentar un major nombre de
reads i que es podria explicar per I'eliminacio de residus d’aquests animals

domeéstics a través del vater o per la neteja de carrers.

Pel que fa a les mostres d’origen animal, la sequienciaciéo amb el panell de
captura va permetre la identificacié de coronavirus animals en les mostres
analitzades. Es van detectar quatre espécies diferents de coronavirus que
infecten ratpenats a les mostres de guano, aixi com el coronavirus de
civeta HKUS8, el qual s’ha especulat que podria estar associat a un
possible esdeveniment de transmissido entre espécies a partir d’'un
coronavirus de ratpenat (He et al., 2022). Es van obtenir reads
corresponents a coronavirus que infecten conills, aus, porcs, bestiar bovi
i gossos de les diferents mostres de lixiviats animals, tot i que amb una
diversitat virica i un coverage inferior que suggereix que aquestes matrius
complexes tenen una ocurréncia menor de coronavirus, un major grau de
degradacié dels acids nucleics, o bé requereixen d’'una metodologia

optimitzada per poder-los detectar.

Aixi doncs, amb aquest ultim article, I'aplicacié del panell de captura dirigit
a la sequenciacioé de coronavirus ha representat una millora considerable
en comparacié amb la sequenciacié de mostres d’aigua residual utilitzant
el panell comercial utilitzat a I'article anterior, VirCapSeq-VERT, dirigit a la
captura de sequéncies de virus de vertebrats. A més, també s’ha
demostrat el seu potencial us en mostres d’origen animal, concretament,
guano i lixiviats animals. S’ha validat la seva eficacia no només en la
captura i sequenciacié de les espécies viriques incloses al disseny del
panell, siné també d’altres espécies dins de la familia. Aquest panell de
captura permet obtenir una major profunditat de sequenciacié per a la
deteccié de coronavirus d’interés i podria facilitar la descoberta de virus
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nous, representant una eina efica¢ per a I'estudi de virus zoondtics i la
identificaci® de noves espécies susceptibles a la transmissié entre
espécies. L’estudi de les interaccions entre humans, animals i 'ambient
compartit és essencial per identificar els potencials reservoris i hostes
intermediaris de coronavirus, la qual cosa contribueix a la prevencio
d’esdeveniments zoondtics i malalties infeccioses emergents mitjancant la
deteccié primerenca de brots potencials i el desenvolupament de mesures
eficaces (Islam et al., 2022). La sequenciacié massiva amb el panell de
captura desenvolupat ofereix una millor comprensié de la dinamica de les
poblacions viriques i les seves possibles implicacions en la transmissio

zoonotica.

Exposicié a virus contaminants d’aiglies i aliments: deteccid i

caracteritzacio virica.

Els virus excretats a les aigles residuals poden ser resistents als
tractaments de les EDARs i acabar contaminant les fonts d’aigua que
s’utilitzen per beure, per regar o per a Us recreatiu, suposant aixi
potencials vies de transmissié d’aquests virus. Aquest capitol de la tesi es
centra en estudiar I'exposicioé a virus patdgens que contaminen aigues i

aliments.

Les fruites i verdures son susceptibles a la contaminacié microbiologica
en cada etapa de la produccié alimentaria. Amb I'increment del consum
d’aquest tipus d’aliments en els ultims anys, sovint consumits crus o
minimament processats, s’ha associat un augment en brots d’infeccions i
malalties d’origen alimentari, la majoria dels quals s’han vinculat a virus
(Balali et al., 2020; Callejon et al., 2015; Fernandez-Cassi et al., 2017).
L’aigua utilitzada per regar aquests aliments és un factor critic, ja que
constitueix una font potencial de virus patdogens transmesos pels aliments

(Garcia et al., 2015; Shaheen et al., 2019). Per aquest motiu, en el quart
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article es van estudiar mostres d’enciam, julivert i maduixes procedents de
tres llocs diferents de producciéo d’agricultura ecologica situats a la
provincia de Barcelona, juntament amb les seves corresponents aigues
de reg, incloent-hi mostres d’aigua subterrania (llocs de produccio 1 2) i
d’aigua de riu (lloc de produccié 3), aixi com d’altres fonts alternatives com
el riu Llobregat o 'aigua de tractament secundari i de terciari. Aquestes
ultimes es van incloure perqué l'aigua regenerada esta esdevenint una
font important d’aigua d’irrigacio i s’esta potenciant el seu Us en contextos
d'escassetat d’aigua. Totes les mostres es van analitzar mitjangant
assaigs qPCR especifics de l'indicador de contaminacié fecal HAdV i
altres patogens rellevants, com ara NoV, per tal de detectar i quantificar
el nivell de contaminacio virica. Les mostres amb una major contaminacié
virica es van seleccionar per ser analitzades mitjangant dues técniques de
NGS: la seqienciacid6 massiva amb enriquiment de dianes, utilitzant
VirCapSeq-VERT com a panell de captura, i la seqlienciacid massiva
d’amplicons dirigida a la detecci¢ i caracteritzacié de NoV, considerat una
de les principals causes dels brots d’origen alimentari (Gobeil et al., 2020;
Gonzales-Gustavson et al., 2019; Koo et al., 2010), i de HPV, el qual s’ha
descrit la seva ocurréncia en aigues residuals i fluvials (La Rosa et al.,
2013; Martinez-Puchol et al., 2020a, 2021; Rusifiol et al., 2020), pero la

seva transmissi6 a través de I'aigua contaminada encara és incerta.

Els assaigs de gPCR van revelar una contaminacio baixa pero frequent
de patogens virics HAdV i/o NoV en el 46.9% de les mostres d’aliments
(6/12 mostres d’enciam, 4/12 mostres de maduixa i 5/8 mostres de julivert)

i en el 50% de les mostres d’aiglies de reg analitzades.

La sequenciacid6 massiva amb captura utilitzant el panell VirCapSeq-

VERT va permetre la deteccié de virus humans i animals en totes les

mostres d’aigua de reg analitzades. La majoria de reads obtinguts van

correspondre a virus humans en totes aquestes mostres, suposant inclus

la totalitat, o gairebé la totalitat, en les mostres d’aigua de tractament
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secundari i de terciari, respectivament. En la resta de fonts d’aiglies de
reg, es va detectar una proporcié major de reads corresponents a virus
d’animals de diferents families viriques, incloent-hi Astroviridae,
Caliciviridae, Genomoviridae i Parvoviridae, d’entre altres, amb una gran
diversitat d’hostes als que infecten, com ara porcs, animals domestics,
cavalls, bestiar bovi, aus i ratpenats. L’origen d’aquests virus podria estar
relacionat amb la filtracié d’aigles residuals o la contaminacio provinent
de zones de produccié de bestiar properes als llocs d’estudi (Wei et al.,
2011). En les mostres d’aliments, es va obtenir un nombre de reads molt
baix de virus de vertebrats només en una mostra de julivert, els quals es
van identificar com a NoV GII.17, un genotip que va emergir com a causa
principal de brots de gastroenteritis a la Xina i al Jap6 durant I'hivern del
2014/2015 (de Graaf et al., 2015). No es van detectar virus humans en
altres mostres d’aliments mitjangant la sequenciaci6 amb VirCapSeg-
VERT, tot i haver detectat contaminacié virica mitjangant gPCR. Aquest
fet podria explicar-se per la complexitat d’aquestes mostres que dificulta
la deteccid de virus, tal i com s’ha descrit anteriorment en el cas de fruits
de tipus baia, per preséncia d’inhibidors i un baix pH (Le Guyader et al.,
2004), o també per limitacions associades amb el protocol SISPA
(Duhaime et al., 2012; Fernandez-Cassi et al., 2017; Karlsson et al.,
2013). Per tal de millorar la deteccid de virus en aquestes matrius
alimentaries es podria optimitzar el processament de les mostres per
eliminar possibles inhibidors, dissenyar panells de captura dirigits a la
sequenciaciéo massiva de virus patdogens transmesos per aigua i aliments
o, alternativament, utilitzar I'estratégia de sequenciaci® massiva
d’amplicons que permetés la caracteritzacio virica dins d’'una mateix grup

de virus, detallada a continuacio.

La seqlenciacié massiva d’amplicons va permetre I'estudi de la diversitat
virica de NoV i HPV en les mostres d’aliments i d’aigies de reg

analitzades. Les mostres d’aigua residual tractada i les de riu sén les que
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van presentar una major diversitat d’aquests virus. En general, totes les
mostres d’aliments van presentar una menor diversitat de NoV i HPV, pero
és necessari destacar que tots els tipus virics identificats en aliments
també es van trobar en les fonts d’aigua de reg. El genotip NoV Gll .4,
considerat actualment el genotip més abundant i el principal causant dels
brots de norovirus a nivell global (CDC, 2023), es va identificar en totes
les fonts d’aigua de reg, aixi com en mostres de maduixa i de julivert. La
majoria dels HPV detectats pertanyen al génere Betapapillomavirus, i cal
destacar el HPV-8 sequienciat en les mostres d’aigua tractada, el qual s’ha

associat amb el carcinoma de cél-lules escamoses (SCC) (Li et al., 2013).

Els resultats d’aquest estudi indiquen que els aliments de produccio
organica i les aigues d’irrigacid presenten una amplia diversitat de virus
patdgens que podrien representar un risc per als humans. A més, els
resultats assenyalen que l'aigua de reg és la font més probable dels virus
patdgens detectats en els aliments analitzats, especialment de NoV i HPV.
La detecci6 frequent de HPV tant en aliments com en les aiglies de reg
suggereix que podria considerar-se un potencial patogen emergent, i
s’hauria d’estudiar més exhaustivament la seva transmissio a través de
les aigles de reg i els aliments. La sequenciacié massiva utilitzant el
panell de captura VirCapSeq-VERT ha demostrat ser eficag per a la
deteccid de virus humans i animals que integren el viroma de les aigles
de reg, mentre que la seqlenciaci6 massiva d’amplicons ha permeés
caracteritzar els patdgens virics NoV i HPV que contaminen tant les
aiglies de reg com els aliments de produccid organica. Ambdues
técniques de NGS han permés detectar virus patdgens humans fins i tot
en mostres amb baixos nivells de contaminacio6 virica detectats mitjancant
gPCR, indicant que aquestes técniques podrien ser Utils per a identificar i
caracteritzar patogens virics en el context de la salut alimentaria.

D’aquesta manera, son eines potencials per monitoritzar virus patdogens
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que poden contaminar els aliments i les aiglies de reg, amb I'objectiu de

prevenir i reduir els brots d’'infeccions i de malalties d’origen alimentari.

Seguint amb I'exposicid a virus que contaminen les fonts d’aigua, el cinqué
article va avaluar la contaminacié virica i va explorar la diversitat de virus
presents en aigles subterranies i d’escorrentia d’'un entorn urba. L’Us dels
aquifers urbans com a fonts d’aigua potable esta augmentant anualment,
especialment durant els periodes de sequera, perd la monitoritzacié de la
qualitat de les aiglies subterranies és insuficient, en molts casos, en quant
a controls d’elements biologics (ldescat, 2022). Aquests aquifers urbans
sén susceptibles a la contaminacié per patdogens a través de diverses
fonts de contaminacio, com ara les fuites de clavegueram o les

escorrenties urbanes (Rusifiol, 2023).

En aquest estudi, es va analitzar la preséncia de virus indicadors de
contaminacio fecal d’origen huma i patdgens virics en aigues residuals i
aiglies subterranies urbanes de quatre localitzacions de Barcelona amb
diferent grau d’urbanitzacid, aixi com en aigles d’escorrenties mitjangant
assaigs de gPCR. A més, es va aplicar la seqlenciaci6 massiva amb
enriquiment de dianes mitjancant el panell de captura VirCapSeq-VERT
per explorar la diversitat de virus de vertebrats present en les mostres
d’aigua subterrania i d’escorrentia, oferint informacié sobre 'origen de la
contaminacio virica i les possibles rutes de transmissié de virus en arees

urbanes.

Es va identificar HAdV en totes les mostres d’aigua residual, en el 67% de
les mostres d’aigua subterrania i en una mostra d’escorrentia mitjangant
gPCR, indicant contaminacio fecal humana. El patogen viric NoV Gl es va
detectar en aigies residuals i en dues mostres d’aigua subterrania

d’hivern de zones altament i mitjianament urbanitzades.

La sequenciacio massiva utilitzant el panell VirCapSeq-VERT va permetre

la detecci6 de virus humans i animals en aigles subterranies i
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d’escorrentia. En les aigles subterranies, es va identificar el HPV-38,
relacionat amb cancer de pell (Kocjan et al., 2009), aixi com circovirus i
picornavirus animals que infecten ratpenats, coloms o gossos. D’altra
banda, les mostres d’escorrentia van mostrar una major diversitat virica,
incloent-hi virus que infecten humans, coloms, animals domeéstics o
ratpenats, i que pertanyen a les families viriques Anelloviridae,
Astroviridae, Caliciviridae, Circoviridae, Coronaviridae, Genomoviridae,
Parvoviridae, Picobirnaviridae, Picornaviridae, Poxviridae i Retroviridae.
Altres estudis havien descrit anteriorment la preséncia de virus en aquest
tipus de matriu ambiental mitjangant assaigs de PCR o qPCR (Sauer et
al., 2011; Sidhu et al., 2012, 2013). Aquests estudis van revelar un perfil
de virus de transmissio fecal-oral compatible amb la contaminacié
provinent de les aigles residuals durant episodis de pluja i, per tant,

suggerint una exposicio potencial a una amplia varietat de virus excretats.

Els resultats d’aquest estudi aporten informacié sobre el viroma present
en aigues subterranies urbanes i algunes de les seves fonts de
contaminacio, com sén les aigues residuals i les escorrenties urbanes.
Amb la creixent demanda dels recursos hidrics i 'ampliacié dels usos de
les aigles subterranies urbanes, és important identificar els virus
patdbgens que poden contaminar-les, considerat un camp encara
emergent i amb estudis limitats (Rusifiol, 2023). La seqlienciacié massiva
amb enriquiment de dianes ha permeés detectar virus humans i animals en
aiglies subterranies i d’escorrentia urbanes, contribuint a avaluar els
riscos potencials associats amb les malalties transmeses per l'aigua,
especialment en arees urbanes cada vegada més poblades, perd també
en arees rurals que depenen de I'is d’aiglies subterranies per a beure o
per al reg. Monitoritzar els virus humans i animals amb potencial zoonotic
en aquest tipus daiglies és essencial per identificar les fonts de

contaminacio i, aixi, poder desenvolupar mesures de mitigacio efectives.
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Identificacié de virus presents en entorns de treball amb risc

d’exposicié. Avaluacié del risc ocupacional.

Considerant que I'exposicioé ocupacional a patdgens pot comportar riscos
per a la salut dels treballadors, en el sisé article es va avaluar I'exposicio

virica en dos entorns de treball amb risc d’exposicio.

La majoria de les condicions de salut adverses reportades pels
treballadors d’EDARs s’han relacionat amb I'exposicié a bioaerosols
(Amoah et al., 2022; Carducci et al., 2016; Corrao et al., 2012). Aquests
bioaerosols es poden generar a través de diferents processos durant el
tractament de les aiglies residuals, de manera que microorganismes
patdogens de les aigles residuals poden ser alliberats facilment a
'atmosfera (Kataki et al., 2022) i, posteriorment, dipositar-se sobre les

superficies (Han et al., 2013).

Amb la rapida expansié de la produccio porcina intensiva i a gran escala,
I'emissio d’aerosols en les granges de porcs també s’ha convertit en una
preocupacio creixent (Liu et al., 2023). S’han detectat virus patdgens a
l'aire d’aquestes granges, incloent-hi PRRSV, PEDV, CSFV, ASFV i IAV
(Alonso et al., 2015), aquest ultim també identificat en superficies (Neira
et al., 2016).

Aixi doncs, tant els treballadors d’EDARs com els de granges de porcs
poden estar exposats a virus, ja sigui per la inhalacié de bioaerosols o per
la ingesti6 oral després del contacte directe amb superficies, roba o eines
contaminades. Per aquest motiu, es van analitzar mostres d’aire i de
superficies d’aquests entorns ocupacionals a Catalunya per tal
d’identificar els virus als quals els treballadors estan exposats. Les
mostres d’aerosols es van obtenir amb el mostrejador d’aire ciclonic
Coriolis p, mentre que les superficies es van mostrejar seguint I'estratégia
descrita per Sommer i col-laboradors per estudiar virus en superficies a

llarg termini (Sommer et al., 2021), utilitzant adhesius de paper en
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superficies tocades freqlentment pels treballadors. Les campanyes de
mostreigs van incloure hivern i estiu. En el cas de 'EDAR, les mostres
d’aire es van recollir tant en zones interiors com en exteriors, mentre que
per al mostreig de superficies es van distingir dos escenaris diferents: per
una banda, els espais de treball, i per l'altra, la sala que els treballadors
utilitzen com a cuina durant el seu temps de descans. Totes les mostres
es van analitzar mitjangcant assaigs de gqPCR per tal d’avaluar la
contaminacio virica, aspecte que es va tenir en compte per fer el pools de
mostres per a la sequenciacié massiva de virus de vertebrats amb el

panell de captura VirCapSeq-VERT.

Els HAdV i PAdV es van detectar en un gran percentatge de mostres
d’aerosols i de superficies de 'EDAR i de la granja de porcs,
respectivament, mitjiangcant qPCR. Sén virus persistents que s’excreten i
es troben frequentment a 'ambient (Hijnen et al., 2006), els HAdV es
consideren indicadors de contaminaci6 fecal humana (Bofill-Mas et al.,
2013), mentre que els PAdV s’han utilitzat per identificar fonts de
contaminacio6 fecal porcina (Rusifol et al., 2014). Totes les mostres d’aire
i de superficies van resultar negatives per a l'assaig de SARS-CoV-2,
excepte dues mostres de superficies de la granja de porcs. La deteccid
de SARS-CoV-2 en aquestes mostres es va relacionar amb un brot

existent entre els treballadors durant el periode de mostreig.

La sequenciacié massiva amb el panell de captura VirCapSeq-VERT va
permetre la deteccio de virus humans i animals en les mostres de 'EDAR.
El perfil de virus detectats en les mostres d’aerosols correspon a les
families viriques descrites habitualment en les aigues residuals, suggerint
que la font d’aquests virus és I'aerosolitzacié de les aigies residuals.
Alguns exemples d’aquestes families son Adenoviridae, Astroviridae,
Caliciviridae, Circoviridae i Parvoviridae, les quals es van detectar tant en
mostres d’aerosols d’interior com d’exterior. De fet, es va identificar el
HAdV-41 com el principal serotip d’'HAdV detectat en totes les mostres
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d’aerosols i de superficies, coincidint amb el serotip obtingut per
sequenciacio Sanger de mostres d’aigua residual de 'EDAR durant el
mateix periode de mostreig i, per tant, reforcant la idea que I'aerosolitzacio
de I'aigua residual és la font dels virus patdgens detectats. L’'HAdV-41 esta
associat etioldgicament a gastroenteritis, i la seva alta prevalenca a
I'ambient s’ha identificat anteriorment (Bofill-Mas et al., 2013). La resta de
virus humans detectats es relacionen amb infeccions asimptomatiques o
amb un ampli rang de simptomes, com ara gastroenteritis, hepatitis i
meningitis (Rusifol & Girones, 2017). En aerosols d’exterior es van
identificar sequiéncies corresponents a HPV, considerats epiteliotropics
historicament, perd la seva ocurréncia en aigues residuals (laconelli et al.,
2015; La Rosa et al., 2013; Martinez-Puchol et al., 2020a; Rusifol et al.,
2020) i la seva excrecio en femta (Di Bonito et al., 2015; laconelli et al.,
2015; La Rosa et al., 2013), juntament amb la diversitat virica detectada
en aliments i aiglies de reg en el quart article d’aquesta tesi, suggereixen
una nova via de transmissié fecal-oral que cal investigar amb més
profunditat. Per ultim, la diversitat de virus que infecten aus identificada
tant en mostres d’aerosols com en mostres de superficies concorda amb
resultats previs que van descriure virus aviars en mostres d’aigua residual
de la mateixa EDAR i confirma l'impacte dels efluents de la industria

avicola (Carratala et al., 2012).

En canvi, en les mostres de superficies, a més de detectar alguns virus
associats a l'aigua, es va identificar un perfil de virus que podria ser
compatible amb el contacte de les mans contaminades dels treballadors.
Aquest fet s’evidencia amb la gran diversitat de HPV identificada en
aquestes mostres, 0 amb la deteccio del virus d’Epstein-Barr (EBV) i el
poliomavirus de les cél-lules de Merkel (MCPyV). EBV i MCPyV sén virus
altament prevalents a la poblacié que causen infeccions asimptomatiques,

perd en alguns casos poden causar lesions cutanies i cancer en humans
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(Huang et al., 2023; Liu et al.,, 2016; Sangueza-Acosta & Sandoval-
Romero, 2018).

La sequenciacié massiva amb el panell de captura també va possibilitar
la deteccio de virus de vertebrats en les mostres d’aerosols i superficies
de la granja de porcs, la majoria essent virus comuns que infecten porcs i
que pertanyen a families com Adenoviridae, Astroviridae, Circoviridae,
Herpesviridae, Parvoviridae i Picornaviridae. Per tant, aquests resultats
evidencien que els treballadors de granges de porcs estan exposats a una
gran diversitat de virus animals. De fet, s’ha descrit que els treballadors
d’aquests entorns tenen un major risc d’infeccions per virus de la grip
zoonotics (Gray et al., 2007) i, recentment, s’ha declarat un cas de grip
porcina en humans a Catalunya (gener 2024), corresponent a una

persona que treballava en una granja porcina (ASPCAT, 2024).

Les dades de les quantificacions de HAdV i PAdV en mostres d’aerosols i
superficies de 'EDAR i la granja de porcs, respectivament, obtingudes
amb assaigs qPCR, es van utilitzar per estimar el risc d’aquests
treballadors associat a I'exposicid virica mitjiangant QMRA, considerant
dues vies de transmissié: la inhalacié d’aerosols i la ingestio oral a través
de superficies contaminades i el contacte ma-boca. En el cas de 'EDAR,
es va seleccionar HAdV com a virus de referéncia per estimar el risc
ocupacional associat a les infeccions per virus patogens presents a l'aigua
residual. En canvi, en el cas de la granja, es va estimar el risc, amb una
aproximaciéo de QMRA, que tindrien els treballadors de granja d’infectar-
se amb un virus hipotétic amb un potencial zoondtic assumit i

caracteristiques similars a les del PAdV, sota un context One Health.

L’analisi de QMRA va revelar que l'exposicié ocupacional a 'EDAR
comporta un notable risc d’infeccions viriques si no es prenen mesures de
seguretat. La probabilitat mitjana diaria de malaltia per la inhalacié d’HAdV

va resultar ser més alta durant l'estiu (5.4%), mentre que el major risc

200



DISCUSSIO

d’'ingesti6 oral dHAdV a través de superficies contaminades es va

observar als espais de treball durant I'hivern (13%).

A la granja de porcs, la simulacié de QMRA va suggerir un possible risc
en cas d’exposicio a un virus zoonotic. La probabilitat mitjana de malaltia
diaria més alta es donaria per la ingestié oral, mitjancant el contacte amb
superficies contaminades, durant I'estiu (63.6%), mentre que la inhalacio

seria similar entre I'hivern i I'estiu (20.8% i 21.8%).

Tots aquests resultats indiquen considerables riscos potencials per als
treballadors d’EDARs i de granges de porcs, coincidint amb estudis
epidemioldgics que informen sobre simptomes relacionats amb aquests
entorns ocupacionals i els efectes sobre la salut entre aquests treballadors
(Al-Batanony & EI-Shafie, 2011; Andersen et al., 2004; Donham et al.,
1995; Douwes et al., 2001; Samadi et al., 2013; Thorn & Kerekes, 2001).
De fet, les probabilitats mitjanes estacionals de malaltia en tots els
escenaris estarien excedint el limit de referéncia proposat per I'EPA, 10*

per persona i per any (U.S. EPA, 2005).

Les analisis de QMRA i NGS realitzades en aquest estudi han permes
identificar I'exposicid a virus patdogens presents en entorns ocupacionals
de risc i avaluar el risc associat a aquesta exposicioé. Aquesta informacio
és essencial per al desenvolupament i la implementacié d’estratégies i
mesures de seguretat per protegir els treballadors d’EDARSs i de granges
de porcs, com ara procediments de neteja efectius o I'is d’EPI. La
sequenciacid massiva amb enriquiment de dianes aplicada a mostres
d’aerosols i superficies d’aquests entorns ocupacionals pot ser una eina
util per detectar i caracteritzar els virus que circulen, aixi com identificar
potencials virus emergents i zoonotics. En aquest ultim cas, especialment
en mostres de granges de porcs, dissenyar un panell de captura dirigit a
la sequienciacio de virus amb potencial zoondtic i/o pandémic podria

millorar-ne la deteccio.
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Els resultats d’aquesta tesi demostren que existeix una gran diversitat de
virus presents en lI'ambient als quals els humans estem exposats,
constituint 'exposoma viric. Es important estudiar I'ocurréncia dels virus a
'ambient, les seves vies de transmissio, la seva epidemiologia i ecologia,
aixi com preveure quins impactes pot tenir el canvi climatic en tots aquests
aspectes. S’ha demostrat que el canvi climatic afecta els ecosistemes de
tot el mon, i constitueix un dels factors que impulsen l'aparicié de virus
emergents i zoonotics. Un altre impacte directe son els episodis de
sequera i d’escassetat d’aigua, en els quals s’ha de recorrer a la utilitzacié
de fonts alternatives d’aigua, com ara les aiglies regenerades o les aiguies
subterranies, les quals poden suposar una via de transmissio de virus

patdgens si no es monitoritzen per assegurar la seva qualitat.

En aquesta tesi no s’ha avaluat la capacitat infecciosa dels virus detectats,
perd els métodes moleculars utilitzats han permés detectar el material
genetic, 'empremta virica a I'ambient i, per tant, el testimoni de la
preséncia i existéncia d’aquests virus. Aquesta empremta molecular ens
aporta informacié important per identificar els virus circulants i les
possibles fonts de contaminacio, i aixi poder avaluar els potencials riscos
associats. Tal i com s’ha discutit al llarg d’aquesta tesi, el monitoratge i la
vigilancia ambiental sén clau per a una gestié efica¢ dels brots actuals i
futurs. La sequenciacié de virus d’interés en mostres ambientals pot
suposar un repte, ja que sovint sén mostres complexes amb una gran
diversitat virica que pot dificultar la deteccioé dels virus que es vulguin
detectar, i que potser es troben en menor proporcio a la resta. En aquesta
tesi es demostra que la sequenciacié massiva amb enriquiment de dianes
o0 la sequenciacié massiva d’amplicons son les aproximacions meés
efectives per abordar aquesta limitacio. La seqlenciacié amb enriquiment
de dianes permet adaptar la captura en funcié del panell utilitzat, podent
escollir el grau d’especificitat, des d’utilitzar panells més generals, dirigits

a virus de vertebrats, fins a panells més especifics dissenyats per a la
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captura de membres d’'una familia virica concreta, com els coronavirus.
D’altra banda, la seqlenciaci6 massiva d’amplicons permet una

caracteritzacié virica més sensible dins d’'un grup determinat de virus.

El monitoratge ambiental a través d’aigles residuals i altres fonts de
contaminacio, aigles subterranies, aliments de produccié organica i
aiguies de reg, aerosols, superficies i mostres d’origen animal, permet
identificar els virus que circulen en una poblacié determinada, contribuint
aixi a la prevencio de malalties i al desenvolupament d’accions eficients,
utils i econdmiques contra properes pandémies. La interaccioé entre virus,
ambient, animals i humans és complexa i, tot i que els virus son les entitats

meés abundants del planeta, encara queda molt per aprendre.
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CONCLUSIONS

L’aplicacio de diferents técniques de NGS ha permés la identificacio i
caracteritzacié de virus en una gran varietat de matrius ambientals,
incloent-hi aigles residuals, aigles d’escorrentia, aiglies subterranies,
mostres d’origen animal, aliments de produccié organica i aiglies de
reg, aixi com superficies i aerosols d’entorns de treball. Els virus
identificats constitueixen I'exposoma viric al qual els humans estem

exposats.

L’estudi del viroma de l'aigua residual en un context de pandémia
mitjangant la sequienciacié massiva amb VirCapSeq-VERT ha permés
la deteccié de coronavirus humans i animals, juntament amb altres
virus que constitueixen aquest viroma. En canvi, I's d’'un panell més
especific dissenyat per capturar membres de la familia Coronaviridae
ha millorat la sequenciaci6 de coronavirus humans i animals en
mostres d’aigua residual i ha demostrat el seu potencial us en mostres

d’origen animal.

Les diferents metodologies per estudiar la diversitat de variants del
SARS-CoV-2 en aigues residuals ofereixen diferents tipus d’informacio,

i la seva seleccidé s’ha de basar en els objectius especifics de I'estudi.

Els aliments de produccié organica i les aigties d’irrigacié mostren una
amplia diversitat de virus patdogens que podrien representar un risc per
als humans. A més, s’ha pogut determinar que I'aigua de reg és la font
meés probable dels virus patdgens detectats en els aliments analitzats.
La sequenciacio massiva amb VirCapSeq-VERT ha permeés la deteccio
de virus humans i animals que integren el viroma de les aiglies de reg,
mentre que la sequenciaci® massiva damplicons ha permés
caracteritzar els patdgens virics NoV i HPV que contaminen tant les

aigues de reg com els aliments de produccié organica.
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e L’aplicacid de la sequenciaci6 massiva amb VirCapSeqg-VERT ha
permés estudiar el viroma de les aigles subterranies i d’escorrentia
urbanes, demostrant el seu potencial per identificar virus patdgens i les
seves possibles fonts de contaminacio, aixi com per avaluar els riscos

associats en un context d’escassetat d’aigua.

e La sequenciaci6 massiva amb VirCapSeq-VERT ha permés la
identificacié dels virus presents en laire i superficies d’entorns
ocupacionals de risc, contribuint a una millor comprensié dels riscos
virics als quals estan exposats els treballadors. S’ha pogut determinar
que els treballadors d’EDARS es troben exposats a virus humans i
animals provinents de l'aerosolitzacié de I'aigua residual, mentre que
els treballadors de granja estan exposats a una gran diversitat de virus

animals.

e L’Us d’adhesius de paper, “‘gomets”, ha demostrat ser una estratégia
de mostreig eficient per a I'estudi de virus en superficies, compatible
amb posteriors analisis de gPCR, NGS i QMRA.

e L’avaluaci6 quantitativa del risc microbioldgic ha revelat que I'exposicio
ocupacional a 'TEDAR comporta un notable risc d’infeccions viriques si
no es prenen mesures de seguretat. La simulacié de QMRA a la granja
de porcs també suggereix un potencial risc en cas d’exposicié a un

virus zoonotic hipotétic.

e EI monitoratge i la vigilancia ambiental per a la identificacié de virus
patdgens, emergents i zoonotics contribueix a una gestio eficac dels

brots actuals i futurs.
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ANNEXOS

Material suplementari de I’article 1

M&M
1. Wastewater samples and SARS-CoV-2 quantification

Urban 24-hours composite sewage samples were collected from February
to May 2021 from different wastewater treatment plants (WWTP) located
in Catalonia, northeast Spain. The biggest wastewater treatment facility,
WWTP1, located at the city of Barcelona, serves half of the city’s
population and receives domestic and industrial waste from the sewer
system. All WWTP are included in the Catalan Surveillance Network of
SARS-CoV-2 in wastewater (www.sarsaigua.icra.cat), in which the
authors of this study participate in measuring the SARS-CoV-2 RNA levels
in wastewater samples collected weekly since July 2020. All samples were
collected, transported at 4 °C to the laboratories (University of Barcelona,
UB; Centre for Omic Sciences, COS) and processed the same day of
arrival by ultrafiltration using CP-Select™ or Centricon® Plus-70 30 KDa,
which have been previously described to be equivalent wastewater
concentration methods for SARS-CoV-2 RNA detection (Forés et al.,
2021). Concentration of viral particles was performed by first removing
debris by centrifuging at 4750 x g for 30 min and processing 80 ml of the
supernatant for concentration by ultrafiltration to obtain a final concentrate
of 300 pl. All samples were spiked with the bacteriophage MS2 as a control
before any processing was carried out. Nucleic acid extraction was done
using QIAamp Viral RNA Mini Kit, using the QlAcube automatic system
(Qiagen), recovered into a final volume of 70 ul. The SARS-CoV-2
concentration was calculated using specific RT-qPCR of the nucleocapsid
protein (N1 and N2 assays) following the procedure described before
(Rusifol and Zammit et al., 2021). In particular, the 2019-nCoV RUO
gPCR probe assay primer/probe mix (IDT) and the RNA Ultrasense™
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One-Step RT-gPCR System (Invitrogen) were used to prepare the RT-
gPCR mixture. Serial dilutions of Twist Synthetic SARS-CoV-2 RNA
control 2, quantified using Qubit 3.0 dsDNA HS Assay Kit (Life
Technologies), were used for standard curve construction. All RT-gPCR
were performed in quadruplicate, with a 1/10 dilution of the nucleic acid
extraction from each sample in order to characterize potential inhibitory

effects, and included non-template controls.

2. Study of variants

Retrotranscription of nucleic acid extractions was performed using
SuperScript IV enzyme (Life Technologies) and Random Hexamers (50
puM) following manufacturer instructions. Briefly, 11 ul of sample nucleic
acid extraction was denaturalized after 5 min at 65 °C and 5 min on ice.
After the addition of the SuperScript IV and RNase-OUT™ (Invitrogen),
retrotranscription was performed over 10 min at 23 °C, 50 min at 50 °C
and 10 min at 80 °C. The cDNA obtained was used as an input material

for both approaches developed for the study of variants.

2.1 Nested PCR targeting signature mutations of the main VOCs and

VOls followed by Sanger sequencing

The cDNA obtained from the retrotranscription step was processed by
specific nested PCR (nPCR) designed to capture signature mutations of
different VOCs and VOIs. Most of the primers used were previously
described as suitable for variant typing purposes (UG-HUG, 2020), but
three new reverse nPCR primers were designed using Geneious software
version 11.0 (https://www.geneious.com). These reverse nPCR primers
were designed containing a signature mutation of a particular VOC within

the primer sequence aimed to amplify a particular variant. Also, the primer
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design considered comprising certain signature mutations located in the
middle of the amplicon sequence. Using GISAID (https://www.gisaid.org/),
primers were tested in silico against complete genomes belonging to the
main VOCs and VOIs described to date: a, B, v, 6, ¢, ¢, n, 6,1, K, A, (1st
August 2021) by the European and the American Centre of Disease
Control (ECDC, 2021 and CDC, 2021). A completed list with the primers
used in this approach is showed in Table S1. The PCR products were
cleaned and concentrated with Zymo DNA Clean & Concentrate kit (Zymo

Research).

Table S1. List of primers used in nPCR assays targeting signature mutations of the main
VOCs. Amplicons length expected are 529 or 538 bp (corresponding to the a variant or
reference genome, respectively) for assay A, whereas amplicon length expected for
assay B is 559 bp.

Primer Position Sequence Ref.
TCTCTTCTTAGT
First 4 21475-21498  \AAGGTAGACTT (UGHUG, 2020)
PCR R44 22044-22021 CAATAAACTCTG ] ’
Assay A AACTCACTTTCC
TCTCTTCTTAGT
oeR F44 21475-21498 AAAGGTAGACTT (UG-HUG, 2020)
TTTGTTGTTTTT .
DelY144  22012-21990 GTGGTAAA This study
CCTTCACTGTAG
o F46 22476-22498 AAAAAGGAATC
PCR TGGAAACCATAT (UG-HUG, 2020)
R46 23055-23032 GATTGTAAAGG
Assay B A
CCTTCACTGTAG
R F46 22476-22498 AAAAAGGAATC (UG-HUG, 2020)
GGAAAGTAACA .
E484K_R 23037-23015 ATTAAAACCTTT This study

All specific PCR and nPCR were performed using the DreamTagq™ DNA
Polymerase (ThermoScientific). The amplification conditions for firsts
rounds of PCR were as follows: 94 °C 5 min, followed by 35 cycles of 94
°C 1.30 min, 55 °C 1.30 min, 72 °C 1.30 min, and a final extension at 72
°C for 10 min. For nPCR reactions, the temperature of the annealing step

was modified to 60 °C. All PCR reactions were performed using 1 pL of
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each primer (25 uM) and either 10 pL of cDNA (first PCR) or 5 uL of the
first PCR product (nested PCR) in a final volume of 50 pL.

The PCR products were cleaned and concentrated with Zymo DNA Clean
& Concentrate kit (Zymo Research) and quantified using Qubit 3.0 dsDNA
HS Assay Kit (Life Technologies). The purified DNA was directly
sequenced by Sanger sequencing. All sequences were compared to the
reference SARS-CoV-2 sequence NC_045512 and signature mutations

were identified.

2.2 Amplicon Deep Sequencing of three different regions of S gene

using lllumina MiSeq™

The cDNA obtained from the retrotranscription step was also processed
by ADS using specific NPCR assays for three different regions of the spike
gene (A1, A2 and A3), using primers previously described as suitable for
variant typing purposes (UG-HUG, 2020). The nPCR primers were
extended with the incorporation of Illlumina® adapter at the 5’ of the
primers. A completed list with the primers used in this approach is shown
in Table S2. The amplification conditions for PCR and nPCR reactions
were as follows: 94 °C 5 min, followed by 35 cycles of 94 °C 1.30 min, 55
°C 1.30 min, 72 °C 1.30 min, and a final extension at 72 °C for 10 min.
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Table S2. List of primers used in ADS assays targeting signature mutations of the main
VOCs. Amplicons length expected are 570 bp for assay A1, 580 bp for assay A2 and 565
bp for assay A3. Primers extended with the incorporation of lllumina® adapters is marked

as "-I" in the primer name.

Primer Position Sequence Reference
name
First F44 21475- TCTCTTCTTAGTAAAGGTAG
PCR 21498 ACTT (UG-HUG,
R45 22545- CTAACAATAGATTCTGTTGG  2020)
Assay 22523 TTG
A1 F44-| 21475- TCGTCGGCAGCGTCAGATG
21498 TGTATAAGAGACAGTCTCTT  Modified
nPCR CTTAGTAAAGGTAGACTT from (UG-

R44-| 22044- GTCTCGTGGGCTCGGAGAT  HUG,
22021 GTGTATAAGAGACAGGAATA  2020)

AACTCTGAACTCACTTTCC
First F46 22476- CCTTCACTGTAGAAAAAGGA
PCR 22498 ATC (UG-HUG,
R47 23543- CATATGAGTTGTTGACATGT  2020)
Assay 23520 TCAG
A2 F46-I 22476- TCGTCGGCAGCGTCAGATG
22498 TGTATAAGAGACAGCCTTCA  Modified
nPCR CTGTAGAAAAAGGAATC from (UG-

R46-I 23055- GTCTCGTGGGCTCGGAGAT  HUG,
23032 GTGTATAAGAGACAGTGGAA  2020)

ACCATATGATTGTAAAGGA
First F46 22476- CCTTCACTGTAGAAAAAGGA
PCR 22498 ATC (UG-HUG,
R47 23543- CATATGAGTTGTTGACATGT  2020)
Assay 23520 TCAG
A3 F47-I 22979- TCGTCGGCAGCGTCAGATG
22997 TGTATAAGAGACAGTATCAG  Modified
nPCR GCCGGTAGCACAC from (UG-

R47- 23453- GTCTCGTGGGCTCGGAGAT  HUG,
23520 GTGTATAAGAGACAGCATAT  2020)
GAGTTGTTGACATGTTCAG

Amplicons obtained were purified from agarose gel using QlAquick Gel
Extraction (Qiagen) and sequenced, in parallel, with lllumina® MiSeq™
2x300 bp platform.

Data analysis was performed by trimming primers from the reads with cut
adapt (Martin, 2011) and then denoised into a set of amplicon sequence
variants (ASVs) with DADA2 tool (Callahan et al., 2016). DADA2 was
executed through QIIME2's DADA2 plugin, with the "denoise-single"

command, with the following parameters: “--p-trunc-len 0 --p-trim-left 0 --
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p-max-ee 2.0 --p-trunc-q 2 --p-pooling-method independent --p-chimera-
method consensus --p-min-fold-parent-over-abundance 1.0 --p-n-reads-
learn 1000000 --p-hashed-feature-ids True”. The sequences of these
ASVs were aligned against the SARS-CoV-2 Wuhan reference genome
NC_045512.2 using MAFFT (Katoh and Standley, 2013) with the following

parameters: “--op 1.53 --ep 0.0 --maxiterate 0 --auto --thread -1".

With the ASV sequences aligned to the reference genome, the presence
or absence of a specific set of signature mutations of the VOI and VOC for
each sequence was checked, and that information was used to assess to

which variants that sequence could belong to.

References:
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region indicative of the UK SARS-CoV- 2 variant B.1.1.7 and the South African
variant 501Y.V2.

248



ANNEXOS

ADS additional data

Reads ASV
Assay A1 Assay A2 Assay A3
2/2/2021 4019460 108 129 34
9/2/2021 2347220 108 130 28
(1’4";;’\”72; }Inh.) 13/4/2021 631012 134 117 NT
20/4/2021 428122 128 104 NT
4/5/2021 247832 130 104 NT
2/2/2021 2676466 111 125 30
9/2/2021 2343200 107 122 20
(15‘3’:\3’?’6\3’:;ir?h.) 13/4/2021 336222 115 111 NT
20/4/2021 93850 117 101 NT
4/5/2021 301540 119 112 NT
2/2/2021 1732266 100 121 25
9/2/2021 780216 96 120 13
(G‘EISY‘{;\g)Pini.) 13/4/2021 492588 128 112 NT
20/4/2021 217250 116 108 NT
4/5/2021 333824 126 106 NT

NT: not tested
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Material suplementari de I’article 2

- Supplementary File 1. Complete SARS-CoV-2 assembled scaffold from

wastewater contigs (online).

- Supplementary File 2. Complete list of all the identified viral species and

families in the March wastewater sample by Target Enrichment NGS.

Family Assignment # Contigs
Adenoviridae Human mastadenovirus A 1
Human mastadenovirus F 13
Simian mastadenovirus F 5
Alphaflexiviridae Pepino mosaic virus 1
Anelloviridae Avian gyrovirus 2 2
Chicken anemia virus 1
Astroviridae Astrovirus MLB1
Astrovirus MLB2
Astrovirus VA3

Canine astrovirus

Canine astrovirus

Canine astrovirus

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

N N = 2 Q] = 2 ] ] ] ] 2 N =] W NN

Porcine astrovirus 4
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genome

Family Assignment # Contigs
Betaflexiviridae Garlic common latent virus 6
Caliciviridae Norovirus Gl 3
Norovirus GlI 2
Norway rat hunnivirus 4
Sapporo virus 5
Sapporo virus 1
Circoviridae Artemia melana sponge associated circular 1

Cyclovirus TN25

Human associated cyclovirus 10

Human circovirus VS6600022

Human circovirus VS6600022

Human fecal virus Jorvi2

Porcine circovirus 2

Porcine stool-associated circular virus 4

Coronaviridae

Betacoronavirus 1 (HCoV OC43)

Feline coronavirus

Lucheng Rn rat coronavirus

SARS-CoV-2

Canine coronavirus

Dicistroviridae

Aphid lethal paralysis virus

Drosophila C virus

Rhopalosiphum padi virus

Genomoviridae

Gopherus associated genomovirus 1

Human associated gemykibivirus 2

Rhinolophus associated gemykibivirus 1

Sewage derived gemycircularvirus 2

Sewage derived gemycircularvirus 3

Sewage-associated gemycircularvirus-10a

=N WO = =2 N = O & =] 00 O = =2 N = N N N = DN

Hepeviridae Hepatitis E virus
Hepatitis E virus rat/R63/DEU/2009
Iflaviviridae Culex Iflavi-like virus 1

Sacbrood virus

Varroa destructor virus 1

Yongsan iflavirus 1

=B W N A
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Family Assignment # Contigs
Inoviridae uncultured phage WW-nAnB
Uncultured phage WW-nAnB strain 2
Uncultured phage WW-nAnB strain 3
Iridoviridae Invertebrate iridescent virus 31
Leviviridae Acinetobacter phage AP205

Marnaviridae

Sanfarnavirus 2

Microviridae Chimpanzee faeces associated microphage 1
Escherichia virus G4
Escherichia virus 1D52
Escherichia virus Talmos
Gokushovirinae Bog1183_53
Mimiviridae Acanthamoeba polyphaga mimivirus
Myoviridae Acinetobacter phage Acj61
Nodaviridae Le Blanc nodavirus (segment RA11)

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

w| N 2] N B B 2w NN 2] s sl N 2 2 o] o] e el sl B 2w a2 NN B N o A w
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Family

Assignment

# Contigs

Parvoviridae

Orthopteran ambidensovirus 1

Parus major densovirus

Porcine bocavirus 3

Porcine parvovirus

Primate bocaparvovirus 1

Primate bocaparvovirus 2

Primate protoparvovirus 1

Rodent protoparvovirus 1

Rodent protoparvovirus 2

Ungulate bocaparvovirus 3

Ungulate bocaparvovirus 4

Picobirnaviridae

Chicken picobirnavirus (segment RNA 2)

=W N BN W N = N =2 N W

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

Cardiovirus C

Chicken megrivirus

Chicken picornavirus 1

Chicken picornavirus 5

Cosavirus A

Cosavirus D

Enterovirus A

Enterovirus B

Enterovirus C

Parechovirus A

Rabovirus

Rhinovirus A

Rhinovirus B

NN BN O O] W = B[ N N = & N N N = O N = N = =
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Family Assignment # Contigs
Salivirus A
Picornaviridae 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 DNA molecule-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

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

W o o] ol w| & B gl 2] N W] 2] N2 NN 2] s N RN A 2l N 2] 2] sl N 2N w2 b ow
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Picornavirales Tottori-HG1 4
Unclassified

Wenzhou picorna-like virus 47 3

Wuhan insect virus 23 (segment Seg 2) 1

Virgaviridae Bell pepper mottle virus 4

Cucumber green mottle mosaic virus 3

Paprika mild mottle virus 1

Pepper mild mottle virus 1

Tobacco mild green mosaic virus 5

Tobacco mosaic virus 2

Tomato brown rugose fruit virus 1

Tomato mosaic virus 1

Turnip vein-clearing virus 1
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- Supplementary File 3. 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

- Supplementary File 4. Mafft whole alignment from the recovered reads
with respect to the alignment with 1200 randomly chosen GISAID SARS-

CoV-2 sequences (online).

257



258



ANNEXOS

Material suplementari de I’article 3

- Supplementary information 1. Sequences used for the design of the
probe panel applied in this study.

(A continuacio)
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ANNEXOS

Material suplementari de I’article 4

- Table S1. Quantification of viral pathogens in irrigation water and fresh
produce samples. Values are expressed in GC/L for irrigation water
samples and in GC/25 g for food samples. ND: Not Detected.

(A continuacio)

- Table S2. Reads obtained from each viral assignment in irrigation water,
strawberry, lettuce and parsley samples using target enrichment
sequencing. Colors represent the specific host of vertebrate viruses,
legend can be found under the table.

(A continuacio)
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Supplementary Files

Table S1. Quantification of viral pathogens in irrigation water and fresh produce samples. Values are ex-

pressed in GC/L for irrigation water samples and in GC/25 g for food samples. ND: Not Detected.

HAdV NoV GI NoV GII HEV

GW1.1 ND ND 237 % 102 ND

GWI12 ND ND 251 x 102 ND

GW13 ND ND ND ND

GW14 ND ND ND ND

LETL1 ND ND ND ND

LET12 ND ND ND ND

LET13 ND ND ND ND

LET14 ND ND 435 x 102 ND

STR1.1 ND ND 326 x 107 ND

Production STR1.2 ND ND 2.55 x 102 ND
Site 1 STR1.3 ND ND ND ND
STR1.4 ND ND ND ND

STR15 ND ND ND ND

STR1.6 ND ND ND ND

STR1.7 ND ND ND ND

STR1.8 ND ND ND ND

PARL1 6.05 x 102 ND ND ND

PAR12 ND ND ND ND

PAR13 ND ND ND ND

PAR1 4 ND ND ND ND

Gw2.1 ND ND 9.02 x 100 ND

GW22 ND ND 1.96 x 102 ND

GW2.3 ND ND ND ND

o GW2.4 ND ND ND ND
Production Site 2 LET2.1 1.40 = 101 ND ND ND
LET22 ND ND ND ND

LET23 3.02 102 ND ND ND

LET24 ND ND 335 x 102 ND

RIV3.1 ND ND 134 % 10! ND

RIV3.2 ND ND ND ND

RIV33 ND ND ND ND

RIV3.4 ND ND ND ND

LET3.1 1.03 x 102 ND ND ND

LET32 ND ND ND ND

LET3.3 ND ND ND ND

Production Site 3 LET3.4 110 % 102 ND ND ND
STR3.1 ND ND ND ND

STR3.2 416 % 101 ND 5.60 x 102 ND

STR3.3 527 x 10! ND ND ND

STR3.4 ND ND ND ND

PAR3.1 ND ND 244 x 10! ND

PAR32 8.83 x 102 ND 712 x 10! ND

PAR33 8.76 x 102 ND 9.68 x 107 ND

PAR3.4 ND ND 9.64 x 100 ND

Llobregat rives LLRIV.1 347 x 104 636 x 10° 1.33 x 104 ND
LLRIV.2 5.99E+03 1.01 x 10¢ 475 x 104 ND

Trented wastewater SE 8.99 x 10t 377 % 10° ND ND
WEFPE 1.88 % 105 9.49 x 10° 6.64 x 102 ND

Foods 2021, 10, 1820. https://doi.org/10.3390/foods10081820
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ANNEXOS

Material suplementari de I’article 5

- Table S1. Viral assignments obtained in winter highly urbanized
groundwater using target enrichment sequencing.

(A continuacio)

- Table S2. Viral assignments obtained in winter industrial district
groundwater using target enrichment sequencing.

(A continuacio)

- Table S3. Viral assignments obtained in winter riverside groundwater
using target enrichment sequencing.

(A continuacio)

- Table S4. Viral assignments obtained in medium urbanized runoff
sample RO1 using target enrichment sequencing.

(A continuacio)

- Table S5. Viral assignments obtained in medium urbanized runoff
sample RO2 using target enrichment sequencing.

(A continuacio)
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ANNEXOS

Material suplementari de I’article 6

- Table S1. Quantification of HAdV in WWTP samples during winter and summer
using qPCR. Concentrations in aerosol samples are expressed as GC/m3, while
the surface values are expressed as GC/cm2. Values have been remarked with
colors for the samples used in sequencing pools. NA: Not analyzed, ND: Not
Detected. NA and ND samples have not been included in sequencing pools.

(A continuacio)

- Table S2. Quantification of PAdV in swine farm samples during winter and
summer using gPCR. Concentrations in aerosol samples are expressed as
GC/m3, while the surface values are expressed as GC/cm2. Values have been
remarked with colors for the samples used in sequencing pools. NA: Not analyzed,
ND: Not Detected. NA and ND samples have not been included in sequencing
pools.

(A continuacio)

- Table S3. Vertebrate viruses sequenced in winter aerosol samples pooled from
the WWTP centrifuge zone (indoor) using target enrichment sequencing.

(A continuacid)

- Table S4. Vertebrate viruses sequenced in summer aerosol samples pooled
from the WWTP centrifuge zone (indoor) using target enrichment sequencing.

(A continuacio)

- Table S5. Vertebrate viruses sequenced in the summer aerosol sample from the
WWTP reactor zone (outdoor) using target enrichment sequencing.

(A continuacio)

- Table S6. Vertebrate viruses sequenced in winter surface samples pooled from
the WWTP workspaces using target enrichment sequencing.

(A continuacio)
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ANNEXOS

- Table S7. Vertebrate viruses sequenced in winter surface samples pooled from
the WWTP break room using target enrichment sequencing.
(A continuacio)

- Table S8. Vertebrate viruses sequenced in summer surface samples pooled
from the WWTP workspaces using target enrichment sequencing.

(A continuacio)

- Table S9. Vertebrate viruses sequenced in summer surface samples pooled
from the WWTP break room using target enrichment sequencing.

(A continuacio)

- Table S$10. Vertebrate viruses sequenced in winter aerosol samples pooled from
the swine farm using target enrichment sequencing.

(A continuacio)

- Table S11. Vertebrate viruses sequenced in summer aerosol samples pooled
from the swine farm using target enrichment sequencing.

(A continuacid)

- Table S12. Vertebrate viruses sequenced in winter surface samples pooled from
the swine farm using target enrichment sequencing.

(A continuacio)

- Table S$13. Vertebrate viruses sequenced in summer surface samples pooled
from the swine farm using target enrichment sequencing.

(A continuacio)
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Altres publicacions

A continuacié es detallen, per ordre cronologic, altres publicacions no

incloses en aquesta tesi pero realitzades durant el doctorat:

- Rusinol, M., Martinez-Puchol, S., Forés, E., Itarte, M., Girones, R. & Bofill-
Mas, S. (2020). Concentration methods for the quantification of coronavirus
and other potentially pandemic enveloped virus from wastewater. Current
Opinion in Environmental Science & Health. 17, 21-28.
https://doi.org/10.1016/j.coesh.2020.08.002

Factor d’'impacte: 8.1; Q1, D2 (Environmental Sciences).

- Forés, E., Bofill-Mas, S., Itarte, M., Martinez-Puchol, S., Hundesa, A., Calvo,
M., Borrego, C. M., Corominas, Ll., Girones, R. & Rusifiol, M. (2021).
Evaluation of two rapid ultrafiliration-based methods for SARS-CoV-2
concentration from wastewater. Science of The Total Environment. 768,
144786.

https://doi.org/10.1016/|.scitotenv.2020.144786

Factor d'impacte: 10.754; Q1, D1 (Environmental Sciences).

- Rusifol, M., Zammit, |, Itarte, M., Forés, E., Martinez-Puchol, S., Girones,
R., Borrego, C., Corominas, LI. & Bofill-Mas, S. (2021). Monitoring waves of
the COVID-19 pandemic: Inferences from WWTPs of different sizes. Science
of The Total Environment, 787, 147463.
https://doi.org/10.1016/j.scitotenv.2021.147463

Factor d’'impacte: 10.754; Q1, D1 (Environmental Sciences).

- Forés, E., Rusinol, M., Itarte, M., Martinez-Puchol, S., Calvo, M. & Bofill-Mas,
S. (2022). Evaluation of a virus concentration method based on ultrafiltration
and wet foam elution for studying viruses from large-volume water samples.
Science of The Total Environment, 829, 154431.
https://doi.org/10.1016/].scitotenv.2022.1544 31

Factor d'impacte: 9.8; Q1, D1 (Environmental Sciences).
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- Guerrero-Latorre, L., Collado, N., Abasolo, N., et al. (2022). The Catalan
Surveillance Network of SARS-CoV-2 in Sewage: design, implementation, and
performance. Scientific Reports, 12, 16704. https://doi.org/10.1038/s41598-
022-20957-3

Factor d’'impacte: 4.6; Q2, D4 (Multidisciplinary sciences).

- Forés, E., Mejias-Molina, C., Ramos, A., Itarte, M., Hundesa, A., Rusifol, M.,
Martinez-Puchol, S., Esteve-Bricullé, P., Espejo-Valverde, A., Sirés, I., Calvo,
M., Araujo, R. M. & Girones, R. (2023). Evaluation of pathogen disinfection
efficiency of electrochemical advanced oxidation to become a sustainable
technology for water reuse. Chemosphere. 313, 137393.
https://doi.org/10.1016/j.chemosphere.2022.137393

Factor d’'impacte: 8.8; Q1, D2 (Environmental Sciences).

- Mejias-Molina, C., Pico-Tomas, A., Martinez-Puchol, S., Itarte, M., Torrell,
H., Canela, N., Borrego, C. M., Corominas, LI., Rusifiol, M. & Bofill-Mas, S.
(2024). Wastewater-based epidemiology applied at the building-level reveals
distinct virome profiles based on the age of the contributing individuals. Human
Genomics, 18, 10.

https://doi.org/10.1186/s40246-024-00580-1

Factor d’'impacte: 4.5; Q1, D3 (Genetics & Heredity).
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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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Article history: Quantitative measurements of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in raw waste-
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water have been implemented worldwide since the beginning of the pandemic. Recent efforts are being made to
evaluate different viral concentration methodologies to overcome supplier shortages during lockdowns. A set of
22-wastewater samples seeded with murine hepatitis virus (MHV), a member of the Coronaviridae family, and
the bacteriophage MS2, were used to characterize and compare two ultrafiltration-based methods: a centrifugal

Editor: Damia Barcelo

Keywords:

SARS-CoV-2
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Viral concentration method
Ultrafiltration

Viral recovery

ultrafiltration device (Centricon® Plus-70) and the automated concentrating pipette CP-Select™, Based on the
recovery efficiencies, significant differences were observed for MHV, with Centricon® Plus-70 (24%) being the
most efficient method. Nevertheless, concentrations of naturally occurring SARS-CoV-2, Human adenoviruses
and JC polyomaviruses in these samples did not result in significant differences between methods suggesting
that testing naturally occurring viruses may complement the evaluation of viral concentration methodologies.
Based on the virus adsorption to solids and the necessity of a pre-centrifugation step to remove larger particles
and avoid clogging when using ultrafiltration methods, we assessed the percentage of viruses not quantified
after ultrafiltration. Around 23% of the detected SARS-CoV-2 would be discarded during the debris removal
step. The CP-Select™ provided the highest concentration factor (up to 333x) and the lowest LoD (6.19 x 10°
GC/1) for MHV and proved to be fast, automatic, highly reproducible and suitable to work under BSL-2 measures.

© 2021 Elsevier B.V. All rights reserved.
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Article history: Wastewater based epidemiology was employed to track the spread of SARS-CoV-2 within the sewershed areas of
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10 wastewater treatment plants (WWTPs) in Catalonia, Spain. A total of 185 WWTPs inflow samples were col-
lected over the period consisting of both the first wave (mid-March to June) and the second wave (July to No-
vember). Concentrations of SARS-CoV-2 RNA (N1 and N2 assays) were quantified in these wastewaters as well
as those of Human adenoviruses (HAdV) and JC polyomavirus (JCPyV), as indicators of human faecal contamina-
tion. SARS-CoV-2 N gene daily loads strongly correlated with the number of cases diagnosed one week after sam-
pling i.e. wastewater levels were a good predictor of cases to be diagnosed in the immediate future. The
conditions present at small WWTPs relative to larger WWTPs influence the ability to follow the pandemic.

Editor: Damia Barcelo
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Small WWTPs (<24,000 inhabitants) had lower median loads of SARS-CoV-2 despite similar incidence of infec-

tion within the municipalities served by the different WWTP (but not lower loads of HAdV and JCPyV). The low-

est incidence resulting in quantifiable SARS-CoV-2 concentration in wastewater differed between WWTP sizes,

being 0.11 and 0.82 cases/1000 inhabitants for the large and small sized WWTP respectively.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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The COVID-19 pandemic, caused by the severe acute respiratory
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China to a truly global threat to human health, wellbeing and the

0048-9697/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Assessing the presence of viruses in large-volume samples involves cumbersome methods that require specialized
training and laboratory equipment. In this study, a large volume concentration (LVC) method, based on dead-end ul-
trafiltration (DEUF) and Wet Foam Elution™ technology, was evaluated in different type of waters and different micro-
organisms. Its recovery efficiency was evaluated through different techniques (infectivity assays and molecular
detection) by spiking different viral surrogates (bacteriophages PhiX174 and MS2 and Coxsackie virus B5 (CVB5)
and Escherichia coli (E. coli). Furthermore, the application of a secondary concentration step was evaluated and com-
pared with skimmed milk flocculation. Viruses present in river water, seawater and groundwater samples were con-
centrated by applying LVC method and a centrifugal ultrafiltration device (CeUF), as a secondary concentration step
and quantified with specific qPCR Human adenoviruses (HAdV) and noroviruses (NoVs). MS2 was used as process con-
trol, obtaining a mean viral recovery of 22.0 = 12.47%. The presence of other viruses was also characterized by ap-
plying two different next-generation sequencing approaches. LVC coupled to a secondary concentration step based
on CeUF allowed to detect naturally occurring viruses such as HAdV and NoVs in different water matrices. Using
HAGAV as a human fecal indicator, the highest viral pollution was found in river water samples (100% of positive sam-
ples), followed by seawater (83.33%) and groundwater samples (66.67%). The LVC method has also proven to be use-
ful as a virus concentration method in the filed since HAdV and NoVs were detected in the river water and
groundwater samples concentrated in the field. All in all, LVC method presents high concentration factor and a low
limit of detection and provides viral concentrates useful for subsequent molecular analysis such as PCR and massive
sequencing.

* Corresponding author at: Laboratory of Viruses Contaminants of Water and Food, Genetics, Microbiology & Statistics Department at the University of Barcelona (UB), Barcelona, Catalonia,

Spain.
E-mail address: mrusinol@ub.edu (M. Rusifiol).
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The Catalan Surveillance Network
of SARS-CoV-2 in Sewage: design,
implementation, and performance
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Wastewater-based epidemiology has shown to be an efficient tool to track the circulation of SARS-
CoV-2 in communities assisted by wastewater treatment plants (WWTPs). The challenge comes when
this approach is employed to help Health authorities in their decision-making. Here, we describe the
roadmap for the design and deployment of SARSAIGUA, the Catalan Surveillance Network of SARS-
CoV-2in Sewage. The network monitors, weekly or biweekly, 56 WWTPs evenly distributed across the
territory and serving 6 M inhabitants (80% of the Catalan population). Each week, samples from 45
WWTPs are collected, analyzed, results reported to Health authorities, and finally published within
less than 72 hin an online dashboard (https://sarsaigua.icra.cat). After 20 months of monitoring

(July 20-March 22), the standardized viral load (gene copies/day) in all the WWTPs monitored fairly
matched the cumulative number of COVID-19 cases along the successive pandemic waves, showing a
good fit with the diagnosed cases in the served municipalities (Spearman Rho =0.69). Here we describe
the roadmap of the design and deployment of SARSAIGUA while providing several open-access tools
for the management and visualization of the surveillance data.

Shortly after the onset of the outbreak of the current COVID-19 pandemic, scientists renewed their inter-
est in the application of wastewater-based epidemiology (WBE)" to track the communal circulation of SARS-
CoV-2 through the quantification of its genetic traces in sewage”. This resulted in an overwhelming number of

!Catalan Institute for Water Research (ICRA), Emili Grahit 101, 17003 Girona, Catalonia, Spain. 2Universitat
de Girona, 17003 Girona, Catalonia, Spain. 3Centre for Omic Sciences (COS), Joint Unit Universitat Rovira i
Virgili-EURECAT, Unique Scientific and Technical Infrastructures (ICTS), Eurecat, Centre Tecnologic de Catalunya,
Avinguda Universitat 1, 43204 Reus, Catalonia, Spain. “Applied Artificial Intelligence Technological Unit, Eurecat,
Centre Tecnologic de Catalunya, Science and Technology Park, H3, 25003 Lleida, Catalonia, Spain. *Laboratory of
Viruses Contaminants of Water and Food, Department of Genetics, Microbiology and Statistics, School of Biology,
University of Barcelona, 08028 Barcelona, Catalonia, Spain. °Enteric Virus Laboratory, Section of Microbiology,
Virology and Biotechnology, Department of Genetics, Microbiology and Statistics, School of Biology, University
of Barcelona, 08028 Barcelona, Catalonia, Spain. 'Research Institute of Nutrition and Food Safety (INSA),
University of Barcelona, 08921 Santa Coloma de Gramenet, Catalonia, Spain. ®Biotechnology Area, Eurecat,
Centre Tecnologic de Catalunya, Avinguda Universitat 1, 43204 Reus, Catalonia, Spain. °Public Health Agency of
Catalonia (ASPCAT), Roc Boronat 81-95, 08005 Barcelona, Catalonia, Spain. *Technological Unit of Nutrition and
Health, Eurecat, Centre Tecnologic de Catalunya, Avinguda Universitat 1, 43204 Reus, Catalonia, Spain. **Catalan
Water Agency (ACA), Provenca, 260, 08008 Barcelona, Catalonia, Spain. *2Institute of Environmental Assessment
& Water Research (IDAEA), CSIC, Barcelona, Catalonia, Spain. 2*Group of Molecular Microbial Ecology, Institute of
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Guerrero-Latorre and Neus Collado. ““email: cborrego@icra.cat

Scientific Reports|  (2022) 12:16704 | https://doi.org/10.1038/s41598-022-20957-3 nature portfolio



Chemosphere 313 (2023) 137393

Contents lists available at ScienceDirect

Chemosphere

&5

ELSEVIER journal homepage: www.elsevier.com/locate/chemosphere

Chemosphere

L))

Check for

Evaluation of pathogen disinfection efficiency of electrochemical advanced |
oxidation to become a sustainable technology for water reuse
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ARTICLE INFO ABSTRACT
Keywords: Water treatment and reuse is gaining acceptance as a strategy to fight against water contamination and scarcity,
Electrochemical disinfection but it usually requires complex treatments to ensure safety. Consequently, the electrochemical advanced pro-
Microbial pathogens cesses have emerged as an effective alternative for water remediation. The main objective here is to perform a

Microbial indicators
Inactivation kinetics
Viruses

Water reuse

systematic study that quantifies the efficiency of a laboratory-scale electrochemical system to inactivate bacteria,
bacterial spores, protozoa, bacteriophages and viruses in synthetic water, as well as in urban wastewater once
treated in a wetland for reuse in irrigation. A Ti|RuOx-based plate and Si|BDD thin-film were comparatively

employed as the anode, which was combined with a stainless-steel cathode in an undivided cell operating at 12
V. Despite the low resulting current density (<15 mA/cm?), both anodes demonstrated the production of oxi-
dants in wetland effluent water. The disinfection efficiency was high for the bacteriophage MS2 (T99 in less than
7.1 min) and bacteria (T99 in about 30 min as maximum), but limited for CBV5 and TuV, spores and amoebas
(T99 in more than 300 min). MS2 presented a rapid exponential inactivation regardless of the anode and bacteria

* Corresponding author. Laboratory of Viruses Contaminants of Water and Food, Departament de Genetica, Microbiologia i Estadistica, Facultat de Biologia,

Universitat de Barcelona (UB), Barcelona, Spain.
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Wastewater-based epidemiology applied

at the building-level reveals distinct virome
profiles based on the age of the contributing
individuals
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Nuria Canela®, Carles M. Borrego®, Llufs Corominas®, Marta Rusifiol " and Silvia Bofill-Mas '

Abstract

Background Human viruses released into the environment can be detected and characterized in wastewater.

The study of wastewater virome offers a consolidated perspective on the circulation of viruses within a popula-

tion. Because the occurrence and severity of viral infections can vary across a person’s lifetime, studying the virome

in wastewater samples contributed by various demographic segments can provide valuable insights into the preva-
lence of viral infections within these segments. In our study, targeted enrichment sequencing was employed to char-
acterize the human virome in wastewater at a building-level scale. This was accomplished through passive sampling
of wastewater in schools, university settings, and nursing homes in two cities in Catalonia. Additionally, sewage

from a large urban wastewater treatment plant was analysed to serve as a reference for examining the collective
excreted human virome.

Results The virome obtained from influent wastewater treatment plant samples showcased the combined viral
presence from individuals of varying ages, with astroviruses and human bocaviruses being the most prevalent, fol-
lowed by human adenoviruses, polyomaviruses, and papillomaviruses. Significant variations in the viral profiles were
observed among the different types of buildings studied. Mamastrovirus 1 was predominant in school samples, sali-
virus and human polyomaviruses JC and BK in the university settings while nursing homes showed a more balanced
distribution of viral families presenting papillomavirus and picornaviruses and, interestingly, some viruses linked

to immunosuppression.

Conclusions This study shows the utility of building-level wastewater-based epidemiology as an effective tool

for monitoring the presence of viruses circulating within specific age groups. It provides valuable insights for public
health monitoring and epidemiological studies.

Keywords Human age-related virome, Building-level, Passive samplers, Wastewater-based epidemiology, Targeted
enrichment sequencing
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