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RESUME

Les organismes supérieurs commencent a étre peogusie une préoccupation sanitaire dans
'eau potable puisqu’ils sont de plus en plus déckomme de potentiels véhicules de
microorganismes pathogénes internalisés et, jusgo’a&ertain point, comme des boucliers de

protection contre la désinfection pour les micramigmes qu'’ils transportent.

Les travaux de cette these se concentrent sudééties organismes supérieurs comme hotes et
véhicules de microorganismes pathogénes dans jjetable, en considérant principalement le
zooplancton multicellulaire tel que les rotiferess Ie zooplancton crustacéen, ainsi que les
nématodes, et excluent essentiellement I'étudeuhéises, qui sont déja qualifiées de « cheval de

Troie » des microorganismes et sont davantage dexig®s a cet égard.

L’objectif général de cette thése de doctorat siash évaluer I'impact de I'internalisation des
microorganismes pathogéenes par les organismesisurgsur le risque microbiologique lié a la

consommation d’eau potable.

La réalisation de cet objectif général nécessiteahsidérer plusieurs aspects du phénomeéne qui
sont encore peu documentés dans la littératuraetgaiee, soit principalement: (i) la probabilité
d’occurrence d’'un microorganisme pathogene a Fiaté d’'un organisme supérieur dans 'eau
potable; (ii) I'impact des procédés de désinfecsan la survie d’un microorganisme internalisé

par un organisme superieur.
Plus précisément, cette these se donne pour dbjspécifiques de :

(1) caractériser I'occurrence du phénomeéne d’interatidia de microorganismes pathogenes
par les organismes supérieurs dans la filtrati@ngaire et le transport des organismes

internalisés dans I'eau filtrée;

(2) caractériser I'effet de protection dont bénéficikst microorganismes internalisés par des
organismes supérieurs sur la performance de lafééton UV;

(3) comparer I'effet de protection di a l'internaligatides microorganismes parallelement a

celui de l'agrégation et de Il'attachement aux patéis sur la performance de deux
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procédeés voisins, soit la désinfection UVC et Iginf@ction solaire (UVA), appliqués
respectivement dans les pays industrialisés eéeelappement;

(4) développer, par la caractérisation d’'une chaineétiéments décrivant l'internalisation et
le transport de microorganismes par les organisupsrieurs, un modele d’analyse de
risque permettant de quantifier le risque sanitai®socié aux microorganismes

pathogénes internalisés dans I'eau potable.

Dans cette thése, la filtration granulaire a ébdeei comme un milieu favorable a I'internalisation
des microorganismes, entre autres parce que lesierges supérieurs y sont abondants et que
leurs activités de prédation y sont intensifiéeSnternalisation et le transport des (oo)cystes de
Cryptosporidiumet Giardia dans la filtration granulaire ont été étudiés eenpere phase de
cette thése. Une étude a été réalisée a I'écpibtie en ensemencant de hautes concentrations
d’'(oo)cystes deCryptosporidiumet Giardia préalablement inactivés aux UV dans des colonnes
de filtration au charbon actif granulaire (CAG) urailement colonisées de zooplancton. Un
protocole expérimental a été développé afin de etrenla libération et 'énumération des
(oo)cystes internalisés suite a une rupture compul&irganismes du zooplancton par sonication.
Des échantillons de matériau granulaire (CAG) détpiélevés a différentes profondeurs du lit
filtrant suite a 'ensemencement des filtres. beplancton a été isolé des échantillons de CAG
ainsi qu'a l'effluent filtré dans le but d’extrait d’énumérer les (oo)cystes internalisés. Dans
ces conditions, il a été démontré que la prédagimmle zooplancton résulte en I'internalisation
d’'une fraction limitée des (oo)cystes dans le ilitant, suivie du transport d’'une portion des
(oo)cystes internalisés a l'effluent. Une hausedadconcentration d’(oo)cystes internalisés a
I'effluent filtré a été observée 3 semaines apiéssemencement des filtres en I'absence de
rétrolavage. Les rotiféeres sont suggérés commecipaux responsables du transport des

(oo)cystes internalisés a I'effluent.

En deuxieme phase de ce projet, I'impact de I'maéisation des microorganismes sur I'efficacité
de la désinfection UV a été évalué en utilisanhé&natodeCaenorhabditis elegansomme
prédateur pour les bactérigéscherichia coliet les spores d@acillus subtilis Un protocole a été

développé afin de (i) permettre la prédation eitdéinalisation des deux microorganismes ciblés
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par les nématodes, (ii) exposer les co-suspensidirsadiation UV (254 nm) et (iii) extraire les
bactéries internalisées grace a un protocole deamn permettant la rupture des nématodes et
I’énumération des bactéries par des méthodes derewdtandards. Ces travaux ont permis de
démontrer que les microorganismes internalisésdesar organismes supérieurs peuvent étre
partiellement protégés contre la désinfection U¥4(Bm). Environ 15-16% de la fluence de 40
mJ/cnt, typiqguement appliquée dans les usines de traiteieau potable, atteint les bactéries
E. coli et les spores dB. subtilisinternalisés par des nématodeselegans Cet effet protecteur
est moins accentué face a une fluence plus faiilesi, la désinfection UV présente un potentiel

d’inactivation des microorganismes internalisésdqes organismes supérieurs.

Suite a ces travaux, une évaluation comparativergEsnismes de protection microbiens dans la
désinfection UV (UVC 254 nm) et solaire (UVA) a étalisée. Deux séries d’essais ont été
entreprises afin d’évaluer I'impact de deux types mécanismes de protection face a la
désinfection solaire, soit (i) I'agrégation des marganismes et I'attachement aux particules et
(i) linternalisation des microorganismes par tgganismes supérieurs. Dans le premier cas, les
travaux ont été realisés sur la base d’un protodeldésinfection préalablement développé pour
évaluer l'impact de la turbidité dans la désinfectiJVC (Caron et al. 2007): des échantillons
d’eau de riviere ont été traités de maniere plusoins extensive afin de distinguer I'impact de
la dispersion des agrégats et de I'enlevement decplas (par filtration) sur I'efficacité de la
désinfection UVA des coliformes totaux indigenetes essais sur l'internalisation ont été
exécutés a I'aide du protocole développé pour ¢sgise UVC dans le cadre de cette these, avec
E. colicomme cible de la désinfection internalisé parédmatodeC. elegans L'irradiation UVA

a été simulée a I'aide d’'une lampe (365 nm) enriore. Une réduction du taux d’inactivation
des coliformes totaux par les UVA due a l'agrégaties microorganismes entre eux a été
démontrée, soit un effet protecteur semblable ai aalpporté face a la désinfection UVC.
Toutefois, I'enlévement des particules par unedfiibn membranaire (8m) n’a démontré aucun

hY

impact sur l'efficacité de linactivation par lesV4, contrairement & la hausse du taux
d’inactivation démontré par un protocole identigfeze a linactivation UV a 254 nm.
L’internalisation par les nématodes a démontré tfet gprotecteur comparable face a la
désinfection UVA et UVC. En effet, environ 24% daifluence UVA de 5.60 J/dma été

estimée effective pour inactiver les bactérescoli localisées a l'intérieur de nématodés
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elegans Comme en désinfection UV (254 nm), une protectimins prononcée a été observée a
une fluence plus faible.

Enfin, en derniere étape de cette thése, une anglyantitative du risque microbien a été realisée
afin d’évaluer la probabilit¢é annuelle d’infectiomhez les consommateurs due aux
microorganismes pathogéenes internalisés par desisrges du zooplancton dans I'eau potable.
Dans cette étude, la prédation des (oo)cystes @lezmaires par les rotiferes dans la filtration
granulaire a été ciblée comme origine du risquetefnalisation des microorganismes dans I'eau
potable. Des simulations Monte-Carlo ont été etéasi a l'aide du logiciel Crystal BAll
(Decisioneering, USA). La quantification de lagart des variables impliquées dans le calcul
du risque par le modele développé a été dérivédodeees générées a I'échelle pilote dans
I'étude de filtration décrite dans cette these.tt€Canalyse de risque a permis d’estimer que le
risque annuel d’infection chez les consommateurawd’potable d( a l'ingestion d’(oo)cystes de
protozoaires internalisés par des organismes supériest inférieur au risque permis d'une
infection par 10 000 personnes annuellement. Liegion d’'un procédé de désinfection UV en
aval de la filtration granulaire dans les usinedrdgement d’eau potable a été évaluée comme
pouvant réduire d'environ 2 ordres de magnitudeptababilité d’infection associée aux
(oo)cystes internalisés dans I'eau potable.

Bien que, suite aux travaux de cette these, leugisspnitaire associé aux microorganismes
internalisés dans I'eau potable soit supposé fajilesieurs aspects de la question gagneraient
encore a étre davantage élucidés. D’abord, lesmagsl’'organismes internalisés présentées dans
I'étude de filtration a échelle pilote fournissatgs données quantitatives nouvelles, mais qui
demandent a étre renforcées par des mesures eppéles similaires. Il est suggeéré
d’envisager de telles études au niveau de la tfdimalente, qui présente un haut potentiel
d’internalisation dd a la densité du zooplanctomsdéa partie supérieure du lit filtrant et
I'importance de la prédation dans ce type de fiitragranulaire. Des travaux futurs devraient
également considérer une étude plus approfondiesque associé au transport de bactéries ayant
un potentiel d’amplification dans le tube digesti€ I'h6te. En effet, une telle capacité
d’amplification des microorganismes internaliséggare un risque sanitaire potentiellement plus

élevé que celui évalué dans cette these pour dBsy&ies de protozoaires internalisés. La
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conduite d’échantillonnages environnementaux visdat détection de microorganismes
naturellement internalisés par le zooplancton gategnent recommandée. Enfin, au niveau de
I'industrie de I'eau potable, il est suggeére, suaitex travaux de cette these, de considérer le réle
potentiel des organismes supérieurs dans le trangpola protection de microorganismes
internalisés comme pouvant étre a l'origine d’ué¢edtion occasionnelle ou d’'une persistance
inattendue d’'un microorganisme pathogene ou in€iicaf certaines étapes du traitement en

usine ou encore en réseau de distribution.
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ABSTRACT

Higher organisms are increasingly perceived am#aasg concern in drinking water as they are
described as potential vehicles and, to some exsentshields against water disinfection for

internalized pathogens.

This thesis focuses on the study of higher orgamistm hosts and vehicles for pathogenic
microorgansims in drinking water, by consideringimha multicellular zooplankton such as
rotifers and crustacean zooplankton as well as twdea, and essentially exclude the study of
amoebae, who are already qualified as "Trojan Horde microorganisms and are more

documented in this regard.

The general objective of this thesis is to asdessmpact of the internalization of pathogens by
higher organisms on the microbiological risk asatsd with consumption of drinking water.
Achieving this objective requires considering savaspects of the phenomenon which are still
poorly documented in scientific literature, printgri(i) the occurrence probability of internalized
pathogens within higher organisms in drinking waaed (ii) the impact of disinfection processes

on the survival of microorganisms internalized lnyhler organisms.

More specifically, the specific objectives of thigsis are:

(1) to characterize the occurrence of the phenomefopathogens internalization by higher
organisms in granular filtration and the transpdrinternalized organisms in the filtered water;
(2) to characterize the protection effect providedmicroorganisms internalized by higher
organisms on the performance of UV disinfection;

(3) to compare the protective effect due to inteézation of microorganisms and that of
aggregation and attachment to particles on theopeence of two close processes, UVC
disinfection and solar (UVA) disinfection, respeely applied in industrialized and developing
countries;

(4) to develop, by characterizing a chain of evelgtscribing the internalization and transport of
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microorganisms by higher organisms, a QMRA modejuantify the health risk associated with
internalized pathogens in drinking water.

In this thesis, granular filtration has been tagdetas an environment favourable to the
internalization of microorganisms, mainly becausghér organisms are abundant and their
predation activities are intensified. Internalipatiand transport d@ryptosporidiumandGiardia
(oo)cysts in granular filtration were studied inetfirst phase of this thesis. A study was
conducted at pilot scale by seeding high conceatrsit of Cryptosporidiumand Giardia
(oo)cysts previously inactivated with UV in granusctivated carbon (GAC) filtration columns
naturally colonized by zooplanktoAn experimental protocol has been developed tonatite
release and the enumeration of internalized (otgcysllowing a complete disruption of
zooplankton organisms by sonication. Samples ohuea media (GAC) were collected at
different depths of the filter bed after the segdidooplankton was isolated from the GAC
samples and from the filtered effluent in orderetdract and enumerate internalized (oo)cysts.
Under such conditions, it was demonstrated thatgiren by zooplankton results in the
internalization of a limited fraction of (oo)cysts the filter bed, followed by the transport of a
portion of the internalized (oo)cysts to the effiteAn increased concentration of internalized
(oo)cysts in the filtered effluent was observed &els after seeding in the absence of filter
backwashing. Rotifers are suggested as the maiplaadon group responsible for the transport

of internalized (oo)cysts to the effluent water.

In the second phase of this project, the impadhefinternalization of microorganisms on the
effectiveness of UV disinfection was evaluated gdime nematod€. elegansas a predator for
E. coli bacteria and spores 8f subtilis A protocol was developed to (i) allow predatiarda
internalization of both target microorganisms bynaéodes, (ii) expose the co-suspension to UV
irradiation (254 nm) and (iii) extract the intenzald bacteria using a sonication protocol allowing
the disruption of nematodes and enumeration ofep@cby standard culture methods. These
assays have demonstrated that microorganisms afhitegd by higher organisms can be partially
protected against UV disinfection (254 nm). Approately 15-16% of the 40 mJ/érfluence,
typically applied in drinking water treatment planteached th&. coli bacteria and. subtilis

spores internalized by nematodeelegansThis protective effect was less pronounced aiget
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fluence. Thus, UV disinfection presents a potential for mation of microorganisms
internalized by higher organisms.

Following this work, a comparative evaluation ofcnobial protective mechanisms in UV (UVC
254 nm) and solar (UVA) disinfection was conductédio sets of assays were undertaken to
assess the impact of two types of protection mashanin solar disinfection, either (i) the
aggregation of microorganisms and attachment totickgs and (ii) internalization of
microorganisms by higher organisms. In the firgegdhe experimental work was performed on
the basis of a disinfection protocol previously éleped to assess the impact of turbidity in UVC
disinfection (Caron et al. 2007): samples of riwater were treated more or less extensively to
distinguish the impact of the dispersion of aggtegand particle removal (by filtration) on the
effectiveness of the UV inactivation of indigendatal coliforms. Assays on internalization were
performed using the protocol developed for UVC desithin this thesis, withE. coli as a
disinfection target internalized by the nemat@elegansUVA irradiation was simulated using
a lamp (365 nm) in the laboratory. A reduction e tJVA inactivation rate of total coliforms
due to aggregation was demonstrated, thus a praeetfect similar to that reported against
UVC disinfection.However, the removal of particles by membranediion (8um) showed no
impact on the efficiency of inactivation by UVA, tontrast to the raise in inactivation rates
found when using an identical protocol to with UMtctivation. Internalization by nematodes
showed a similar protective effect against UVA &aRdC disinfection. Approximately 24% of a
5.60 J/cm UVA fluence was estimated to be effective in inaating E. coli bacteria located
within the nematod€. elegans Like UVC disinfection (254 nm), a less pronouthggotection

effect was observed at a lower fluence.

Finally, as a final stage of this thesis, a quatitie microbial risk assessment was performed to
quantify the annual probability of infection amodgnking water consumers due to pathogens
internalized by zooplankton organisms. Predatiorpmtozoan (oo)cysts by rotifers in granular
filtration has been targeted as the source of thle of microorganisms’ internalization in
drinking water. Monte-Carlo simulations were penied using the software Crystal Ball®
(Decisioneering, USA). Quantification of most oéthariables involved in calculating the risk in
the developed model was derived from data generatdee pilot-scale filtration study described
in this thesis. This risk analysis allowed estimgtithat the annual risk of infection among
drinking water consumers due to internalized (osiEys lower than the targeted risk of one
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infection in 10,000 people annually. The applicatiof a UV disinfection process following
granular filtration in drinking water treatment pta was estimated to potentially reduce by about
two orders of magnitude the probability of infectiassociated with the internalized (oo)cysts in

the treated water.

Although following the work of this thesis the himalrisk associated with internalized
microorganisms in drinking water is assumed to de, Iseveral aspects of this issue would
benefit from further elucidation. First, intern@d organisms measurements presented in the
pilot-scale filtration study provide new quantitatidata, which need however to be reinforced by
similar experimental measurements. It is suggesiedonsider undertaking such studies with
slow sand filtration, which has a high potentiafr fimternalization due to the density of
zooplankton near the surface of the filter bed #redimportance of predation in this type of
granular filtration. Future work should also comsich more in-depth assessment of the risk
associated with the transport of those bacteriithae a potential for amplification in the gut of
their host. Indeed, such a capacity for amplifmatof internalized organisms suggests a health
risk potentially higher than that estimated in thigsis for internalized protozoan (oo)cysts.
Conducting environmental sampling for the detectidrmicroorganisms naturally internalized
by zooplankton is also recommended. Finally, atléwel of the drinking water industry, it is
suggested, following the work of this thesis, toasider the potential role of higher organisms in
the transport and protection of internalized micgamisms as a possible cause and explanation
for occasional detection or unexpected persistefh@epathogenic or indicator microorganism at

certain stages of the treatment plant or distrdsutietwork.
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AVANT-PROPOS

« L’imagination est plus importante que le saveira dit Albert Einstein.. ©

On remarque souvent qu’il suffit d'étre confronté jour a notre ignorance sur un sujet pour
s’apercevoir rapidement par la suite et a de ripedi occasions, non provogueées, que ce sujet en
question fait partie de notre environnement darespart étonnante bien qu’on ne l'ait jusque la
jamais remarqué. L'exemple le plus facile pour mstila découverte hasardeuse d’'un nouveau
groupe de musique, par une coincidence des plusdsaqgui fait qu’on tombe un jour sur une
page de journal ou une affiche au milieu de natpidante grande ville. Souvent dans les jours
et semaines qui suivent, cette image a peine camecsera rappelée a notre mémoire évasive en
découvrant tour a tour que ce groupe de musiqueregleine effervescence, que ses albums des
5 derniéres années sont excellents, qu'ils offrégulierement des concerts a Montréal et que

I'ordinateur d’un de nos collégues abrite discregatiplusieurs morceaux de leur répertoire.

Dans mon cas, deux découvertes a lI'image de cewuphénomene aléatoire sont au cceur de
mon doctorat : les organismes supérieurs dans lE@able et les Hollandais. Il suffit
d’accorder un peu d’attention au peuple et a lauoeilhollandaise pour se rendre compte des
innombrables ramifications de leur influence ad&rave monde, et oui, méme ici au Québec et au
Canada, en commencant évidemment par les tuli@gadva, laGrolsh toujours présente dans
nos dépanneurs, le film sur Van Gogh au cinémex nos compétiteurs en patinage de vitesse
aux Jeux Olympiques, le mari de notre directricechidle, les biscuitsStroopwafelsqui se
trouvent a I'épicerie du coin... Les Hollandais ordme déja occupé I'ile Maurice, mon idylle,
avant les Francais et les Britanniques. En eaabpmtils sont parmi les Européens les plus
visibles dans les conférences américaines, lesgplarscés dans le domaine de I'analyse de risque
(QMRA), les fervents défenseurs d’'une eau non éel@t de qualité exceptionnelle, ils sont trés
présents sur plusieurs continents comme consulétrgatrepreneurs, a tout hasard par exemple
en Egypte, pays mythique et spectaculaire de meatras paternels (les Phara@s.. Depuis
mon séjour aux Pays-Bas dans le cadre de ma tleegayticipation des Hollandais dans de
multiples sphéres d’activités de notre monde nesggdus inapercue a mes yeux. C’est lors



d'une présentation devant mes collegues hollandatement, du groupe de microbiologie de
KWR, que javais pensé faire le parallele entrenplication des organismes supérieurs dans
'eau potable et la révélation de l'influence deslléhdais dans le monde a mes yeux
nouvellement intéressés par ce peuple, recemmaestabientifs a leurs apparitions et retombées
partout autour de moi. Il s’agit seulement d’éeeiune fois notre attention sur un sujet pour
diriger sans le savoir notre curiosité vers d'aitempreintes, d’autres indices et tenter
eventuellement de corriger un peu de notre astigmat De la méme maniere, les organismes
supérieurs dans I'eau potable pourraient se réwéflerents dans plusieurs situations une fois
gu'on leur aurait porté suffisamment d’attentionupdes intégrer dans notre banque de
connaissances professionnelles qu’on parcourt neamémt, dans un processus souvent
désordonné et non systématique, lorsqu'on chercige solution, une piste ou une nouvelle
approche d’'un probleme dans notre champ d’expefiesa potable. Dans le monde microbien,
le discernement des différents auteurs, acteurghdaomenes observés, s'avere plus délicat ou
plus mystérieux, puisqu’on n’'y trouve pas de sigratofficielle, pas de service de traduction,
pas de droits d’auteur, pas de politique. Il néaust donc sans doute, comme scientifique,
approcher de plusieurs maniéres chaque problenreapou une chance de retracer les véritables
liens de causes a effets a partir des seuls indibesrvables par les humains, a travers leurs
erreurs et dans les limites des méthodes et tasbsidisponibles. Dans I'étude des phénomeénes
microbiologiques liés a la qualité de I'eau potalld@ravers différents procédées de traitement et
de purification, les organismes supérieurs onttiemgs été vastement ignorés, oubliés, ou alors
écartés des pistes de solution, négligés et déneapitisés comme acteurs pouvant influencer ce
résultat vers lequel tous les yeux des expertsadgésinfection de I'eau sont tournés, soit la
qualité microbiologique de I'eau produite et distrée et le risque sanitaire associé a sa
consommation par les humains. En effet, la grandprité des organismes du zooplancton ne
constituant pas en eux-mémes un risque sanitdiggnh pas des organismes pathogenes eux-
mémes, ils ont été principalement catégorisés commmélément esthétique dans la qualité de
I'eau potable. Depuis quelques années, les expenmisnencent a douter de I'innocence parfaite
des ces acteurs du monde microbien aquatique seanfebes ont été les premieres accusées
d’opérer comme cheval de Troie des microorganispasogenes humains, la cible méme de
toute la désinfection de I'eau potable. On potirdainc s’inquiéter presque davantage de ces
organismes supérieurs, qui circulent liborement depaujours dans nos systéemes d’eau potable



avec un droit de passage tacitement accepté de qoesdes cibles classique de toutes les
persécutions, ces pauvres microorganismes pathegemstamment surveillés, identifiés a des
milles a la ronde et attaqués de toutes parts psrpnocédés de désinfection. En réalité, on
commence a soupc¢onner aujourd’hui que ces orgasisoperieurs constituent en quelque sorte
tout un systéme de transport en commun en opérdgpuis toujours a travers nos systéemes
d’eau potable, véhiculant ainsi des quantités diiéiment estimables de microorganismes
pathogenes a travers les procédés de traitemeniggpant ainsi ces microorganismes non
seulement de nos caméras de surveillances et deragess mais aussi des procédés de
désinfection dans une mesure encore une fois jasge’ jour pratiquement indéterminée.
Evidemment, ces organismes supérieurs n’‘opérentspaplement et massivement comme
d’ordinaires véhicules des microorganismes quiégigportent. On trouverait, dans ce systeme
de transport en commun, toutes sortes d’engiratadle classiques autobus a d’autres machines
hautement sophistiquées (voire de la classe 8atislobile?). Et ca ne peut que se compliquer.
En effet, a 'échelle des microorganismes, un sé&olintérieur d’'un véhicule se révele souvent
étre une aventure beaucoup plus significative gsiomple trajet d’'un point a un autre, puisqu’il
leur pourvoit dans certains cas des conditionsribles a leur multiplication et dans d’autres
cas, a leur destruction. Le véhicule n’est effextient pas qu’un objet en déplacement, mais des
interactions plus ou moins complexes avec les gassanéritent également notre attention de
scientifiques pour arriver a bien comprendre, @étle’faut, désamorcer ce réseau de services
publics qui nous passe sous le nez dans ce mondehien étudié pourtant intensivement et
avec notre plus grand sérieux. L'enquéte a merste rcependant presque entiére; des collectes
de données et des analyses poussées seront néxseasant de pouvoir intervenir. Cette these
rassemble différents niveaux d’activités de redmergyant été menées au cours des 4 derniéres
annees afin d’aborder la question de la présere@m@nismes supérieurs dans I'eau potable, de
leur réle, leurs implications et leurs respons#dslidans la qualité microbiologique de I'eau, de la
nuisance qu'ils peuvent représenter comme obstatlgteinte de nos objectifs de production
d’'une eau microbiologiquement slre, et enfin dedaessité de réviser, de restreindre, plus ou
moins drastiquement, le droit de passage de cesigrges supérieurs dans nos systemes d’eau,
ou encore d’'apprendre possiblement a contrélarestgrofit de leur présence, de leurs activités

et de leurs capacités pour les mettre au serviemsl®bjectifs de qualité d’eau potable.



INTRODUCTION

1.1 Mise en contexte

L’appellation « organismes supérieurs » désigne gmoupe d’organismes naturellement
omniprésents dans les eaux naturelles comme darsy$¢éémes d’eau potable de construction
humaine et dont la présence en abondance contd#dée I'eau traitée fut historiquement
considérée principalement comme un critere esthétide la qualité de I'eau distribuée. Ce
groupe est désigné également comme celui des srgasidu zooplancton, qui comprend les
protistes (incluant les amibes), des organismesellnlaires, ainsi que les rotiferes et le
zooplancton crustacéen (copépodes, cladocéres).praldématique associée aux organismes
supérieurs en eau potable inclut souvent égaleleemématodes, qui sont principalement plutot
des espéces benthiques que planctoniques, mas®guconsidérés comme une part permanente
de la microfaune aquatique au méme titre que léeswrganismes du zooplancton. Les
nématodes sont souvent rapportés dans la littérattientifique comme le groupe d’organismes
supérieurs le plus abondant a I'effluent des fltgeanulaires (Castaldelli et al. 2005) et dans les

réseaux de distribution (van Lieverloo et al. 2004)

Suite a des avancées récentes en recherche, Boguiane importance autre qu’esthétique des
organismes supérieurs présents dans I'eau potablsoelevéee, considérant les associations
possibles de ces organismes a des microorganisatiesgenes et donc leur impact potentiel sur
la qualité microbiologique de l'eau et éventuelletnen santé publique. En effet, les
microorganismes pathogenes, c’est-a-dire la cibéengere de la désinfection de I'eau potable,
développent d'une part de multiples mécanismes detegtion face aux conditions
environnementales défavorables a leur développeeatedtautre part, font partie d’'un complexe
réseau trophique au sein duquel ils peuvent étae,egemple, sujets a la prédation par des

organismes supeérieurs.

Le biofilm est sans doute un des mécanismes degiimh des microorganismes pathogenes les
plus évolués en termes de complexité de sa staietude sa résistance aux conditions externes
hostiles. La formation d’un biofilm peut étre obgee, entre autres, lorsque des microorganismes
s’attachent a des surfaces biologiques ou indrielsiant les particules présentes dans I'eau ainsi

que la surface de certains organismes supérieBes. exemple, I'association a la surface du



zooplancton de la bacténébrio cholerag encore responsable d’'une des maladies hydrigses |
plus séveres dans les pays en développement, estsirbien documenté soulignant une
implication majeure et flagrante des organismesseprs dans la qualité microbiologique de
'eau : en effet, des efflorescences de zooplandtors les eaux cétieres ont été associés a des
épidémies de choléra au Pérou et au Bangladesh ¢Haly 1983, Lipp et al. 2003). De plus,
I'enlévement des organismes du zooplancton pasumgle filtration sur tissu~20 um) a permis

de réduire de 2 log (99%) la concentration \decholeraedans I'eau (Huq et al. 1996) et
d’observer une diminution de 48% des cas de chaléns un village ciblé (Colwell et al. 2003).
D’autre part, le développement de la bactéggionellaen association avec les amibes dans les
biofilms des réseaux de distribution est une probkque qui a réecemment retenu I'attention
scientifique en raison de son enjeu en santé puligEn effet, la croissance intracellulaire de
Legionella pneumophila I'intérieur d’amibes a été identifiée commedason de sa prolifération
dans les biofilms des réseaux de distribution (Kot al. 2004). Dans les deux cas, il s’'agit de
comportements microbiens et d’interactions avec deganismes supérieurs complexes aux

niveaux microbiologique et écologique.

La problématique de I'attachement des microorgaessi la surface d’organismes supérieurs
n'est pas au cceur de la présente thése. En leffetésente étude s’attarde principalement aux
cas d’internalisation de microorganismes pathogeuess les organismes supérieurs en eau
potable, considérant ainsi les organismes hoétesm@rdes véhicules des microorganismes
internalisés et, jusqu’a un certain point, comme lleucliers face aux procédés de désinfection.
Cette perception des organismes supérieurs a sod@énréservée aux amibes, appelées le
« cheval de Troie » des microorganismes dans ledmomicrobien. En effet, suite a
I'internalisation de bactéries pathogenes ou opiistes telles quieegionellapar les amibes, les
bactéries peuvent se multiplier a I'intérieur daswoles de I'amibe, de sorte que les amibes, par
leur structure résistante, favorisent non seulent@rdurvie, le transport et la protection de
bactéries pathogenes humaines, mais égalemeniidtiplication. Dans le cas deegionellg
responsable de maladies respiratoires chez les ihsymi@s vacuoles digestives de I'amibe
peuvent étre expulsées hors de I'amibe en tantvgsieules contenant de nombreuses cellules
infectieuses, véhiculées alors en aérosols et engehun risque significatif de transmission chez
les humains. Il s’agit de loin du cas d'internafisn le plus documenté en termes de santé

publique dans l'industrie de I'eau potable. Tooigfdes observations en laboratoires ont révelé



gue de nombreuses bactéries pathogénes humaidesnindes bactéries entéropathogenes telles
gue Campylobacter jejuni Escherichia coli et Salmonella sp., peuvent adopter des
comportements intracellulaires complexes sembladblesux dd_egionellaen association avec
les amibes, ainsi qu'avec d’autres protozoairegs;ilcommeTetrahymenasp. (Brandl et al.
2005, Snelling et al. 2005). Ainsi, les amibesd&utres protistes pourraient agir comme
vecteurs de microorganismes associés a un risgaeagre, et non seulement respiratoire, en eau
potable. Ceci n’a toutefois jamais été directenodasiervé en conditions réelles en eau potable, et
la prolifération de bactéries associées aux amiéesté principalement rapportée dans les

systémes de distribution de I'eau, a I'extérieut'dsine de traitement.

Dans le cadre de cette thése, la problématique’idrhalisation des microorganismes
pathogenes par les organismes supérieurs étudiée @élimitée autour des autres organismes
supérieurs dont la présence est fréquemment raggpert eau potable (i.e. excluant les amibes).
Ces autres organismes, tels que les rotiferesatdmatodes, par exemple, sont pluricellulaires,
contrairement aux amibes. Ainsi, leurs interadi@vec les microorganismes sont plutdt du
domaine de la prédation, et ne visent pas des ris&igcas microbiens intracellulaires comme dans
le cas des amibes. C’est pour ces raisons, aiisngaison de I'attention croissante déja
accordée a la caractérisation du risque microbsso@é aux amibes, que ces derniéres ont été
essentiellement exclues des travaux réalisés as cleula présente thése. L'internalisation par
les organismes supérieurs telle que cernée dames tteise consiste principalement en la
persistance de microorganismes a lintérieur due tuligestif des organismes supérieurs
(essentiellement comme des particules inertesgnmore en leur multiplication dans le cas ou,
par exemple, la bactérie est pathogene pour I'edtpeut créer une infection dans son tube
digestif. Le premier cas peut étre représentécphui d’(oo)cystes de protozoaires ingérés par
exemple par des rotiferes, tel qu'observé en labwea(Fayer et al. 2000, Trout et al. 2002),
alors que la capacité des prédateurs a digérersulestures résistantes telles que la paroi
d’'(oo)cystes reste a démontrer. Par exemple, &uexarétion des kystes @ardia ingérés par
des rotiferes n’a été observée en 20 minutes (Tebak 2002), suggérant une persistance et une
accumulation possible des kystes a l'intérieur dedateur. Des oocystes @eyptosporidium

ont également été détectés a l'intérieur de raifedans des conditions entierement naturelles,
dans le cadre d’échantillonnage d’eaux de lacs @$ad et al. 2007), suggérant la possibilité
d’'une persistance des oocystes ingérés par lderastidans des conditions environnementales.



Le second cas, soit celui de I'amplification de ma@rganismes ingérés par le zooplancton, a été
documenté principalement lors d'essais de laboesoiau cours desquels des bactéries
pathogenes humaines, telles dguecoli O157 :H7,Salmonellasp. etListeria monocytogenesnt

été exposées a la prédation par des nématodeianésn une infection du tube digestif des
prédateurs. De plus, Wolmorans et al. (2005)stitné des valeurs moyennes pouvant atteindre
4000 bactéries internalisées par organisme supdoeude I'isolation de zooplancton a I'entrée
d’un réseau de distribution (en sortie de l'usimetiitement d’eau potable). De telles valeurs
laissent supposer une certaine prolifération degtébas en association avec les organismes

supérieurs dans des conditions environnementales.

La problématique décrite dans cette thése supposetation par le zooplancton dans les filtres
granulaires comme principale origine de la préselecenicroorganismes pathogenes internalisés
dans I'eau potable. Cette hypothése s’appuie entre sur les travaux de Locas et al. (2007) qui
rapportent une détection récurrente de coliformésuik internalisés par des nématodes dans un
réseau de distribution, comme conséquence de thafwé ayant lieu au niveau de la filtration
rapide sur sable a l'usine de traitement d’eau lpet&n amont. De plus, les organismes
supérieurs, principalement les nématodes et lefened, sont abondants a la sortie des filtres
granulaires (Schreiber et al. 1997, Castaldelliakt 2005); on peut donc supposer qu’ils
transportent une partie des microorganismes inisésavers la sortie des filtres, dans I'eau
filtrée. Enfin, des travaux récents (Hijnen et28l07) sur la filtration lente sur sable ont soodig

a titre d’hypothese, le rble potentiel des orgaeismdu zooplancton dans I'enlévement ou la
persistance de microorganismes pathogenes résigilst que les (oo)cystes de protozoaires
(CryptosporidiumGiardia).

Suite a l'ingestion de microorganismes pathogéras des filtres granulaires, le transport et la
persistance d'une partie des microorganismes ialisgs dans I'eau potable constitue I'axe

principal de recherche de cette thése. La trassomisdes microorganismes internalisés aux
consommateurs d’eau potable suppose en effet fastmrce et la survie des microorganismes
pathogenes a l'intérieur de leur hote a I'effludes filtres granulaires et a travers les barrieres
subséquentes de désinfection de I'eau potable ‘ausagaseau de distribution. Dans cette thése,
I'étude de la protection des microorganismes iratisas face a la désinfection a été approfondie
avec un focus sur la désinfection UV, suite a degaux récents (Caron et al. 2007) caractérisant
'impact d’autres mécanismes de protection tels lgattachement aux particules et I'agrégation
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des microorganismes face a ce procédé de désorfeptiysique (optique). La littérature
rapporte d’ailleurs plusieurs observations de mtaia des microorganismes internalisés face aux
oxydants chimiques (Chang et al. 1960a, 1960b, €lamal. 1961, Smerda et al. 1970, Levy et
al. 1986, King et al. 1991, Ding et al. 1995, Lepil. 1995, Adamo et Gealt 1996, Anderson et
al. 2003, Caldwell et al. 2003, Kenney et al. 200#)ncipalement le chlore, mais aucune
recherche n'avait été entreprise sur I'impact datdinalisation face a la désinfection UV, un
procédé de plus en plus répandu dans les usinegradement d’eau potable des pays
industrialisés, entre autres en raison de sonagifi€ a inactiver le protozoaiteryptosporidium
contre lequel les désinfectants chimiques sonfigaefes et dont les concentrations permises en
eau potable sont tres faibles.

Un effort a été apporté dans cette thése afiné&ljirer des travaux sur un procédeé de désinfection
voisin de la désinfection UV, soit la désinfect®solaire, basée sur I'action des radiations UVA
naturelles. Ce procédé, concernant a ce jour peesgclusivement des applications dans les
communautés en voie de développement, fait I'oligetecherches en cours a travers le monde,
sans toutefois qu’on puisse observer une tenttdivgible d’'y étendre les principales avancées en
désinfection UV artificielle. Les travaux expérimaux réalisés sur I'impact de I'internalisation
des microorganismes, en paralléle avec I'attachemefagrégation comme mécanismes de
protection face a la désinfection UV, ont été étmnd la désinfection UVA a des fins de
comparaison. Cette comparaison entre les deuxs tyjge désinfection aux rayonnements
ultraviolets (UVC artificiels et UVA solaires) cditsie donc une innovation au sein de cette

thése.

Enfin, la question de I'importance des organismg®seurs dans la qualité microbiologique de
I'eau potable requiert une analyse poussée desasmamces déja rapportées dans la littérature et
présente une série d’'inconnues a combler. Dansappeoche d’ingénierie et de gestion,
comment répondre a la question « est-ce un risguee n’'est en le comparant avec le risque
associé a d’autres problématiques documentéesuepotable. C’est dans cette perspective que
I'analyse quantitative du risque microbien (QMRA$t@ utilisée comme outil de quantification
des diverses variables impliquées dans la chai@eedéments générant un risque d’infection
chez les humains associé a la présence de microsmges pathogenes internalisés dans I'eau

potable.



1.2 Structure de la dissertation

Cette these présente d’abord, au chapitre 1, umgeree littérature synthétisant I'état des
connaissances scientifiques et des travaux de ndeheabordant le role des organismes
supérieurs dans la protection des microorganismathogénes dans I'eau potable™ (1
publication). Le chapitre 2 présente I'énoncé digjectifs de recherche de la présente thése et
une description de la démarche expérimentale apgmiq Les trois chapitres suivant décrivent
des travaux expérimentaux présentés ici dans we @alqué sur I'évolution et le transport des
microorganismes internalisés a travers le traitérdeni’eau potable : le chapitre 3 présente une
étude pilote décrivant l'internalisation et le tsport d’(oo)cystes de protozoaires a travers la
filtration granulaire (2 publication); le chapitre 4 présente des travaaxlaboratoire sur la
protection de microorganismes internalisés par mmatodes face a la désinfection UV (3
publication); enfin, une comparaison de [Iimpactsdenécanismes de protection des
microorganismes face a la désinfection UV et selgVA) est présentée au chapitre 5 (4
publication). Le chapitre 6 présente une analysestjue (5 publication) intégrant les résultats
des travaux précédents dans le développement d'adélm décrivant linternalisation
d’(oo)cystes de protozoaires dans la filtrationngtaire afin d’estimer le risque d’infection
associé aux organismes internalisés et véhiculéslgsa organismes supérieurs dans l'eau
consommée par les humains. Auchapitre, une synthése des travaux ainsi qu’useudsion

générale sont exposées. Enfin, les conclusiorecetmmmandations sont énoncées au chapitre 8.
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CHAPITRE 1  PUBLICATION #1 - REVUE DE LITTERATURE:
PROTECTION OF WATERBORNE PATHOGENS BY HIGHER
ORGANISMS IN DRINKING WATER: A REVIEW

Ce chapitre présente une revue de littérature g@aildans l€€anadian Journal of Microbiology
Cette phase de la recherche constitue un poinédartcrucial dans la démarche de la présente
these. En effet, cette revue critique permet diifier a la base les principaux chainons faibles
ou manquants dans la littérature portant sur ldlproatique des organismes supérieurs en eau
potable, c’est-a-dire les éléments méconnus quiadeent a étre davantage caractérisés afin de
pouvoir progresser dans la compréhension du réleedeorganismes supérieurs dans la qualité
microbiologique de I'eau potable produite et dimige, un sujet novateur au niveau de l'industrie
de I'eau potable.

PROTECTION OF WATERBORNE PATHOGENS BY HIGHER ORGAMS IN
DRINKING WATER: A REVIEW
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Abstract: Higher organisms are ubiquitous in surface watand, some species can proliferate in

granular filters of water treatment plants and n@e distribution systems. Meanwhile, some
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waterborne pathogens are known to maintain vighitiside amoebae or nematodes. The well-
documented case tkgionellds replication within amoebae is only one exampie dacterial
pathogen that can be amplified inside protozoatsigkes, and then benefit from the protection of
a resistant structure that favours its transpadtf@arsistence through water systems. Yet the role
of most zooplankton organisms (rotifers, copepadadocerans) in pathogens transmission
through drinking water remains poorly understoddgce their capacity to digest waterborne
pathogens has not well been characterized to ddtes. review aims at (1) evaluating the
scientific observations of diverse associationswbeh superior organisms and pathogenic
microorganisms in a drinking water perspective @Ry identifying the missing data which
impedes the establishment of cause and effectae#tips that would permit to better appreciate
the sanitary risk arising from such associatiodgiditional studies are needed in order to (1)
document the occurrence of invertebrate-assocpddinbgens in relevant field conditions, such
as distribution systems, (2) assess the fate ofomiganisms ingested by higher organisms in
terms of viability and/or infectivity, and (3) stythe impact of internalization by zooplankton on
pathogens resistance to water disinfection prosesseluding advanced treatments such as UV

disinfection.

Keywords: Drinking water, pathogen vectors, amoebae, nemajad®plankton

1.1 Introduction and objectives

The efficiency of disinfection processes in drirkimater treatment is influenced to varying
degrees by the characteristics of the water (teatpe, pH, particle counts, etc.) and the
physiologic state of the microorganism being tagdetRather recently, research has focused on
the study of microorganisms in their most commoturad form, that is as aggregates or as part
of a collective structure known as a biofilm whimtnfers them further resistance to disinfection
(Morin et al. 1997, Storey et al. 2004a, Mamanevéiaand Linden 2005, Matz and Kjelleberg
2005, Mahmud et al. 2006, Cheuvrefils et al. 2007).

The protection offered to pathogenic microorganisotated inside superior organisms such as

zooplankton organisms (including protozoa) andaderbenthic invertebrates is also a natural
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protection mechanism used by waterborne pathog&hs. protection to disinfectants offered by
internalization has not been widely studied. Ih dze the result of symbiotic or parasitic
associations between pathogenic microorganism$igher organisms (Greub and Raoult 2004).
The viability of the pathogenic microorganisms whitave been ingested without being digested
or biodegraded by their predators can be maintgiBacker and Brown 1994). This resistance to
digestion has been reported numerous times in ameo@Barker and Brown 1994, Winiecka-
Krusnell and Linder 1999, Greub and Raoult 2004) mamatodes (Chang et al. 1960, Caldwell
et al. 2003, Gibbs et al. 2005) but has not beparted for most zooplankton organisms (rotifers,
copepods and cladocerans), even though the stutheiofpredation and grazing activities under
diverse conditions has been widely documented.

Higher organisms are ubiquitous in natural and male water environments. Planktonic
species are commonly found in surface waters, wiigtie occurrence is a function of ecological
factors such as seasons, temperature and depti-&lioul et al. 2002), and they are part of a
complex trophic network in which feeding habits andluenced by various physical and
biological factors. (The reader is referred torfmaler (2005) for a global and ecological view of
the trophic interactions between the numerous mesrifehe aquatic microfauna.) Although for
the most part, invertebrates are intercepted amdirglted during sedimentation, some can
reproduce inside the plant and liberate eggs amaddainto the distribution system (Levy et al.
1986). Rotifers and nematodes abundantly cologiwmular and biological filters, which
constitute ideal mediums for the proliferation ehkhic invertebrates (Schreiber et al. 1997, Lupi
et al. 1994, Castaldelli et al. 2005). They aterofeleased in the filters effluents (Matsumoto et
al. 2002) and into the distribution systems. Itigagions conducted on several drinking water
distribution systems have confirmed the abundarfcenertebrates (Chang et al. 1960, van

Lieverloo et al. 1998), while amoebae are knowprtdiferate in the biofilms.

This review discusses the known associations betwaeroorganisms and different groups of
higher organisms and presents a critical analysieegearch needs, with a specific focus on
managing the microbial risk in drinking water. W#l present higher organisms in three groups

based on ecological characteristics. The zooptenkrganisms differ from benthic species by
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the fact that they are found in suspension in serfaaters and move themselves more or less
passively with the currents. As benthic inveréé®s, nematodes are usually the object of
separate studies, although they are also considsradpermanent part of the aquatic microfauna
in surface waters (Lupi et al. 1995). Zooplanktaes, studied by limnologists, is typically
subdivided in 4 groups: protists (including protazand heterotrophic flagellates), rotifers,
copepods and cladocerans, the two last groups l@iogyn as crustacean zooplankton (Wetzel
2001). In the context of this review, protistsiviié presented in the first section, as a separate
group from the rest of zooplankton organisms: beurgcellular organisms, the study of
pathogens internalization by protists is of a ddfé nature since it addresses intracellular
mechanisms, as opposed to the rest of zooplanktganisms, which are pluricellular and
possess a more complex digestive system. Frontm@lbnblogical point of view, we will see that
this difference is of major significance, in aneatpt to characterize the fate of internalized
microorganisms and the microbial risk that they migonfer to drinking water. The second part
of this review will focus on rotifers and crustanezooplankton, and the last part will discuss

nematodes as pathogens vectors.

1.2 Protists: The Trojan Horse of Microorganisms

Note: The term “protist” (a unicellular eukaryotiorganism) is used in this section as
associated with the expression “Trojan Horse” iretliterature; however, we are referring here
more specifically to protozoa, i.e. protists belmgvas animals (with heterotrophic feeding). In
fact, according to the information gathered frore therature, plant protists, such as diatoms for
example, are not included in the group of organismferred to as the Trojan Horses of
microorganisms, even though certain vegetable gt®&xhibit bacterivorous behaviour, such as

flagellate algae — see Nygaard and Tobiesen (1883xample.
1.2.1 Amoebae

1.2.1.1Survival of microorganisms inside amoebae

Protozoa, especially amoebae, have been qualifiettiea Trojan Horse of the microbial world
(Barker and Brown 1994). Amoebae are recognizetheiisg both reservoirs and vehicles of

pathogenic microorganisms in the environment, al ag serving as a “crib” (term used by
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Greub and Raoult (2004)), i.e. an evolutionary bator that favours adapting to life within

human macrophages, therefore pathogenesis. THerrshould refer to the Barker and Brown
(1994) article on the impact of predation by proton the survival of pathogenic bacteria in the
environment, as well as the article by Greub anduRa(2004) on amoeba-resistant

microorganisms, mainly bacteria, but also viruses.

Free-living amoebae generally have two stages w&ldpment: the trophozoite and the cyst
(Greub and Raoult 2004). The trophozoite is thev@aenetabolic stage, feeding on bacteria and
multiplying by binary fission. Hostile pH condihe, osmotic pressure, temperature, or even
unfulfilled nutritional needs of the amoeba cansgits encystment (Greub and Raoult 2004).
Cysts generally have two layers, which makes th&incture very resistant to most chemical
disinfectants, such as chlorine, (Greub and R&04), and confers them an ability to survive
dessication and temperatures between -20°C andC+#&&hane et al. 2001). When the
conditions become favourable once again, ther@agstation and a return to active life. Viable
bacteria have been observed in trophozoites, dsawéh free amoeba cysts (Winiecka-Krusnell
and Linder 2001). It is noteworthy to mention tlkgst formation is a mechanism common to

many protozoa, and is not exclusive to amoebae.

In water, free-living amoebae often live in biofilas well as in water-earth, water-air, and water-
plant interfaces, since feeding in most speciesimscin association with surfaces and particulate
matter suspended in water (Greub and Raoult 208#)oebae, like other protozoa, feed mainly
on bacteria, many of which are able to surviveolelhg ingestion by amoebae. The most well
known example in the field of drinking water is by doubt the case akgionella pneumophila
responsible for numerous cases of respiratory singhroughout the world. Survival and
transmission of. pneumophildo humans is strongly linked to the presence dietmae in water,
since free-living amoebae favour the multiplicatioh Legionella pneumophilain aquatic
biofilms and the transport of the bacteria (Grent Raoult 2004). Intracellular growth inside of
amoebae was even demonstrated to be most likelyrtlyevay forL. pneumophildo proliferate

within aquatic biofilm on plasticized polyvinyl atride in a batch system (Kuiper et al. 2004).
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Microorganisms that resist ingestion by amoebae athdr protozoa can be divided into three
groups: those that multiply and cause cellularslysiamoebae, such asgionellaandListeria
bacteria, those that multiply within the amoebahwitt causing cellular lysis, such ®#rio
cholerag and those that survive within the amoeba withoultiplying, such as certain coliforms
and mycobacteria (Barker and Brown 1994). Furtloeenn Greub and Raoult (2004) have
identified a group of bacteria called “LLAP’L€gionellalike amoebalpathogens), including
bacteria which, likeLegionellg are able to cause lysis in the amoeba that eatinem. This

group of bacteria is attracting more and more #tiardue to public health concerns.

Thus, besides predator-prey relationships, caseamaisitism and even of endosymbiosis can be
observed in certain bacteria or viruses that sertllowing their ingestion by the amoeba and
avoid being digested. This endosymbiosis can pdd&ee initially as a survival strategy adopted
by a microorganism facing hostile conditions or gbgl variations in its environment
(Winiecka-Krusnell and Linder 2001). This type a$sociation is not only of considerable
importance for the stabilization of infectious atgeim the environment, but can also increase the
potential virulence of bacteria that can evolvébémome highly adapted to intracellular growth
(Barker and Brown 1994). In fact, certain bactenacluding Legionella sp., Listeria
monocytogengsor Mycobacterium aviugnhave adapted to living inside human macrophages
following exposure to environmental predators sashree-living amoebae (Greub and Raoult
2004). For example, in both macrophages and anegkebgionellds survival is characterized by
the absence of phagosome-lysosome fusion, whiclelsow impedes the cell’'s digestion of the
bacterium, and in both cases (macrophages and ampélegionellaleads to cellular lysis
(Greub and Raoult 2004). Hence, it is probabld tlegionella as some other intracellular
pathogens, has evolved thanks to its associatitnpwotozoa in the natural environment in such
a way that it acquired the ability to infect humamsother animals. However, despite bacteria
survival within protozoa often being associatedhwtieir pathogenesis, it is noteworthy that
protozoa, including amoebae, can also serve asvoeiseof environmental bacteria, such as non
pathogenic coliforms (King et al. 1988), and cawtgct them from hostile environmental

conditions or chlorination.
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Literature contains many reports of laboratory expents in which human pathogenic bacteria
were maintained in coculture with various specieg@nthamoebae In most of these studies,
bacteria were observed to maintain their viabibtyd multiply inside the amoeba’s feeding
vacuoles. For instanceélelicobacter pyloriwas found to preserve its viability and proliferat
inside of Acanthamoebae castellarfor up to 8 weeks in coculture (Winiecka-Krusnellag.
2002). Intact and metabolically active bacterigsehbeen observed in amoebae’s vacuoles and a
2-log increase irH. pylori bacterial count was observed after 7 days of toelwith A.
castellanii Interestingly, when in coculture for one weekhmwarious species dfisteria, A.
castellaniiwas observed to undergo cell lysis and releadelevibacteria ol.. monocytogenes
andL. seeligerj two haemolytic species, while innocua a non pathogenic species, was not
freed from the amoeba (Ly and Muller 1990b). Imikr experiments, amoeba encystment
occurred by day 8 of incubation bf monocytogenewith A. castellanii(Ly and Muller 1990a).
After 34 days of coculture, almost all of the amaehvere found to be in cyst form, inside of
which L. monocytogenelad lost its viability. Three serotypes $&lmonella entericgserovar
Dublin, Enteritidis, and Typhimurium) were shown reside and replicate within intracellular
vacuoles ofA. rhysodegTezcan-Merdol et al. 2004). A prolonged incubatod theSalmonella
andAcanthamoeba&oculture resulted in a gradual change in the belts morphology until they
eventually disappearedSimkania negevensiassociated with respiratory illnesses in humans,
was reported to infe&. polyphagasurvive and reproduce within trophozoite vacuadeswithin
human cell cultures (Kahane et al. 2001). Furtloeemnexposure to hostile conditions caused
amoeba encystment, and a certain competition wes observed between the amoeba and the
bacteria for survival, resulting in three possilldehaviours: cysts containing both normal
cytoplasm andS. negevensicysts containing bacteria but without cytoplagm, finally, the
bacteria were found located between the two cyiswafter 79 days at 4° C, tl negevensis
bacteria caught inside the cysts had preserved &b6iieir infectivity, while free bacteria (the
control sample) had not survived 12 days of exposarthe same temperature. In addition, a
small proportion of the bacteria (0.3% of the adiinfectivity) had survived as long as 21 weeks
(148 days) inside the cysts at room temperatune.thé drinking water industry, it is most
relevant to draw specific attention to those baatdrat showed an ability to survive and retain
infectivity inside the amoebal cysts, since (oo)sywe resistant enough to successfully penetrate
and persist through the various steps of watetrtreat plants.
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The ability of 26 species of water-related mycobaatto survive inside trophozoites and cysts of
A. polyphagavasassessed in a recent styédylékambi et al. 2006)All species studied showed
the ability to penetrate into trophozoites and systhere they can survive more than 5 or 15
days, respectively. Campylobacter jejunwas also shown to infed. polyphagain vitro at
different temperatures typically found in naturaters (Axelsson-Olsson et al. 2005). In fact,
aggregation of a great number of motile and adiaeteria was observed within vacuoles of the
amoeba. The spontaneous rupture of the amoebwealldhe detection ofC. jejuni by
microscopy and by culture. Further studies arelired to verify whether (1) amoeba infection
by C. jejunican occur naturally in the environment and (2)atteria that survive in the amoeba
are able to infect a vertebrate host (Axelsson@lst al. 2005). Investigation on these aspects
was actually found to be lacking from most studa®ut intracellular replication of bacterial
pathogens in amoebae. In fact, these studies rai@akt in understanding the ecology of
pathogens intracellular survival inside protozoasth. They also provide qualitative information
on the potential microbial risk. However, very fetudies have reported the occurrence of
infected amoebae in natural or man-made envirorsnenhis information is needed in order to
better discriminate which pathogens are really @daged to an increased risk of transmission to
humans when amoebae are present in drinking waeatment or distribution systems.
Furthermore, with respect to risk quantificatione tlaboratory experiments are not sufficient,
since coculture assays most likely overestimatentiraber of bacterial pathogens associated to

amoebae as compared to what would be found ureldrdonditions.

Even though the role of amoebae as bacterial ressrvas long been known, Robotham was the
first researcher, in 1980, to shed light on thes rol amoebae as vector bégionella which
would be favourable to their propagation in drirtkimater systems as well as in humans (Greub
and Raoult 2004). Amoebae’s digestive vacuolesadoing bacterial cells following ingestion
can be expulsed from the protozoa, which often g@es encystment (Berk et al. 1998).
Expelled vacuoles are called vesicles (Brandl e2@05). In the case dfegionellg a single
vesicle can contain up to 4@acteria according to the calculations of Robott{a@86), while

the infectious dose for humans is assumed to beloar WhenA. polyphagaandA. castellanij
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rejected vesicles that contained viablepneumophilacells, it was found that more than 90% of
these vesicles were small enough to be inhaledess than fum in diameter (Berk et al. 1998),
which supports the hypothesis that humans contaednaith Legionellawould possibly have
inhaled a vesicle that was filled with bacterigheatthan free bacteria (Greub and Raoult 2004).
Moreover, these vesicles contained viable bactirspite a 24-hour exposure to biocides used in
cooling towers (Berk et al. 1998). The bacterigragated together within these vesicles and did
not disperse despite freezing and thawing treasn&mC and 35C) and ultrasound. The
vesicles remained intact following these treatmewtntrary to the trophozoites that were
completely destroyed under the same conditionsk(Bemal. 1998). Acanthamoeba polyphaga
was shown to produce up to 25 vesicles in 24 hauder certain conditions, following
Legionella pneumophilangestion (Berk et al. 1998). These vesicles wetmd to be free in
solution. Considering that amoebae, in the trophezw cyst stages, usually adhere strongly to a
physical substrate, this observation suggests tthede vesicles would further facilitate the

bacterial dissemination as aerosols rather thaartimebae themselves (Berk et al. 1998).

In summary, these studies reveal many interestoigtp regarding amoebae as a risk factor in
water systems: amoebae (1) favour the replicatiohuonan pathogens inside their digestive
vacuoles, (2) increase the survival time and rascd to harsh conditions of those protected
pathogens, (3) can enhance the potential virulehtleose pathogens by favouring adaptation to
intracellular survival and growth, (4) favour thiarisport of pathogens inside vesicles, which are
resistant to extreme temperatures and are fourdirfirgolutions, (5) favour the transmission of
pathogenic bacteria to human by inhalation of Vesjcconsidering that a single vesicle can
contain the human infectious dose. In terms & gk transmission to humans, the study of
bacteria’s survival within amoebal cysts and vesictonsidering their higher resistance to harsh
external conditions, is more important than sualmwithin trophozoites, and therefore should

deserve more attention in future research work.

1.2.1.2Protection of ingested microorganisms by amoebae amst water treatment

After having been shown to ingest various specfesegionella,two species oAcanthamoeba
A. castellaniiand IA, of clinical and environmental origin respeely, were shown to increase

by one to two logs the survival of intracellularcbexial. erythraandL. pneumophilaagainst
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thermal treatment (with temperatures varying frobntd 80°C), when compared to planktonic
bacteria (the control sample) (Storey et al. 2004h)erythraandL. pneumophilavere found
inside amoebae’s vacuoles. However, both spetiesgionellawere more easily disinfected by
free and combined chlorine when in contact wAiitanthamoebacompared to their planktonic
state. This surprising result is perhaps duédgionellas ability to adopt a superior state of
resistance in reaction to hostile conditions, jilst other non spore-forming bacteria, which
would be the case with planktonleegionella, while the opposite situation could occur in
protected bacteria which are in an intensified inelia state within the amoeba, which could
render them more vulnerable to oxidation (Storegl.e2004b). These observations call for more
intense investigation, since they contradict thealisonclusions reported in literature (King et al.
1988, Barker and Brown 1994).

Besided_egionellg pathogenic bacteria such ®almonella typhimurium, Yersinia enterocolitica,
Shigella sonnei,and Campylobacter jejuni as well as environmental coliforms including
Escherichia coli have the ability to survive following ingestioly B\canthamoeba castellanii.
This association was shown to increase by 30- @fafl the resistance of all of these bacteria to
free chlorine residual, surviving exposure to cimerdoses well above the necessary dose
corresponding to a 2-log-inactivation of free-ligioells of the same bacteria (King et al. 1988).
One to three bacteria per vacuole were found introbghe amoebae following coculture with
each of the bacteria. Furthermore, various speafi@gater-related mycobacteria maintained in
coculture withA. polyphagawere shown to survive a 24-hour exposure to 15 nu/liree
chlorine while protected inside of cysts (Adékambal. 2006)

In summary, certain types of interaction betweemh@genic bacteria and amoebae, offer
significant protection to intracellular bacteriaaagst chemical disinfectants, besides favouring
their multiplication and transport and increasihgit virulence potential. As these interactions
have been well documented, additional work is neéedeorder to fulfill the lack of quantitative

information which impedes a rigorous quantitatigsessment of the risk factors associated with

amoebae harbouring pathogens in drinking wateresyst An improved risk characterization
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could potentially influence the disinfection stigits adopted in some drinking water treatment
systems. This issue will be further discussed laténe text.

1.2.2 Ciliated Protozoa

1.2.2.1Survival of microorganisms inside ciliated protozoa

Apart from amoebae, other protists are known toodavthe survival of pathogenic
microorganisms in the environment, those being maire ciliated protozoa of thEetrahymena

or Cyclidiumgenus. The relationships are often comparabléhdset observed in amoebae.
Tetrahymenayriformis an aquatic and bacterivorous ciliated protozdan teeds by filtration,
was found to be widely used in coculture studi&bus,L. pneumophilaandL. monocytogenes
ingested byTetrahymenawill multiply within the host and cause cellulaysis (Barker and
Brown 1994). After 8 to 15 days of cocultur&, pyriformis lysis lead to viableL.
monocytogenebeing freed (Ly and Muller 1990a). The same phesmmon was observed In
seeligerj while the contrary occurred when very few hoditscanderwent lysis by the non
pathogenic and non haemolytic innocua(Ly and Miller 1990b), despit€. pyriformisbeing
just as densely colonized (6 to 9 X bacteria per cell) as they were with the two o#percies of
Listeria. A relatively constant coexistence bf innocuaand T. pyriformis populations was
observed for 5 weeks, with the majority being io#déular bacteria. Conversely, in the presence
of L. monocytogenesndL. seeligerj T. pyriformiscompletely disappeared after about 10 days of
incubation, which was followed by the presence &kaListeria population, which declined up
until its disappearance at the end of 5 weeks (g Mller 1990b). Those results suggest that
L. monocytogenesndL. seeligeriwould parasitizd'. pyriformiswheread.. innocuawould seem

to simply resist digestion by the ciliate withoaiusing its lysis.

Campylobactemwas shown to survive inside pyriformisandAcanthamoeba castellaniiWhen
incubated in the presence of both protozoa, the\alrof C. jejuniwas increased by 36 hours
compared to planktonic bacteria (Snelling et aD®0 However, the presence Df pyriformis
did not significantly delay the decline in viabjliof Campylobacter coliwhile coculture withA.
castellanii delayed it by about 24 hours, therefore suggestirag the relationship between
Campylobacteand protozoa is species-specific.
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A comparison of the ingestion ofalmonella enterica serovar Thompson andisteria
monocytogenedy Tetrahymendead to the liberation of numerous vesicles comagirviable
Salmonellacells, while ingestion oListeria by the protist resulted in their digestion. The
expulsion of vesicles containingisteria was infrequent (Brandl et al. 2005). Up to 50
Salmonellacells per vesicle expelled Betrahymenavere counted, this number increasing with
the initial ratio of bacteria to protozoa cellsdoculture. The difference in the ways these two
bacteria interact with the protozoa was probablysimply due to the difference in the nature of
their cell walls (Brandl et al. 2005), sinEamterococcus aviupa gram-positive bacterium, just
like L. monocytogenesesisted being digested bgtrahymena The authors suggest that serovar
Thompson is able to alter the normal sequence @ftsMinked to digestion in thBetrahymena
digestive vacuoles by stopping the fusion of thaga@some to the lysosome, for example, in the

same way akegionellaresists digestion inside amoebae and human maageph

Various ciliated protozoa were shown, in laboratagnditions, to ingesCryptosporidium
oocysts (Stott et al. 2001). Ingestion rates warserved to (1) vary in time, (2) generally
increase according to prey concentration and (8y sanificantly from one species of ciliated
protozoa to another, the most efficient protozaalisd beingParamecium caudatunmwhich
could ingest up to 170 oocysts per hour. Furtheeme relationship between the average number
of oocysts ingested and the average size of thi®za was proposed. Even though the fate of
ingested oocysts was not determined, and desg@tshtbrt test time of protozoa feeding (1h), the
authors suggested the possibility of some ingestexysts being digested or excreted by their
predators. In fact, immunofluorescence assays mamessible to detect fragmented oocyst cell
walls inside of protozoa digestive vacuoles andate6tylonychia mytilukave excreted particle
debris containing many oocysts whose viability hasbeen determined. The authors are aware
that their laboratory results are probably not espntative of natural phenomena, since ingestion
of oocysts by protozoa in the environment can dépen their feeding habits, population
diversity and density, exposure time, and oocysifildution. It was observed that once the
ciliate Paramecium caudatums exposed to 90 or 9,0@Yyptosporidiumoocysts for 20 minutes,

individual protozoa ingests 1.38 or 26.7 oocystsavmerage, respectively (Stott et al. 2003).
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After one hour of exposure to the highest oocysellethe number of oocysts ingested By
caudatumwas repeatedly found to be higher than the humigctious dose of 30 oocysts.

Contrary to natural water studies carried out byl@gists, the studies that describe the ingestion
ability of zooplankton organisms under artificiadbnalitions have the advantage of supplying
precious information on ingestion of waterbornehpgens, which are the main focus of
researchers in the field of drinking water treattnevhose priority is to reduce health risks.
However, it is important to note that the experitaénonditions are often very different from the
conditions prevailing in natural aquatic environtserMore specifically, the disproportion of
microorganism densities in these laboratory testapared to natural concentrations in aquatic
ecosystems is evident. In addition, none of tip@red studies usinGryptosporidiumas a food
source for higher organisms have investigated thbility and infectivity of the oocysts after
their ingestion or excretion. Future studies stlontlude such an investigation, since this aspect
Is determining in the assessment of the potentsdfociated health risk.

1.2.2.2Protection of ingested microorganisms by ciliated wtozoa against water treatment

Just like Acanthamoeba, Tetrahymena pyriformis stgyecoliform bacteria as well as the
pathogenic bacteria Salmonella typhimurium, Yeesemterocolitica, Shigella sonnei, Legionella
gormanii and Campylobacter jejuni, which survivethivi the cell where they are protected
against chlorination (King et al. 1988). The r&mise of all these pathogenic bacteria against
chlorination was observed to be more than 50 timgiser when ingested by T. pyriformis. For
the sake of comparison, a freshwater environmgmtalozoan of the genus Cyclidium was
isolated and the necessary contact time for inatitim of 2 logs of E. coli by chlorine was even
greater when in contact with Cyclidium than with pyriformis. It was also found that
internalization of Campylobacter by T. pyriformiada Acanthamoeba castellanii significantly
increases its resistance to a chemical disinfectadely used in the poultry industry (Snelling et
al. 2005). Coculture of Salmonella enterica serdM@ompson with Tetrahymena showed that
expelled vesicles containing viable bacteria offe significant protection for Salmonella

against a free chlorine treatment of 4.2 mg-miaA.the average proportion of bacteria surviving
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the treatment when located inside a vesicle wagoddehigher compared to free bacteria (Brandl
et al. 2005).

In summary, additional studies are needed to giyatite increase of pathogens resistance to
disinfection, including UV treatment, as most sasdielied on free chlorine. These studies can
be performed in artificial conditions in researabdratories. However, the challenge resides in a
proper assessment of the natural occurrence of gh&nomenon in surface waters and in
distribution systems. This highlights the impodanof having ecologists and limnologists

collaborating with water engineers on such an issaghat pathogenic microorganisms receive
specific attention when characterizing (quantitiy trophic relationships in natural aquatic

environments.

1.3 Rotifers and Crustaceans

1.3.1 Survival of microorganisms inside zooplankton

A few rare studies have attempted to characteheestrvival of microorganisms ingested by
zooplankton organisms other than protists. Eves kequent are such studies performed in
natural conditions. Nevertheless, the use ofergifvas suggested aLayptosporidiumoocyst
detection tool in Polish lake waters and made $isgle to detect viable oocysts contained within
rotifers in each of the three lakes sampled (Nowdaostaal. 2007). This is probably the first
record of the ability ofCryptosporidiumoocysts to survive inside of zooplankton organisms
natural waters. The oocysts’ infectivity has neeb verified, however. We note that, in natural
conditions, it is common to find densities of 2@0300 rotifers per litre, and occasionally up to
1,000 individuals per litre (Wetzel 2001).

Most studies found in literature about zooplankjoazing in natural conditions characterize their
grazing rates on various species in the microbsmhraunity, or the impact of a zooplankton

species population on other planktonic organisntentrations. However, these studies usually
do not provide any information on zooplankton gngzon waterborne pathogens. That is why
laboratory experiments are necessary in order tienstand the significance of higher organisms

in the context of drinking water. For instancebdeatory experiments were conducted to
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investigate the fate of ingesté&typtosporidium parvunoocysts andsiardia lamblia cysts by
rotifers and daphnia. Under atrtificial conditior),000C. parvumoocysts were exposed to
populations of 10 to 20 individuals of six rotifspecies (Fayer et al. 2000), which were all
observed to ingest oocysts. Up to 25 oocysts viewed inside ofPhilodina rotifers, the
majority containing about 15 oocyst€uchlanis triquetraand Epiphanes brachionusotifers
were seen as excreting aggregates containing u@ oomcysts, about 15 minutes after the
beginning of exposure of the rotifers to oocydts.is known to take between 3 and 20 minutes,
according to the rotifer species and the envirortaieronditions, for a particle ingested by a
rotifer to move along its entire digestive tractdiael 2001)). The other rotifer species seemed to
keep the oocysts internally for the entire duratainthe microscopic observation. However,
there is no report of oocysts being degraded, thgesr inactivated inside rotifers following
ingestion, as it is not known whether or not resfeave any enzymes that can digest the proteins
forming oocysts cell wall (Fayer et al. 2000). Rot enzymes identified to date mainly digest
carbohydrate substrates. This study consists tificelly exposing rotifers toC. parvum
oocysts. The authors did not determine whetharobrrotifers ingest oocysts in nature, which,
however, has been recently shown by Nowosad €P@D7). Assays by Stott et al. (2003) also
showed that following a 2-hour exposure, rotifengested an average of 1.6 oocysts per
individual, with the maximum observed being 7 odsydt is important to note that again, in this
study, predators were exposed to oocyst concemtsiin the order of fOto 1¢/ml, while
typical concentrations in drinking water are lekant 0.001 oocyst/ml (Brookes et al. 2004).
Oocysts were also seen in rotifers fecal mattear &f#15 minutes, but oocyst viability following
ingestion was not determined (Stott et al. 2008). oocyst accumulation inside of predators was
observed during the assay period. According to atehors, the impact of higher organism
predation could potentially reduce the presenc€rgptosporidiumoocysts in the environment,
but zooplankton organisms could also become regsnand vectors, therefore favouring
transmission of Cryptosporidium  When exposing seven species of rotifers to high
concentrations ofGiardia cysts, five species ingested cysts in variable tfies The cysts
remained within their bodies for the entire obsgoraperiod of 20 minutes (Trout et al. 2002).
In general, rotifers ingested cysts in smaller ¢tias than those reported f@ryptosporidium
parvumoocysts, which the authors hypothetically attribige&siardia cysts being 3 to 4 times
larger than oocysts, and their surface possiblyingadifferent characteristics. No species of
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rotifer seems to have excret&@lardia cysts. It is not known whether or not the cystgenve
digested. These studies being done in artifiaxalditions, the authors emphasize that it has not
been determined whether or not rotifers would ihg&isrdia cysts in a natural environment.
More in-depth studies would be required to (1) difarthe probability that rotifers ingest
Cryptosporidiumor Giardia (oo)cysts in natural conditions and (2) determine impact of
ingestion (and defecation) on the viability andetivity of (oo)cysts.

With regard to crustaceans, studies concerningstingval of ingested microorganisms seem to
be limited mainly to one single host, which aredoeerans of the genu3aphnia A recent
study by Connelly et al. (2007) describes the e¢ftdcgrazing byDaphnia pulicariaon the
density, viability and infectivity oC. parvumoocysts andsiardia lamblia cysts under artificial
conditions. C. parvumoocysts outer wall were not disrupted, or sligltlysome rare occasions,
following ingestion and excretion bfp. pulicaria, whereasG. lamblia cysts were highly
disrupted, probably due to their larger size. &héhors suggest that repeated ingestion of the
(oo)cysts might have occurred during the 24-h gaziperiod, considering the high
concentrations of pathogens and grazers. Distinoitas not possible between (oo)cysts that
would have been ingested multiple times from thbs¢ were never ingested by the daphnia. It
was suggested that that repeated ingestion anétexcrof G. lamblia cysts might explain the
mechanical damage to the cysts wall, which mightehaterfered with the measurements of
excystation following grazing. In fact, grazing swshown to significantly decrease the viability
of Giardia cysts (based on standard DAPI-PI vital dye stgini@chniques) but to increase
excystation, which could be attributed to the meate disruption of the cysts due to digestion,
leading to the release of trophozoites. In the cd€. parvumoocysts, they report a significant
decrease (87%) in the mean oocysts infectivity tlugrazing byD. pulicaria in their assay
conditions, as measured by in vitro cell cultureags. Although the conditions prevailing in
natural systems must be considered when evaluttengmpact of zooplankton grazers on human
pathogens in water, the authors conclude tatpulicaria can significantly decrease the

concentration of infectious (oo)cysts in naturaface waters.
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As for the ingestion of bacteria, after exposid@phnia carinatato Campylobacter jejunfor 72
hours, an average of 33 bactenias found in association with the surface or tredm of each
daphnia, and a grazing rate of 1.75 ml/individualids calculated (Schallenberg et al. 2005).
This value coincides with the typical values fouindliterature for natural conditions, since
daphnia are known to graze efficiently in lakes @odds, at typical rates varying between 0.1
and 2.8 ml/ind./h. Daphnia density for the assags 40 daphnias/L, which is representative of
natural conditions, knowing that the occurrencael&phnia is most often greater than 30 ind./L
and can exceed 100 ind./L (Schallenberg et al. R08Bile the initial C. jejuni density was
between 1.410° and 1.&10%ml, typical of wastewater concentrations. Follogi72 hours of
exposureD. carinata had reduced th€. jejuni population by 99% (2 logs) compared to the
control (absence oD. carinatg. Thus, the authors concluded tlgat jejuni ingestion byD.
carinata caused the death of the bacteria and they put tbg hypothesis that daphnia, when
present in a high enough density, could reduce t¢bacentration of this pathogenic

microorganism in aquatic ecosystems.

Other laboratory assays were carried out in ordefetify bacteria’s ability to survive digestion
by Daphniaambigua a well known bacterivorous cladoceran that haVipusly been found to
be abundant in natural lake water (King et al. 399%taphylococcugocci-shaped bacteria
Alcaligenesand Pseudomonaslied following Daphnia ingestion, whileCorynebacteriunrod-
shaped bacteria survived digestion. The authoggesi that rod-shaped bacteria survive
digestion byD. ambiguawhile the coccoidal do not, but they add that daverallelopathy (or
amensalism) could take place in tlle ambiguadigestive tract, i.e. a type of microbial
competition that would be the causeSihphylococcus death rather than the digestion by its
host. In fact, they observed tt&#tlaphylococcusurvived 18 hours longer after being ingested by
D. ambiguain the absence d@orynebacteriaeven though it was digested after 19 hours. Both
Staphylococcusand Corynebacteriaare gram-positive bacteria. The authors put fdahé
hypothesis that zooplankton could possibly seleatngpositive bacteria to feed upon, while it
has already been seen that protozoa, whose feésliogaracterized by a passive mechanical
selectivity (Wetzel 2001), ingest gram-positive tea@ at lower rates than gram-negative
bacteria (Pernthaler 2005).
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1.3.2 Protection of ingested microoorganisms by zooplankh against water

treatment

On-site studies were conducted to isolate and iigebacteria associated with zooplankton in
Lake Oglethorpe, a stratified eutrophic and shallake in the state of Georgia, USA (King et al.
1991). Water samples containing zooplankton wargdsted and chlorinated (10 mg/L NaOCI
for 5 min) so as to eliminate planktonic bactermal a&onserve only bacteria associated with
zooplankton. The ingested bacteria were then fbgegutting the zooplankton samples through
ultrasound. Bacteria that were cultured from ba@tiv water samples and treated zooplankton
samples were assumed to survive zooplankton dagestiBacteria found in contact with
zooplankton, and particularly within the digestivact, were protected from chlorination, since
they could be cultivated following freeing by ukoand, meanwhile no non-spore forming
bacteria had been reported to date to be ablertaveua dose of free chlorine such as the one
applied to zooplankton samples. It was also shdkat bacteria such as the coliforms
Enterobacter cloaca@andKlebsiella pneumoniaesolated from drinking water, anflalmonella
livingstone isolated from wastewater, could be protected frdrtorine and monochloramine
disinfection and remain viable inside of the digastract of the crustacean amphipidgalella

aztecaused as a model invertebrate for these assayy @ieal. 1986).

From this section, it is important to emphasize thet that pathogenic protozoa such as
Cryptosporidiumand Giardia, which exhibit low infectious dose, could be lamhtinside a
zooplankton organism in natural waters. Thereftre, necessary to assess to what degree this
occurrence actually translates into an increasskl of infection, especially in the case of,
unfiltered waters treated with UV radiation andtalsited to consumers. Furthermore, there is
evidence that some bacteria can survive within lamdqpon organisms, whereas others are mostly
digested and biodegraded. Therefore, we stressidbd to better understand the ecology of
pathogens in natural aquatic environments, in ci@eharacterize the fate of pathogens ingested
by zooplankton. Surprisingly, there is barely amgrmation in the literature to this date about
the protection effect of rotifers and crustaceapptankton against common water treatment

processes.
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1.3.3 Bacterial Colonization of the Exoskeleton’s Surfaceof Zooplankton

Organisms

While there is a lack of information on zooplanktharboring pathogenic microorganisms in
water, attachment to planktonic animals is moreudwnted as a vectoring mode for waterborne
pathogens. Certain bacteria can attach themstdwbge surface of zooplankton organisms where
they find a microhabitat that makes it possibletfe@m to persist longer in the environment. To
date, the most studied and relevant case in the &k water is that olVibrio cholerae the
bacterium responsible for cholera. For an exheesteview ofVibrio choleraeecology and

microbiology, the readers are invited to refer mwitbhgham et al.(2003).

In various species of marine copepods, there isw@stinal flora that includes many types of
heterotrophic bacteria and that is dominated/liyio (Sochard et al. 1979). Copepod defecation
was observed as a means of bacterial dispersiaimenwater and marine sediments, since
bacterial counts during copepod digestive tractadison were lower after defecation. Other
bacteria, such aPseudomonasnd Cytophagawere found to be associated with copepods,
without being able to specifically associate theithwhe digestive tract, however. Considering
the sum of the bacteria attached to the surfaceopépods and those found in their intestinal
flora, it was suggested that there are a greatembeu of bacteria actually associated with
copepods rather than free in the water column. e&ebkers have therefore studied the
association of bacteria with zooplankton organisthe, most documented case being that of
Vibrio choleraeattachment particularly to the surface of copepajigen its epidemiological
importance. Some have studied the relationshiwdmtV. choleraeand zooplankton in estuary
zones (Huq et al. 1983, Tamplin et al. 1990, Hugl.e1996, Chiavelli et al. 2001, Colwell et al.
2003, Lipp et al. 2003, Cottingham et al. 2003, Hal. 2005, Kirn et al. 2005, Alam et al.
2006), but in freshwater as well (Sarkar et al.3)98nd have suggested a link between episodes
of zooplankton abundance and the occurrence ofechoépidemics in certain developing
countries, such as Peru and Bangladesh. Up tbdabmning of the 1980’s, the detection\af
choleraewas linked to temporally sporadic events that cdied with epidemics in geographical
areas where this bacterium is endemic. However,etkistence of a non detectable state of

bacteria, the “viable but not culturable” state svadgscovered to be the cause of the latent periods



29

during whichV. choleraewas not detected, even though it was presentturalavaters between
two epidemics (Xu et al. 1982, Binsztein et al. £00This behaviour iv. cholerag as well as

its attachment to zooplanktonic organisms, is @luici understanding its ecology and cholera
prevention: for example, Xu et al. (1982) put fottie hypothesis that these viable but not
culturableV. choleraecells could survive attached to copepods, thenotkmre once optimal
conditions arose. Huq et al. (1983) observed tihatpresence of live copepods increased the
survival time ofV. choleraein water. The relationship betwe&h choleraeand planktonic
copepods could explain the seasonal cholera epiderfur example in Bangladesh, where an
epidemic begins almost every year in Septemberatoli@r (Hug et al. 1983), shortly following
the annual zooplankton bloom in coastal watersnit&g concerns are therefore linked \{o
choleraecolonization of the surface of copepods, and othé&mous organisms, considering that
a single copepod could supporacholeraepopulation on its surface sufficient to cause elel

in a human (Hugq et al. 1983). Furthermore, baateere found to colonize the oral area and egg
sac of copepods, where cell division was obsemlicating bacterial multiplication (Huq et al.
1983). The concentrated bacterial adhesion neactistacean’s mouth would suggest that it
could serve as food, which could leadvtocholeraebeing dispersed into the aquatic environment
if the bacteria happen to multiply within its hastligestive tract before being excreted in the
copepod’s fecal matter.

V. choleraealso attaches to many species of cladoceransagifets (Tamplin et al. 1990) and to
certain species of phytoplankton. Therefore, grfiltration method on tissue was proposed to
extract the bacteria that was attached to planktaaw waters in developing countries (Huq et
al. 1996, Colwell et al. 2003). The method wasek®n different strains of. choleraeO1 and
0139 originating from many different geographicadas, namely Bangladesh, Brazil, India, and
Mexico. The results showed a 99% (2 logs) remoVal. cholerag(Huq et al. 1996). A field
study in Bangladesh showed effective removal ofigas greater than 2@im and a 48%
reduction in cholera cases in the villages that ukes filtration method, compared to the control
villages (Colwell et al. 2003).
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The nature of the relationship betwedbrio choleraeand copepods has long been unexplained,
except for the fact that the planktonic animal’&iobus shell was an adequate environment for
the survival and growth of the bacteria. Bactefithe genud/ibrio associated with zooplankton
were reported to play an important role in chitimenalization by bonding to the chitin and using
it as an exclusive source of carbon and nitrogesidélberg et al. 2002). Also, the presence of
pili on bacterial cells, as is the case wifitorio cholerag is often associated with the ability to
colonize surfaces. Further to being associateld mobplanktony. choleraes also found in the
aggregates of natural biofilms that are eithertfifmpor attached to debris (Alam et al. 2006),
which can also provide a favourable environment tfe persistence and proliferation @f
choleraeO1l. The formation of biofilm by. choleraegreatly increased their resistance to
predation by protozoa compared to planktonic bagterotably because bacterial density in
biofilms allows, according to thequorum sensingprinciple, the production of an

exopolysaccharide that inhibits protozoa grazirgayg (Matz et al. 2005).

In an attempt to characterize the health risk aatat to zooplankton’s surface attachment, it is
important to note that. choleraeds not the only pathogenic bacterium to adopt sustrategy in
aguatic environmentsHelicobacter pylori responsible for gastric ulcers in humans, can als
attach itself to the surface of cladocerans ancepogs, which would suggest that planktonic
organisms provide a means of possible transmissidhis bacterium to humans (Cellini et al.
2004). The significance of pathogenic bacterigfachment to zooplankton’s surface has never
been quantified as a risk factor in microbial risgsessment associated with drinking water.
However, the simple filtration technique recommehde developing countries provides
evidence that the removal of zooplankton organigmdrinking water can lower the risk of
cholera infection in regions wheké choleraeis endemic. This reveals the potential sanitary
significance of such associations with higher orgias and the relevance of studying them in
drinking water. In addition, it is not understoaduitlas time whether or not biofilms forming on
biological surfaces such as zooplankton exoskeletonprovide a significant increase in
resistance to disinfection treatments, includingrottal disinfection and UV. Further work is

therefore necessary to answer those questions.
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1.4 Nematodes

Nematodes are not generally pathogenic to man. Memveghe World Health Organization
includes them in the list of aesthetic nuisance iadécators of water treatment plant efficiency
(Matsumoto et al. 2002). Despite that, certaincEse of nematodes are human intestinal
parasites such asscarislumbricoidesbut more frequently, they are vectors of humaaromal

pathogenic bacteria.

1.4.1 Survival of microorganisms inside nematodes

There are several reports on the ability of nenegdd ingest bacteria, to favour their persistence
in the environment and therefore serve as potentedtors for pathogenic organisms.
Interestingly, information about this specific plaiatic can be taken not only from drinking
water related studies but also from research infitié of agriculture and food production. In
fact, many scenarios in food and agriculture indusan lead to the need to study nematodes as
pathogenic bacteria vectors. For instance, cemamatode species which are pathogenic to
plants are controlled with bacteria that are patimogto nematodes, (Chen et al. 2000), whereas
certain nematodes can be beneficial in agriculigreiological control agent, acting as vectors of

bacteria that are pathogenic to other organisnsatiesharmful to plants (Tan and Grewal 2001).

More importantly in the context of this review, easchers became interested in nematodes as
vectors of bacteria that are pathogenic to humansvaluate the health risk associated to
consuming raw fruits and vegetables. These relseer@valuated resistance to disinfectants in
bacteria ingested by nematodes, therefore providiegmation that can be useful in a health risk
assessment related to the presence of nematoaksiking water systems, which information
was therefore included in this section.

In the field of drinking water, Chang and his corlugrs have studied long ago the health
significance of nematodes with regard to theirigbih protecting bacteria. They found that
certain species of nematodes could ingest pathodpamiteria such &almonellaandShigellaas
well as Coxsackie virus and echovirus, and up @ 16 the ingested organisms could survive
for 24 hours at & inside their host (Chang et al.1960b). Converticreatments were

observed to be ineffective in terms of removal oactivation of nematodes, despite their
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sedimentation being facilitated when they lose rthaotility, which is possible following
chlorination at 180 mgnin/L (Chang 1961), a treatment condition too seve be applied at the
head of a treatment plant. Nematodes were obsdovedirvive chlorination as high as 360
mgmin/L (Chang 1961).

Nematodes of thRhabditidaefamily can originate from wastewaters and candfoge transport
and protect enteric bacteria and viruses, presgrhiarefore a potential health risk if found in
drinking water systems (Chang et al. 1960b). biualy about wastewaters, nematodes isolated
from trickling filters effluents were found to cam about 100 viable bacteria per nematode,
while an average of 75 viable bacteria per nemateae counted in the effluent of a primary
settler in a wastewater treatment plant (Chang Kaoler 1962). Approximately 5 to 10% of
these bacteria were coliforms, and bacteria sudh. &sli, Pseudomonasp., Streptococcusp.

were identified, among others.

The nematodeCaenorhabditis elegang member of theRhabditidaefamily that feeds non
selectively, has been used in several studies \estigate host-pathogens interactions. An
exhaustive list of known pathogens@felegansincluding various opportunistic and true human
pathogens, is found in Sifri et al. (2005). elegansused as a model host in agriculture studies,
and the nematodBiploscaptersp., commonly found in agricultural soil and in qmwst, can
vector various strains d@. coli 0157:H7,Salmonellaand Listeria monocytogene&aldwell et

al. 2003b), as those nematodes are attracted foathegenic bacteria and are able to ingest and
transport them in their digestive tract (Gibbs t2805). C. eleganshas also been shown to
transmit bacteriophages from one bacterial colanwrother on a Petri dish (Dennehy et al.
2006). Furthermore, when it is pre-exposed tocdmmphage populatiorf;. elegansan better
survive in the presence @almonella enteritidisand Salmonella pullorum(Santander and
Robeson 2004), suggesting that the phages remalitevand active inside the nematode’s gut

after ingestion.

C. eleganswas reported to ingest, transport, and excf@tgptosporidiumparvum oocysts
(Huamanchay et al. 2004) and, in experimental d¢ardi, 75 to 85 % of nematodes ingested up

to 200 oocysts after two hours of incubation. Trigested oocysts remained intact, viable, and
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infectious within the digestive tract of the nend®pwith possible excystation and freeing of
sporozoite into the gastro-intestinal system of bset. Nematodes that contained oocysts and
that had been exposed to desiccation for a day ameeto cause infection in mice, while oocysts
or nematodes alone having undergone the same &eatid not infect the mice. Furthermore,
C. eleganscontainingC. parvumoocysts had the ability to infect mice even aftaving been
kept in water for 7 days. However, the nematodesewexposed to unreasonable levels of
oocysts (2 x 1Doocysts for 100 to 200 nematodes) compared tatttieipated conditions in
surface water or granular filter water, for exampl®ur work (unpublished) suggests tli@at
elegansdoes not spontaneously seek to feedComparvumoocysts, especially if other particles
are available for its feeding, and oocyst ingesseems to occur rather fortuitously. It would
therefore seem highly unlikely to find an oocysthin a nematode in nature. In the perspective
of performing a risk assessment, it seems moreogpipte to focus on nematodes as vectors of
pathogenic bacteria rather than oocysts, sinceislkeassociated with infectious oocysts being
carried inside nematodes is likely to be very low.

1.4.2 Protection of ingested microoorganisms by nematodeagainst water

treatment

Cocultures of nematodes and bact&&monella typhandS. wichitawere exposed to 10 mg/L
of free chlorine for 15 minutes and viable bactesare released after ingestion and natural
defecation by nematodes (Smerda et al. 1970). ridkléoreatment killed all bacteria attached to
the surface of nematodes, whereas, depending orculere medium used after chlorine
exposure, the recovery &almonellavaried from 20 to 93.3%. ViabI8. wichitawere freed
from nematodes in a tap water solution by defenatrchich reflects drinking water conditions
and therefore the potential health risk linkedtsodonsumption. Bacterivorous nematodes can

excrete from 30 to 60 % of bacteria ingested imkidorm (Chantanao and Jensen 1969).

Nematodes of the genwhabditis which are commonly found in drinking water dilstriion
systems, were shown to provide protectiorictacoli C600 against free chlorine at doses of 0.5
and 1.0 mg/L (Ding et al. 1995E. colifreed from the nematodes by ultrasound and exptsed

chlorine for 15 minutes were reduced by 6 logs,levhacteria that were protected by nematodes
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were only reduced by 2.5 logs under the same dondit It is possible that this 2.5-log reduction
is due to bacteria being attached to the surfaceenfatodes, since following an hour of exposure
to chlorine, the concentration of recovered baateras the same as after 15 minutes. It begs the
question of whether or not the ingestédcoli had completely resisted the chlorine treatment,
while E. coli attached to the nematode cuticle had been disedemimost as easily as bacteria
suspended in water. Furthermore, bacteria ingebtechematodes were shown to survive
chlorine exposure (2% v/v or 1050 mg/L) and weressguently freed by nematode fecal waste,
while bacteria alone or on the surface of nematattgot resist the same treatment (Adamo and
Gealt 1996).

Nematodes were collected from raw and treated water drinking water plant using surface
water (Lupi et al. 1995). Most of them were invklrstage and measured, on average, 45
micrometers in length. Those nematodes were expms#0 mg/L of free chlorine (NaOCI) for
10 minutes, so as to kill the bacteria attacheth&surface of the nematodes, and were then
mechanically grinded. Heterotrophic bacteria agmterobacteria were recovered from
nematodes collected from both raw and treated watdrin significantly lower quantities in
treated water than in raw water (average valueateHPC and 11 enterobacteria per nematode
in raw water samples compared to 6.3 HPC and Zerayacteria per nematode in clean water).
C. eleganswas observed to disperse the bacté&iacoli, Salmonella typhimuriumListeria
welshimeri and Bacillus cereusy excreting viable cells after ingestion and estgpe to 3 mg/L

of sodium hypochloride for 5 to 6 minutes (Anderstral. 2003). Some chemical disinfectants
used in agriculture, including free chlorine (ahcentrations of 0.02 to 0.50 mg/L and contact
time of 5 minutes) can inactivate the bacte8@monellaPoona present on the surface of the

nematodeC. elegansbut not those that had been ingested (Caldwell. &003a).

Some species of bacterivorous nematodes can prquioiection to potentially pathogenic
bacteria in natural and filtered waters as welliraglistributed water. Bacteria protected by
nematodes seem to be present in treated wateconaentration that is too low to be considered
a real risk to human health (Lupi et al. 1995).eixthough infectious doses are generally higher

for bacteria, it is not definite that this conclusican be extended to protozoa sucl@sdia and
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Cryptosporidiumor to viruses, which have very low infectious efs Consequently, we suggest
that nematodes be considered as an increaseddsk fn water systems. Finally, let's note that
pathogens protection against UV disinfection withematodes has not been researched in the

literature to this date.

1.5 Discussion

The internalization of microorganisms by higheramgms can be considered in various contexts
of more or less significance in regards to pub&elth. Ecologists are studying this phenomenon
in an attempt to understand aquatic trophic netwaakd variations in the composition of
microbial communities in surface waters, withoutnsidering specifically pathogenic
microorganisms and without particularly trying stablish a link between these observed natural
phenomena and human health. On the contrarygeiaghcultural industry, the internalization of
microorganisms by higher organisms is clearly eglato health issues, offering solutions in
certain cases, but causing problems in other cadsanwhile, drinking water specialists too
often dissociate microorganisms’ inactivation kiogtby disinfection processes from the natural
conditions under which they take place. This mvi@ms at (1) evaluating the scientific
observations of the potential health risk arisimnf the diverse associations between superior
organisms and pathogenic microorganisms in a drgqater perspective and (2) identifying the
missing data which impedes the establishment decand effect relationships that would permit
to better appreciate the sanitary risk associatddtivs phenomenon.

When considering the study of this phenomenon e gpecific context of drinking water, the
focus, in a perspective of risk analysis, has toohemicroorganisms that are pathogenic to
humans. The health risk associated with theseogatis being protected by higher organisms in
drinking water should be considered at three sbéjsinking water production: (1) at the source,
especially in the case of unfiltered surface waté2} at the effluent of water treatment plant
filters, since practically all granular media fibe whether or not they are used in a biological
mode, are colonized by invertebrates, and (3) envilater distribution system, as suggested by
the well-known case dfegionella pneumophilavhich proliferates in distribution systems in the

presence of amoebae.
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The first clue of the significance of higher organs in water systems can be found in studying
their occurrence at those three stages of watedugtmn. At the source, for instance,
concentrations between 2 and 3,000 amoebae prditd from 200 to 90,000 amoebae in river
water were found during a three-year investigato®ermany, in untreated reservoir water and
in rivers used as water supply sources, respegtiv@ffmann and Michel 2001). Densities of
200 to 300 rotifers per liter are common in natdreshwaters and can occasionally reach 1000
per litre (Wetzel 2001). As of filters, importadénsities of nematodes were measured in sand
samples taken near the surface of a slow sand litd (approx. 570 nematodes in a 30 g sand
sample), as well as other types of zooplanktonrosgas such as amoebae, rotifers and copepods
(approx. 140 amoebae, similar quantity of rotifensl about 60 copepods in a 30 g sand sample)
(Hijnen et al. 2007). Invertebrate concentratiangjnly nematodes or rotifers, in the order of
several thousands individuals per litre have besponted at the effluent of granular filters
(Schreiber et al. 1997, Castaldelli et al. 2005) eoncentrations of up to 400 amoebae per litre
were measured in filtered water from drinking waterification plants (Hoffmann and Michel
2001). As for distribution systems, protozoa dweught to be present in most systems in
concentrations between 5xX16t 7x10/L (Sibille et al.1997) whereas cladocerans andepofs
have been found in concentrations between 600 &fdofganisms/min samples taken at

hydrants (van Lieverloo et al. 1998).

However, the sanitary significance of higher orgars in water is determined by the presence of
internalized waterborne pathogens, whose resistangemary or secondary disinfection may be
enhanced. Invertebrates in distribution system®veund to be colonized by a large variety of
bacteria, in numbers ranging from 1 to 10 CFU/cogegnd from 10 to 100 CFU/nematode, both
inside their digestive system and on their surfigbere the bacteria could be found individually
or in colonies (Levy et al. 1986). Average coloryunts reaching up to 4000 bacteria per
invertebrate were observed in a drinking water esystapproaching the infectious dose for
certain of the bacterial species identified, pdgsdssociated with a single superior organism
(Wolmarans et al. 2005). Some of the invertebeatsciated bacteria from that system were

identified to be frank or opportunistic human paos (includingAeromonas hydrophila,
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Burkholderia cepacia, Klebsiella pneumonia, Pseudioas aeruginosa, Enterococcus faecium,
Streptococcus agalactiaeo name only a few). Moreover, total coliformasypical coliforms and
heterotrophic aerobic bacteria (HPC) were showrdoreleased from nematodes when they
transited through the high-pressure pumps of akohgnwater distribution system (Locas et al.
2007), explaining the seasonal recurrence of taiborm bacteria at the volute of pumps (even
though free chlorine residuals were as high as Lhig). In that specific case, the free chlorine
residual maintained in the distribution systemaéld for the rapid inactivation of the released
bacteria, limiting the potential microbial risk. hdse studies investigating the association of
bacteria with invertebrates in distribution pipexen though most of them don’t identify
pathogens, are interesting in the way that theprtepable bacteria that are really found to be
associated with higher organisms in the distributietwork, which is the most crucial location
in terms of risk of transmission to humans. Ofrseuhe unpathogenic bacteria are insignificant
in terms of health risk, and there is a need ttebédentify those invertebrate-associated bacteria
in order to find out in what proportion do pathogestcur in association with invertebrates in

real conditions.

Meanwhile, it is estimated that approximately 258 0anthamoebaisolated as much from the

environment as from humans, carry endosymbiontsnigka-Krusnell and Linder 2001).

Amoebae infected by bacteria seem to be commonahing towers (present in 22 /40 samples)
whereas they seem more rare (or perhaps hardeetextfl in natural aquatic environments
(present in 3/40 samples), as shown in a studyactenizing 40 samples of water, biofiims and
sediments from cooling towers in various Americtates, as well as 40 samples from various
lakes, rivers, creeks, and ponds (Berk et al. 2086)oebae were found to be infected mostly by
bacteria other thahegionella pneumophilamost of which were not culturable outside of an

amoeba.

Altogether, these studies lead us to consideratgelgroup of superior organisms as vectors for
human pathogenic microorganisms, a reality whichcesenot permit ourselves to ignore in the
drinking water production industry, consideringtthasingle organism could potentially transmit

an infectious dose through a drinking water distiidn system. However, very few information
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Is currently available in scientific literature tuantify the risk associated with this issue. A
quantitative microbial risk analysis model was deped for Legionella erythrain drinking
water distribution systems. This species was wse@d substitute for the human pathogen
pneumophilgStorey et al. 2004a). It was shown that the pres@fAcanthamoebae castellanii
was an important risk factor for Legionnaires' ds® increasing the bacterium’s resistance to
free and combined chlorine, as well as to thermegltment. An increased risk of approximately
two orders of magnitude was calculated in the mreseof amoebae, compared to the risk
associated with planktonic bacteria exposed tostmae thermal treatment conditions or free or
combined chlorine disinfection conditions. In angar analysis, the calculated risk was
increased by one order of magnitude when consigdratteria associated to biofilm, suggesting
that amoebae would be a more important risk factiokegionellain water systems than biofilm
attachment. In practice, it is difficult to qudmptihe risk of Legionnaires' disease caused by
inhalation of the bacteria by users of the drinkimater distribution system given, on one hand,
the obvious lack of available data regarding theed@sponse relationship associated with
exposure toLegionella and, on the other hand, the approximation necgssaevaluating
volume of water particles inhaled by a user. is #tudy (Storey et al. 2004a), the maximal risk
approach was used, which assumes that exposursingla pathogenic microorganism results in
an infection in the host, which can be justifiableen considering the worst case scenario, which
would be that of an immunodeficient individual duyyia nosocomial contamination episode. All
other values entered in the risk analysis modelously call for estimation, for example, the
normal adult respiration rate and the average auratf a shower, which is assumed to be the
critical situation for maximum exposure to micromngsms carried in aerosol. Thus, the value of
the calculated risk in this model is more relatiian absolute. The exercise reported in this
study highlights missing information necessary torenfairly evaluate the risk associated with
the presence dfegionellain drinking water distribution systems, but it@lallows to compare
different strategies for the treatment and distrdyuof water in the context of reducing the risk
of Legionnaires' disease while keeping in mind ¢kelogical factors actually occurring in the
distribution network. It is important to considéat the risk associated to amoebae harbouring
Legionellain distribution systems must be considered in seahinhalation, whereas amoebae
could transmit human enteric pathogens suchCasipylobacterthrough the usual route of

exposurei.e. by water consumption.
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In surface waters, harsh environmental conditioeens to favour the association of some
bacterial pathogens with higher organisms. In,fagtdosymbiotic relationships between
amoebae and bacteria or viruses can take placesasvial strategy used by endosymbionts.
Similarly, it is thought that attachment \@ibrio choleraeto the surface of planktonic organisms
in water can also be seen as a survival mechamshostile conditions, since the bacteria can
find a rich nutrient source in the chitinous suefaxf some zooplankton organisms. This can be
compared to the formation of biofilms, possibly @rbiological surface, known to occur in V.
cholerae for instance in reaction to grazing presdwy protozoa (Matz et al. 2005). Such
microbiological behaviours, which enhance the savitime of human pathogens in the
environment, are usually not the object of engimgeconcerns, therefore the contribution of
microbiologists, biologists and ecologists is caliciWater engineers should, for their part, focus
on gathering quantitative information in a risk essnent perspective. One flaw found in
literature in that regard is the lack of informatiabout the resistance of internalized pathogens to
various disinfection processes, including UV, whefficiency is known to be influenced by
physical embedment of microorganisms in water. c8ipally, we found that resistance to
disinfection of pathogens located inside zooplankboganisms such as rotifers, copepods and
cladocerans has not been assessed to date. 8d@sstan be performed in artificial conditions,
using model hosts for instance, since it is difticto isolate one species of zooplankton
organisms from natural water samples. Howeveés,atso important to assess the significance of
higher organisms in water systems by performinfyl fexperiments. In fact, we are under the
impression that laboratory experiments consistm@eeding higher organisms with pathogens,
such asCryptosporidiumand Giardia, for instance, can be considered as misleadingptoe
extent, or at least incomplete, since artificiahditions of highly improbable occurrence in water
systems are necessary in order to observe ingestuth studies can however be revealing if
they are paired with observations, in field expemts, of that same host-pathogen association.
We therefore suggest that studies such as thofarped by King et al. (1991) and Nowosad et
al. (2007) on zooplankton harbouring microorganisamsl that of Berk et al. (2006) on infected
amoebae, for instance, be put forth, to detectl@igathogens naturally occurring inside of
higher organisms in water samples. In order tedeinternalized human pathogens, it is
necessary to sample highly contaminated waters. also important to include, in such studies, a



40

relevant assessment of the ability of the recovepathogens to infect a human host.
Additionally, we deem important to better investeyéhe occurrence of viable pathogens located
inside invertebrates in water distribution systesisjilarly to the work of Wolmarans et al.
(2005), since the abundance of invertebrates inpipe systems is well known, while their

sanitary significance remains poorly characterized addressed.

In practical terms, the time factor is a major &aje in assessing the microbial risk associated
to higher organisms as vectors of human pathogengater. The ingestion of pathogens by
some invertebrates can be studied as a removalamisch, for example in granular filters, if
pathogens are digested following ingestion. Int,fanany biological processes, used in
wastewater treatment for instance, rely on higmgawisms digesting waterborne pathogens. Itis
therefore natural to anticipate that the fate oktmngested pathogens is to be eliminated from
water. However, studies reported in this reviewwlmematodes vectoring human pathogens, for
example, prove that on the contrary, some inveatebrcan in some instances get associated
(internally or externally) with human pathogens amdry them through water systems. It is
thought that the time factor is important to coesith such cases, since pathogens may not be
digested if water consumption by human occurs Bhafter pathogen ingestion by zooplankton
and nematodes. Moreover, most of the invertebthtgsare released in the filters effluents are
offsprings of the populations growing in the fikgand therefore and most probably not infected
with pathogens from the source water. Altogethibis would suggest that the main risk
associated to invertebrates in distribution systesuld result from the ingestion of pathogens in
the distribution mains, a situation which is lesshable than in the case of contaminated surface
waters. Laboratory experiments have also allowghlighting the importance of this time factor
when bacteria and amoebae are in coculture. tnifasome cases, a prolonged incubation could
lead to the loss of viability in the intracellulbacteria, whereas in other cases, it could result i
the destruction of the host cell. The case of d&atthat replicate inside protozoan hosts is
probably the most important concern in terms ofltheask management for drinking water,
since the number of bacteria contained in a siagganism can easily exceed the infectious dose
for humans. It is also of concern to know thatsthdacterial pathogens can survive within the
resisting form of their host, i.e. the cysts, cdesing that cysts can resist various extreme

conditions and have a prolonged survival time itured environments and engineered water



41

systems. We can however consider the more spemaBe of bacterial pathogens replicating
inside protozoa separately from the more genersg¢ od pathogens ingestion by invertebrates,
which most often imply a probability of digestiog the host with time. In fact, when taking this
time factor into account, it appears that the suimcanditions that are needed to occur
simultaneously at a specific location in order tzs@rve a significant sanitary risk make this
situation more of a coincidence of low probabiligxcept for the case of bacterial replication
inside protists. In fact, intracellular pathogems more likely to persist throughout all steps of
the transmission route from the treatment planhumans, and that, in a sufficient number to

possibly create an infection in human after ingastf inhalation.

It is important to consider the limits of the expsental methods that are used when assessing the
survival of microorganisms inside higher organisansgl their resistance to disinfection. One of
the greatest challenges concerns the necessityote pvhether or not pathogens that survive
within a higher organism are able to create arctida in human cells. Microscopic observation
is often ambiguous on that aspect, whereas starmdingdre methods can also be misleading,
since some bacteria have a viable but not cultaratate in which they remain viable.
Furthermore, many bacteria found to infect amoetraenot culturable outside of amoebal hosts
(Berk et al. 2006). However, it was shown that ynbacterial pathogens resist digestion within
protozoa by using similar mechanisms as the oned wsinfect human macrophages. Therefore,
it is interesting to explore whether the use of aba® could be relevant when assessing the
viability of such human pathogens, since repligatio amoebae could indicate the ability of

bacteria to cause an infection in a human host.

The few cases of pathogenic microorganisms beingcti within a host might be clues to a
phenomenon that is more widespread than acknowdediyethe drinking water treatment
industry. The detection of viableryptosporidiumoocysts within rotifers in natural lake waters
(Nowosad et al. 2007) could lead to question thkdisa of the pathogenic microorganism
concentrations measured during microbiological ati@rization of surface waters, which does
not usually take into consideration microorganistingt are potentially viable within higher
organisms. Some may argue that the occurrenceattfogens protected inside of higher

organisms is a rare event in treated waters fromomventional treatment plant. But the
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objectives in treating drinking water in North Anuar require, in practice, the production of
water that contains less than one parasite perODOOL (USEPA 2006). In this context, the
presence of viable parasites inside higher orgamiswven though it is, according to all evidence,
a rare phenomenon, could potentially be a non gibigi risk, keeping in mind the protection that
this higher organism brings to the pathogenic asyas it harbours. To date, the required

information to properly evaluate this risk remaimsomplete or missing.

The study ofLegionellaand its mechanisms for resisting digestion by moeba, for example,
opens the door to the analysis of a more geneddtrhask that might possibly result from the
high disinfection resistance of pathogenic bactpra@ected by a protozoa or one of its vesicles.
Even though predation by higher organisms can beenmdense at certain steps in a water
treatment system, for example in granular filtersere benthic invertebrates such as nematodes
proliferate, an evaluation of the importance of gieenomenon of pathogen internalization by
higher organisms in raw water is completely absanthe scientific literature. Despite the
quantification obviously presenting major methoddal challenges, such work would provide a
valuable knowledge to the water industry. If then@ern for public health of drinking water
scientists could be combined with the interestseskarch in freshwater ecology, a significant
scientific contribution could arise from such col@ation. The study of the resistance of
internalized pathogens to traditional disinfectaadswell as to advanced treatments such as UV
disinfection is imperative to the drinking watedustry and to the evaluation of the microbial
risk. The emergence of UV disinfection could prdeebe an interesting tool if UV rays can
successfully inactivate microorganisms harbouredhigier organisms, a demonstration that has

not yet been done to this day.

While we are starting to understand the resistaneehanisms of microorganisms exposed to
disinfection, such as the forming of biofilms, agggmtion, and attachment to particles or to
surfaces, biological or not, the study of microengen survival within higher organisms proves
to be necessary so that we may no longer ignordigtte conditions that characterize natural
environments and that are too often excluded framodatory disinfection assays, which

nevertheless determine to this day the disinfettandards for the drinking water industry.
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CHAPITRE2 OBJECTIFS DE RECHERCHE ET DEMARCHE
EXPERIMENTALE

Afin d’explorer la question du risque sanitaire a$é aux microorganismes pathogenes
internalisés par des organismes supérieurs daaus fietable, une revue critique de la littérature a
d’abord été réalisée afin de dresser le portraiplles complet et le plus a jour possible des
connaissances du monde scientifique sur les élémgsnticipants a ce risque. Cette revue
critiqgue présentée au chapitre précédent avaieggait pour fonction d’'identifier les principales
inconnues dans I'évaluation de ce risque microliglee. Dans le but de préciser le probleme a
I'étude dans le cadre de cette thése, les aspEcimieux documentés dans la littérature ont été
écartés ou du moins abordés seulement en périphesiexpériences élaborées. En effet, suite a
une synthése de la littérature, les tendances raigivant pu étre soulignées : (i) Les interactions
entre les protistes, particulierement les amibedes bactéries pathogénes humaines font I'objet
d’études spécifiques dans différents contextesedberche, incluant des études poussées en
microbiologie sur les mécanismes intracellulaires dactéries internalisées et mettant en
évidence I'importance des ces phénoménes au nideaisque sanitaire. Ceci constitue une
incitation a traiter les protistes, organismes elfidaires, comme un groupe distinct des autres
hotes, soit les organismes multicellulaires du faogon (rotiferes, copépodes, cladoceéres,
considérant ici également les nématodes), dansrdhlgmatique de linternalisation des
microorganismes dans I'eau potable. (ii) L'occooe des organismes supérieurs en eau potable
est principalement caractérisée a I'effluent diée granulaires et en réseau de distributioi). (i
Les organismes du zooplancton, entre autres I@erest et les cladoceres, peuvent ingérer, en
conditions de laboratoire, des microorganismesqugithes résistants et d'importance cruciale en
eau potable tels que les protozoaitagptosporidiumet Giardia. (iv) Des observations du role
des nématodes comme prédateurs et veéhicules deribactpathogénes humaines sont
abondamment rapportées dans la recherche en eahlepa@t en industrie agro-alimentaire,
incluant la capacité des nématodes de protégebdeteries ingérées contre la désinfection
chimique, permettant de supposer entre autre uokeqgion pratiquement compléte contre la

chloration dans des conditions typiques d’eau petab

A partir de ces tendances observées dans la fittétdes objectifs de la présente thése ont été

précisés, tels que décrits a la section suivante.
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2.1 Objectifs de recherche

L’objectif général de ce projet de recherche cdasisévaluer I'impact de l'internalisation des
microorganismes pathogéenes par les organismesisugsur le risque microbiologique lié a la

consommation d’eau potable.

L’évaluation de lI'impact de l'internalisation desamorganismes pathogénes par les organismes
supérieurs nécessite de considérer plusieurs aspRctphénomene qui sont encore peu
documentés dans la littérature scientifique, sditgpalement: (i) la probabilité d’occurrence
d’'un microorganisme pathogéne a l'intérieur d’'ugastisme supérieur dans I'eau potable; (ii)
'impact des procédés de désinfection sur la sudign microorganisme internalisé par un

organisme supérieur.

bY

La filtration granulaire a été ciblée comme un euli favorable & [linternalisation des
microorganismes, entre autre parce que les orgasismpérieurs y sont abondants et que leurs
activités de prédation y sont intensifiees. Lardéstion UV a été identifiee comme un procédé
de traitement de I'eau potable présentant un petedtinactivation des microorganismes
internalisés par les organismes supérieurs, enrastat avec la plupart des désinfectants
chimiques rapportés comme relativement inefficdaes a cette problématique. Enfin, 'analyse
quantitative du risque microbien (QMRA) constitug autil de plus en plus standardisé en eau
potable pour évaluer dans une approche probabitisters scénarios associés a un risque

d’infection chez les consommateurs.

Cette these se donne pour objectifs spécifiques de

(1) caractériser I'occurrence du phénomeéne d’interatitia de microorganismes pathogenes
par les organismes supérieurs dans la filtrati@nglaire et le transport des organismes

internalisés dans I'eau filtrée;

(2) caractériser l'effet de protection dont bénéficikest microorganismes internalisés par des

organismes supérieurs sur la performance de lafééson UV;

(3) comparer I'effet de protection di a l'internalisatides microorganismes parallélement a

celui de l'agrégation et de l'attachement aux paléis sur la performance de deux
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procédés voisins, soit la désinfection UVC et lainféction solaire (UVA), appliqués

respectivement dans les pays industrialisés eéeelappement;

(4) développer, par la caractérisation d’'une chaineétiéments décrivant l'internalisation et
le transport de microorganismes par les organisupsrieurs, un modele d’analyse de
risque permettant de quantifier le risque sanitai®socié aux microorganismes

pathogénes internalisés dans I'eau potable.

La réalisation de ce projet de thése repose sinyj@sthéses de recherche suivantes :

(1) Des microorganismes pathogénes résistants telslepigoo)cystes de protozoaires
peuvent étre internalisés par des organismes duiauzion dans des filtres granulaires et
peuvent étre partiellement transportés comme osgas internalisés dans I'effluent

filtre.

(2) Les microorganismes internalisés par des organissuggrieurs sont partiellement
protégés contre les radiations UV (254 nm) gratmuahbte et sont donc inactivés dans

une moindre mesure par rapport a des microorgasisibres face a une méme dose UV.

(3) Les mécanismes de protection des microorganisnegjtie I'agrégation, I'attachement
aux particules et linternalisation par les orgams supérieurs ont des impacts
comparables face a la désinfection UV et la désiitie solaire (UVA) de I'eau potable.

(4) L'internalisation de microorganismes pathogénesstasts tels que les (oo)cystes de
protozoaires est un phénomeéne rare en eau potatdss qui peut potentiellement
représenter un risque sanitaire considérant lddefaiconcentrations prescrites par la
réglementation courante, et posant qu'un (oo)cygtrnalisé et rejeté a I'effluent d’'un
filtre granulaire présente une forte probabilité sl@vivre a travers les barrieres de

désinfection subséquentes tant qu’il demeure &fieur de son héte.
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2.2 Méthodologie

Le plan expérimental élaboré pour cette thése abairtsi deux axes de recherche découlant de
I'identification des principales lacunes dans I|#&éfature au sujet des microorganismes
pathogenes internalisés par des organismes superigans l'eau potable, soit (i) la
caractérisation de l'occurrence et du transport plegozoairesCryptosporidiumet Giardia
internalisés par des organismes du zooplancton dessonditions environnementales en eau
potable; (ii) I'évaluation de la protection de ngorganismes internalisés par des organismes du
zooplancton contre la désinfection UV, considésamt utilisation typique en aval d’une filtration

granulaire, ou la prédation par les organismesrgyp8é (et donc I'internalisation) est favorisée.

Ces deux axes de recherche ont été développéveaunexpérimental de la fagcon suivante : (i)
I'occurrence des protozoairésryptosporidiumet Giardia internalisés par des organismes du
zooplancton a été étudiée dans des conditionsluatifin granulaire a I'échelle pilote, avec
ensemencement de hautes concentrations d’(oo)ayst€syptosporidiumet Giardia, et (ii) la
protection de microorganismes internalisés par deganismes du zooplancton contre la
désinfection UV a été évaluée a I'échelle du latmira & I'aide de bactéries indicatrices telles
que E. coli et les spores dBacillus subtilisinternalisés par des nématodes, soit un systeme
biologique préalablement utilisé par d’autres arggDing et al. 1995, Adamo et Gealt 1996,
Anderson et al. 2003, Kenney et al. 2005, Laabetridworkin 2008) pour étudier la protection
de bactéries internalisées face a la désinfectiimique. A ces travaux sur la désinfection UV,
se sont ajoutés des travaux paralléles visant gpamnl’impact mesuré da a l'internalisation des
microorganismes face a la désinfection UV (254 aw®c I'impact d’'une telle protection dans la
désinfection UVA (solaire), un procédé de désindectvoisin de la désinfection UV, basé sur
I'action des radiations UVA naturelles du specttaise et appliqué dans les communautés en
développement. Cette étude paralléle s’est éteadiévaluation plus large des mécanismes de
protection des microorganismes face a la désimiedivVA, en comparaison avec la désinfection
UV (254 nm) : limpact des mécanismes d’'agrégati@iurelle des microorganismes et de

I'attachement aux particules a été inclus dandresaux.

Enfin, 'analyse quantitative du risque microbidpge (QMRA) a été utilisée en étape de
synthese de cette recherche afin de rassembledodioer et de quantifier le plus possible de

morceaux du casse-téte pour répondre a la questiMante : « Quel est le risque sanitaire
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associé aux microorganismes pathogenes interngdes€gdes organismes supérieurs dans l'eau
potable ? » Le risque sanitaire a été estimé gaamément par des simulations Monte-Carlo
basées sur le modéle exponentiel d’infectivitéhaat que, selon les pratiques réglementaires
actuelles de la USEPA, la probabilité d'infectiamaelle Pyt @nnueiiey e doit pas excéder 10

soit une infection par 10 000 personnes annuellemen

La méthodologie développée pour chacune des pleapésimentales de cette these est détaillée

dans les sections suivantes.

2.2.1 Occurrence et transport de microorganismes pathog&s internalisés

par des organismes supérieurs dans la filtration gmulaire

Les (oo)cystes deCryptosporidium et Giardia ont été choisis comme microorganismes
pathogenes résistants permettant d’étudier l'iigsation et le transport des microorganismes
dans la filtration granulaire. En effet, I'ingestid’(00)cystes par les organismes du zooplancton
(rotiféres, daphnies, nématodes, protozoairesstikéété observée en laboratoire (Fayer et al.
2000, Trout et al. 2002, Stott et al. 2001, Stothle 2003, Huamanchay 2004, Connelly et al.
2007) et des oocystes @eyptosporidiuminternalisés dans des rotiferes ont été détectés des
conditions complétement naturelles d’eaux de l&swosad et al. 2007). Une étude a été
réalisée a I'échelle pilote afin de permettre l@emencement des filtres a des concentrations
élevées d’'(oo)cystes deryptosporidiumet Giardia. Des colonnes de filtration au charbon actif
granulaire (CAG) naturellement colonisées de zouptan ont été utilisées afin de favoriser
I'observation de prédation dans le lit filtrant.e<travaux comprennent principalement 3 parties
expérimentales, soit (i) le développement d’'un guole permettant une rupture complete
d’organismes du zooplancton par sonication darmutede libérer et d’énumérer les (oo)cystes
internalisés; (i) le prélevement d’échantillons dwtériau granulaire (CAG) a différentes
profondeurs du lit filtrant suite & I'ensemencemdes filtres afin d’énumérer les (oo)cystes
retenus dans le lit filtrant et attachés aux grd@gharbon actif ainsi que les (oo)cystes rej@tés
I'effluent filtré; (iii) I'isolement d’organismes ul zooplancton dans les échantillons de CAG
prélevés du lit filtrant et a l'effluent pour I'émération du zooplancton et I'extraction et
énumération des (oo)cystes internalisés par I'epptin du protocole de sonication

précédemment optimise.
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2.2.1.1Ensemencement des filtres CAG

Le montage de filtration CAG a I'échelle pilote esinstitué de deux colonnes identiques en
parallele (15 cm de diametre, 1 m de profondeudrégs (sans rétrolavage) a une charge
superficielle de 5 m/h. Le temps de contact daes tolonnes est de 12 minutes.
L’ensemencement d’(oo)cystes @eyptosporidiumet Giardia est d’'une durée de 2 heures a des
concentrations de 156/L et 4.84/L & l'affluent, respectivement. Les (oo)cystest @té
préalablement inactivés par irradiation UV et netgms marqués par fluorescence. Le charbon
utilisé pour remplir les colonnes du montage pilptevenait de filtres a échelle réelle apres
40000 volumes de lit filtrant d’opération des &t Le montage pilote est opéré a I'effluent d’'un
traitement conventionnel (coagulation et filtrati@pide sur sable) dans une usine de traitement
d’eau potable a échelle réelle alimentée par ldaula riviere Meuse (Pays-Bas) apres rétention

dans un réservoir.

2.2.1.2Développement du protocole de rupture des organisreedu zooplancton et de
récupération des (oo)cystes internalisés

Des organismes du zooplancton ont été isoléSchimudzdeckee filtres a sable lents et a
I'effluent des colonnes de filtration CAG avantri&mencement des filtres afin de préparer des
échantillons des 3 groupes d'organismes suivargriohiés comme pouvant présenter une
résistance semblable a la sonication : (1) les tues, (2) les rotiferes sans carapace rigide et
(3) les rotiferes avec une carapace rigide. Rlusiéltrations successives sur un filet a plancton
de 30um et plusieurs ringcages a I'eau non chlorée ontnerisolation du zooplancton, et la
division par groupe a été réalisée en prélevard un les organismes de chaque groupe a l'aide
d’'une micropipette au binoculaire. Plusieurs étlans de 5 ml d’eau stérile contenant chacun
20 organismes d’un méme groupe ont été préparéprdtocole de sonication a été optimisé en
appliguant différentes durées de sonication a ah&ghantillon de zooplancton et en mesurant le
pourcentage d’organismes détruits par chaquerinaité  Une sonde Branson Sonifier S-250D a

été utilisée a des amplitudes de 45% et 65%.

2.2.1.3Analyse des (oo)cystes libres retenus dans le litfant

Une et trois semaines apres I'ensemencement dessfildes échantillons de CAG ont été

prélevés a travers le lit filtrant des deux colanrae filtration selon la distribution des
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profondeurs suivante : couche supérieure, 0-5 et} &m, 25-30 cm, 50-55 cm, 85-90 cm. Des
échantillons composites ont été préparés en combias échantillons des 4 couches supérieures
(0-30 cm) et ees 2 couches inférieurs (50-90 doels échantillons prélevés apres 3 semaines ont
éte traités spécialement pour favoriser le détaenemes (oo)cystes du matériau granulaire, en
appliguant successivement les 4 étapes suiva@tesinutes d’agitation manuelle, 2 minutes de
mélange au vortex, 2 minutes de sonication a fadbkergie dans un bain a ultrasons, puis, 2
minutes de sonication a énergie élevée a l'aidaalsonde (45% d’amplitude). Les (oo)cystes
récupérés ont été isolés par IMS et énumérés penossopie en épifluorescence (Leica, DM

RXA) a un grossissement de 250X.

2.2.1.4Analyse des (oo)cystes internalisés dans les échios de zooplancton prélevés du

lit filtrant et a I'effluent

Les échantillons composites de matériau granulaiéparés tel que décrit plus haut ont servi
également a l'isolement d’organismes du zooplangtour I'analyse d’(oo)cystes internalisés
dans les deux parties du lit filtrant (0-30 cm @{9® cm). Le zooplancton a été isolé du matériau
granulaire et concentré grace a un protocole hask $ltration sur un filet & plancton de gén.

Le zooplancton a I'effluent des colonnes de filomata également été isolé sur un filet deugf

Le traitement optimal déterminé plus t6t dans Bé&tupour la rupture des organismes du
zooplancton a été appligué aux échantillons conésnde zooplancton du lit filtrant et de
I'effluent afin d’extraire les (oo)cystes interres. Les échantillons ont été divisés afin de
comparer I'énumération d’(oo)cystes suite a la mé¢h IMS pour des échantillons de
zooplancton non traités et des échantillons traigssonication pour la rupture du zooplancton.
Cette comparaison a permis d’évaluer la portiora)€ystes internalisés correspondant a la

hausse des comptes d’(oo)cystes par rapport aaagdbns non traités.

Les organismes du zooplancton ont été énumeérétertifiés par microscopie inversée (Leica,
Leitz Labovert FS) a un grossissement de 100X pesréchantillons du lit filtrant et de

I'effluent.
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2.2.2 Protection face a la désinfection UV des microorgasmes internalisés

par des organismes supérieurs

L'impact de l'internalisation des microorganismes $efficacité de la désinfection UV a été
évalué en utilisant le nématode. elegans un modele biologique répandu pour I'étude
d’interactions hoétes-pathogenes, comme prédateur Ips bactérie&. coli et les spores dB.
subtilis  Un protocole a été développé afin de (i) pemaetta prédation des deux
microorganismes ciblé€( coli et spores d®. subtili§ par les nématodes, (ii) exposer les co-
suspensions a l'irradiation UV (254 nm) et (iii)texre les bactéries internalisées grace a un
protocole de sonication permettant la rupture dasatodes et I'énumération des bactéries par

des méthodes de culture standards.
2.2.2.1Préparation des co-suspensions de nématodes et @i

La souche sauvage N2 du némat@delegansa été utilisée dans cette étude. Les nématodes on
été cultivés sur des géloses d’agar NGM de 5 mmdiagmetre. Une souche de colFOP50
exprimant la protéine verte fluorescente (GFP)éauéitisée, ce qui a permis la visualisation des
bactériesE. coli internalisées a l'intérieur du tube digestif désnatodes par microscopie en
épifluorescence a des fins de contréle qualitatiff@rentes étapes du protocolE. coli OP50-
GFP a été cultivé a 3¢ pendant 24 h dans une solution L-Broth; 0.1 mtelte culture a été
déposé sur la surface des géloses de NGM avaninankeation a 37C pour 24 h permettant
d'établir une croissance confluente des bactériemtade transférer les nématodes sur les
géloses. Les cultures de nématodes ont été syrises de maniére a obtenir une population
d’age homogene pour les essais d’inactivation U¥.protocole de synchronisation est basé sur
I'exposition des nématodes a une solution contebantl de NaOH 1N et 2 ml de solution
commerciale de chlore (hypochlorite de sodii25%) pendant 10 minutes, ce qui permet de
tuer toutes les formes du cycle de vie des nématad&xception des ceufs. Suite a plusieurs
rincages a l'eau Milli-Q stérile et par centrifuigat, les ceufs sont déposés sur la surface des
géloses NGM couvertes d’'une coucheElecoli OP50-GFP. Les géloses ont été incubées a
température piéce pendant 3 jours pour obtenindesatodes adultes. Les nématodes récupérés
sur la surface de 6 géloses apres 3 jours d’'incubaint été utilisés pour chacun des essais

d’inactivation UV.



60

Pour les essais d'inactivation des sporeB dsubtilis les nématodes adultes récupérés®gals
d’'incubation ont été rincés a plusieurs reprisasgeatrifugation avec une solution de tampon
phosphate afin déliminer la plupart des bactérescoli externes (non ingérées par les
nématodes) et favoriser I'ingestion subséquentgpdees. Pour chacune des géloses utilisées, les
nématodes rincés ont été resuspendus dans 5 mahgmmn phosphate stérile et 0.1 ml d’'une
solution de spores dB. subtilis (ATCC 6633,~10° UFC/ml) a été ajouté a la suspension.
Chaque suspension a été transférée dans un Béle ge 50 mm et incubé a température piece

pendant 3 heures pour permettre la prédation desspar les nématodes.

A la fin des périodes de prédations p&urcoli et B. subtilis les co-suspensions ont été rincées
au tampon phosphate a plusieurs reprises par ftgyattion et décantation afin de réduire la

demande en chlore des échantillons, en prévisidiéi@pe subséquente du protocole.

2.2.2.2Essais d'inactivation UV

Le protocole décrit ci-aprés a été entierementtéepéis fois, sur trois semaines successives,
pour chacune des deux ciblEs coli et B. subtilis Chaque réplicat a été réalisé a partir de
nouvelles cultures de nématodes synchronisées.ca-ssispensions pour chaque essais ont été
combinée en une seule suspension dans une sotlgitampon phosphate d’'un volume final de
50 ml. Apres le rincage pour la réduction de landede en chlore, la suspension a été
homogénéisée et la concentration initiale de biesté@t de nématodes a été mesurée. Ensuite,
une étape de chloration a été appliguée aux suspenafin d’éliminer les bactéries non
internalisées par les nématodes: une solution dtiyjprite de sodium a été appliquée aux co-
suspensions nématodEs-coli a 10 mg CIL pendant 5 minutes et a 15 mg/Clpendant 20
minutes pour les co-suspensions nématd@iesbtilis Les traitements de chloration ont été
neutralisés par I'ajout de thiosulfate de sodiunmsdées deux cas. Apres cette étape, les
concentrations dé&. coli et de spore8. subtilisont été mesurées dans la solution avant de la
diviser en deux parties égales: une partie séraitée par sonication avant I'exposition a
I'irradiation UV, ce qui permet de mesurer I'ina@iion des bactéries extraites des nématodes,
en présence de débris de nématodes, et l'autrée psetait traitée par sonication apres
I'exposition aux UV, permettant de mesurer I'ingation atteinte pour des bactéries localisées a
I'intérieur des nématodes pendant l'irradiation du¥. Le traitement de sonication a été
appligué dans des tubes de verres sur glace & ldiche sonde a ultrasons (Cole Parmer, CP
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70T) opérée a une puissance de 15 W pendant 6@desoL'inactivation de solutions pures de
E. coli et de spores dB. subtilis (planctoniques, en absence de nématodes) a égulétde

mesurée pour des fins de référence.

Les suspensions ont été exposées dans des Pario(8/cm de diamétre) a des fluences UV de
5 et 40 mJ/cren utilisant un montage de faisceaux collimatéspégd’une lampe UV & basse
pression (254 nm) (Trojan UV Technologies, Lond@, Canada). Le taux de fluence de la
lampe a été mesuré grace a un radiomeétre (Inten@dtiLight Model IL1400A). La durée
d’irradiation requise pour une fluence donnée aatéulée pour un taux de fluence corrigé selon
la méthode standard proposée par Bolton et Lin@803). L'absorbance UV (365 nm) a été
mesurée avec un spectrophotomeétre (Cary 100 ScaiitiMe, Varian, Victoria, Australie)
équipé d’'une sphére intégrante (Labsphere, NorttoSUNH).

2.2.2.3Enumération des bactéries et des nématodes

Les nématodes ont été énumeéres en filtrant 1 mmhdgque suspension sur une membrane de 0.45
um (Millipore, 47 mm), laguelle a été observée aaroscope a un grossissement de 200X. La
surface entiere du filtre a été scrutée pour lepterde nématodes. Les bactéiesoli ont été
dénombrées sur des géloses d'agar m-Endo en diaphgaes avoir filtré 1 ml des dilutions
appropriées sur des filtres de 0.4 (Millipore, 47 mm). Les Pétri ont été incubé8zC
pendant 24h. Les spores @&e subtilis spores ont été dénombrés en filtrant les dilutions
appropriées en duplicata et en transférant leggilsur des tampons imbibés de TSB dans des
Pétri. Une pasteurisation des Pétri &7pendant 15 minutes a été effectuée avant l'irtenna
35°C pendant 24 h.

2.2.3 Comparaison des effets de protection dus a [lintemdisation,
'agrégation et I'attachement des microorganismes ahs la désinfection
UV et solaire (UVA) de I'eau potable

Cette étude présente une évaluation comparativendeanismes de protection microbiens dans
la désinfection UV (UVC 254 nm) et solaire (UVA)Deux séries d’essais ont été entreprises
afin d’évaluer I'impact de deux types de mécanispegrotection face a la désinfection solaire,
soit (i) 'agrégation des microorganismes et l'aliement aux particules et (ii) I'internalisation

des microorganismes par les organismes supéridles. travaux sont basés sur I'application de
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protocoles de désinfection préalablement développésein de notre groupe de recherche pour
évaluer I'impact de la turbidité (Caron et al. 2PG&t de l'internalisation (tel que décrit
sommairement a la section précédente) face a fiiaon UVC. Des essais identiques ont été
réalisés sous une irradiation UVA simulée en laloara afin de tester I'lhypothése que les effets
protecteurs des deux types de mécanismes étudi@ntésimilaires en désinfection UV et

solaire.

Dans la premiere série d’essais sur la turbidig, @chantillons d’eau de riviere ont été traités de
maniere plus ou moins extensive afin de distindgirapact de la dispersion des agrégats et de
I'enlevement de particules sur l'efficacité de lasohfection UVA. Les coliformes totaux

indigénes ont été sélectionnés comme microorgasistitdes pour ces essais puisqu’ils sont
présents en concentrations suffisamment élevées tan eaux de surface naturelles pour
permettre la conduite d’essais de désinfection sgosessiter I'ensemencement des échantillons
d'’eau. Cette approche est privilégiée afin de yaurdes conditions plus représentatives des
microorganismes tels qu’ils se retrouvent dans &at naturel d’agrégation et d’association aux

particules.

Dans les cas de linternalisation microbienBecoli a été utilisé comme cible pour les essais de
désinfection. Le nématode. elegansa été utilisé comme un héte modéle pour les bastér
internalisées. Les co-cultures ont été prépamemarrissant les nématodes avec Hesoli sur

des géloses d’agar. Les co-suspensions ont étarpespselon diverses étapes de prétraitement
avant d’étre exposeées a l'irradiation UVA. Un pale de sonication a été utilisé pour rompre
les nématodes afin d’en extraire et récupérer datébieskE. coli internalisées avant ou apres
I'exposition aux radiations UVA.

2.2.3.lirradiation UVA et mesure du taux de fluence

Les essais d’'inactivation ont été realisés a l'aitiene lampe UVA (15 W) avec un pic
d’émission a 365 nm (UVP, Upland, CA). Le tauxfldence a été mesuré avec un radiometre
(IL1400A, International Light, Newbury, MA). La dée d’irradiation requise pour une fluence
donnée a été calculée pour un taux de fluencegéoselon la méthode standard proposée par
Bolton et Linden (2003). L'absorbance UV (365 nmgta mesurée avec un spectrophotometre
(Cary 100 Scan UV-Visible, Varian, Victoria, Audied équipé d’'une sphéere intégrante
(Labsphere, North Sutton, NH). Pour permettredtliation de plus grands volumes d’eau (50
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ml), des Pétri de 9 cm de diamétre ont été utilighgec cette configuration, la profondeur d’eau
dans les échantillons était de 1 cm. Les suspessiat été exposées aux UVA dans des Pétri
ouverts et ont été doucement agitées par un bameegnétique durant toute la durée de

I'exposition.

2.2.3.2Essais sur I'impact de I'agrégation et de I'attachment

Les échantillons d’eau brute ont été prélevésRivi@re des Mille-lles & 4 reprises au cours de
I'été 2008. Chaque échantillon a été caractése fgs parametres physico-chimiques suivants :
turbidité, pH, alcalinité, dureté, comptes de patgs, COT, absorbance UV a 254 nm (standard)
et 365 nm (pic d’émission de la lampe UVA).

Le protocole utilisé pour évaluer I'impact de I'égtion des microorganismes et de I'attachement
aux particules a été élaboré par Caron et al. (@& protocole permet une comparaison entre
trois conditions: (i) les microorganismes non disgs: les échantillons d’eau brute sont exposés
a lirradiation UVA sans aucun prétraitement, apgasi les échantillons sont dispersés dans un
mélangeur (tel que décrit plus bas) afin de dispelss agrégats naturels de coliformes avant
I’énumération; (ii) les microorganismes disperséss:échantillons sont dispersés préalablement
a lirradiation UVA afin d’évaluer le réle de I'aggation des coliformes dans linactivation
UVA,; (iii) les microorganismes filtrés : les échalions sont filtrés sur une membrane der8,
aprés quoi les échantillons filtrés sont exposd@aradiation UVA et ensuite agités dans un

mélangeur afin de disperser les coliformes avamiimération.

La procédure de dispersion est effectuée par umngél vigoureux (Blender 7012S, Waring,
Torrington, CT) des échantillons d’eau pendant 4utgs a 8000 rpm avec 100 mg/L de
Zwittergent 3-12(Sigma Chemical Co., St-Louis, MO). Des intervaltks 2 minutes de repos
sont alloués entre chaque minute de mélange afimihémiser toute augmentation de la
température de l'eau et la présence de moussen @ie ce protocole ait été développé
originalement en ciblant les spores de bactériesuigntes aérobies, une cible différente a été
sélectionnée pour les essais d’inactivation UVAsque les spores indigénes ne permettaient pas
de mesurer des niveaux d’inactivation suffisantslea UVA pour permettre une comparaison
des cinétiques d’inactivation pour les besoins diecétude. En effet, les spores sont trés
résistants a la désinfection UVA (Boyle et al. 2068l et McLoughlin 2007). Les suspensions

ont été exposées aux radiations UVA pour différedigrées d’exposition, permettant d’atteindre
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des doses UVA entre 10 et 35 JfcnDe telles fluences représentent une expositioneiforte
radiation solaire pour des durées d’environ < lha@es.

2.2.3.3Essais sur I'impact de l'internalisation

Les essais sur l'internalisation des bactéEesoli par les nématodds. eleganont été réalisés

de maniere identiques aux essais décrits a laose2i?2.2 de cette thése et présentés en détails au
chapitre 4: les nématodes ont été cultivés et iode la bactérie cible. coli OP50 — GFP, les
co-suspensions ont été exposées a l'irradiation @YAne procédure de sonication a été utilisée
afin de rompre les nématodes et en extraire leghes internalisées pour I'énumération par
culture (dénombrement sur géloses). Le traiterdergonication a été effectué dans des tubes de
verres sur glace a l'aide d’'une sonde a ultras@ude(Parmer, CP 70T) opérée a 15 W pendant
60 secondes. La sonication a été effectuée samtasoit aprés l'irradiation UVA afin de
comparer l'inactivation obtenue dans les deux cégs suspensions ont été exposeées a des
fluences de 0.70 et 5.60 JfcmL'inactivation de solutions pures d& coli (planctonique) a
également été mesurée pour les mémes fluences BWAdes fins de référence. Les nématodes
ont été comptés au microscope (200X) sur un fikee0.45um (Millipore, 47 mm). Les
bactérieskE. coli et les coliformes totaux ont été énumeérés pamfitin sur des membranes de

0.45um (Millipore, 47 mm) en duplicata incubées @%or 24h sur des géloses d’agar m-Endo.

2.2.4 Analyse quantitative du risque microbien associé aumicroorganismes

pathogenes internalisés dans I'eau potable

Cette étape de la these consiste en un exercisgrdleese sur la question du risque microbien
associé aux microorganismes pathogenes internaleags I'eau potable. Ces travaux utilisent
'outil du QMRA (analyse quantitative du risque mabien) afin d’évaluer quantitativement la
probabilité annuelle d’infection chez les consonenet due aux microorganismes pathogenes
internalisés par des organismes du zooplanctonl@anspotable. Dans cette étude, la prédation
des (oo)cystes de protozoaires par les rotiferes tafiltration granulaire a été ciblée comme
problématique a I'origine du risque d'internalisatides microorganismes dans I'eau potable. A
l'aide du logiciel Crystal Bafl (Decisioneering, USA), des simulations Monte Castu été
exécutées afin de calculer la probabilité d’infectiannuelle associée a la transmission des
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(oo)cystes deCryptosporidiumet Giardia internalisés dans I'eau potable. Le calcul de la
probabilité annuelle d’infection est basé sur I'&ipn suivante :

P

inf( annual)

=1-(exp(rxCp g XV, x369

our est un parametre d’infectivité décrivant l'intetian hote-pathogend/y est le volume d’eau
moyen consommé quotidiennementCgt grest la concentration des (oo)cystes internalisés da

I'effluent des filtres granulaires.

Une chaine d’événements conduisant a la préseifoe)dystes internalisés dans l'effluent des
filtres granulaires a été posée a la base du modi@eloppe,Cp g €tant exprimée par

I'équation suivante:
CIP_Eff = CRot_FB X NIP/Rot_FB xSxF

ou Crot_r= concentration des prédateurs (rotiferes) danitléltrant;
Niprot_Fs = NOMbre d’(oo)cystes internalisés (IP) par rotifdans le lit filtrant;

S = Probabilité pour un (oo)cyste internalisé de eerar et survivre a l'intérieur de son héte

jusqu’a ce qu’il soit rejeté a l'effluent filtre;

F = Fraction des rotiféeres du lit filtrant rejetébedfluent filtré.

Le modéle conceptuel développé dans cette étudedafdécrire l'internalisation et le transport
des (oo)cystes déryptosporidiumet Giardia suite a la prédation par les rotiferes dans urefil
granulaire est basé sur des simplifications deamertdes processus complexes impliqués et
encore peu caractérisés dans la littérature awre j@©) la contamination du filtre et la rétention
des (oo)cystes dans le lit filtrant ont été déamamme un événement ponctuel en début de cycle
de filtration; (ii) la prédation a été décrite commme accumulation d’(oo)cystes internalisés a un
taux constant a lintérieur des prédateurs (rad@r lesquels sont supposés présents en
concentration constante dans le lit filtrant aursadiun cycle de filtration; (iii) le transport des
(oo)cystes internalisés a I'effluent est expriménote le produit du rejet des rotiferes a I'effluent
et du taux de persistance/survie des (oo)cystesniaisés dans un rotifére; (iv) la transmission

des (oo)cystes internalisés dans I'eau potablbassie sur I'hypothése d’une résistance compléte
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des (oo)cystes internalisés face aux traitementdédmfection subséquents, a I'exception de la
désinfection UV.

La quantification de la plupart des variables impées dans le calcul du risque par le modele
développé a été dérivée de données générées allééphote dans I'étude de filtration décrite a
la section 2.2.1 de cette thése et présentée ailsdéti chapitre 3. Des distributions ont été
définies pour chacune des variables dans Crystdl® Bdin de représenter la variabilité et

I'incertitude associées a la quantification de@sables.

Une analyse de sensibilité¢ a été effectuée a I'del€rystal Baft afin d’évaluer I'impact des

principales variables sur le risque d’infectionccéé par le modele.
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CHAPITRE 3  PUBLICATION #2: ROLE OF PREDATION BY
ZOOPLANKTON IN TRANSPORT AND FATE OF PROTOZOAN
(OO)CYSTS IN GRANULAR ACTIVATED CARBON FILTRATION

Ce chapitre présente le développement d’une métbrdérimentale permettant de détecter et
enumeérer des (oo)cystes @ryptosporidiumet Giardia suite a leur internalisation par des
organismes du zooplancton dans un filtre granuleiredans son effluent. Les protocoles
développés et optimisés dans cette étude ont §iégaps a des échantillons de zooplancton
isolés du lit filtrant et de I'effluent de colonnds filtration au charbon actif granulaire (CAG) a

I'échelle pilote. Ces travaux ont été publiés dAfader Research
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Abstract: The significance of zooplankton in the transpord &te of pathogenic organisms in
drinking water is poorly understood, although mamgts of the role of predation in the
persistence of microorganisms through water treatrpecesses can be found in literature. The
objective of this study was to assess the impagbretiation by natural zooplankton on the
transport and fate of protozoan (oo)cysts in granattivated carbon (GAC) filtration process.
UV-irradiated unlabelled Cryptosporidium parvum a@dardia lamblia (oo)cysts were seeded
into two pilot-scale GAC filtration columns operdtander full-scale conditions. In a two-week
period after seeding, a reduction of free (oo)cystsined in the filter bed was observed.
Zooplankton was isolated from the filter bed antbeht water on a 30 um net before and during
the two-week period after seeding; it was enumdrated identified. Rotifers, which are
potential predators of (oo)cysts, accounted for mh@or part of the isolated zooplankton.
Analytical methods were developed to detect (odjcysternalized in natural zooplankton
isolated from the filter bed and effluent wateranle sonication was optimized to disrupt
zooplankton organisms and release internalized aoiganisms. (Oo)cysts released from
zooplankton after sonication were isolated by IMf8l gtained (EasyStainTM) for microscopic
counting. Both Cryptosporidium and Giardia (oo)systere detected in association with
zooplankton in the filter bed samples as well atheeffluent of GAC filters. The results of this
study suggest that predation by zooplankton cap @laole in the remobilization of persistent
pathogens such as Cryptosporidium and Giardia ystycretained in GAC filter beds, and

consequently in the transmission of these pathompedisnking water.

Keywords: Cryptosporidium GAC filtration, Giardia, predation, transport, zooplankton

3.1 Introduction

The significance of higher organisms in drinkingtevas attracting increased scientific attention
as we are starting to better understand their d¢igpiacvector waterborne pathogens. Predation
on pathogenic organisms by zooplankton was observéaboratory co-cultures; however the
study of waterborne pathogens associated with ao&pbdn in field conditions remains limited to

this day. Protists, namely amoebae, are beingeasingly described as the Trojan horse of
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microorganisms; their role as vectors of waterbopshogens through water systems is
becoming more accurately described and highlighted potential threat to water safety (Barker
and Brown 1994, Loret et al. 2008). Meanwhile,siome specific cases, the detection of
zooplankton in treated water can be paired withuapredicted persistence of natural indicator
bacteria through treatment processes or in digtabisystems. For example, the persistence of
total coliform bacteria in a distribution systemsaassociated to their transport inside the gut of
naturally occurring nematodes, which provided prte to internal bacteria against residual
free chlorine (Locas et al. 2007). Such situateises hypotheses about the role of predation and
transport by zooplankton organisms in the exposuraternalized microorganisms in drinking
water (Bichai et al. 2008).

Persistent organisms such @syptosporidiumand Giardia (oo)cysts have been shown to be
internalized by zooplankton in laboratory feedingp@&iments or co-culturesCryptosporidium
oocysts have been observed within metanauplii ef itficrocrustaceamrtemia franciscana
(Mendez-Hermida et al. 2007)canthamoebap. subcultured from environmental water isolates
(Gomez-Couso et al. 200 Acanthamoebaulbertsoniand ciliates (Stott et al. 2003), as well as
nematodeCaenorhabditis eleganfHuamanchay et al. 2004). Various species ofamstihave
been shown to inge§&tryptosporidiumoocysts (Fayer et al. 2000) a@Gahrdia cysts (Trout et al.
2002) in laboratory conditions. Ingestion of baththese protozoan (oo)cysts has also been
reported with the cladocerddaphnia pulicaria(Connelly et al. 2007). These studies were all
based on direct microscopic methods to visualieeitternalized (oo)cysts in pure predator/prey
co-cultures. However, rarely have natural envirental zooplankton samples been examined
for the recovery of internalized (oo)cyst&ryptosporidiumhas been detected within rotifers in
lake waters (Nowosad et al. 2007) by disruptingahenals before performing FISH detection.
To our knowledge, no study has been conductedteowiigh the objective to deteGiardia cysts

in environmental zooplankton samples.

The occurrence of higher organisms has been clesized in distribution systems (van
Lieverloo et al. 2004) and at some stages of ftdles water treatment plants, mostly in granular
material filter effluents (Schreiber et al. 1997astaldelli et al. 2005). Characterizing the



70

occurrence of waterborne pathogens and bactedadators internalized by zooplankton in field
conditions presents important methodological cingks, and was to date only reported by King
et al. (1991) and Nowosad et al. (2007) in surfaegers, and by Wolmarans et al. (2005) and
Thomas et al. (2008) in water treatment plants,laiter focusing on amoebal hosts. Yet, the
occurrence of internalized (oo)cysts in natural ptaokton samples from drinking water
treatment processes has never been assessed.ndt kown to which extent predation on
(oo)cysts can impact the performance of full-sahlieking water treatment; yet, internalization
by zooplankton has been speculated as a possildkeamiem involved in the mass reduction of
oocysts in slow sand filters seeded with UV-irraelthunstained oocysts 6f parvum(Hijnen et

al. 2007).

Considering the naturally low concentrations ofsth@rganisms in water treatment plants, we
propose that the most appropriate way to find ewdefor the hypothesized mechanisms of
transport of pathogens associated to zooplanktém msonitor environmental zooplankton under
controlled conditions of seeding (oo)cysts at pdoale. The current study was performed
additionally to the study presented by Hijnen ef(thlis issue), in which two pilot-scale granular
activated carbon (GAC) filters operated under fdéle conditions (natural water and filtration
conditions),were seeded with UV-irradiated unlageifoo)cysts o€Cryptosporidium parvumand
Giardia lambliato establish the elimination capacity for protazgao)cysts. The objective of
the present study was to investigate the fate ef rittained (oo)cysts and the presence of
(oo)cysts internalized by the natural zooplanktogspnt in the GAC filter bed and filtrate. The
mass reduction of (oo)cysts in the GAC filter bedig an extended filtration period of two
weeks was determined. Simultaneously, zooplanktas isolated from the GAC material and
effluent water, and an analytical protocol was dgyed for both types of samples to be
examined for the occurrence of internalized (odgyd o our knowledge, this is the first study to
develop and apply a procedure for sample analypecifically designed to detect both
CryptosporidiumandGiardia (oo)cysts inside a natural population of zooplankbrganisms, in
an attempt to characterize the role of zooplanktothe ingestion and transport of (0o)cysts

through a granular material filter bed and into éffftuent water.
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3.2 Material and Methods

3.2.1 GAC filtration seeding test

A pilot plant with two parallel GAC filter columnél5 cm diameter; 1 m deep, 5 m.and
contact time of 12 minutes; no back washing) weeeded for 2 hours at an influent
concentration of ~1.6x£0™" and 4.8x161™" of UV-inactivated (unlabelled{. parvumand G.
lamblia (oo)cysts, respectively. The GAC originated fromi-§cale filters operated for 40 000
bed volumes of filtering. The complete descriptadrihe filtration set-up and seeding experiment
is detailed in Hijnen et al. (this issue). This diag test was conducted under full-scale
conditions using the filtrate of a conventionalatraent (coagulation and rapid sand filtration)
supplied with the River Meuse water (the Netheriradter storage in impoundment reservoirs.

3.2.2 Experimental protocol

The present studgan be described in 3 main experimental partS.difletermine the occurrence
of a mass reduction over time of the retained (ggi¥cin the filter bed as an hypothesized
indication of the presence and activity of predstdAC samples grabbed at various depths
through the filter bed of both columns were anallypae and three weeks after the seeding test.
(i) Natural zooplankton samples from slow santefg and from the GAC pilot filters was used
to develop the optimal protocol for complete digiop of the zooplankton in order to release and
enumerate the internalized (oo)cysts. (iii) Natwabplankton from the GAC material sampled
three weeks after seeding and from the effluenthef GAC columns sampled one and three
weeks after the seeding experiment was isolateshtifited and quantified, and zooplankton was
treated using the optimized disruption procedur@rter to find evidence for the presence of
internalized (oo)cyts. The procedures are sumnurineFigure 3.1 Because of the use of
unlabelled (oo)cysts in the seeding experimentctlimicroscopic evidence of internalized
(oo)cysts in the environmental zooplankton could Ib® obtained in the scope of the current

study.
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Figure 3.1: Experimental set-up and optimized d&tecprocedures for internalized (oo)cysts in GA@tenial and effluent water

isolated zooplankton
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3.2.3 Analysis of free (0o)cysts retained in the GAC fir bed

One and three weeks after seeding (oo)cysts itodwed GAC filters, GAC bulk samples were
collected throughout the filter bed of both filiat columns according to the following
distribution: top layer, 0-5 cm, 5-10 cm, 25-30 &0;55 cm and bottom layer (85-90 cm) The
bulk GAC samples were kept in closed jars‘&.4The GAC sub-samples from every layer of the
columns sampled one week after the seeding test wealyzed separately to measure the
number of retained (oo)cysts. From the GAC sub $esnfaken three weeks after the seeding
experiment two composite samples were prepared tharfirst four layers (0-30 cm) and last
two layers (50-90 cm). The GAC sub-samples (5 gewweated in separate suspensions of 20 ml
autoclaved tap water with successively 2 minutelsaofd shaking, 2 minutes of vortex mixing, 2
minutes of low energy sonication (LES) and 2 misuté high energy sonication (HES) at 45%
amplitude. The resulting sub-samples were combingxone suspension for (0o)cyst analysis
(Hijnen et al., 2009, this issue).

3.2.4 Isolation of zooplankton from the GAC material

The GAC bulk samples from column 1 and 2 which wesed for analysis of the mass reduction
were also analyzed to identify and quantify theptankton and subsequently to determine the
number of zooplankton-associated (oo)cysts. Twopmsite GAC sub-samples were made for
each filtration column by weighting (in 80 ml okste tap water i.e. wet weight) 10-g GAC of
each filter bed fraction from dep#80 cm (top layer, 0-5 cm, 5-10 cm, and 25-30 cntlgdegnd
>50 cm (50-55 cm depth and bottom layer). Compasitaples were washed 5 times by vigorous
shaking with sterile tap water. All of the washwvgter was collected and filtered through a 30-
um net to retain the zooplankton. The recoveredlamixton sample was vortexed, filtered 3
additional times and thoroughly rinsed with stetde water through the 30-um net in order to

get rid of most free (0o)cysts in the sample ancbiacentrate the zooplankton.

3.2.5 Isolation of zooplankton from effluent water

Zooplankton was collected at the outlet of eachwaf replicate filtration columns using 30-pum
plankton net before and after the seeding expetiniemo effluent volumes of 2100 and 2200 |

were filtered through a 30-um plankton net durirtehour period one week and 2 days prior to
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seeding. Then a first sample of 6600-6800 | watectdd two days after spiking over a 70-hr
period, followed by a second volume of 2560 | aukel 3 weeks after spiking over a 64-hr
period. All samples were fixated in 4% formaldédyand kept at 40C until processed and

analyzed for (oo)cyst recovery and zooplankton iggadentification and quantification.

3.2.6 Zooplankton sample preparation for method developmet

Natural zooplankton was used to develop the amalytprotocol for recovering internalized
(oo)cysts. Some fractions of the zooplankton cotreg¢es isolated from the effluent water of the
GAC filtration columns prior to the seeding teshgaeded zooplankton) as well as zooplankton
samples isolated from the Schmutzdecke of slow ddiels were used in order to conduct
preliminary tests to determine the optimal son@ationditions to disrupt the animals and extract
internalized (oo)cysts. The Schmutzdecke fromstber sand filters was scraped from the top 2-
3 cm layer of Weesperkarspel pilot-plant (Amsterdéme Netherlands) while the filter bed was
completely saturated with water. The filters ha@rbén operation for several weeks without
surface scraping. Subsequently, sand sub-sampdes thoroughly washed in sterile (non-
chlorinated) tap water 5 times and the rinsing watas filtered through a 30 um net to collect
the zooplankton organisms. Sub-samples of coratedt zooplankton suspensions prepared
from slow sand filter samples or GAC effluent wadamples (as described above) were put into
Petri dish (9-mm diameter) and observed under adbilar (30X magnitude). Animals were
picked up individually by using a pipette set tv@ume of 5 pl and split into 3 groups of
organisms with an expected similar resistance tocation treatment: animals (in 5-pl drop)
were then added to 5 ml of sterile tap water in5aml centrifugation tube until the tube
contained 20 organisms of one pre-determined grobe.following groups were defined on the
basis of a hypothesized difference in resistancesdoication treatment deduced from the
presence/absence of a hard shell: (1) nematodest{ters with a shell (Lecane sp., Colurella
sp., others), and (3) rotifers without a shell (&dina sp., Rotaria sp., others).

3.2.7 Zooplankton disruption procedure to extract internalized (0o)cysts

High energy sonication (HES) was used to extra@ thternalized (oo)cysts from the
zooplankton. A Branson Sonifier S-250D was usednaplitudes of 45% and 65%, considering

that the manufacturer recommends not using amglitugher than 70% to avoid stress cracking
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of the microtip. The performance indication of thpparatus for 5-ml samples in 15-ml
centrifugation tubes was monitored, and the cooedimg power output (W) was determined by
using the Sonifier output control curves (Bransamifier S-250D, USA). Different sonication
times were tested on a standardized volume (5-mbpkss) in a standardized container (15-ml
centrifugation tubes) kept on ice during the praredo prevent temperature rise. To test the
effect of this HES disruption procedure on the adagecovery and staining bgasyStaif
(BTF), a suspension of UV-inactivat€l parvumoocysts (Waterborn¥, ~3x1d oocysts.mt,

in distilled water) was stained either prior toafter sonication (HES). Oocysts were counted on

™
|

duplicateDynal ™ slides using 50 ul volumes of the suspensionsngdaunstained) before and

after sonication treatment.

3.2.8 Elimination of free (oo)cysts from the zooplanktonconcentrates and

recovery tests

In order to focus the analysis on zooplankton-maézed (oo)cysts in this research, efforts were
made to exclude free (non-internalized) (oo)cysissiply present in the zooplankton samples.
Two strategies were tested to attempt separatieg ffoo)cysts from zooplankton: (1)
centrifugation and (2) sedimentation. For bothhuods, aColorSeed" (BTF, Australia) sample
(1 ml, 100Cryptosporidiumoocysts and 10@Giardia cysts) was added to 15 ml of unseeded
effluent zooplankton samples from column 2. Ceagjdtion was applied at 59@or 2 minutes.
Sedimentation was applied atCifor 24h. After either separating procedure, tloédm part
(pellet) of the sample (where most zooplankton wggected to be found) was divided in 2
fractions, one of which was treated with optimizgsbplankton disruption treatment (HES, 40 s
at 65% amplitude) and the other remained intacenTlall fractions of the sample i.e. (i) upper
part (supernatant), (ii) lower part sonicated, @&mdlower part untreated were processed with the
IMS method. Positive control slides were also yred for staining quality control. Recovery of
the ColorSeed" in those tests was assessed in order to detetimnecovery associated to the
detection method used for (oo)cyst enumeratiorhézooplankton samples (GAC material and
GAC effluent) in this study.
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3.2.9 Analysis of zooplankton concentrates from the GAC mterial

Analysis of zooplankton sub-samples for recoveryntérnalized (oo)cysts was performed twice
(Fig. 1). The first time, the analysis alloweddompare (oo)cyst recovery from an untreated
fraction of zooplankton concentrates with the (ge)eecovery after applying the optimized HES
disruption procedure (Assay 1). The second timéova energy sonication step (LES) was
introduced in the handling of the zooplankton isedain order to detach free (non-internalized)
(oo)cysts which from carbon particles observedhim Washed zooplankton concentrates (Assay
2). Performing a LES treatment for 2 minutes inuwnasonic bath (Branson Model 5510,
Danbury, USA) has previously shown to efficientifease (0o)cysts attached to carbon fines in
GAC material samples (Hijnen et al. 2009, this éswhile not disrupting zooplankton (data not
shown). In Assay 1, each of the zooplankton commates from GAC composite samples was
mixed and divided into 2 sub-samples: (i) 10-ml wasreated; (ii) 10 ml was sonicated (HES)
on ice (in 5-ml sub-samples, 40 seconds at 65%iardp); in Assay 2, zooplankton concentrates
mixed and split into 3 fractions: (i) 10 ml was ketreated; (ii)) 10 ml was treated with LES for
2 minutes in glass tubes to detach (oo)cysts am®sakcio carbon fines; and (iii) 10 ml was first
treated with LES for 2 minutes, followed by HESrdion procedure (on ice, in 5-ml sub-

samples, 40 seconds at 65% amplitude).

3.2.1Analysis of zooplankton concentrates from the efflent water

Effluent samples from column 1 and column 2 weralymed for the detection of zooplankton-
associated (oo)cysts. Samples from column 1 wiamnalyzed concomitantly with the method
development. All effluent zooplankton samples fraolumn 1 (pre- and post-seeding) were
mixed and split into 5-ml volumes, and sonicatedaanfor 40 seconds at 65% amplitude in 50-
ml plastic tubes. The sonicated suspension wasfeaed in aDynal™ tube for further IMS
processing. A positive control slide was includesl staining quality control. Pre-seeding
samples from column 2 were also analyzed throughio&itmethod development phase (see
recovery tests described in a previous sectionhst-Beeding samples from column 2 were
analyzed with the optimized procedure (without adlglitional step to separate free (oo)cysts
from internalized ones). The entire post-seediagples from column 2 were homogenized
(vortex) and divided into several 5-ml sub-sampldsch were sonicated on ice (40 s, 65%

amplitude) to disrupt the zooplankton organismsnalfy, the samples were processed with the
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IMS detection method and further analyzed by flsoemce microscopy for enumeration of
recovered (oo)cysts.

3.2.11Cryptosporidium, Giardia and zooplankton enumeration

In the treated or untreated sub-sampl&yptosporidiumandGiardia (0o)cysts were determined
by IMS and counted with epifluorescence microsc@sica, DM RXA) at a 250X magnitude as
previously described (Hijnen et al., 2007). The aatration of internalized (oo)cysts in the
GAC material isolated from the zooplankton sampless corrected for the recovery of the
analysis as assessed in the current study andssegrén n.mt using the volume weight of the
GAC of 0.66 g.mi.

For zooplankton enumeration in the GAC material gn@dGAC effluent, samples of 1 mlto 5 ml
of zooplankton concentrate were transferred intounting plate, allowed to settle for 5 minutes.
The entire counting chamber was scanned and organgere enumerated with an inverted
microscope (Leica, Leitz Labovert FS) (100X magthéu

3.3 Results and discussion

3.3.1 Analysis of free (00)cysts retained in the GAC fier bed.

The concentration of retained (oo)cystofparvumandG. lambliain the GAC filters sampled

one week and three weeks after the seeding expariane presented iRigure 3.2 An average

mass reduction o€ryptosporidiumoocysts of 66.2% (66.1% — 66.3%) and 32.1% (-4-6%
68.2%) was found in the upper and lower parts ef GAC filter beds, respectively. This mass
reduction of retained oocysts is for a minor p&f%; calculated from water flux and effluent
concentrations) due to wash out, and therefore Iynasiributed to processes in the filter bed,
such as predation. Due to the large variatiofsifamblia cyst concentration determined one

week after the seeding, the slight mass reduct@s ot significant for this microorganism.
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Figure 3.2: Concentrations of free @jyptosporidiumand (b)Giardia (oo)cysts retained in the
GAC filter bed 1 and 3 weeks after the seeding(&rsor bars show the range of data).

3.3.2 Zooplankton enumeration.

Figure 3.3 shows the average concentration of zooplanktoarosgns found in the effluent of
the GAC columns and in the GAC material sampledhftbe columns. Concentrations of >300
and >800 organisms/30 g of GAC material were egédhan the filter bed of column 1 and 2,
respectively. In the effluent water, concentrations ~1600 organisms/inand ~2100
organisms/mwere calculated for columns 1 and 2, respectiv@lthough these data are based
on limited sample analysis, they indicate a higtwwplankton density in column 2 as compared
to column 1. In both columns, zooplankton was tham be distributed throughout the whole
depth of the filter bed. Rotifers (mostlgcane PhilodinaandColurella spp.) were found to be
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the dominant zooplankton population, followed byna¢odes, both in GAC material and effluent
water samples. In both columns, rotifers and nedes were observed to account respectively
for ~80% and ~10% of the total number of zooplanktoganisms released in effluent waters.
Since rotifers are known to internalize (oo)cystshbin laboratory conditions (Fayer et al. 2000,
Trout et al. 2002) and in natural aqueous envirartnlidowosad et al. 2007), they are suspected
to be potential predators of (oo)cysts in grantiléers. The important proportion of rotifers
observed in the zooplankton populations rejectethenGAC filters effluent suggests that they

could also have a role of transport of internaligea)cysts into filtered water.
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Figure 3.3: Averageoncentrations of zooplankton organisms (error lsamsv the range) from
column 1 and 2 (a) in the GAC material (3)@nd (b) in the effluent water (f)T) in upper and
lower parts of the filter bed. Rtachionus, Trichocerca, Bosmina, Polyarthra, Aspulaa,

TestudinellazHarpaticoida nauplii, others;Pestacea, Euglypha

3.3.3 Zooplankton disruption procedure to extract internalized (oo)cysts.

Sonication tests using HES were conducted withdbjective to find the optimal conditions
(intensity and time) that would result in a comeléand if possible simultaneous) disruption of

all zooplankton organisms present in the conceedraamples to release internalized (oo)cysts.
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Results obtained for increasing sonication duratianamplitudes of 45% or 65% are shown in
Table 3.1 The efficacy of the treatment was calculated (Bssiore HES— Mafter HE9/Nbefore HES
x100%, with Refore HES 20 zOOplankton organisms for all suspensions @h#ES conditions
tested. The disruption was more effective at a @b§plitude with a resulting power output of 30
W than at 45% with a power output of 15-20 W, anel higher power output allowed a better
synchronization of the disruption of the variousglankton species present in the samples. After
40 seconds at 65% amplitude5% of all tested classes of zooplankton were disdi These
conditions were selected as the optimized disrappimcedure for further treatment of the GAC
zooplankton samples. The selected HES treatmestapplied to a suspension Gf parvum
(oo)cysts (in the absence of zooplankton) to dateens impact on the recovery and the staining
of free (oo)cysts following IMS. Average recovergtes calculated from: {8ore HES —
Nafter_HES/ Nbefore_ HESX100% (N = number of oocysts) were 42% (+ 1%; 2) for oocysts stained
prior to HES and 86% (+ 15%; n = 2) for oocystsrsd after HES. These results suggest that
HES at 65% amplitude (30 W) for 40 seconds doeeg laasignificant impact on the recovery of
pre-stainedCryptosporidiumoocysts. During microscopy enumeration, some stscyvere
observed to be damaged due to sonication. How#werecovery of unstained oocysts was not
statistically different from 100% (p =0.63), whiotproduces the condition of the oocysts seeded
in the GAC filtration experiment. This test aldtowed concluding that the staining of oocysts
by EasyStaif was not, in itself, negatively influenced by sotiwa. Considering (i) the low
impact of the HES disruption on the unstained Uetivated oocysts and (ii) the assumption
that the internalized (oo)cysts are mostly proalering the HES disruption until they are
released from zooplankton hosts, it was concludhed the HES disruption procedure used to

release internalized (0o)cysts had a negligibleatfbn the enumeration of these (oo)cysts.
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Tableau 3.1: Sonication (HES) treatment efficiefaryzooplankton disruption

Amplitude 45% 65%
Performance indication 10-15 % 20%
Power delivered 15-20 W 30 W

Sonication time (S) 60 90 2025 30 35 40

Nematodes 70 9% 90100 100 100 nd
Rotifers with shell 90 90nd nd 90 nd 100

Rotifers without shell 85 10070 80 nd 95 95

Harpaticoida nd nd|{ nd nd nd nd 100

nd: not determined

3.3.4 Analysis of zooplankton concentrates from the GAGnaterial.

In the GAC material, free (non-internalized) (o®tsyare present, as was demonstratédgare

3.2 Following the zooplankton isolation procedurenirthe GAC material, part of these free

(oo)cysts can remain present in the zooplanktorcexatnates. Therefore, (oo)cysts in these
zooplankton samples were enumerated with and withieel HES disruption procedure. The

results clearly showed the presence of free (0t9q¥3g. 3.4; untreated samples). In both Assay
1 and 2, after HES disruption of the zooplanktompias, the number of (oo)cysts increased
significantly (Fig. 3.4a,b), especially in the sdegpfrom the upper part of the filter. The

estimated zooplankton density in this part of therf bed was also slightly higher for most

organisms (Fig. 3.3). In Assay 2, an additionalSLEeatment was applied to enumerate
(oo)cysts retained on GAC fines present as parthefpellet in these zooplankton samples.
Preliminary tests showed that low energy sonicat{bkS) had no effect on zooplankton

organisms when performed for up to 10 minutes (aett shown). The results showed an
increase of (oo)cysts (Fig. 3.4b) after LES, yet tlumber of (0o)cysts enumerated after the
zooplankton disruption procedure (HES) increasedinagignificantly. These data can be

regarded as strong indications for the presendeteifnalized (oo)cysts fror€. parvumandG.

lamblia associated to zooplankton organisms.
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Figure 3.4: Averageoncentrations of free and internalized (oo)cystsof bars show the range)
from column 1 and 2 in upper and lower parts offther bed (ml*) assuming 100% recovery in
(a) Assay 1 and (b) Assay 2_.HS: Low energy sonication, HES: High energy samcg

3.3.5 Analysis of zooplankton concentrates from the efflent water.

The presence of free (oo)cysts in the zooplanktmcentrates collected from the carbon filter
effluents by filtration on a 30-um plankton netnst very likely. However, if some free
(oo)cysts were to be retained in the 30-um plankietnwhen isolating zooplankton, those could
not be distinguished from the (oo)cysts extractemnf zooplankton. To account for that
possibility, although it is thought to be of lowopability, two methods were tested to attempt
eliminating free (oo)cysts from the zooplankton pkem before performing the disruption
procedures: centrifugation and sedimentation, bested by spikingolorSeed" in unseeded
effluent zooplankton samples from column 2. Thaults of these tests (not presented) showed
that separation was not achievable: both (oo)@mstiszooplankton organisms were present in the
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pellet and the supernatant after both separatioceplures. Therefore, for all further analyses, no
separation step was applied on the zooplanktonertrates before the HES treatment.

Recovery rates were calculated through those twts tey considering the total recovery of
ColorSeed" (oo)cysts (in pellet and supernatant) that had bsgiked in the zooplankton
concentrates. Recovery rates of 61% and 15%fgptosporidiumoocysts andsiardia cysts,
respectively, were calculated and were used forecting the concentrations of internalized
(oo)cysts in the filter bed and effluent of GAC wwmins when interpreting our results. These
calculated recovery rates in zooplankton concesdravere higher than those observed for
recovery of free (oo)cysts in the GAC effluent dagrithe filtration study by Hijnen et al. (this
issue), which were determined as 13% @yptosporidiumand 7% forGiardia. Those rates

were used to correct free (00)cyst concentratioribe interpretation of our results.

A marked difference was observed in the resultthefanalyses of zooplankton samples from
effluent water of column 1 and 2, which can be akm@d by the differences in the procedure
through which they were handled. Zooplankton catreg¢es from effluent water of column 1
were analyzed throughout the phase of methodolapeldpment and were all found to be
negative for the presence GfyptosporidiumandGiardia (00) cysts, except for a post-seeding
sample in which oneCryptosporidium oocyst was found. However, the HES disruption
procedure applied on effluent samples from columwvas different from the optimized procedure
subsequently applied to all the other zooplanktmmcentrates: the HES disruption procedure in
the 5 ml subsamples was performed in larger 50entrdugation tubes instead of 15-ml tubes,
and the sonifier indicated a low performance (~1Q@¥a)ch corresponds to a power of <20 W
being transmitted to the sample. This impacteddibeiption efficacy, which was confirmed by
the microscopic observation of some intact aninmalthe treated samples. For all subsequent
zooplankton concentrate analyses (all GAC matedatentrates from both columns and effluent
from column 2), 15-ml centrifugation tubes were djsm which the surface area of the 5-ml
concentrate exposed to standard HES sonicatiedisced, therefore yielding a higher sonication

power.

Zooplankton concentrates from effluent water ouiowh 2 were treated with this optimized HES

disruption procedure (40 s at 65% amplitude, >30A85 In these disrupted concentrates no
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intact zooplankton organisms were found, but the&y abntain numerous (2-125) (oo)cysts
(Table 3.2. The number of (oo)cysts in the zooplankton catreges collected three weeks after
the seeding of (oo)cysts in the GAC filters wasnieated were higher than in the concentrates
sampled one week after seeding, even though aemvallume of water was filtered (2.0 vs 6.6
m?, seeTable 3.2. This is an indication that the detected (0o)s¥&td been transported inside of
zooplankton organisms rather than free in the effftuvater, since free (oo)cyst concentrations
would normally have been expected to decrease ghrome after the seeding was stopped. The
increase of the number of internalized (oo)cystha filtrate may indicate either a retarded
breakthrough of internalized (0o)cysts or an inseelagrazing efficiency of zooplankton in the
filter bed over time. Furthermore, the fact thaghler sonication conditions in the analysis of
effluent samples from column 2 allowed detecting)¢gsts as opposed to samples of column 1
(treated with sub-optimal HES procedure) reinforttes demonstration that recovered (oo)cysts
from column 2 were in fact internalized and effidig extracted from zooplankton organisms
through the optimized protocol elaborated in thiglg. Detection of internalized (oo)cyst from
effluent water samples is an indication that predaby zooplankton can favor persistence of
(oo)cysts in filter beds and act as a vehicle tm)¢ysts to be released into filtered effluents.
Although further confirmation is required, to ourdwledge these are the first observations that
strongly indicate that predation by natural zoogktan can favor persistence Grytosporidium
and Giardia (oo)cysts in GAC filter beds and act as a vehiole(oo)cysts to be released into

filtered effluents.
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Tableau 3.2: Internalized (oo)cysts in zooplanktoncentrates and free (oo)cysts from effluent
water sampled one week and 3 weeks after the gpeziin

Column/time Sampled Internalized (oo)cysts in zooplankton Free (no)cysts in
after seeding effluent effluent concentrates effluent water
volume (1) C. parvimn G, lamblia  Rotifers C. parvum G lamblia
n: C (I n:C@IYH)® @)F Cml)! C@I
Week 1 6700 1; 0.0002 0; =0.001 8900 19.3 0.09
cre
Week 3 2000 0;=0.0008  0;=0.004 2700 nd nd
C” Week 1 6700 9. 0.002 2:0.002 11400 17 05
Week 3 2000 125; 0,102 64: 0246 3500 nd nd

2 Sub-optimal HES disruption (Fig. T)Concentrations corrected for recovery of 61 anth I8 Cryptosporidium
and Giardia; ¢ Estimated numbers from enumeration data present&d. 3b;® Corrected for the recovery of the
analysis of free (oo)cysts (Hijnen et al., 2009% number; C = concentration; nd = not determined

3.3.6 Importance of the internalization of (oo)cysts by aoplankton in GAC
filtration.

For each part of the filter bed of both columnsAissay 2, the concentration of internalized
(oo)cysts was calculated by subtracting the (od)cgaints found after LES from the total
number obtained after zooplankton disruption (LEBES). Data from Assay 1 (without LES)
were corrected using the results from Assay 2 tnese the proportion of the raise in (oo)cyst
counts following HES which is due to detachmentnfr@arbon particles. The average
concentrations of internalized (0o)cysts in thearpnd lower parts of the filter bed (n“Hfrom
column 1 and 2 are shown kgure 3.5 (numbers corrected for recovery as presented hefore
61% and 15 % fo€ryptosporidiumandGiardia (oo)cysts, respectively) and compared with the
concentrations of free (oo)cysts 3 weeks after inge(tlata fromFigure 3.2. From these
numbers, we calculate that less than 1%Cofptosporidiumoocysts in the filter bed were
internalized. FoiGiardia, a higher percentage was estimated (17% in therupgrt of the filter
bed and 5% in the lower part) but these data @ feliable due to a higher variability in the
measured concentrations of free cysts (see Fig. ?)ese percentages are based on average
values from both columns; when considered separategher proportions of internalized
(oo)cysts are found in column 2. This level okemalization is expected to be reflected in the
amount of internalized (oo)cysts in the zooplankisnmiates from the effluent of both columns.

Estimated concentrations of internalized (00)cyst&AC filters effluent water are presented in
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Table 2 Numbers are found to reach >1@@yptosporidiumoocysts/m and >200Giardia
cysts/m in column 2 (most densely populated with zooplankt3 weeks after the seeding test.
Free (0o)cysts were not measured in the effluemémgaweeks after seeding, but concentrations
would be expected to decrease in the effluent agpaced to concentrations measured 2 weeks
earlier, when fregsiardia cysts were found in a concentration of ~500 cysts/ For effluent
water samples, the percentages of internalizeccysty were found to bel% for internalized
(oo)cysts andCryptosporidiumoocysts, respectively, in effluent water collectedveek after
spiking. However, if calculating the same ratiz@eks after seedin@iardia cysts are found to
account for nearly 30% of the total cysts in thitueht water of column 2. This calculation is
based on the assumption that the concentrationeef (bo)cyst in effluent water 3 weeks after
seeding would be the same as 2 weeks earlier. aBBismption is conservative: it underestimates
the calculated ratio of internalized (oo)cystscsilfree (00)cysts can be expected to decrease in
the effluent water 3 weeks after stopping the seedirhese results may be an indication that
although the process of remobilization of persisteathogens in filter beds by predation is
possible, the level is most likely low as compared concentrations of free (oo)cysts.
Considering the very low targeted concentrationgoafcysts in treated water (<1/100 000 |,
USEPA 2006), the assessment of the significandetefnalization and transport of (oo)cysts by
zooplankton for water safety would need furtherestigation, which could be undertaken with

the perspective of performing a quantitative micabhsk analysis (QMRA).
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Figure 3.5: Averageoncentrations of free and internalized (oo)cy$t&@pCryptosporidiumand

(b) Giardia (error bars show the range) from column 1 and @piper and lower parts of the filter

bed (ml'); concentrations were corrected for the assessaalery percentages (61% and 15 %

for internalizedCryptosporidiumand Giardia (oo)cysts, respectively, and of 13% and 7% rates

for free (00)cysts o€ryptosporidiumandGiardia, respectively).

The current experimental protocol (seeding studgresents a worst-case scenario in which

predation on (oo)cysts by natural zooplankton wasoifed under defined conditions (high

concentration of seeded (oo)cysts) in an environalesystem. The viability and infectivity of

those internalized (oo)cyst remains however undetexd. If (oo)cysts internalized by

zooplankton were found to remain infectious, as demonstrated in the case of the ingestion of

Cryptosporidiumoocysts by the nematoda eleggans (Huamanchay et al. 2004), then predation

could be seen as increasing the persistence antatisport of these pathogens through filters.

However, if (00)cysts are being degraded by thezdators before being naturally rejected in the
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filter bed or in the effluent water, then predatiwauld be found to be an important mechanism
in the removal of protozoan (oo)cysts in biologigaanular filtration. Connelly et al. (2007)
reported a significant decrease in viability @iardia cysts and infectivity ofCryptosporidium
(oo)cysts due to grazing by the crustacBaphnia pulicariain lab-scale feeding experiments.
On a final thought, our experimental protocol téegezooplankton larger than 30 um, therefore
excluding the potential impact of most amoebae |evAcanthamoebdas been shown to be a
potential vehicle forCryptosporidiumoocysts (Gomez-Couso et al. 2007). Also, the 80-u
might allow some nematodes to escape due to thmeall swidth. The recovery of the
zooplankton isolation method is unknown. It iselikthat not all zooplankton organisms were
extracted from the GAC material samples.

3.4 Conclusions

Our results suggest that predation by zooplanktpulation in a GAC filter bed has an effect on
the transport and fate of pathogenic protozoanc{mt retained in these filter beds. In two GAC
filter columns pre-seeded with UV irradiated unléduk (0oo)cysts ofC. parvumandG.lamblig a
reduction was measured in the retained mass ofcysts) during two weeks of filtration.
Zooplankton was observed in the GAC material (5-@ffanisms per 30 g) and in the filtrates of
both columns (10-500 organisms&rwhich consisted for a large part of rotifers. tiRws are
known to ingesiCryptosporidiumand Giardia (oo)cysts under laboratory conditions, and they
are thought to be the main potential predator gsefor (oo)cysts in this study. A high energy
sonication (HES) treatment was designed to distptobserved zooplankton and to recover
internalized Cryptosporidiumand Giardia (oo)cysts. . (Oo)cyst recovery was enhanced in
zooplankton concentrates from the GAC filter bedewldisruption of zooplankton organisms
was performed by this procedure. In the zooplamksolates from the GAC filters effluents, an
increasing number of (oo)cysts was detected whenptioper HES disruption method was
applied. These observations are indications forateurrence of internalized (oo)cysts in the
environmental zooplankton present in the GAC fiked and effluent water. Under the seeding
conditions of this study, the ratio of internalize®d)cysts to the total (0o)cyst concentrationgfre
and internalized) in the filter bed and effluentterawere found to be limited. The observed
increase in the number of internalized (oo)cysthezooplankton concentrates from the effluent

3 weeks after the seeding test can be seen admation of increased predation activity over
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time. The significance of the present findings floee microbiological safety of drinking water
requires further research. More quantitative imfation on predation and remobilization and on
the fate of internalized pathogens (viability/infeity) is required to assess the probability of
transmission of internalized infectious (oo)cystg ooplankton under real environmental
conditions, in the perspective to calculate theelleof risk arising from these internalized

organisms in drinking water.
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CHAPITRE 4  PUBLICATION #3: PROTECTION AGAINST UV
DISINFECTION OF E. COLI BACTERIAAND B. SUBTILIS SPORES
INGESTED BY C. ELEGANS NEMATODES

Ce chapitre présente des résultats d’essais daséion UV visant I'évaluation de l'effet de
protection di a l'internalisation par des némasode microorganismes cibles, soit les bactéries
E. coli et les spores dB. subtilis Un protocole de sonication a été développé @dimécupérer
les bactéries internalisées avant ou apres I'eiposde nématodes au rayonnement UV. Ces

travaux ont été publiés daWéater Research
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Abstract: Nematodes, which occur abundantly in granular eédiers of drinking water
treatment plants and in distribution systems, cegest and transport pathogenic bacteria and
provide them protection against chemical disinfeidsa However, protection against UV

disinfection had not been investigated to date.

In this study,C. elegansnematodes (wild-type strain N2) were allowed tedf@nE. coli OP50

andB. subtilisspores before being exposed to 5 and 40 nflltvhfluences, using a collimated
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beam apparatus (LP, 254 nm). Sonication (15 WspWas used to extract bacteria from
nematode guts following UV exposure in order toeassthe amount of ingested bacteria that
resisted the UV treatment using a standard cutnethod. Bacteria located inside the gutCof
eleganswere shown to benefit from a significant protestagainst UV. Approximately 15% of
the applied UV fluence of 40 mJ/értas typically used in WTP) was found to reachtibeteria
located inside nematode guts based on the inactivat recovered bacteria (2.7 log reduction of
E. coli bacteria and 0.7 log reduction Bf subtilisspores at 40 mJ/@n To our knowledge, this
study is the first demonstration of the protectigffect of bacterial internalization by higher
organisms against UV treatment, using the spec#se ofE. coli andB. subtilisspores ingested
by C. elegans

Keywords: B. subtilissporesC. eleganskE. coli, nematode, UV disinfection, water

4.1 Introduction

Higher organisms can harbour viable microorganismd protect them to some extent from
drinking water disinfectants (Bichai, F. et al. (8)). The replication oEegionellasp. inside
amoebae is probably the most documented examplei©iphenomenon and one of the main
reasons for increased scientific attention dedecédethe complex issue of biological systems in
which pathogenic microorganisms closely intera¢hviigher organisms. On the other hand, the
ecology of higher organisms, such as zooplanktah r@matodes, is poorly understood and
rarely taken into account in the water treatmewtustry. Within the scope of reducing the
microbial risk associated with drinking water byingsa multi-barrier approach, a question is
raised regarding the risk associated with the makzation of waterborne pathogens by higher
organisms. Nematodes, which are abundant in sudeters (Mott, J.B. and Harrison, A.D.
(1983), Lupi, E. et al. (1995)), in granular mefiiters of water treatment plants (Matsumoto, N.
et al. (2002), Castaldelli, G. et al. (2005), HijnaV.A.M. et al. (2007)), and in distribution
systems (van Lieverloo, J.H.M. et al. (2004), Loaset al. (2007)), have been shown to ingest,
harbour and transport pathogenic bacteria and girdteem against chemical disinfectants,

including chlorine, as reviewed by Bichai, F. et @008). While UV treatment is widely
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recognized as an innovative and effective processdducing the microbial risk in drinking
water ({Wright, Gaithuma, et al. 2006}), the praiea offered to bacteria when internalized by
higher organisms (including nematodes) against dtfiation has not yet been investigated.
Consequently, this study aims to assess the prateagainst UV disinfection dE. coli bacteria

andB. subtilisspores ingested . elegansiematodes.

4.2 Materials and Methods

A protocol was developed to (i) feed nematodes with target organismE. coliandB. subtilis
spores, (ii) irradiate the resulting co-suspensyith low pressure UV lamps, and (iii) recover the

internalized organisms using sonication. The feilg sections describe in detail this procedure.

4.2.1 Maintenance ofC. elegans

The nematod€aenorhabditis elegansas been shown to ingest and vector a varietyuofam
pathogens and is commonly used as a biological htodavestigate host-pathogen interactions
(Bichai, F. et al. (2008)). A wild type strain (N@f C. elegansvas used in this study. Worms
were maintained on 5-mm NGM agar plates, which aon{per litre of pure water): sodium
chloride (3.0 g), agar (17 g), and Bacto-tryptoR& (), CaCGl (111 mg), 5 mg cholesterol in 1
ml ethanol, MgS®(247 mg), and KP¢X(3.35 g). E. coli OP50 expressing the green fluorescent
protein (GFP) was cultured at 3Z for 24 h in L broth, which contains (per litre mire water):
sodium chloride (5.0 g), Bacto-yeast (5.0 g), ardtB-tryptone (10.0 gE. coli OP50 is a non-
pathogenic strain routinely used as a feed sowc€ f elegangSteirnagle 2006). The NGM
agar was surface inoculated with 0.1 ml of a 24Htuce ofE. coli OP50 — GFP and incubated at

37°C for 24 h to establish confluent growth beforesfarring the worms.

4.2.2 Synchronizing Nematode Cultures

Nematode cultures were kept at room temperature222®). The surface of 6 NGM agar

plates, each containing a dense population ofdiviematodes of all ages, including eggs, was



95

washed by depositing 5 ml of sterile Milli-Q wat@nd gently rotating the plate to float off the
nematodes. The suspended eggs and worms werdcabgpransferred to a sterile 15-ml
centrifuge tube. Eggs and worms were collectedcentrifugation (500 g, 2 min). The
supernatant was removed and the pellet was restdesgen 10 ml of sterile Milli-Q water. The
suspension was centrifuged again (500 g, 2 min)thadpellet was resuspended in 7 ml of a
freshly made solution containing 5 ml of 1IN NaOHl&h ml of commercial bleach (~5.25%
sodium hypochlorite) and then incubated af@Gor 10 minutes, with brief and gentle vortexing
every 2 minutes to resuspend settled worms. Thoisgalure Kills all life cycle forms of the worm
except the eggs (Kenney, S.J. et al. (2004), $tgen2006). The suspension was centrifuged
and washed three more times with sterile Milli-Qtevato obtain a final suspension of
approximately ~0.1 ml containing several eggs. OAubaliquot was deposited on the surface of
an NGM agar plate on which a lawn Bf coli OP50 - GFP had formed, and the plate was
incubated at room temperature for 3 days to obddult worms. Nematodes collected on the
third day of incubation were used in all disinfeatiassays. Typically, six plates containing such
synchronized worm cultures were needed to prodheeworm suspension used in a UV

disinfection assay.

4.2.3 Preparation for UV Inactivation Assays

For each bacterial type, the complete experimeptatocol described hereafter was entirely
replicated three times (during three successiveksjee Each replicate disinfection assay was

performed using new synchronized worm cultures.

For E. coliinactivation assays, worms were collected fromsyyrechronized culture plates on the

third day without further manipulations since tlo®d source was also the targeted internalized
bacteria for UV inactivation. The surface of adlies was washed with 5 ml sterile phosphate
buffer and the plates were rotated gently to floeitthe nematodes. The suspensions were
transferred into one sterile 50-ml centrifuge taloel sterile phosphate buffer was added to yield

a final volume of 50 ml.
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For spore inactivation assays, worms were colle@tech synchronized culture plates and the
contents from each plate were aseptically transfeimto a sterile 15-ml centrifuge tube. Every
suspension was then washed three times with phtesph#er as described previously in order to
remove most of the external (un-ingest&d)coli and favour subsequent ingestion of the spores
by nematodes. The worm pellets obtained were pesuked in 5 ml of sterile phosphate buffer
and 0.1 ml of a solution dacillus subtilisspores (ATCC 6633) containing “1GFU/ml was
added to each suspension. Each nematode-spomnsimpwas transferred into a 50-mm sterile
Petri dish and incubated at room temperature for &hich was sufficient time to allow spore
accumulation inside the nematode gut (LaaberkiHViand Dworkin, J. (2008)). Spores are
reported to be more resistant to digestion (Laab&kH. and Dworkin, J. (2008)) thaB. coli
bacteria. After feeding, the content of all Pdighes was aseptically transferred into one sterile

50-ml centrifuge tube and sterile phosphate buff@s added to a final volume of 50 ml.

4.2.3.2Worm Suspension Washing Procedure for Reducing Chiome Demand

Prior to the disinfection assays, the prepared maueaprey suspensions were always washed
according to the following procedure in order taduee chlorine demand. Chlorination,
described later, was used to inactivate exterrgdrasms. For botk. coli andB. subtilisspore
experiments, the 50-ml worm and bacteria suspensiaa vortexed for 10 seconds, then
centrifuged (500 g, 2 min) and left at®@ for 20 minutes to allow settling of the wormsheT
supernatant was then carefully removed and theingnga2-ml suspension was resuspended in
20 ml of sterile phosphate buffer. This entireqa@ure was repeated once more before adjusting
the volume of the final suspension to 50 ml by addsterile phosphate buffer. The obtained
suspension was homogenized by gentle vortexing taed analyzed to measure the initial

concentration of bacteria and nematodes.
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4.2.4 UV Inactivation Assays

4.2.4.1Chlorination

Suspensions were chlorinated using a 750 mg/l (ss@dium hypochlorite solution prior to UV
inactivation assays in order to surface-sterilize worms and inactivate bacteria that had not
been ingested, as suggested previously by manyp@suEmerda, S.M. et al. (1970), King, C.H.
et al. (1991), Ding, G. et al. (1995), Lupi, Eaét(1995), Anderson, G.L. et al. (2003), Laaberki,
M.-H. and Dworkin, J. (2008)). Fd#. coli experiments, chlorination was performed at 10 ppm
for 5 minutes, then chlorine residual concentratioas measured using the DPD colorimetric
method (American Public Health Association (APHAXaAmerican Water Works Association
(AWWA) (1998)). Chlorine residual was quenchedaalging 0.1 ml of sodium thiosulfate (5%
WI/V). ForB. subtilisspore experiments, chlorination was done at 15 fgpr20 minutes due to
the higher resistance of spores to chlorinatiohlofine residual concentration was measured and
guenched by adding 0.1 ml of sodium thiosulfat€4MY/V). In both cases, chlorination showed
no effect on worm viability as they were observednaintain motility in the chlorinated
suspensions. In addition, free chlorine residna¢ssured at the end of chlorination treatments

indicated minimal chlorine demand from the susp@msi

4.2.4.2Sonication

Ultrasonication was used in order to rupture théct of C. elegansand release ingested

organisms.  For UV inactivation assays, half of tuspension was sonicated before UV
exposure and bacterial enumeration, while the dthérwas sonicated after UV exposure, prior
to bacterial enumeration. This strategy allowsettdo characterization of the protection effect
provided by internalization. It allows a comparisof samples that have been through all the
same steps (but in a different order), rather tbamparing only the inactivation by UV of

bacteria located inside nematodes versus inaddivati planktonic bacteria (without nematodes).
Sonication on ice was performed in 5-ml subsampfegsorm suspension in glass vials using an
ultrasonication probe (Cole Parmer, CP 70T) at 150W60 seconds. Sonication time was
chosen according to protocols found in literatd¢ag, C.H. et al. (1991), Ding, G. et al. (1995),

Caldwell, K.N. et al. (2003), Kenney, S.J. et aD@4), Kenney, S.J. et al. (2005), Locas, A. et al.



98

(2007)) and optimized by performing a series oflipri@ary tests in order to find the minimal
sonication time that would allow the breaking upatifworms without inactivating the extracted
E. colibacteria. After sonication, a 1-ml sample warféd (0.45um filter, 47 mm, Millipore)
and the entire surface of the filter was obsertezD@X under the microscope to confirm that all

worms had been disrupted (Figure 2d).

4.2.4.3UV Inactivation Protocol

The suspensions were exposed in open Petri-dishes diameter) to UV fluences of 5 and 40
mJ/cnf using a collimated beam apparatus equipped witwapressure UV lamp emitting at
254 nm (Trojan UV Technologies, London, ON, CanadB)e fluence rate was measured using
an International Light radiometer (Model IL1400AQupled to an NIST calibrated sensor for a
254-nm wavelength. The measured collimated beduende rate was approximately 0.070
mW/cnf. The fluence applied in the reactors was caledlas prescribed by the standard
method proposed by Bolton, J.R. and Linden, K.®08) and the duration of exposure was
adjusted according to the desired fluence. Fluarateulation includes four correction factors
which take into consideration: (i) the non-homogsgnef the fluence rate at the surface of the
reactors; (ii) the reflection of a fraction of timeident UV light at the air-water interface; (ithe
divergence of the light beams; (iv) the absorbasicthe water at 253.7 nm. Absorbance was
measured using a spectrophotometer (Cary 100 SsaNisible, Varian, Victoria, Australia)
equipped with an integrating sphere (LabspheretiN®utton, NH). Reactors were placed on stir
plates and agitated during irradiation to prevesttliag of the worms to the bottom of the Petri

dishes.

In order for bacteria/spores to remain as much assiple inside the worms throughout the
duration of a complete assay, samples were kepf@tbetween all steps of the protocol to slow
down all metabolic processes associated Wittelegangdigestion (Kenney, S.J. et al. (2005)).
Samples were filtered for bacterial enumeration edrately after the last UV exposure and
sonication steps to prevent any possible effeqihmftoreactivation. For the analysis of initial
concentration of bacteria, all samples that wertesoaicated, i.e. untreated samplesy)Nand

chlorinated samples (“€) were filtered on a 1Qum isopore membrane filter (# TCTP04700,
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Millipore) in order to remove nematodes and thexeforevent defecation of viable bacteria on
the culture medium during the 24-h incubation p&riovhich would interfere with the
enumeration of external (uningested) bacteria. TBeum was shown to effectively retain
nematodes without significantly reducing the comiaion of planktonic bacteria/spores in the

sample. The protocol for UV inactivation assaysusimarized in Figure 4.1.

p ~ C. elegans + presmeeseemesaiaaaand ™ Sample analysis
Sample analysis bacteria + Sample filtration for bacterial
for nematode [®-----------o-- co-culture after |: Opm counts
counts feeding period

S J

4 )
Sample analysis Sample analysis
for nematode  (----------------- f A

, for bacterial
\__counts ) : counts

Sample analysis
for confirmation
of worm L UV irradiation
disruption and n Sonication (5 - 40 mJcm2)
for bacterial
counts

Sample analysis
for bacterial
counts

)

Sample analysis
for bacterial |-
counts )

UV irradiation
(5-40mJicm2)

Sonication

Figure 4.1: Summary of the UV inactivation assaygqrol

4.2.4.4Bacterial Enumeration and Nematode Counts

Nematodes were counted by filtering 1 ml of thepsusion on a 0.4pm filter (Millipore, 47
mm) which was observed under the microscope at 20Db€ entire filter surface was observed.
In the case of experiments with. coli, the use of bacteria expressing the GFP allowed to
visualize internalizedk. coli inside the gut o€. elegandy epifluorescence microscopy (Figure
4.2a, b). As for spores, they were seen as rolexk holes in the nematode autofluorescent
intestinal cells (Figure 4.2c)E. coli bacteria were enumerated on duplicate m-Endo plgtes
after filtering 1-ml of appropriate dilutions ond8.um filters (Millipore, 47 mm). Petri dishes

were incubated at 3 for 24h, based on the standard method for enuioeraf total coliforms
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((American Public Health Association (APHA) and Amecan Water Works Association
(AWWA) (1998)). B. subtilis spores were enumerated by filtering appropriatatidns in
duplicates, transferring the filters onto TSB Petils, pasteurizing the Petri dishes af@5or
15 min and incubating at 3& for 24h. The detailed protocol is described arliau, B. et al.
(1997).

(a)

Figure 4.2: (aE. coli OP50 — GFP (green fluorescence) observed insideeaegangpharynx.
Yellow spots are autofluorescence from the neméagodells. (b) Brightly fluorescinde. coli
OP50 — GFP bacteria (circled) inside the nematoglessynx and digestive tract towards the tail.
(c) Spores observed as black “holes” (circled) @matode intestinal cell autofluorescence. (d)

All that remains after sonication are bacteria sohe nematode debris.
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4.3 Results and Discussion

Table 4.1 shows bacterial concentrations measuo#dwing the different treatment steps.
Disinfection assays were replicated during threzsssive weeks. Results indicate a very good
reproducibility considering that nematode concermng in the initial suspension varied from
one assay to another (see Table 4.2). Yet, theageeconcentration was found to be 175
nematodes/ml for botl. coli (47-357/mL) andB. subtilis spore (6-420/mL) assays. Higher
nematode concentrations reflect the start of a gemeration of worms in the synchronized
culture, meaning that both adult worms and youngmego(L1 to L2 larval stage worms) were
found in the initial suspensions. The variationsnematode concentrations between distinct
assays most probably imply variations in both thigal concentration of external bacteria in the
co-suspension and in the average number of infeetbbacteria per worm (as a consequence of
the distribution of worm age in some cultures).wedwger, even though the concentrations of both
nematodes and prey differed from one assay to andthe relative protection effect exhibited

good reproducibility. The following sections wadeétail the impact of each treatment step.

4.3.1 Chlorination

Chlorination of the initial co-suspensions was showo reduce external bacteria/spore
concentration by 2.2 logs and 1.6 logs on averag&f coli andB. subtilisspore experiments,
respectively (Table 1, line #2). Therefore, evkaugh the chlorine demands were fairly low
(less than 15% of the applied dosage in all cases)ll external bacteria were inactivated by the
chlorination treatment, despite the high applied i@both cases (50 mg-min/L f&. coli and
300 mg-min/L for spores). The higher resistancbanfteria and spores to chlorination was not
unexpected considering the potential attachmenétmatode cuticles.
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Tableau 4.1: Measured concentration offagoli bacteria and (IB. subtilisspores at each step of the UV inactivation assatypgol.

Measured bacterial concentration Conclusion
Treatment )
# Assay 1 | Assay2 | Assay 3 | (average + STD)** Meaning
Cl, |+ SON|+ UV*[+ SON Log (cfu/ml) Log (cfu/ml)
1 55 5.4 55 Q 5.5 £ 0.1]Uningested bacteria in initial suspension
2] x 3.3 3.1 3.5 1)/ (2)|2.2 + 0.2]Inactivation by chlorine
3] x 5.4 4.6 5.4 (3)-(2)]5.1 = 0.5|Release of bacteria by sonciation
E.coli 4] x 5 3.1 2.0 3.3 (3)/(4) 2.3 £ 0.2]UV inactivation of bacteria extracted from
5| x 40 0.2 0.3 0.3 (3)/(5) [5.2 + 0.8|nematodes (in presence of worm debris)
6] X 5 X 3.0 2.8 5.2 (3)/(6) 1.5 £ 1.1]|UV inactivation of bacteria located inside
7] x 40 X 2.1 2.1 3.2 (3)/(7)|2.7 + 0.6 |nematodes
1 5.2 4.2 4.3 (1) [4.6 = 0.6|Uningested bacteria in initial suspension
2] x 3.7 3.0 2.1 (1)/(2)|1.6 + 0.5]Inactivation by chlorine
B. 3] x 4.6 4.7 3.4 3)—-(2)]4.2 = 0.7 |Release of bacteria by sonciation
subtilis |4] x 5 4.5 4.5 3.3 (3)/(4)]0.1 + 0.0]UV inactivation of bacteria extracted from
spores gl x 40 2.2 1.5 1.3 (3)/(5) [2.6 + 0.5 |nematodes (in presence of worm debris)
6] X 5 X 4.6 4.4 3.4 (3)/(6)|0.1 + 0.2]Inactivation by UV of bacteria located
7] x 40 X 3.2 4.2 3.1 (3)/(7)|0.7 + 0.6]inside nematodes

*Numbers represent the UV fluence applied in m/cthAverage calculated from paired data from eactagss
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4.3.2 Sonication

Following chlorination, sonication was shown tcegse on average and 16> CFU/ml of E.

coli bacteria andB. subtilisspores, respectively (Table 4.1, line #3). Thesecentrations are
calculated by subtracting the concentration of reeiebacteria that survived chlorination (Table
4.1, line #2) from the total measured concentratibbacteria after sonication (Table 4.1, line
#3). Since the concentration of bacteria remaimintpe chlorinated sample was at least 2 orders
of magnitude below the concentration measured afiaication, the presence of these external
bacteria did not significantly impact our evaluatiaf the fate of internalized bacteria through the
subsequent UV treatment steps.

As can be seen in Table 4.2, nematodes were shovearty E. coli bacteria and. subtilis
spores in numbers varying respectively froni®0 13" and from 16° — 1" CFU/nematode.
The initial concentration oE. coli or B. subtilisspores in the co-cultures was constant among
assays and should not have been a restrictingrfBmtoematode feeding. Therefore, we suggest
that these variations rather reflect, in the cdsmecultures withe. coli, the ability of nematodes
to digest the bacteria, which is influenced by Warm’s age. In fact, microscopic observation
within the framework of this study confirmed prew#o reports (J.-C. Labbé, personal
communication) of the fact that your@ elegansdigestE. coli OP50 easily. This probably
explains how a lower average number of bacteriangenatode is found when the nematode
concentration is high in the suspension (Assayirg)icating, as stated earlier, the presence of
young worms. As foB. subtilisspore assays, the concentration of ingested sperasematode
was generally lower than f&. coli co-cultures, which was not surprising considermgjnly the
much shorter feeding period on spores, and was klse variable, most probably as a
consequence of the lesser digestibility of the eptwyC. elegangLaaberki, M.-H. and Dworkin,

J. 2008). The lower average number of ingest@despper nematode found when the initial
suspension contained a higher concentration of waAssay 1) might indicate that the smallest
worms (L1 and L2 larval stages) do not feed asctffely on spores, which are not recognized as
a usual food source f@. elegans These results were compared to other publishkees in the
literature. Laaberki, M.-H. and Dworkin, J. (20@8)ind an average concentration of about10
CFU/nematode when feedin@. eleganseither with B. subtilis spores oB. anthracisspores,
whereas Kenney, S.J. et al. (2005) found concémtsibf 13- CFU/nematode of. coli OP50.
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Meanwhile, Laaberki, M.-H. and Dworkin, J. (2008und on average 1®CFU/worm when
feedingE. coli OP50 to younge€. elegansworms (L4 larval stage). Those numbers can be
interpreted as an indication of the capability ehmatodes to transport an infectious dose of a
human pathogen. In fact, when looking at humaredmbus doses (I§3) for waterborne
pathogens, we find that the dfare in the order of £Go 10°°for most enteropathogenic bacteria
(Percival et al. 2004). However, for a highly dgtagenic strain okE. coli such as strain 0157
H7, the 1B can be as low as 100 cells, whereas less than@@ts ofCryptosporidium parvum
can create infection in humans (Percival et al.4200 Therefore, we cannot rule out the
possibility, as suggested by {Sifri, Begun, et 2005}, that nematodes can potentially act as
vehicles for a number of human pathogens througtkicig water systems.

Tableau 4.2: Characterization of initial co-suspems of nematode and bacteria after selected

feeding time
Assayl Assay2 Assay3 Average

Ej:ﬁi:;de concentration in 1mtial suspension 120 157 A7 175
E. coli Y

Log (bacteria/nematode) 33 2.0 3.7 30

Nematode concentration in imitial suspension e
B. subtilis (ind/ml) 420 100 6 173
spores

Log (bacteria/nematode) 19 27 2.6 24

4.3.3 UV Inactivation

In order to assess the impact of the presence ohaand worm debris in the irradiated samples
in the performance of UV disinfection, pure planktobacteria and spore suspensions (i.e. in the
absence of nematodes) were added to phosphate boffeexposed to various UV fluences. This

task yielded two reference curves (Eqgs. 1 and &¢rd@ng the UV inactivation kinetics of frée

coli andB. subtilisspores, respectively.

log(Nﬁj - _0.4385mjvﬂueme; R2 =0.989 (1)

[o]
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log(Nﬁj - _0.11631]J\/fluenc9; R2 =0.997 (2)

Both curves are shown on Figure 4.3. Both regoasswere statistically significant (p< 0.001)
with the residuals being normally distributed ahd error term homoscedastic according to the
Bartlett chi-square test (Statistica, 2008).

5.0 ;
"y = 0.4385x g
4.5 E R? = 0.9879

4.0 '

: y = 0.1163x m E. coli
3.5 ’., .’.' R2 = 0.9971
3.0 4 o B. subtilis
254 . spores

201 x

154 ; 1.
101! {
05 {T .

0.0 &
0 10 20 30 40 50

UV fluence (mJ/cm2)

-log (N/N o)

Figure 4.3: Inactivation oE. coli OP50 andB. subtilisspores ATCC6633 used in this study.

Error bars show the standard deviation.

UV inactivation of internalized microorganisms waseasured by comparing the final

bacteria/spore concentrations in the chlorinatdd\#irradiated + sonicated samples (Table 1,
lines #6-7) to the reference chlorinated/sonicatachples (Table 1, line #3). Similarly, UV

inactivation of bacteria extracted from nematodgsdnication was calculated by comparing the
bacteria concentrations in the chlorinated + sdadcta UV-irradiated samples (Table 1, lines #4-
5) to the reference sample (Table 1, line #3).ufeg.4 compares the UV inactivation results
(expressed as log reduction) for these three tgpeeatments (planktonic bacteria, bacteria +

worm debris, internalized bacteria), for b&hcoli bacteria an®. subtilisspores.
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Figure 4.4: UV inactivation (in log) of (. coli and (b)B. subtilisspores for three treatment
conditions: planktonic, chlorinated + sonicatedo{twed) worm suspension (“Ct SON + UV”)
or intact worm suspension (“C+ UV + SON”). Assays were performed at 5 m¥@nd 40
mJ/cnf UV fluences. Error bars indicate the 95% confiieimtervals (Eq. 1 & 2 were used for

inactivation values of planktonic organisms).

As expected, inactivation data indicate a decr@asé/ efficacy against bacteria/spores in both
sonicated and intact (chlorinated) worm suspensamsompared to planktonic bacteria. This
difference is most notable at the 40 mJcmlthough it was also found to be statistically
significant (p < 0.05) foB. subtilisspores exposed to 5 mJ/colV irradiation in the sonicated
suspension. For the lower UV dosage in Ehecoli assays, the experimental error limits our
ability to clearly distinguish the targeted phenowre. For the highest UV dosage of 40 mJ/cm
inactivation ofE. coli should theoretically be virtually complete (> 1@)o In the presence of
worm debris, this inactivation was reduced to ®g. | However, the internalizel. coli were
even more resistant with only 2.7 log of inactiwatachieved at 40 mJ/émSimilar results were
obtained forB. subtilisspores. A 4.7 log inactivation &. subtilisspores was achieved at 40
mJ/cnf in the absence of nematodes. The presence of wehris reduced the inactivation to

2.6 log, while internalized spores were even mesistant with only 0.7 log of inactivation.
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4.3.4 Evaluation of UV Fluence Reaching Internalized Micoorganisms

The concept of biodosimetry was used in order diréctly quantify the UV fluence reaching the
microorganisms located inside the gutGfelegans The calculation of these UV fluences was
based on the measured log inactivation of intezedlibacteria/spores (Table 1, lines #6-7), using
Equations (1) and (2). The latter, which descritke UV inactivation of planktonic
bacteria/spores with respect to the applied UVritge can be used inversely to predict the UV
fluence corresponding to a measured inactivatidhis approach led to the calculation of the
internal UV fluences, which were unsurprisingly Emthan the dosages applied in the UV
experiments, knowing that the efficacy of UV inmation was lower with internalized
bacteria/spores than with planktonic organismsnalfy, in order to obtain the fraction of UV
radiation that reached the microorganisms insidendmatode gut, the calculated UV fluences

reaching the internalized microorganisms were @gitly the applied UV fluences.

Figure 4.5 shows the results of this analysisEorcoli bacteria and. subtilisspores at both
tested UV fluences. Interestingly, for 3 out afalculated ratios, it was found that 15-18% of the
UV fluence applied actually reached the microorgars located inside nematodes. For one
condition E. coli— 5 mJ/crf), this ratio was significantly higher (67%). Teriability is most
pronounced at 5 mJ/érluence both foE. coli and spores, whereas the range is much narrower
at 40 mJ/crh We suggest that the lower inactivation levelwited at 5 mJ/cfrare responsible
for the larger uncertainty in the results. In tlease, the experimental error arising from the
manipulation of a complex biological system invalyiinteraction between two species can
becloud the smaller measured inactivation valuekwever, at a higher UV fluence, higher
inactivation levels reduce variability and resuiftdicate that approximately 15 — 16 % of the 40
mJ/cnt UV fluence typically applied in water treatmenapis do reach organisms that have been
ingested by nematodes.
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Figure 4.5: Calculated fraction of the applied Uwfehce that reaches the bacteria located inside

the nematode gut. Error bars show the 95% condelerervals.

The better reproducibility of spore assays as coathoE. coli might be explained by the fact
that the bias of bacterial digestion by the nemeagaithroughout the performing of the assays is
significantly reduced with spores, which are urlljkio be digestible by the worms. In that
context, spores are a better biodosimeter for maasthe UV fluences inside nematodes. It can
also be hypothesised that spore resistance totdigemay be attributed to their thick protein
coat layer (Laaberki, M.-H. and Dworkin, J. (2008)Therefore, spores might act as a better
indicator for the fate of similarly robust, thickaled organisms such aSryptosporidium
oocysts when internalized Wy. elegans As for the experiments with. coli, it is relevant to
point out that the strain used in this study (ORSQ@j)sed as a common food source when growing
C. elegangSifri, C.D. et al. (2005), Stiernagle 2006). §mformation highlights the fact thit

coli OP50 is digestible b. elegansunder typical conditions. However, as observedhin
study, E. coli bacteria can accumulate in the gut of adult wofm® days old as reported by
Labrousse, A. et al. (2000)) and be less digeshbilelder worms (> 8 days), at which stage the
pharynx starts to be destroyed by the bacteriarfiLedse, A. et al. (2000)). Meanwhile, some
human pathogenic strains & coli have been previously shown to colonize and estaldi

persistent infection in the intestine Gf elegangKenney, S.J. et al. (2005)). Such a system, in
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which E. coli becomes practically unsusceptible to digestiony rha more favourable for
evaluating the protection against UV disinfectidrenteropathogenic bacteria insi@eelegans

4.3.5 Implication for the Drinking Water Industry

There is an increased awareness in the water myduetated to the issue of pathogen
internalization by higher organisms. Although sachhenomenon has been described for quite
some time (Greub, G. and Raoult, D. (2004)), thie @f amoebae in the transmission of
Legionnaire’s disease has highlighted the genuineramial risk that can arise from the
association of pathogenic bacteria and protozd@ecently, Loret et al. (2008) have underlined
the presence of amoebae and intra-amoebal batteaagh various drinking water treatment
plants and found that 100% of raw water samples @b) were positive for amoebae, with
concentrations ranging from 1 log MPN/L up to > B§. 80% of these samples were positive
for Legionellaspp. (detected by PCR). The concentrations df begionellaspp. and amoebae
were observed to be significantly lowered by theatment processes, although a rise was
reported after GAC filters. At no point of thedtment chains were those organisms found to be
completely eliminated. Both amoebae dregionella spp., includingL. pneumophila were
detected in water and biofilm samples from distiitru systems. The authors stress the point that
amoebae might act as “biological by-passes” inkilngy water treatment for the bacteria they
harbour. Due to the high resistance of amoebakdgsdisinfection, they recommend control
strategies based on the physical removal of thegansms. However, granular media filters
favour proliferation of higher organisms, includiagnoebae and nematodes, and their feeding on
bacteria. It was suggested long ago that nematowgsbe potential vehicles for pathogenic
bacteria through drinking water systems (Chang, ®fLal. (1960), Bertolucci, G.C. et al.
(1998)). Nematodes are among the most abundahehigrganisms found in granular media
filters (Hijnen, W.A.M. et al. (2007)) and conceattons reaching 71 nematodes per litre have
been documented in the effluent of GAC filters (@kkelli, G. et al. (2005)).

Considering that internalization by a nematode refi@ nearly absolute protection to chemical
disinfection (Ding, G. et al. (1995), {Lupi, Ricat al. 1995}, Locas, A. et al. (2007)), it was of



110

interest to investigate the ability of UV radiatiom reach indicator organisms internalized by
nematodes, and thus evaluate the potential of U\sdove as an alternative strategy for
inactivating internalized pathogens in drinking @rat Our findings indicate that it is possible to
inactivate internalized organisms with UV radiati@ithough the effective UV fluences were
lowered by a factor of approximately 6 due to abaoce offered by the nematode’s body.
Nevertheless, this reduction of performance is sana modest as compared to the traditional
oxidant-based disinfectants, which are essentiaigffective under common water treatment
conditions. As UV disinfection is typically useftex filtration in the drinking water industry,

this process might be an appropriate strategyddressing this microbiological challenge.

On the other hand, after being irradiated with 40/amf UV fluence, C. eleganscould still
release 2 — 3 logs &. coliand 3 — 4 logs dB. subtilisspores under the experimental conditions
in this study. Although this observation suggestgsidual microbial risk, the results described
herein were obtained while using nematodes witbrg {tigh number of internalized bacteria due
to laboratory co-culture conditions. It is questible whether or not such high concentrations
could be observed under environmental conditionghe low concentrations of pathogenic
microorganisms found in most drinking water sourseggest that pathogen ingestion by higher
organisms under natural conditions remains a lovbgoility event. This does not necessarily
imply that the defined associated risk can be rotgik since some waterborne pathogens, such
as Campylobacteror Cryptosporidium can be of concern at low doses, as discusseckrearl
Also, some human bacterial pathogens have beennstwolae nematode pathogens as well (Sifri,
C.D. et al. (2005)) and further shown to colonike tvorm intestine after ingestion, therefore
establishing the theoretical possibility of findiaghigh number of bacterial pathogens inside an
environmental nematode. It is therefore prudentdosider that a single organism persisting
through a water system could potentially harbowuéficient amount of pathogens to create
infection in a human consumer. Other aspects mempaorly understood in the transmission of
pathogenic organisms by higher organisms in dripkwsater, including the possibility of
pathogens being naturally released by their hostsinking water in a viable and infective state.
Smerda et al. (1971) have studied the releaSalmhonellasp. by natural defecation and reported
that, depending on the culture medium used to ecalefecated bacteria, the recovery of
Salmonellavaried from 20% to 93.3%. Viabl8. wichitawere freed from nematodes in a tap
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water solution by defecation, which reflects drimkiwater conditions. Kenney et al. (2005) have
reported transmission of enteric pathogensChyelegansnematodes to progeny and to a new
population of wild-type worms by excretion of vieldells into their environment (at lab-scale).
Dennehy et al. (2006) have also reported transamssif bacteriophages between spatially
distinct patches of bacteria on agar plate. Tloeegthere are indications at laboratory scale that
nematodes can transmit both viruses and bacterrewo hosts by natural processes including
defecation. Literature reports that bacterivoroesnatodes can excrete from 30% to 60% of
bacteria ingested in viable form (Chantanao andeler1969). However, it is possible that the
excessive concentration of bacteria fed to nematodiab-scale experiments might contribute to
a higher number of bacteria passing unharmed throlig predator’'s gut due to available food
exceeding the digestion capacity of the worms (@Gireao and Jensen 1969). We hypothesize
nonetheless that this bias might not be implicatetie case of bacteria creating infections inside

nematodes.

Finally, a thorough quantitative microbial risk eassment is still needed to evaluate the
importance of this hazard and to determine prdctioglications in terms of water treatment
design, operation and management. While highearosgns are known to be ubiquitous in
drinking water systems, studies quantifying intémeal pathogen occurrence under field
conditions are currently lacking, due to great rodtiogical challenges, leaving a so-called

“black box” in the drinking water risk assessment.

4.4 Conclusions

In this study, indicator organisms were used tessdJV radiation’s potential for penetrating
nematodes by applying the principle of biodosimetryOur results allow the following
conclusions to be reported:

Internalization ofE. coli bacteria and. subtilisspores byC. elegansnematodes was shown to
offer significant protection against UV disinfeatiat the typical fluence of 40 mJ/€mpplied in
the water treatment industry. This protection i@snd to represent about 85% of the UV

fluence being blocked by the worms, leaving onlgwhl5% of the applied fluence reaching the
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internalized organisms. To our knowledge, thishis first report of higher organisms offering
protection against UV radiation to internalized marganisms.

B. subtilisspore results showed less variability tharcoli, suggesting that spores might act as a

better biodosimeter in such a biological systenmdpenore resistant to digestion By elegans

A UV fluence of 40 mJ/cfwas sufficient to obtain 2.7 and 0.7 log inactimatof internalizecE.
coli and B. subtilisspores Considering that chemical treatments includingpiehation are
essentially ineffective in inactivating microorgamis internalized inside nematodes, UV
radiation appears to be a superior treatment cagdarchemical disinfection in order to address

this microbial risk.

Finally, it remains to be investigated whether ot pathogen ingestion and transport by higher
organisms at various stages of drinking water systdincluding granular filtration and

distribution networks) occurs at a significant leveCharacterizing the occurrence of this
phenomenon will further determine the relevancantégrating this risk when assessing the

performance of a drinking water treatment system.
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CHAPITRE S5  PUBLICATION #4 : COMPARAISON OF THE ROLE OF
ATTACHMENT, AGGREGATION AND INTERNALIZATION OF
MICROORGANISMS IN UVC AND UVA (SOLAR) DISINFECTION

Ce chapitre présente les résultats d’essais expgtanx visant a mesurer I'impact de deux types
de mécanismes de protection des microorganismesafd& désinfection UVA, soit I'agrégation

et I'attachement aux particles et l'internalisatjper des organismes supérieurs. Dans les deux
cas, les travaux réalisés sont basés sur des plegopréalablement élaborés pour déterminer
I'impact de ces mémes mécanismes de protectionafd@elésinfection UVC. L'objectif de cette
étude vise une comparaison entre I'impact de cesnigmes de protection dans les deux types
de procédés de désinfection UV (UVC et UVA). Caicke a été soumis pour publication a
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Abstract: In this comparative study, the impact of two micablprotective mechanisms against
simulated UVA disinfection was assessed by usingogols previously developed for UVC
disinfection assays. (i) The impact of natural macganism aggregation and attachment to

particles was assessed by targeting total colifoatteria in natural surface water samples. (ii)
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The impact of bacteria internalization by zooplamktwas assessed by usif®y elegans
nematodes as a model host &dcoli as a bacterial target for UVA inactivation. Disgen of
natural aggregates by blending prior to UVA expeswas shown to enhance the inactivation
rate of total coliforms as compared to untreatedweter, while removal of particles by a8
membrane filtration was not. 24% of the highestligpgpUVA fluence was found to reach
internalizedE. coli in nematodes. In both parts of this study, onighgldifferences were found

with regard to the impact of protective mechanisigainst UVA and UVC bacterial inactivation.

Keywords: AggregationE. coli, internalization, nematodes, particles, solamdisition

5.1 Introduction

Solar disinfection is a promising technology whishbeing increasingly used for providing

drinking water in developing communities. SODISaisimple application of solar disinfection

performed in commonly available polyethylene tetafstte (PET) bottles and now recognized by
the WHO as an appropriate technology for disinfectdrinking water at the household level

(WHO/UNICEF 2005). Moreover, this low-cost procésgenerally well accepted by developing
communities. SODIS relies mostly on the UVA pantiof the natural sunlight spectrum. UVC

radiation does not reach the surface of the E@iffiefy 1977) and UVB rays are mostly blocked

by the PET plastic bottle (Wegelin et al. (1994ed¥lin et al. (2001)).

Artificial UV irradiation is also widely used in wer treatment plants of industrialized countries,
mostly for the purpose of disinfection. It is perfeed by producing UVC radiation at the most
germicidal wavelengths of the spectrum (typicalbdzm for low pressure lamps) which alters
directly the DNA of the microbial cells in the wate In spite of both processes relying on
photolysis, research on solar and UVC disinfechiaa rarely been paralleled apart from the work
of Coohill and Sagripanti 2009.

One potential explanation for this situation lies the fact that they target very different
applications: one is mostly used for treating imi@ot flows in municipal water treatment of
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industrialized countries, whereas the other is usgd rudimentary means for treating very
limited volumes of water in a household settingtie developing world. However, the
mechanisms responsible for inactivation are aldterént. Inactivation arising from UVC
photons is thought to originate from DNA dimeripati which inhibits reproduction of
microorganisms (Mitchell and Nairn (1989)) while B\Wdisinfection alters microorganisms
through the photo-oxidation reactions of nucleidswia reactive oxygen species (Miller et al.
1999). Apart from bacterial spores, Coohill and rgamti (2009) found it difficult to predict
UVA sensitivity based on the equivalent UVC infotioa.

A synergistic effect of heat in solar disinfectidtas been reported when water reaches
temperatures above 45%D (Wegelin et al. (1994), McGuigan et al. (1998plowever, most
solar disinfection research now disregards thermedtivation. It was reported that for most
applications, water temperature does not reacHf@isut level to act synergistically with UVA
photolysis (Martin Wegelin, personal communicati@@06). Therefore, under this assumption,
UVA disinfection could be viewed as an irradiatipmocess similar to UVC disinfection. In that
sense, it becomes interesting to reflect on thmwuarinterferences reported for UVC disinfection
and try to extend these conclusions to UVA inad¢tora This was the basic hypothesis which
supported this work.

UV irradiation can be compromised by the presendeparticles which may protect

microorganisms. Microorganism aggregation is alsotl@er mechanism which may lead to a
lower efficacy of UV irradiation. Recently, thesgo issues were studied in drinking water
applications where UVC is often applied on unfaérsurface waters. At this time, studies
(Kingsford et al. 2005, Caron et al. (2007), Tergteet al. 2010) have observed minimal
impacts of turbidity if this value remains beloweth NTU threshold used in most drinking water
guidelines. It also appears that turbidity is e best indicator of particles interference to UVC
inactivation as the inactivation of microorganisseeded in high turbidity waters (wastewaters or
turbidity artificially induced with kaolin) was nattrongly impacted (Passantino et al. (2004), Li
et al. (2009)) . It is not as much the concentretiof particles than the actual attachment of

microorganisms to the later that will dictate thver@ll impact on UV performance.
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In the case of solar disinfection, it has been meoended that SODIS be applied for waters with
turbidities lower than 30 NTU (EAWAG/SANDEC, 2008)owever, most solar disinfection
studies assessing the impact of turbidity wereeaad with artificially added turbidity (Joyce et
al. (1996), Kehoe et al. (2001)). In these stydiles thermal component of the procesS ¥T
55°C) was found to compensate for the loss of UVA gmaittance in turbid water samples,
therefore allowing high inactivation in waters wattificial turbidity as high as 200 — 300 NTU.
McGuigan et al. (1998) suggest that solar disimdectunlike thermal inactivation, is clearly
impacted by high turbidity. Additional assays ararranted to evaluate the impact of natural
turbidity on UVA irradiation while excluding the le of pasteurisation on the process

performance.

Apart from the impact of particles and aggregationi¢groorganisms can also find enhanced
survival conditions by associating with higher ongans. Many human bacterial pathogens
invade amoebae or other protozoa (Barker and Br@@94), Winiecka-Krusnell and Linder
(1999), Winiecka-Krusnell and Linder (2001), Greabd Raoult (2004)), in which they can
proliferate and benefit from a protection againstsh environmental conditions. Other higher
organisms such as nematodes, rotifers and cladecbeve been reported to feed on a variety of
waterborne pathogens in laboratory conditions, Wwhisulted in some cases in the subsequent
transport of internalized pathogens and their ptaie against disinfection, as reviewed by
Bichai et al. (2008). In UVC disinfection, intetization by nematodes has been demonstrated to
partially protectE. coli bacteria andB. subtilisspores against irradiation, with a ~85% protection
at a typical UV fluence of 40 mJ/émTo our knowledge, the impact of internalizatimm UVA

inactivation has never been studied.

In this study, a comparative evaluation of microlpeotection mechanisms on UVA and UVC
performance was initiated. Two sets of experimam@se conducted in order to assess the impact
of two types of microbial protective mechanisms dolar disinfection: (i) aggregation of
microorganisms and attachment to particles, andntiernalization of microorganisms by higher

organisms. This project took advantage of disitd@cprotocols which were developed in our
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group and used to test the impact of turbidity (@aet al. (2007)) and internalization (Bichai et
al. (2009)) on UVC inactivation. Therefore, ideatiassays were conducted with simulated UVA
irradiation in order to test the hypothesis tha pimotection effects for both types of irradiation

were similar.

5.2 Material & Methods

In the first series of assays on turbidity, riveater samples were treated more or less extensively
to allow distinguishing the impact of particle rewab and dispersion of aggregates on the
efficacy of UV disinfection. Indigenous total dolims were selected as the target
microorganisms for these assays as they were grassufficiently high concentrations to allow
performing disinfection without the need of spikitige water samples. It is our opinion that this
approach provides more representative conditiotiseasrganisms are found in their natural state

of aggregation and association to particles.

In the case of microbial internalizatio&, coli was used as a target for disinfection assays.
Caenorhabditis eleganeematodes were used as a model host for inteedalbacteria. Co-
cultures were prepared by feeding nematodes Ritboli plated on agar. Co-suspensions were
prepared to be exposed to UVA radiation. A someaprotocol was used to disrupt nematodes
in order to extract and recover internalizZ€d coli bacteria before or after exposure to UVA

irradiation. Both protocols are described in geedetails in the following sections.

5.2.1 UVA irradiation and fluence rate measurement

Inactivation assays were conducted using a 15-W UaAp with a peak emission at 365 nm
(UVP, Upland, CA). Fluence rate was measured withdiomete(IL1400A, International Light,
Newbury, MA) calibrated against a NIST standardhwat precision of +6.5%. The required
irradiation time for a given fluence was calculabesed on the fluence rate corrected according
to the standard method proposed by Bolton and Inir{@803). Absorbance was measured with a

spectrophotometer (Cary 100 Scan UV-Visible, Varidictoria, Australia) equipped with an
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integrating spher@_absphere, North Sutton, NH). To allow the irrdia of large volumes of
water (50 mL), Petri dishes of 9 cm diameter wesedu With this configuration, water depth was

1 cm. Suspensions were exposed to the UVA langemly stirred, open Petri dishes.

5.2.2 Assays on the impact of aggregation and attachment

5.2.2.1Surface water sampling

Raw water samples were collected from the Mills-IRiver on four occasions during the
summer months of 2008. Each sample was charaalefarethe following physico-chemical
parameters: turbidity, pH, alkalinity, hardnesartigle counts, TOC and UV absorbance at 254

nm (standard) and 365 nm (UVA lamp emission peak).

5.2.2.2Dispersion protocol

The protocol used to assess the impact of aggoegati microorganisms and attachment to
particles was elaborated by Caron et al. (200He grotocol allows a comparison between three
conditions: (i) non-dispersed microorganisms (N@2w water samples are submitted to UVA
irradiation without any pre-treatment, after whitle samples are blended (as described later) to
disperse the naturally occurring coliform aggregafgior to enumeration; (ii) dispersed
microorganisms (D): samples are blended prior toAUfadiation to evaluate the role of
coliform aggregation and/or embedment on UVA inaaion; and (iii) filtered microorganisms
(F8): samples are filtered througlu pore membranes, after which the filtered samples
irradiated and then blended to disperse coliforn@ po enumeration. Dispersion is achieved by
blending (Blender 7012S, Waring, Torrington, CTg thater for 4 minutes at 8,000 rpm with 100
mg/L Zwittergent 3-1ZSigma Chemical Co., St-Louis, MO). Two-minute raggervals follow
each minute of blending to minimize any increaseveter temperature and the presence of
foaming. While the dispersion protocol developed @Ggron et al. (2007) was targeting
indigenous spores of aerobic spore-forming bacteitia UVC disinfection, a different target was
selected in UVA experiments, since indigenous spatel not allow measuring sufficient

inactivation levels to compare inactivation kinstifor the purpose of this study (results not
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shown). In fact, spores are extremely resistarsiotar disinfection (Boyle et al. 2008, Gill and
McLoughlin (2007)). Total coliforms were chosenaasommon indigenous bacterial indicator
occurring in sufficiently high concentrations inriace water and with a similar solar disinfection
resistance as for other indicators and pathogemsmumly targeted in solar disinfection studies
such a<. coliand bacteriophages, as wellZamonellayphimurium ShigellaandEnterococci
faecalis(Gill and McLoughlin (2007)).

5.2.2.3UVA inactivation

The suspensions were exposed to UVA radiation &oious exposure durations, leading to UVA
doses between 10 and 35 JfcmSuch fluences represent exposure to strong sadéation for
durations of approximately < 1 to 3 hours (Ubombhawh et al. 2009).

5.2.3 Assays on the impact of internalization

The nematod€aenorhabditis eleganisas been shown to ingest and vector a varietyuofam
pathogens and is commonly used as a biological htodavestigate host-pathogen interactions
(Bichai et al. (2008)). A protocol was developedi) feed nematodes with the target organism
E. coli, (ii) irradiate the co-suspension with the UVA lamand (iii) recover the internalized
bateria using sonication for nematode disruptiosh glate culture for bacterial enumeration. The
complete detailed protocol for nematode culture emduspension preparation wiih coli for
inactivation assays is described in Bichai et 2000). A strain oE. coli expressing the green
fluorescent protein (GFP) was used, which allowedisualize internalize&. coli inside the gut

of C. elegandy epifluorescence microscopy for qualitative coht

5.2.3.1Preparation of nematode - E. coli co-cultures

A wild type strain (N2) ofC. elegansvas used in this study. Worms were maintaine&-omm
NGM agar plates. GFE:- coli OP50 was cultured at 37 for 24 h in L-Broth. The NGM agar
was surface inoculated with 0.1 ml of a 24-h cdtof E. coli OP50 — GFP and incubated at
37°C for 24 h to establish confluent growth beforensfarring the worms. Nematode cultures
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were synchronized following the protocol descriledletails in Bichai et al. (2009) in order to
obtain an age-homogenous population of nematoagseféorming the inactivation assays. Eggs
were then deposited on the surface of an NGM algée pn which a lawn dE. coli OP50 - GFP
had formed, and the plates were incubated at reompérature for 3 days to obtain adult worms.

Nematodes collected on the third day of incubatvene used in all disinfection assays.

5.2.3.2Preparation for UVA inactivation assays

The experimental protocol described hereafter vepticated on three successive weeks. Each
replicate disinfection assay was performed using sgnchronized worm cultures. Recovered
suspensions were transferred into one sterile 50antrifuge tube and sterile phosphate buffer
was added to yield a final volume of 50 ml. Thesmansion was washed repeatedly by
centrifugation and resuspension in sterile phosplatffer to reduce chlorine demand. The
obtained suspension was homogenized by gentlexwgteand then analyzed to measure the
initial concentration of bacteria and nematodeauspgnsions were chlorinated using sodium
hypochlorite prior to UVA inactivation assays inder to surface-sterilize the worms and
inactivate bacteria that had not been ingesteduggested previously by many authors (Smerda
et al. (1970), King et al. (1991), Ding et al. (599Lupi et al. (1995), Caldwell et al. (2003),
Laaberki and Dworkin 2008). Chlorination was perfed at a dosage of 10 mg./(l for 5
minutes, then free and total chlorine residualseweeasured using the DPD colorimetric method
(American Public Health Association (APHA) and Amean Water Works Association
(AWWA) (1998)). Chlorine residuals were quencheddading 0.1 ml of sodium thiosulfate
(5% WI/V). Chlorination showed no effect on wornalility as they were observed to maintain
motility in the chlorinated suspensions. In aduitifree chlorine residuals measured at the end

of chlorination treatments indicated minimal chit@&idemand from the suspension.

5.2.3.3Nematode disruption protocol

Ultrasonication was used in order to rupture théck of C. elegansand release ingested
organisms.  For UVA inactivation assays, half loé tsuspension was sonicated before UV

exposure and bacterial enumeration, while the diléirwas sonicated after UV exposure, prior
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to bacterial enumeration. This strategy allowsettdn characterization of the protection effect
provided by internalization. It allows (i) a comm@n of samples that have been submitted to
identical treatments (but in a different order)d &in) a comparison of the inactivation by UVA of
bacteria located inside nematodes versus inadiivati planktonic bacteria (without nematodes).
Sonication on ice was performed in 5-ml sub-samepfegsorm suspension in glass vials using an
ultrasonication probe (Cole Parmer, CP 70T) at 1%50W60 seconds. The optimal sonication
protocol was chosen accordingly to Bichai et aDl0@), with the objective to disrupt up all the
worms without inactivating the extract&d coli bacteria. After sonication, a 1-ml sample was
filtered (0.45um filter, 47 mm, Millipore) and the entire surfaoé the filter was observed at

200X under the microscope to confirm that all woimas been disrupted.

5.2.3.4UVA inactivation

The suspensions were exposed in open Petri-diShas @diameter) to UVA fluences of 0.70 and
5.60 J/crfi. In order to assess the impact of the presencgoofns and worm debris in the
irradiated samples on the performance of UV disitid®, pure planktonicE. coli bacteria
suspension (i.e. in the absence of nematodes) ddelao phosphate buffer and exposed to the

same UVA fluences.

In order for bacteria to remain as much as possilsiee the worms throughout the duration of a
complete assay, samples were kept°a Between all steps of the protocol to slow down al
metabolic processes associated Withelegangdigestion (Kenney et al. (2005)). Samples were
filtered for bacterial enumeration immediately aftiee last UV exposure and sonication steps to
prevent any possible effect of photoreactivatiofRor the analysis of initial concentration of
bacteria, all samples that were not sonicatedungeated samples and chlorinated samples were
filtered on a 10Qtm isopore membrane filter (# TCTP04700, Millipoiie) order to remove
nematodes and therefore prevent defecation of viphtteria on the culture medium during the
24-h incubation period, which would interfere witine enumeration of external (uningested)
bacteria. The 1@m membrane filter was shown to effectively retaiematodes without

significantly reducing the concentration of planktobacteria in the sample.
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5.2.4 Bacterial Enumeration and Nematode Counts

Nematodes were counted by filtering 1 ml of thepsusion on a 0.4pm filter (Millipore, 47
mm) which was observed under the microscope at 20Dbé entire filter surface was observed.
E. coli and total coliform bacteria were enumerated onlidai@ m-Endo agar plates after
filtering 1-ml of appropriate dilutions on 0.46n filters (Millipore, 47 mm). Petri dishes were
incubated at 3% for 24h, based on the standard method for enuioeraf total coliforms
((American Public Health Association (APHA) and Amecan Water Works Association
(AWWA) (1998)).

5.3 Results & Discussion

5.3.1 Impact of aggregation and attachment

Physico-chemical quality parameters of the MillesliRiver water samples are presented in
Table 5.1 Natural water turbidity (ND samples) varied beén 7.6 - 18.9 NTU and patrticle
counts were-10°>/ml and 18 for particles >2.26m and>10um, respectively. Such turbidities
reflect appropriate water quality for the use ofl8® according to EAWAG/SANDEC (2008).
The blending procedure (D) showed little impact water turbidity and particles, while the
filtration (F8) step lowered turbidity to about haf its value (3.4 — 7.9 NTU) as compared to
raw water and lowered >2.2& particle counts by about 2 orders of magnitudeijen>10um
were reduced to concentrations of-10” particles/ml. UV absorbance of water samples was
found to be much lower at 365 nm than for the wewvgth of 254 nm. In fact, UV absorbance at
365 nm was not found to influence significantly gféective UVA dose delivered through the 1-

cm deep water samples.
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Assay 1 Assay 2 Assay 3 Assay 4
ND D F8 ND D F8 ND D F8 ND D F8
Turbidity (NTU) 9.8 9.7 4.4 7.6 7.4 3.4 18.9 204 7.9 9.2 115 44
pH 7.4 7.5 7.6 7.5 7.2 7.9 7.5 - 75 - -
Hardness (mg CaCO4/L) 46 - 34 - 26 - 30 -
Alcalinity (mg CaCOy/L) 30 - 27 - 34 - 31 -
TOC (mg C/L) 7.1 - 7.4 - 7.5 - 8.3 - -

UV Abs 365nm (cm™) - 0.052 - 0.071 0.074 0.060 0.062 0.064 0.058
UV Abs 254nm (cm™)| 0.223 - - 0.211 - - 0.299 . 0.289 - .
Particles >2,25um (#/ml)] 1.06E+05 1.02E+05 4.01E+03|5.51E+04 7.93E+04 3.70E+03| 1.78E+05 2.11E+05 3.49E+03| 7.84E+04 9.21E+04 1.49E+04
Particules >10pm  (#/ml)| 2.14E+03 1.27E+03 4.40E+01| 9.58E+02 8.39E+02 1.21E+02|1.94E+03 1.90E+03 4.20E+01|1.61E+03 1.11E+03 2.74E+02
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Total coliform inactivation by UVA for the 3 treagmts applied in the aggregate dispersion /
particle removal protocol is presented kigure 5.1. We observed equivalent inactivation
kinetics for untreated samples and filtered samfies 0.27), while dispersed samples were
inactivated roughly 1.6 times more efficiently. $hesult suggests that the protection is mostly
attributable to bacterial aggregates rather thanghes association since only dispersion favoured
a higher inactivation rate. These results partiytast with the ones of Caron et al. (2007) who
studied the UVC inactivation kinetics of indigen@pores in water samples originating from the
same river (and sampling location) and treated wighsame dispersion protocol. They reported
the highest inactivation rate on filtered waterJdwed by dispersed water with the blending
protocol, with the slowest inactivation being founduntreated raw water. A 1.7-fold difference
was calculated between the highest (filtered) ameebt (untreated) water samples. Their result is
indicative that a fraction of indigenous endospaaes not only found as aggregates but also
associated to particles. Nevertheless, the ovamgdact on UV inactivation remains modest in
both studies.

oF8 Yy=-0.095x+0.861 (R®=0.990)
oND Y=-0.096x+0.710 (R*=0.993)
oD  y=-0.148x+1.452 (R*=0.939)
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Figure 5.1: UVA (365 nm) inactivation of indigenotstal coliforms in non-dispersed (ND),
dispersed (D) and filtered (F8) Mille-lles River tees
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5.3.2 Impact of internalization

Results of triplicate internalization experimentsithw UVA radiation showed as good

reproducibility as was obtained for UVC experimef@ghai et al. (2009)), and are illustrated in

Figure 5.2
O Planktonic E. coli + UVA 6.0
Cl2 + SON + UVA T
50 4 4.8
@ CI2 + UVA + SON :
— 40 3.7 = 40 %7
< > / T
£ 30 5 3.0 257
(@] o
3 - ,
" 2.0+ 2.0 +—
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1.0 0.3 1.0 |
H
0.0 Zb 0.0
0.70 5.60 5 40
(a) UVA fluence (J/cm ?) (b) UVC fluence (mJ/cm2)

Figure 5.2: (a) UVA and (b) UVC inactivation (ingpof E. coli for three treatment conditions:
(1) planktonicE. Coli cells, (2) chlorinated + sonicated (ruptured) wauspension (CI2 + SON
+ UVA) or (3) intact worm suspension (CI2 + UVA ©O8l). Assays were performed at 0.70 and
5.60 mJ/crh UVA fluences (this study) and 5 and 40 mJ/cm2 Ul(@nces (Bichai et al. 2009).

Error bars indicate 95% confidence intervals.

In both UVA and UVC experiments, the presence oha®wdes was shown to interfere with the
efficacy of UV inactivation. However, for each tbfe triplicate assays at both UVA fluences,
inactivation was found to be lower when the wornmgkes were sonicated prior to UVA
exposure than when sonication was performed afiéA Wradiation of the samples (Fig. 2a).
This result was unexpected as it is different ttenobservations of Bichai et al. (2009) for UVC

irradiation (Fig. 2b). We propose that the pregsesitcnematode debris in the suspension exposed
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to UVA radiation interfered more with. coliinactivation by UVA than did internalization. UVA
photolytic disinfection mechanism has been repottethe influenced by water mineralization
and organic matter (Rincon and Pulgarin 2007).cah be hypothesized that the sonication
treatment applied to the nematode suspension f@riVA irradiation might have changed the
organic water charcteristics due to the disintegnadf the worms in the suspension. Therefore,
the disruption of nematodes before UVA may haveuded the presence of organic debris
favourable to the formation of free radical specathough we did not validate this assumption

nor fully characterized the suspensions of disipterms.

The estimated fractions of UV irradiation reachintgrnalized organisms were calculated based
on UVA and UVC assays. The UV penetration (in Yapplied fluence) reaching the internalized
organisms is calculated as the ratio of the logtimation measured for internaliz&d colito the

log inactivation of planktoni&. coli (reference inactivation level in the absence ohatdes).

E. coli UVC experiments led to the calculation that% and 16% of the applied fluences of 5
mJ/cnt and 40 mJ/chactually reached internalized cells. For UVA assdlge calculated ratios
were similar: 83% for the low fluence of 0.70 3/amd 24% for the higher fluence of 5.60 3/m
UVA. For both UVA and UVC experiments, higher oati(76-83%) were calculated at the
lowest than at the highest fluences (16-24%). Atltwest fluence, uncertainty was larger due to
the lower inactivation which translates into widenfidence intervals. It could also be argued
that the physical protection offered by nematodamare important for low fluence. In all cases,
it may be concluded that internalization by nemasodffers some protection to bacteria against
simulated solar (UVA) disinfection.

5.4 Conclusions

In this study, the impact of two microbial proteeti mechanisms against simulated UVA
disinfection was assessed, with the objective topare the results with past UVC disinfection
studies performed using identical protocols.
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The impact of natural microorganism aggregation attdchment to particles was assessed by
inactivating total coliform bacteria in natural fage water samples (turbidity 7.6 - 18.9 NTU and
particle counts-10°/ml for particles >2.26m). Dispersion of natural aggregates by blending
prior to UVA exposure was shown to enhance thetivaion rate of total coliforms as compared
to untreated raw water, therefore suggesting alainprotection effect due to aggregation of
microorganisms in UVA and UVC disinfection processeRemoval of particles by anu@a
membrane filtration was not shown to enhance UVd&ciivation rate of coliforms as opposed to
UVC disinfection.

The impact of internalization of bacteria by higloeganisms was assessed by usihglegans
nematodes as a model host &dolias a bacterial target for UVA inactivation. Orl®24% of
an applied UVA fluence of 5.60 Jfmctually reached internalizé#l coli bacteria. We conclude
that a similar level of protection is offered Eo coli following ingestion by nematodes for both
UVA and UVC irradiation.

In both parts of this study, only slight differescevere found with regards to the role of
protective mechanisms against UVA and UVC bactanaktivation. While the impacts of

physical shielding due to bacterial aggregatesuar t internalization inside nematodes were
found to be similar for both UVA and UVC disinfemti, the influence of particles and nematode
debris on UVA and UVC was significantly differentA deeper analysis of the role of water
composition in both protocols could further chagsize and identify the influence of organic or

inorganic compounds involved in the UVA photooxidatinactivation process.
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CHAPITRE6  PUBLICATION #5: INTERNALIZATION OF
PROTOZOAN (OO)CYSTS BY ZOOPLANKTON IN GRANULAR
MEDIA FILTRATION: A QUANTITATIVE MICROBIAL RISK
ASSESSMENT IN DRINKING WATER

Ce chapitre présente le développement d’'un modalealyse de risque basé sur I'approche
QMRA et visant I'évaluation du risque d’infectiossmcié aux microorganismes internalisés dans
l'eau potable. Le modele développé est basé andgr partie sur les travaux présentés au
chapitre 3 de cette thése, décrivant I'occurreride wansport d’(oo)cystes de protozoaires par le
zooplancton dans la filtration granulaire. Ceicégta été soumis pour publication dansadernal

of Water and Health
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Abstract: Higher organisms are increasingly perceived aanéagy concern in drinking water as
they are described as potential vehicles and, toesextent, as shields against water disinfection

for internalized pathogenic microorganisms. Insthetudy, a quantitative microbial risk
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assessment (QMRA) model was developed to evalbategk of infection caused by internalized
CryptosporidiumandGiardia (oo)cysts in drinking water. Internalization wa@escribed to occur
through predation by rotifers in granular filtratio Probability distribution functions were used to
describe the variables determining the transpadtfate of internalized pathogens. Monte-Carlo
simulations were performed using Crystal Ball® tonpute the consumers’ annual probability of
infection under (i) a pilot-scale GAC filtrationusly conditions, (ii) environmental conditions
(lower (oo)cyst load) and (iii) considering the ditosh of UV disinfection following filtration.
When simulating environmental parasite concentngtim water, a mean annual probability of
infection of 2.85E-6 and 2.54E-6 was estimated ifbernalizedCryptosporidiumand Giardia
(oo)cysts respectively, lowered to 2.90E-8 and B-84when adding UV disinfection. Those
results should be viewed as a preliminary effobétter characterize the microbial risk related to
internalized pathogens. Refining estimates of sdg assumptions used in this model will
further help to improve the QMRA.

Keywords: Cryptosporidium granular filtration,Giardia; predation; QMRA; zooplankton.

Abbreviations

IP Internalized pathogens = internalized (oo)cysts

FB Filter bed of the granular filtration process

DEC Decimal elimination capacity of the granular fitica process (log)
IR Ingestion rate (#/rotifer/h)

GAC Granular activated carbon

Eff Effluent water of the granular filter

Rot Rotifers
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6.1 Introduction

Higher organisms are ubiquitous in aquatic envirents including drinking water systems, and
are known as active predators of microorganismse gignificance of predation in drinking water
guality depends on the fate of the ingested patigg@ predation is a beneficial process in water
treatment when the internalized organisms are thdely the predators; (ii) it may represent a
health risk when enteropathogenic microorganisngested by zooplankton are persistent and
survive internalization so that they are vehiclénotigh water systems and transmitted to
consumers; (iii) some human bacterial pathogenpanasitic organisms for protozoan hosts (such
as amoebae) inside of which they can multiply amasequently be transmitted by aerosols. The
last category, which includes the famous caséegfionellds regrowth in distribution systems,
has received by far the most attention in termssanfitary concern (Barker & Brown 1994,
Winiecka-Krusnell & Linder 1999, Winiecka-Krusnedl Linder 2001, Greub & Raoult 2004,
Storey et al. 2004, Loret et al. 2008).

This paper addresses the second category, theatization of pathogens by zooplankton, their
survival to digestion and their subsequent trartsgioough the treatment processes following
predation. It emphasizes that apart from amoeloffeer zooplankton organisms such as
nematodes, rotifers, and cladocerans may alsogept@ potential sanitary risk in drinking water.
Such organisms have been reported to feed on atyad waterborne pathogens in laboratory
conditions, which resulted in some cases in theagient transport of internalized pathogens and
their protection against disinfection, as reviewlegl (Bichai et al. 2008). At pilot-scale,
zooplankton was observed to internalize and tramgpo)cysts ofCryptosporidiumand Giardia

in GAC filters (Bichai et al. 2010). In a full-deadistribution system, the presence of
zooplankton was associated with an unpredictedigtense of total coliforms in chlorinated
drinking water (Locas et al. 2007). This phenoarerwas explained by the transport of
internalized bacteria by nematodes following grgzim sand filters. Understanding the role of

higher organisms on the microbial risk is therefofrenterest to the drinking water industry.

Quantitative microbial risk assessment (QMRA) isgancreasingly used as a tool for decision-

making within drinking water quality managemenifieworks (Haas et al. 1999, Jaidi et al. 2009,
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Medema & Smeets 2009). Up to now, apart from atichnumber of studies considering the risk
associated with amoeba-resisting bacteria (Storey. 004, Loret et al. 2008), the contribution
of higher organisms to the persistence and trahgporemoval) of pathogens through drinking
water treatment processes was not included in QMiels. In this study, a QMRA model was
developed in order to assess the health impactreflagton and transport of internalized
pathogenic microorganisms by zooplankton in granuofedia filters, an environment where
predation activities are known to be significafithe computational objective of the model is to
calculate the consumers’ annual probability of ¢tifen due to consumption of internalized
pathogens in drinking water. In this work, a foeuss put on resistant microorganisms, such as
Cryptosporidiumand Giardia (oo)cysts, which are reported to be internalizgdzdoplankton in
laboratory conditions (Fayer et al. 2000, Troutkt2002, Stott et al. 2003, Huamanchay et al.
2004, Connelly et al. 2007), in granular filtratiahpilot-scale (Bichai et al. 2010) and in natural
surface waters (Nowosad et al. 2007). Some zokfarorganisms such as rotifers are not yet
known to possess enzymes that allow digesting (stgc(Fayer et al. 2000). Zooplankton
released from granular filters can therefore ttatitsough treatment processes while protecting
internalized (o0o0)cysts against disinfectants. Thet&nalized (oo)cysts may impose a health risk
which can be quantified with a QMRA. It is also ioterest to point out that current North
American regulations call for the production ofatiexd water containing less than 1 parasite per
100 000 L {United States Environmental ProtectiageAcy (USEPA) 2006 }. In this context, if
one internalized (oo)cyst reaches the filtereduefit water, admitting the hypothesis that the
probability of surviving subsequent disinfectiorpesses is strong as long as the (oo)cyst remains
inside its host, there is a potential for exceedimg quality threshold for safe drinking water

provided to consumers even if the process of ialeration is rare.

This study presents (i) the rationale and developéthe QMRA model for the estimation of
the health risk derived from transport of intermatl pathogens through granular filtration; (ii)
average predicted risks based on Monte Carlo sitionk using data on internalization and
transport of a pilot-scale GAC filtration study which high concentrations @ryptosporidium
andGiardia (oo)cysts were seeded (Bichai et al. 2010); &@igensitivity analysis identifying the
most influential input parameters in the model @andiscussion on the limits and uncertainties

associated with the model; (iv) an extension of tiedel to predict the risk of internalization
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under natural environmental conditions (i.e. lowtpzoan parasite concentrations), including the

possible impact of a subsequent disinfection bafoikowing filtration: UV disinfection.

6.2 Model description

6.2.1 Model output: Probability of infection by internali zed pathogens in

treated water, Bt (annual)

This model aims at calculating the annual probgbilor an individual ingesting a standard
amount of treated drinking water daily to get inéet by an internalizedGiardia or
Cryptsporidium (oo)cysts. The model was constructed on the baekithe following core
hypotheses: (i) internalization of pathogenic maocganisms by higher organisms (predation)
occurs in granular filters, and (ii) a fractiontbg internalized pathogens (IP) remains insider thei
host at least until the host is rejected in theefdd effluent water. It is also assumed that
internalized organisms released in the filtereduefft (iii) survive post-filtration disinfection
using oxidants (Clg) Cl,, O3 or NH,CI) and (iv) will remain as viable and infectiouatpogens

within their host during treated water transithie distribution system.

For (oo)cysts ofCryptosporidiumand Giardia, it is generally accepted that the risk of infeoti
can be derived from the exponential dose-resportehfReqgli et al. 1991). Accordingly to the
current USEPA regulation, a targeted annual prdipabaf infection P annuary Of 10* or 1
infection per 10,000 people annually must not beeeded (USEPA 2006). The probability of
infection (Haas et al. 1999) is calculated as:

P

inf (annual)

=1-(1-R)" 1)

whereR is the daily risk of infection and the number gpesuresh = 365 days.

The daily risk of infection (Eq. 2) can be calcelatvith the exponential model:
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R=1-exp(r x D) 2)

with r is the infectivity parameter describing the hosthpgen interaction, anD is the dose

(number) of internalized pathogens ingested daily.

This daily doseD, is calculated as the product of the concentradiomternalized pathogens in
the filter effluent Cip_gx) times the volume of water ingested daNi)((Eq. 3):

D=Cp e XVy (3)

When the probability of infection associated toirgle exposure (e.g. daily dosB)<< 1, the
annual probability may be expressedPagannuany =N X R (Haas et al. 1999); therefore in the case
of the exponential model, the annual probabilityrdéction can be expressed by considering the
cumulative dose a3 x 365 (Haas et al. 1999).

P

inf(annual)

=1-(exp(r x Cip e XVg X 369 (4)

Using Crystal Baft (Decisioneering, USA), Monte-Carlo simulations eeperformed by
sampling randomly 10,000 times in probability disition functions (PDF) describing the input
variables of the model. This number of trials vea$ected since it resulted in a coefficient of

variation of less than 5% for the model output (aalrprobability of infection).

The daily consumption of drinking water was desadilusing an extreme distribution (see Table
1) with a mean of 1.6 L/d (Barbeau et al. 2000ekasn data originating from an epidemiological
study in the region of Montreal (Qc, Canada) (Paymet al. 1997). The distribution was
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truncated with an absolute minimal value set t@@thd a maximum set to 6.25 L/d. The dose-
response parametersfor Cryptosporidiumand Giardia were described in the model as log-
Normal distributions (see Table 6.1) with mean ealwf 0.096 and 0.017, respectively. These
values originate from the USEPA risk assessmend fsethe development of the LT2ZESWTR

(USEPA 2002).

The concentration of IP in the effluent wat€lip e, is described in the QMRA model as a
forecast distribution. Modeling the effluent contration of internalized parasite€r gx, wWas

done by developing a probabilistic equation desagilbhe process of internalization and transport
of (oo)cysts by zooplankton in a granular mediefibed. This work will be described in greater

details in the following sections.

6.2.2 Conceptual model of predation and transport: prediting the
concentration of internalized parasites in the effient water of granular

filters, C|p_Ef-f

A comprehensive approach of the processes takaxgeph granular filtration can be based on a
mass balance of the pathogens contaminating ttee @lver a filter run (without backwash). To
take into account that a fraction of those pathegennternalized by zooplankton in the filter bed

and escape in the filtered effluent, this massrzaaan be expressed over a filter run as:

Pathogen loading (influent) = (Free pathogens eridlized pathogens) in the filter bed

+ (Free pathogens + Internalized pathogens) irettheent (5)

Concentrations of internalized pathogens in Eq.af®) assumed to be much lower than those of
free pathogens and at this point in time, theiassafficient data on the fate of free or internatiz
protozoan (oo)cysts to be able to complete an ateunass balance on a filter. Modeling the
predation mechanisms taking place within the zadgtan population in the filter bed of granular
filtration process would require in itself an inpdle study of the grazing activities and the fate of
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ingested preys as to determine in which proportiwse prey are grazed upon, which proportion
is excreted back as free organisms in the filter (a@d thus available for multiple ingestions), and
which proportion is digested and therefore remadefinitely from the system in a mass balance
approach. The proposed model does not intenégoribe the complexity of the ecological and
microbiological aspects involved in predation, difggn and excretion mechanisms taking place in
granular media. Alternatively, a conceptual mModes developed based on simplifications of (i)
the filter contamination conditions and (ii) theegation, transport and survival of internalized
pathogens into filtered waters.

Assumptions were supported with literature datahwost of the quantitative input data derived
from a pilot-scale GAC filtration study of (Bichat al. 2010) describing the internalization of
Cryptosporidiumand Giardia (oo)cysts. In that study, 2 parallel GAC filt@ti columns, in
which a mature zooplankton population had develppasde seeded with high concentrations of
Cryptosporidiumand Giardia (0o)cysts (1.6 x 0and 4.8 x 10 (oo)cysts/L, respectively) for 2
hours at the beginning of the study. These cambtican be thought of as the simulation of a
brief acute contamination event occurring at thgito@ng of a filtration cycle. An important raise
in internalized pathogen concentrations in theuefit water was observed three weeks after the
challenge test was performed. No backwash had Ipsgformed during that period. This
preliminary observation suggests a retarded breaktin of internalized (oo)cysts due to the
continuous grazing activity of the zooplankton pagion in the filter bed over time (Bichai et al.
2010). On the basis of that pilot-scale studyisiassumed that the highest concentration of
internalized pathogens in the effluent water ofanglar media filter would be found at the end of

a filtration cycle, right before the backwash.

Simplified conditions of pathogen loading in théefi were simulated for the modeling of the
internalization process in the filter. A peak {ar#aneous) contamination event was assumed at
the beginning of a filter run and the number ofhpaen remaining in the filter was calculated
based on the pathogen decimal elimination capdBi§C) of the filter. From the time of the
contamination event until the end of the filter rtime pathogen concentration immobilized in the

filter is assumed more or less constant, and geeisoncentration of zooplankton in the filter bed
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(predators). The number of internalized pathogarnthe filter bed and in the effluent water is
assumed to be negligible (nil for the purpose efrtiodel) at the beginning of the filtration cycle,
and grazing starts from that point. Based on thessamptions, accumulation of internalized
pathogens in zooplankton in the filter bed was dibed as a linear process based on a simplified
constant internalization rate in zooplankton oweret The probabilistic model was developed to
predict the highest concentration of internalizedhpgens in the effluent water at the end of a
filtration cycle Cie ), Which is used as the worst-case scenario foc#heulation of the risk of

infection in drinking water consumers.

The occurrence of internalized pathogens in fillerater was modeled as a probabilistic chain of
events described by 4 variables. (i) The conceatrabf (oo)cysts (pathogen loading)
contaminating the filter bed increases the proligbdf internalization. (i) The abundance of
predators in the granular media filter bed is dlsaught to increase this probability. (In this
model, predators are assumed to be rotifers, asided later.) Those two first variables describe
the ingestion process taking place in the filted.bédowever, not all internalized parasites from
the filter bed will reach filtered waters: (iii) oa ingested, a fraction of the parasites might be
either digested (although yet unproven) or excref®dl finally, only a fraction of predators are
released in the filtered water, most of them sung\inside the filters. These two last variables
describe the transport of internalized pathogeom fthe filter bed to the filtered effluent. This

chain of event was described by Eq. (6):

Cr et =Chrot r8 XNip/rot s XSXF (6)

where Crot_rg= Concentration of predators (rotifers) in the filbed
Niprot_rs = Number of internalized pathogens (IP) per roiifiethe FB
S=Probability for an IP to remain and survive insitdehost until released in the effluent water

F = Fraction of rotifers from the FB released in fitered effluent water
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These variables are presented and described inegrdatails in the next sections. Table 6.1
summarizes the probability distribution functionsdaparameters defining each of the input

variables of the model. The development of Eqig@justrated in Figure 6.1.

At the end of a filter run, at time __t:

Cir e = f (Pathogen loading, Predators, Predation activity, Survival of IP, Transport)
- ~— 7 J \
—~ Y v—

Crenr = Cr_re X S X F

X
CRot_FB NIP/Rot_FB

f')%
IR X t
f(Cfree_FB)

f (Clnfluentl t! DEC)

Figure 6.1: Schematic overview of the conceptualdehodescribing the concentration of

internalized pathogens (CIP_Eff) in the filterefiiednt water

6.2.3 Concentration of rotifers in the filter bed (Cgot_rs)

The zooplankton population in the filter bed isusmsed to be constant over a filter run and a
function of the biomass concentration and the zadgbn load in the raw water. In this study,
rotifers are assumed to represent the fractionigiidn organisms responsible for most of the
ingestion and transport @ryptosporidiumandGiardia (oo)cysts through granular filtration. In
our previous pilot GAC filtration study, rotifersene found to be the dominant population in the
filter bed and effluent water and they were hypstbed to be the most probable predators and
carriers of (oo)cysts. In previous predation ekpents at laboratory scal€ryptosporidium
oocysts labelled with fluorescence were seedeama samples scraped from tBehmudzdecke
of slow sand filters of a pilot plant in the Netlagxds, and rotifers of the gen&hilodina and
Rotaria were the only zooplankton species observed miomeally to contain oocysts after 3h
and 24h- predation periods (Y. Dullemont, persa@hmunication). Also, the only report of
zooplankton-internalize€ryptosporidium(oo)cysts under environmental conditions was far t

detection of viable internalized oocysts in rosférom lake water (Nowosad et al. 2007).
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The concentration of rotifers in the filter be@r: 9 is expressed in terms of number of
individuals divided by the volume of interstitiabter in the filter bed, considering the porosity of
the granular media and the dry density from the GGt study (assumed= 0.32 ando = 0.44
g/ml). Although grazing by zooplankton in thedi bed is thought to occur mostly in the biofilm
attached to the granular media, this was considesquhart of the interstitial space in the filtedbe
The concentration of rotifers in the filter bed described in the QMRA model by using a
triangular distribution with a likeliest value edua the concentration of rotifers calculated ie th
GAC filter bed at pilot scale (15.6 rotifers/ml). Very few data in the literature describe
zooplankton concentrations inside granular medier$éi. (Hijnen et al. 2007) reported values of
zooplankton concentrations measured at varioushdegitthe filter bed of slow sand filters. As
expected, the maximal value, approximately 22 eadfiml, was found in th8chmudzdeckd&he
lowest value, 0.4 rotifers/ml, was found in the p#em taken at the deepest section of the filter
bed. Those data were used to define the uppercamer limits of the triangular distribution
describingCrot Fe considering that they can represent extreme satbat could be found in a
granular media filter bed. Since concentrationgatifers vary on a log-scale, the triangular
distribution was used with log-transformed rotifemcentrations in order to define the minimum,

mode and maximum values (Table 6.1).

6.2.4 Description of predation activity occurring in the filter bed and

calculation of Np/rot Fe

The concentration of (0o)cysts available for premhatvas calculated as the concentration of free
(oo)cysts in the filter bed accumulating over oitteation cycle following a peak (instantaneous)
contamination event taking place at the beginnihthe filtration cycle. A simplification of the
breakthrough behaviour of free (oo)cysts in grandiération was made, assuming that the
decimal elimination capacity is attained instardlytime zero and remains constant during the
filtration cycle. For example, for a filter that attributed a 2-lo@pEC for (oo)cysts, the initial
concentration of free (oo)cysts in the FBqde rg is considered in the model to be 99% of the

total concentration of (oo)cysts that contamindatedFB. TheDEC values from the loaded GAC
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experiments described by Hijnen et al. (2010) weised, with 1.2 and 2.1 log for
Cryptosporidiumand Giardia, respectively. As for the concentration of rasfefree (oo)cysts
concentrations in the filter bed are expresse@ims of a number per litre of interstitial water in
the filter bed (considering the porosity of the mgrar media). Therefore, the concentration
Ciee_rs IS dependent on the influent concentratiGps{eny, the duration of the filtration cycle)(
the superficial velocity\), the porosity €), the depth of the filter bedh and the performance of
the filter OEC) such that:

C Xt x

\
Choore =y o X L=107) )

We suggest that the probability for internalizatminan (oo)cyst by a rotifer in a granular filter
bed is increased as the concentration of the prdfoathe predator is higher, raising the odds for
both organisms to meet at some point of the fbet. An internalization rate (IR) was defined in
order to characterize the overall accumulationntérnalized (oo)cysts inside rotifers in the filter
bedIR is influenced by the concentration of predatorsl gmey, the active grazing rate on
(oo)cysts by rotifers and their excretion rate.r #@ needs of the modéR is assumed constant
during a given filtration cycle and is computedréfation with the initial concentration of free
(oo)cysts in the filter bedCgee rg as calculated above (Eq. (7)). The effecCgfe rgon IR was
included according to our analysis of the data regoby (Stott et al. 2003) in laboratory feeding
experiments. Ingestion rates, expressedCagtosporidiumoocysts per hour per predator (the
ciliate Parameciun), vary as a function of the prey-density concditrs in a log-log manner
(see Fig. 2). Based on the data of Stott et D3, IR can be described as a function of the prey

concentration (Eq.8):

IR = Bx(cfree_FB)k (8)

Where k and B are empirical parameters, with 0.6805 derived from the data of Stott et al.
(2003).
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The parameteB was found to be dependent on the concentratiofo@fcysts. Therefore, the
GAC pilot study data was used to estimate the par@ar®B using the concentration of free
(oo)cysts in the filter bed calculated from thedeg conditions in the loaded GAC described in
Hijnen et al. (2010). As shown in Table 1, the poted values for the parametiare 4.60E-8
and 7.29E-7 forCryptosporidiumand Giardia, respectively. Based on these values of the
coefficientB, higher IR are expected f@iardia cysts than foCryptosporidiumfor an identical
initial concentration of free (oo)cysts. SinceitRmeant in the model to represent the overall rate
at which (oo)cysts accumulate inside rotifers, pheposed higher rate fdgiardia is probably
explained by a lower excretion (and possibly digestrate, as was reported by Trout et al.
(2002). While excretion o€ryptosporidiumoocysts by rotifers was observed microscopically
within 20 minutes (Fayer et al. 2000), no excretbGiardia cysts was observed during the same
period (Trout et al. 2002). This observation isoain agreement with the GAC pilot filtration
study where higher numbers of internaliz8drdia cysts thanCryptosporidiumoocysts were
found in the filter bed (0.&ryptosporidiumoocysts and 5.&iardia cysts per rotifer) 3 weeks
after the initial seeding of (oo)cysts (Bichai et2910).

2.0

y =0.68x - 4.41 /.
2 _
15 R?=0.99

1.0

0.5 1

log (IR)

0.0 1

-0.5 ‘
0 5 10

log (C cryptosporidium )

Figure 6.2: Relation betwedryptosporidiumoocyst concentration and the ingestion ré®} ¢f
Parameciumciliates based on the data by Stott et al. (200R)is expressed as a number of

ingested oocysts per hour per ciliate.
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Knowing IR, the average number of internalized ¢gs)s per rotifer in the filter bed at the end of

a filtration cycle is calculated as:

Nip/rot rs = IRXT 9)

where IR is the internalization rate ((oo)cysts per hour paifer) and t is the duration of a

filtration cycle.

The variableNiprot e is described in the model by using a triangulatrdiution with a likeliest

value equal to the number of IP per rotifer caltedan the GAC filter bed at pilot scale: 0.8 and
5.8 (00)cysts per rotifer faCryptosporidiumandGiardia, respectively. This variable is assumed
to vary on a logarithmic scale. In the absencedditional data, the minimal value for the
distribution was set to one order of magnitude Wwetbe likeliest value. (i.e. 0.08 and 0.58
(oo)cysts per rotifer). The upper limit of thetdisution was set accordingly to laboratory studies
in which 6 genera of rotifers were fed wi@ryptoporidiumoocysts (Fayer et al. 2000) and
Giardia cysts (Trout et al. 2002) in microcosms. In thesealies, rotifers were exposed to very
high concentrations of (oo)cysts (approx’/id or a~1000-fold higher concentration than in the
GAC pilot study). The maximal numbers of (oo)cysetsserved microscopically inside rotifers
were of 25 and 12 (oo)cysts, f@ryptosporidiumandGiardia, respectively. Those numbers can
be considered as the theoretical maximal numbeiPathat can plausibly be found inside of

rotifers.

6.2.5 Transport of rotifers from the filter bed to the effluent water (F)

The variableF is meant to describe the transport of rotifersnfrthe filter bed to the effluent
water. It represents the fraction (%) of rotiféam the filter bed released into the filtered edfiht

water and is calculated from the pilot study data a
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C
F — Rot__ Eff (10)

CRot_ FB

It is assumed that the concentration of rotifelga®sed in filtered water is dependent on the
concentration of rotifers in the filter bed in aportion ) that is independent from the rotifers
concentrationF is most likely influenced by operating conditiogssiperficial velocity, filter bed
depth, etc.).

There is a wide uncertainty associated with thepater F, since no data (apart from our pilot
study) has been found in the literature to esthbdiscorrelation between the concentrations of
higher organisms in a granular filter bed and m filtered effluent. A triangular distribution on a
logarithmic scale was used to model the valu&.ofDuring our pilot study, the value &f was
calculated as 0.01%, (Bichai et al. 2010) which wsead as the likeliest value in the distribution.
To define a range of potenti&l values, published data of concentrations of rndtife@ filtered
waters was used. (Schreiber et al. 1997) repornealvarage concentration of 1.4 rotifers/L at the
effluent of GAC filters from 3 water treatment plarsampled at various durations of filter runs,
This average concentration is very close to theceotnation found in our GAC pilot filtration
study (1.5/L), which suggests that our pilot dataeipresentative of average or likeliest conditions
of rotifer concentrations. The rotifers concentnas reported by Schreiber et al. (1997) ranged
from <1 to 5488 rotifers/fh These two limits were used to define the spahefatioF, with the
assumption that the extreme (min/max) rotifer cotragions in the filtered effluent would be
associated with the extreme rotifer concentrationghe filter bed (min/max values of the PDF
defined earlier, respectively, 0.4 and 22 rotifey/ Therefore, the limit values of the PDF foeth

variableF are calculated as a minimum value of 0.00026%aamaximum value of 0.025%.

6.2.6 Probability of persistence and survival of internaized (oo)cysts

transported to the effluent water (S)

The variableS represents the probability (%) for an IP to rememal survive inside a rotifer until

it is released in the effluent water. It can bpregsed as:
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S= NIP/Rot_Eff (11)

NIP/Rot_FB

The variable MN/rot rs describes the average number of IP per rotifethen filter bed. The
probability Sis meant to include the issue of digestion andetian of a portion of IP by rotifers
before they reach the effluent water. Those phamanare not well characterized and the relative
importance of digestion and excretion of (oo)cysthigher organisms is difficult to quantify. In
general, digestion is assumed to be most frequleatvalking about predation by zooplankton on
microorganisms. In biological filtration, predati@ontributes favourably to the performance of
the process, as evidenced by the removal gainedighrslow sand filtration. However, in the
case of protozoan (oo)cysts, rotifers have beerwshto excreteCryptosporidium oocysts
aggregated in fecal pellets in laboratory condgigRayer et al. 2000). Connelly et al. (2007)
have also reported ingestion Gf parvumoocysts by daphnia, which were observed to excrete
oocysts with mostly intact cell wall, although grag by daphnia was concluded to significantly
decrease oocyst infectivity. While the fate ajésted (0o)cysts remains poorly understood, the
variable S accounts for the experimental evidence (at pita@leg showing lower IP counts per
rotifer in filtered waters as compared to intergtivater in the filter bed.

As for the variabld-, the only data available to quant®jis drawn from our GAC pilot studyS

is described using a triangular distribution ogalrithmic scale, centered on the value calculated
from the GAC pilot filtration data (8.17% fdCryptosporidiumand 2.43% foiGiardia). When
considering the data from Bichai et al. (2010),amorirations of IP were measured in the effluent
water one and 3 weeks after the seeding test ameldvwaithin that range of time by 1.1 and 1.5
orders of magnitude for internaliz&cryptosporidiumand Giardia (oo)cysts, respectively. It is
therefore assumed reasonable tBatan vary on a log-scale, depending on the duratiothe
filtration cycle, among other factors which havet h@en well described up to now. In the
absence of data to better characterize varialwfiy; a range of +/- 1 log was arbitrarily set for the

value ofS
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Process E.ole/Mechanisin Inpnat Units Description Assumptions Distribution
wanahles
Gramular HostWVehicle for IP Cil. E#1L Concentration of Rotifers ars assumsd to be the fraciion E;arﬁglﬂall— lugll FGE;_I
. in the FB ) rotifers in the FB* of the sooplaniion popwation in the shest= gL . J0A )
me-:ha_ F2 responsibls for intermalization and ‘-.Im—l-:uglﬂ %II{E
filtration transport of (oo lcvsis. MMax=1log(2.22E4)
Transport of the F B4 Fraction of the After predation on (oo cysis, a fraction Eiﬂlﬁg'ﬂ?l: lﬂ%%il:- -
hosts (rotifers) to rotifers from the FB ﬂ_:"u.-s roiifers from the FB are released . E_E}t_, Dgl*n o
the filtered effluert that are releazed in inio the gffluent watsr. Min= lugl‘,D'D 1_':.{
the filtered effluent Max=1og(0.43%)
Ingestion of Cree 7 &L Concentration of free  Ths modsl simulates a brisf paak Constant '~=_'1-_!55'3 E6 for
[oolevsts by B [oojcystsinthe FB at  contaminagion svant f:ﬁ_d-wgf at the C?:'F_:_ﬂ'”?‘;frfﬂ"“m; 14856
rotifers in the FB the begimmng of the ing of the filiration cycle. The for Giardia)
filtration cycle®* al concentration ﬂ"""rﬁ oo jeysis
FRBis calcwlated considering the
toial mumber of (oo jey.
contaminaring
Jiltration cycle and removing the
number of (oo loysis corrssponding to
the DEC of the fi
IR =[P Rotiferh Ingestion rate by Ingestion of (oo)cysis by rotifers is E;:zi;m_l}c_ e
= WEITEE Doy

rotifers m the FB

aszumed o be af @ consiant rats

filtration cyels, w rate

ciated oy ihe COMCENTrATIoN
sis i the filter bed of the

wming of the filiration cyecle, right

aiter contaminaion (C .

th rgl,:i:;

|-.n'|

of foojc)

IR reEpresents the overail raie & wihich

oo lovsis accumdate inside rotifers

throush fims.
£

Withk=0.6803

e =4 BGOE-B2
e = 1 20E-T
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¢ h Duration of a fj?ginﬁ
filtration cycle -
[(without backwash)
Nipz. sz =IPFotifer Numberof The model computes the risk for the Eiarﬁgmill: lﬂ,g,.lf.‘;,}\_::::""' =)
) intemalized highest mumber of IP per rotifers inthe oo QLR 1)
—_— . S i , Mlin= Likeliest -1
pathogens (IP) per FB. This is assumed 1o occur of the Max =
rotifer in the FB gndd of the filtration cycls fworsi-cass ARz T
LIRS . Maxgens = 12°
SCENATI0 ).
Transport of IP to g o4 Probability for anIP Ejr;{arﬁg'lilaF lzgl":':l,s 1795y
the effluert to remain inside its L:il-c:]i: ft s =?EI‘ 41 ';' s
host mtil releazed in Nin= fﬂ\-i_t i Blesa e
the effluent water ST LRt -
MMax= Likeliest +1
Consmption Ingestionof [Pby W, Violume of water Max-extrame (likeliest =
hrnan consimmer ngested daily 123; scale=0.61)
Infection by IP in e Dose-response Log-MNonmnal (tnean =0.006;
hirnan consimmer parameter for stdev=13TE-1F
Crupiosporidium
P Gini o Doszeresponse Log-Mommal (mean="0.017;

parameter for
Giardia

stdev =0.43E-3F

3GAC pilot study data by Bichai et al. (2018)aidi et al. (2009):Fayer et al. (2000}'Trout et al. (2002)'USEPA ICR (2002). *Rotifer concentration in the FB
is calculated as an average concentration in tieesiitial water in the FB (considering the FB gity). **Concentration of free (oo)cysts in the kBcalculated
as an average concentration in the interstitiabwit the FB (considering the FB porosity).
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6.2.7 Simulating environmental conditions

6.2.7.1Description of predation activity occurring in the filter bed and calculation of

Nip/Rot_FB

In the GAC filtration study performed at pilot-sedly Bichai et al. (2010), very high numbers of
CryptosporidiumandGiardia (oo)cysts (~10 were seeded in the filter bed as a challenge fest
the model developed and presented above, theliodgrecentration of (oo)cysts in the filter bed
following this simulated peak contamination is c#ddted to represent the concentration of
(oo)cysts in the interstitial water. This initiebncentration Gree Fg IS Used to determine the
ingestion rate, supposed constant over a filtratigele, at which rotifers accumulate IP during a

filtration cycle.

Under environmental conditions, the initial concahbn of (oo)cysts contaminating the filter bed
can be expected to be significantly lower than ¢baditions simulated in the pilot study. A
number of assumptions and distributions were ddf{gee Table 6.2) in order to simulate realistic
concentrations of (oo)cysts contaminating the rfiked for a typical drinking water treatment

plant:

(1) Log-Normal distributions were used to simulafgical concentrations &@ryptosporidiumand
Giardia (oo)cysts in raw water @), with mean values of 0.021 and 0.039 (oo)cystid
standard deviations of 12.0 and 20.6 (oo)cyst®&&pectively. These distributions originate from
the Information Collection Rule and were used teetigp the LT2ESWTR (USEPA 2002). These
distributions were truncated at a maximum of 3 démd deviations (99 percentile) to avoid
extremely high values. As for the pilot conditiossenario presented above, an instantaneous
peak contamination event happening at the beginoirtpe filtration cycle was simulated in the

environmental scenario.

(2) Raw water parasite concentrations are redugeddagulation/flocculation/sedimentation
processes prior to granular filtration. To takéoimccount a more realistic concentration of
parasites at the influent of granular filters, rerls due to chemically assisted sedimentation

(expressed as the variall&S were simulated with a normal distribution wittmeean of 1.9 log
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and standard deviation of 0.9 log f@ryptosporidium and a mean of 1.6 log and standard
deviation of 0.9 log foGiardia (Hijnen and Medema, 2007). Those distributionseweuncated

at 0.4 and 3.8 log fo€ryptosporidiumand 0.3 and 2.9 log fdBiardia based on the ranges of
published values surveyed by Hjinen and Medema{R00

(3) The initial concentration of free (oo)cyststite FB Ciee rg iS calculated as the fraction of
the influent (oo)cysts retained in the filter bedridg one filtration cycle. This number was
divided by the total volume of interstitial water yield a concentration. For these simulations,
typical decimal removalsDEC) for granular media filtration were simulated gsitwo normal
distributions, which were characterized based err¢wiew by Hijnen and Medema (2007). Mean
values of 1.8 and 1.7 log were used @yptosporidiumandGiardia, respectively, with standard
deviations of 1.3 and 1.1 log. These distributiar@se limited to minimal and maximal values of
0.0 -5.5and 0.0 — 4.1 f@ryptosporidiumandGiardia, respectively (Table 6.2).

(4) The following typical granular filtration opdhnag conditions were set for the simulation: (i) a
filtration velocity () of 7.5 m/h, (ii) a filter bed deptth of 1 m and (iii) a filtration cycle
duration ) of 72 h. A porosityd) of 32% (same as the GAC pilot-scale filter) waediin order

to allow an easier comparison basis with the riskeasment performed in the pilot-scale
conditions. A high peak contamination event happgmt the beginning of the filtration cycle
was simulated, corresponding to the total numbegoojcysts that would have contaminated the
filter bed during a filtration cycle at typical ramater concentrations. The initial concentration o
(oo)cysts in the filter bedee g Used for the ingestion rate computation is cal®a according
to Equation (12) and is expressed as a numberogtysts by litre of interstitial water in the fitte
bed.

Cfree_FB = Crw X107 X:ILX\; % (1_10_DEC) (12)

The calculation of the (0o)cyst ingestion rdfe) (by rotifers is based on this initial concentratio
Ciee_rUSINg Equation (8). The number of IP per rotifethe filter bed at the end of the filtration
cycle (Niprot F9 Was described in the model by using a triangdlatribution on a logarithmic

scale, as stated earlier. In the environmentaulsiions, the likeliest value of the triangular
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distribution is calculated on the basis on the stiga rate computed as described above and using
Equation (9). In the absence of additional ddte,rmhinimal value for the distribution was set to
one order of magnitude (1 log) below the likelieatue, following the same reasoning as in the
pilot model construction. To reflect the fact thiaé number of IP per rotifer in the filter bed is
shifted to a lower range in environmental condsiatihe maximal value of the PDF defined in the
pilot scenario was also shifted to a lower value davironmental simulations, by maintaining
constant the ratio of the maximal value to the lidst value (25/0.8 and 12/5.8 for
Cryptosporidiumand Giardia, respectively). Therefore, maximal values of tH2FPdescribing
Nip/rot_ FeWere calculated by applying a factor of 31 andt@.the mode o€ryptosporidiumand
Giardia distributions, respectively. The distribution wasncated at an absolute maximal value
of Nip/rot Fe €qual to the ratio of the initial concentration (0b)cysts in the filter bed to the
concentration of rotifers in the filter be@se rd Crot rg, In order to reflect the impossibility
(zero probability) of having more internalized (ogdts than the total number of (oo)cysts

contaminating the filter bed.

6.2.7.2Inactivation by a post-filtration disinfection barr ier: UV inactivation

Simulations under environmental conditions wereo gierformed while adding a final UV
disinfection step. Unlike chemical disinfectionamments, UV disinfection has been demonstrated
to have a potential for inactivating zooplanktotemalized microorganisms (Bichai et al. 2009).
A constant fluence of 40 mJ/énvas chosen as a representative operating condititre water
industry. Bichai et al. (2009) showed that appmadely 15.6 + 7.5 % of a 40 mJ/empplied UV
fluence was able to readh subtilisspores internalized by nematodeBhese parameters were
used to define a normal distributiod\(_reach describing the fraction of UV irradiation reacin
the internalized organisms. The distribution hatbedaruncated to an absolute minimum value of
6.4% for Cryptosporidiumand to 2.5% forGiardia in order to avoid having negative log

inactivation values by UV in the model.

The log inactivationyV_inac) achieved by the effective UV fluence was caladaaccordingly
to Eq. (13) and (14) &> 0.99) which were derived using the data provitgdthe USEPA
(2006).
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UV _inact c,iosporiumy = 1-3422xIn(UV _ fluencg - 0.2547 (13)
UV _inact g, g, =1.2706xIn(UV _ fluencg + 0.0053 (14)
where UV _ fluence=UV _reachx 4amJ/cnf (15)

The concentration of IP in the effluent water chryular media filtration is therefore lowered by
the UV disinfection process in such way that thecemtration of IP in the treated wat€is pw)

can be estimated as:

Cir_ow =Cp_en x1 Q7YY -inact ”

Computations of the annual probability of infectiassociated to internalized pathogens in
environmental conditions were performed with Equat{4), using either (i) the concentration of
IP in filtered water without subsequent UV disirtfen (Cip_ex) or (ii) the modified concentration
of IP in drinking water Cip pw) calculated with Equation (15) in order to evatutite potential of
a typical UV disinfection barrier (40 mJ/@mfor reducing the risk associated to internalized

pathogens in drinking water.

All other input variables implicated in the caldid@ of Piy; annuaiinder environmental conditions
are the same as the ones presented for the péoaso (see Table 6.1).
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Tableau 6.2: Description of the input variableshaf QMRA model for simulations under environmegtahditions

Process Role/Mechanism  Tnput Units Description Distribution / Calculation
variables
Granular Ingestion of Car #L Concentration of (oo)cvsts inraw  Log-Normal
filtration (oo)cysts by water o -
! dinam: =0.02065; ¢ r=11.97
rotifers in the FB Cryptosporidium: hean = 0.02065; Stdev=11.977
Giardia: Mean = 0.03916; Stdev 20.635°
CF5 log Removal of (oo)cysts prior to MNormal
filtration (Coagulation- . N A e
Floculation-Sedimentation) Cryptosporidium: Mean=1.9; Stdev=109
Giardia: Mean = 1.6; Stdev =098
DEC log Decimal elimination capacity of ~ Normal
the granular filtration process Cryptosporidinm: Mean=1.8; Stdev=1.3°2
Giardia: Mean=1.7; Stdev=1.1F
Chee_r2 #1 Concentration of free (oo)cysts in - Cgee 73 = Cow * (10°F5) * (£ %) /(h*e) * (1 — 107=)
the FB at the beginning of the
filtration cycle®*
IR #]P/Rotifer’h  Ingestion rate by rotifers i the IR=B- (C&E_Fg}h
FB With k = 0.6805
Benpw =4.60E-8°
Bigraia = 7.29E-7 :
t h Dugration of a filtration cycle t=72h

{(without backwash)
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Nipzor re #]P/Fotifer Number of internalized pathogens Trnangular=log(Npge =)
(IP) per rotifer in the FB Likeliest=log(IR - #
Win= Likeliest -1
MaKcppe = 31.133*Likeliest™
MaXgigrais = 2.0586*Likeliest™

Dusinfection Inactivation of IP UT reach % Percentage of UV fluence Normal (Mean = 15.6% ; Stdev = 7.5%)°
by UV reaching IP in rotifers
disinfection
UV fluence  mliem? TV fluence effective for UV _fluence =TV _reach * 40

inactivation internalized (oo)cysts

UV inact log Inactivation of free (not Cryptosporidium:
internalized) (oo)cysts UV _inact = 1.3422n(UV _fluence) - 0.2547"
Giardia:

UV_inact = 1.27064n(UV_fluence) + 0.0053"

Cre ow #IP/L Concentration of IP i drinking Coppw=Cres® 1pHV-macy

water treated with UV

3GAC pilot study data by Bichai et al. (2016Fayer et al. (2000)'Trout et al. (2002)°Bichai et al. (2009)"USEPA ICR (2002)%Hijnen and Medema (2007);
"USEPA UV guidance manual (2006); *Concentrationfrefe (oo)cysts in the FB is calculated as an ae@oncentration in the interstitial water in tHg F
(considering the FB porosity).



160

6.3 Results and discussion

6.3.1 Point estimate risk calculations derived from the pot-scale filtration

scenario

Point estimates of the annual probability of infectby internalized (oo)cysts @ryptosporidium
andGiardia, based on data from the pilot-scale GAC filtratgindy by Bichai et al. (2010), are
presented in Table 6.3.

Tableau 6.3: Point estimate risk calculations basedilot-scale filtration data

Cryptosporidium Giardia

Cip erf (#/L) 0.100 0.208

r 0.096 0.017
Vi (L) 1.6 1.6

Pint (annual) 9.96E-1 8.73E-1

The annual probability of infection was found to \ery close to 100%. In the pilot filtration
study, very high concentrations of (0o)cysts wereded in the filter bed and the concentration of
internalized pathogens were measured after a lpegation time of the filters without backwash
(3 weeks). These conditions represented a woss-seenario as the filtration cycle was long, the
seeded concentration was high and there were nsequbnt disinfection barriers following
filtration. The concentration of internalized (og3ts in the effluent water is in fact about one
order of magnitude higher than the typical conadins of free (oo)cysts in raw water (USEPA
2002), and therefore roughly 4 orders of magnithidgner than expected concentrations of free
(oo)cysts in filtered effluent water after convemial treatment. Therefore, a very high probability
of infection is expected to be computed by the rhadesuch high IP concentrations in filtered

water.
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6.3.2 Monte-Carlo simulations based on pilot-scale filtréion data and

environmental conditions

Results of the simulations performed with the modsing pilot-scale filtration data and

environmental data are presented in Figure 3.

100,0
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Figure 6.3: Whisker boxes show the 0, 25, 50, #6100" percentiles and the mean valu (

of the annual probability of infection associatedinternalizedCryptosporidiumand Giardia
(oo)cysts in (a) GAC pilot-scale filtration conditis, (b) environmental conditions, and (c)
environmental conditions with the addition of a #d/cnf UV disinfection following granular
filtration.
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Figure 3 reveals that the uncertainty of the edwcharisk values is high, especially under
environmental conditions. This is demonstratedalwyide range in each scenario but also by the
large difference between mean values and tHe f@centile. Such high uncertainty can be
explained by studying the contribution of each afle to the computed risk, as will be presented

later in the sensitivity analysis.

Tableau 6.4: Mean annual probabilftyith 95% confidence interval)f infection associated to

internalized (oo)cysts in drinking water

Internalized Pilot conditions Environmental Environmental conditions
pathogen conditions + UV disinfection
Cryptosporidium 4.76E-01 2.85E-06 2.90E-08

(9.49E-03; 1.00E00) (1.23E-11; 3.61E-06) (8.10E-14; 2.89E-08)

Giardia 2.64E-01 2.54E-06 6.34E-08
(6.02E-03; 9.36E-01) (1.96E-11; 3.49E-06) (3.65E-13; 4.65E-08)

Table 6.4 shows the mean annual probability ofcid® associated to internalized (oo)cysts in
drinking water under pilot-scale and environmentahditions as computed by the model
developed in this study. The pilot-data based Etians reveal a very high risk of infection
associated to both internalize@ryptosporidiumand Giardia (oo)cysts, similar to the point
estimate risks calculated above. In those simariatithe mean value of the variablg/rot FreWas
2.31 and 4.18 internalized (oo)cysts per rotifethia filter bed, foiCryptosporidiumandGiardia
simulations, respectively. In simulations undewviemmental conditions, the mean annual
probability of infection associated to internaliz@wb)cysts is found to be lower than the USEPA
standard threshold of Tdnfection/year, both fo€ryptosporidiumandGiardia, even without the
use of UV disinfection. The addition of a UV difgintion barrier operated at a 40 mJ?dinence
was shown to reduce the mean risk of infection bierhalized (oo)cysts by 2.0 log for
Cryptosporidiumand by 1.6 log foiGiardia. In environmental simulations, mean values for

Nip/rot raWere found to be in the order of 1@nd 10 internalizedCryptosporidiumandGiardia
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(oo)cysts per rotifer in the filter bed, respediyveOf course, as the accumulation of IP in rosfe

is assumed to be linear through time, the 3-ddyafibn cycle is expected to result in lower
average counts of IP per rotifer at the end of ftlieation cycle, as compared to the 3-week
filtration cycle of the pilot study GAC filters. divever, those environmental numbers also reflect
the much lower grazing rates within the rotifer plgpion exposed to environmental
concentrations ofCryptosporidiumand Giardia (oo)cysts contaminating the filter bed. These
concentrations were estimated by the model to tvémage, respectively10” and 16 lower in
simulated environmental conditions vs pilot-scaladitions. Therefore, under the environmental
conditions simulated by the model, less than otiéermut of 16 would be expected to contain an
internalized Cryptosporidium (oo)cyst in the filter bed at the end of the &tton cycle.
Considering the average rotifer concentrations @gged by the model (around 7200 -7300
rotifers/L in the interstitial water), this woulépresent-3-4 internalizedCryptosporidiumoocysts
and ~40-50 internalize@iardia cysts per cubic meter of granular media in therilconsidering

a 32% porosity. Those numbers of internalized dg&ts can be compared to the average free
(oo)cyst concentrations estimated by the model ® dound 100-200 and 700-1000
Cryptosporidiumand Giardia (oo)cysts per cubic meter of granular media in filter bed,

respectively.

An accurate characterization of the remobilisatbimternalized (oo)cysts vehicled by rotifers in
granular media filtration, as compared to the bite@kigh behaviour of free (0o)cysts, could help
defining the relative risk associated to interradizpathogens. The remobilisation of internalized
(oo)cysts and their transmission to the effluentewavas described by the variablegrelease of
rotifers in filtered effluent) ands (survival of internalized (oo)cysts within a retij. These
variables were computed by the model as similarames values under both pilot-scale and
environmental conditions since they were definedbamg independent from the initial free
(oo)cyst concentration contaminating the filter bdeor the variabld-, a mean value of 0.01%
was computed as the fraction of the total preddearging the filter bed. For the varialdemean
values of 12.4% and 3.6% resulted from the simuati representing, respectively, the
percentages of the (oo)cysts @fyptosporidiumand Giardia internalized in the filter bed that
would still be found inside the rotifers releasadthe effluent water. Those values suggest that
only oneCryptosporidiumoocyst out of 810,000 internalized in the filtexd(1 out of 270,000 for
Giardia cysts) would actually end up in the filtered edftd.
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6.3.3 Use of the model for environmental conditions: unagainties and

discussion

In the elaboration of this QMRA, many assumptioasl ho be made when characterizing the
variables implicated in the computation of the ainprobability of infection associated with
internalized (oo)cysts dEryptosporidiumandGiardia in drinking water. A sensitivity analysis

was conducted in order to portray the importanceach variable in the risk computation.

For the pilot-scale scenario, all input variables important in characterizing the risks, exception
made of the daily volume of water ingested anditfiectivity parameter foGiardia (see Table
6.5) which range is narrower than foryptosporidiumas the dose-response was developed based
only on one strain oBiardia as opposed to three strains @nyptosporidium Uncertainties will

be further discussed for simulations performed ued&ironmental conditions in this section.
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Tableau 6.5: Sensitivity analysis for Monte Cailowdations performed under (a) pilot-scale seed@asy conditions; (b) environmental

parasite concentration conditions; (c) environmeotaditions with the addition of a 40 mJ/etdV disinfection following granular

filtration
PILOT ENV ENV + UV
Crypto Giardia Crypto Giardia Crypto Giardia

log(NIP/Rot_FB) 25% [log(F) 28% |log(NIP/Rot_FB) 44% [log(NIP/Rot_FB) 45% |log(NIP/Rot FB) 47% [log(NIP/Rot_FB) 38%
r_crypto 23% |log(S) 25% |Cfree_FB 33% |Cfree_FB init 38% |Cfree FB 35% |Cfree_FB init 31%
log(F) 18% |log(Crot_FB)) 24% |CFS -8.0% |CFS -6.8% JCFS -8.5% |UV_reach -9.8%
log(S) 16% |log(NIP/Rot_FB) 12% |r_crypto 5.3% |log(F) 3.9% [log(F) 4.3% |log(F) 5.2%
log(Crot_FB)) 15% |V_d 6.8% |log(F) 3.6% |log(S) 3.4% [log(S) 3.7% |CFS -5.2%
V_d 4.2% |r_crypto 3.6% |log(S) 3.4% |V d 1.2% |log(Crot_FB)) 1.6% |log(Crot_FB)) 4.4%
log(Crot_FB)) 1.6% |log(Crot_FB)) 0.9% |DEC 0.1% |[log(S) 4.4%
Vd 0.9% |[r_crypto 0.5% JUV_reach 0.0% |V d 1.3%
DEC 0.1% |DEC 0.1% |r_crypto 0.0% |r_crypto 0.7%
vd 0.0% [DEC 0.1%
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6.3.3.1Uncertainties in modeling predation

For the environmental simulations, the most sigaifit parameter impacting the microbial risk
computed by the model is the number of IP pereotii the filter bedNip/rot rg, followed by the
concentration of (oo)cysts contaminating the filbexd at the beginning of the filtration cycle
(Ciee_ 9. It is important to point out that those two &nles are correlated in the model: the
number of IP per rotiferNprot F8 IS computed on the basis of the (oo)cyst ingestate by
rotifers, described by Equation (7), which direabpends on the concentration of free (oo)cysts
in the filter bed. In addition, the variab&S describing the removal of (oo)cysts from raw
water by physico-chemical treatment steps priorfilipation, also directly influences the
concentration of (oo)cysts in the filter bed. Tibge, these three variables totalise a contribution

of 85% to 90% to the risk of infection in environmi& simulations.

We propose that the variability associated with ¢bacentration of (oo)cysts in the filter bed
originates mainly from the actual variations in )@t concentrations observed in environmental
conditions rather than reflecting a lack of knovgedon the characterization of this variable,
since the distribution used to describe variabitifythis variable Cry) is based on 350 source
water parasite concentrations collected in the ICRSEPA 2002). However, a similar
statement cannot be drawn for the variablere g There is clearly some uncertainty
associated to the use of Eq. (7) used to desdnbéngestion and accumulation of (0o)cysts by
rotifers in the filter bed: it is based on a lingteet of data which were obtained in laboratory
conditions with other predators than rotifedPafameciun This data comes from the only study
guantifying the impact of the prey concentrationtlb@ ingestion rate of zooplankton organisms
usingCryptosporidiumoocysts (Stott et al. 2003). This approximationhef predatory behaviour
of rotifers on (0o)cysts can still be thought torbalistic:Parameciunis known to have a similar
feeding mode as some rotifers (Wetzel 2001), althoit would be preferable to develop a
specific relationship for rotifers feeding on (oggts. In the present study, the parameten
Equation (7) was derived from the data generateal mlot-scale GAC filtration challenge test
with seeded (oo)cysts dEryptosporidiumand Giardia, in order to better represent realistic
ingestion conditions in granular filtration. Howesyhigh (00)cyst concentrations were seeded in

the GAC filters, which deviates from the environmanconditions where the (oo)cysts are
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ingested as part of the grazing activity on thdilomo Considering the high impact of the variable
Nie/rot_F8 ON the final risk, it is recommended to betterrelterize the accumulation of IP in
zooplankton organisms in granular media filter®ider to sharpen the predicted risk computed
by the model. We suggest that additional researder more realistic conditions would be

needed to better assess the ingestion rate oftpreda granular media filters.

6.3.3.2Uncertainties in describing the transport and fateof internalized (oo)cysts

The variabled= andS characterize the transport and fate of IP throgigimular filtration to the
effluent water. Under environmental conditionsthbwariables are found to contribute to the
output risk variability in the range 6f 3 to 5 %. Those parameters are poorly characterize
the literature and their distribution was mostlyséd on the data from one pilot-scale study.
Even though their impact on the risk variability svamall as compared to the variable
characterizing the accumulation of IP in rotifensthe filter bed, further investigation should be
dedicated to improve their quantification. Sinde tvariableF seems to be slightly but
consistently more significant in the model outputyould be recommendable to attempt better
characterizing the release of rotifers, or moreegalty, higher organisms in the effluent water
from granular media filters, since measurementzadplankton concentrations require less
complex analytical protocols as compared to thedein of internalized pathogens. From a
practical perspective, it would also be of interastevaluate strategies which minimize the
release of higher organisms. For example, filtperational conditions (e.g. velocity, or
backwash frequency) or design (e.g. adding a sdegith of low diameter sand media under the
GAC) could represent strategies that might proademprove control of the release of higher

organisms in filtered effluents.

The variable defined with the most uncertainty tifous S, which reflects the scarcity of the
available quantitative data characterizing the oernce of internalized pathogens in
environmental conditions. Definition of this pareter could be improved by conducting further
experimental work to detect internalized pathogansater systems. In fact, quantification®f
was solely based on the GAC pilot study measuresnaninternalized (oo)cysts in the filter bed
and effluent water, which consists on limited data.can be argued that the method used to
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detect internalized (oo)cysts during the pilotréitton study was not 100% effective. In fact,
(oo)cyst recovery rates in environmental samples cammonly low; therefore, although not
characterized, the recovery of internalized (od)dysm granular media samples and filtered
effluent water would be expected to be at bestamsl gas the standard method using IMS and
cartridge filtration. This uncertainty in analyticaethods suggests a possible underestimation of
the risk. Furthermore, this pilot study was praéhiary with respect to the prevalence of
internalized (oo)cysts. It was mostly focussed roathod development and a preliminary
application of these methods to find evidence lier presence of internalized (oo)cysts and their
hypothesized transport to the effluent. The ctdléalata were still limited and require further

reproduction and extension.

The concentration of rotifers in the filter bed Wiasnd to have a low influence on the probability
of infection by internalized (oo)cysts as computsdthe model in environmental conditions
(£1.6%, except for thé&iardia simulation including UV: 4.4%). Although conceattons of
zooplankton organisms are rarely quantified in gn@nular media filter bed, it is not likely to
vary in a very wide range. As described earlierthis model, the distribution for this variable
was defined on a range of about 2 orders of mad@jtwith the highest value inspired from
concentrations in th&chmudzdeckef slow sand filters. The case where an entliter fbed
would be as densely colonized by zooplankton asapdayer of a slow sand filter is unlikely to
be outranged. In this study, a focus was put tifere where characterizing internalization in the
filter bed, since we assumed that they were thet mabable vehicle foCryptosporidiumand
Giardia (0o0)cysts in granular media filtration. Theeadf zooplankton organisms such as
cladocerans and nematodes in the transport or tieduaf pathogens in granular filtration should
be further described: some indications suggestdlaibcerans such as daphnia could contribute
to reducing the infectivity/viability of internaked Cryptosporidiumand Giardia (oo)cysts
(Connelly et al. 2007), while nematodes could tpansCryptosporidiumoocysts in laboratory
conditions and create infections in mice (Huamagdataal. 2004), and vehicle coliform bacteria
in chlorinated drinking water distribution systefoiowing predation in granular filters (Locas
et al. 2007).
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It has to be mentioned that infectivity of (oo)systas not taken into account in this model.
Firstly, about 37% o€Cryptosporidiumoocysts in the environment are estimated to bectidus
(LeChevallier et al. 2003, USEPA 2005). Therefamely a fraction of the (oo)cysts that are
grazed upon by rotifers in the model should be id@med in the risk assessment. This
simplification leads to an overestimation of thekrby the present QMRA model, and even under
those excessively severe conditions, the estimg&ds low. Secondly, the impact of grazing
and internalization by rotifers on the infectivibf the (oo)cysts is unknown. In nematodes,
Cryptosporidiumoocysts have been reported to retain their infégtand to create infection in
mice (Huamanchay et al. 2004). On the other hBxaghhniahave been reported to significantly
reduce the infectivity oCryptosporidiumoocysts (by~-87%) and the viability ofSiardia cysts
through the mechanisms of ingestion and excret@omgelly et al. 2007). While Nowosad et al.
(2007) detected viableryptosporidiumoocysts inside rotifers sampled from natural lalkers,
the infectivity of those internalized oocysts wad determined. Hence, the possible alterations
to the state of IP have not been taken into corgiid® in the model, since no information is

available on the infectivity of (oo)cysts ingestedrotifers.

6.3.3.3Uncertainties in modeling water treatment: granular media filtration and UV

disinfection efficacy

In this study, environmental simulations were perfed using a 72h filtration cycle duration.
Considering that accumulation of IP in rotifers veasumed to increase linearly as a function of
time, it would be interesting to revisit this riakalysis for the operating conditions of slow sand
filtration, which can be operated without washirtgaping of theSchmudzdecki®r as long as a
year. Also, in the case of GAC filtration, simildurations of a few hundred days can be used
without backwashing when operating the filters ioldgical mode (Schreiber et al. 1997). It can
not be stated that the modeled computation of teeiraulation of IP in rotifers in the filter bed
would be appropriate for such long operation timéslditionally, it can be hypothesized that a
decay of the (0o)cysts through time might occuthim filter bed: Boyer et al. (2009) showed that
about 20% ofCryptosporidiumoocysts were still infectious after 12 weeks il solumns at
10°C. The possibility of such decay phenomenon wasoosidered in the model developed in

this study.
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For the environmental simulations including UV iteation, a larger uncertainty is associated to
the variableUV_reachthan what was used in the PDF description for dimeulation. The
protection effect reported by Bichai et al. (200Bas not been measured directly on
Cryptosporidiumand Giardia (oo)cysts but orBacillus subtilisspores as surrogates, and the
hosts used for internalization were caused by nedest rather than rotifers. It can be
hypothesized that the percentage of the UV flugraeetrating through rotifers to reach the IP
would be different than the percentage measured meématodes. However, this could not be
expressed quantitatively in the model and is sulf@cfurther study. A 2-log inactivation of
nematodes has been reported to require a UV flueh282.5 mJ/crh(Matsumoto et al. 2002).
This shows a very high resistance of nematodesvtartddiation. In fact, this can be compared
to a 60 mJ/crh fluence reported to achieve a 2-log inactivatidnAcanthamoebawhich is
known as a very resistant organism in its cyst f@khaya et al. 2003). Therefore, it could be
hypothesized that nematodes offer a high protectmrninternalized pathogens against UV
disinfection and could represent a worst-case atb thgard. However, this remains speculation

and no measurement of the resistance of rotifamagUV has been made at this time.

UV disinfection was the only additional treatmeatriger simulated as it was the authors opinion
that it was the only process offering a potentillawering the microbial risk associated to
internalized (oo)cysts released from granular mdittlers. For the common water treatment
conditions prevailing in most parts of the worltljarination would be applied after filtration to
maintain a residual concentration in the distribtisystem. Chlorination was taken into
consideration but not included in the model, sincenactivation ofCryptosporidiumis possible
and it was considered th&tardia cysts would be 100% protected against chlorinatinder
typical drinking water treatment conditions. IrctfaLocas et al. (2007) reported a recurrent
detection of total coliform bacteria internalizednematodes in a chlorinated distribution system
(0.9-1.2 mg GJL, with > 4-hr contact time). Moreover, reportshzfcteria resisting free chlorine
concentrations as high as 10 mg/L for 15 minutesmihternalized by nematodes (Smerda et al.
1970) provide indications that zooplankton orgarsiscan reasonably be considered as being

practically impermeable to chlorination. Similassamptions could also be inferred for other
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chemical disinfectants such as ozone, but werdakan into account in this model. According
to (Ding et al. 1995), ozone was more effectiventlcalorine in disinfectings. coli bacteria
internalized by nematodes, but very little is knosbout the protection of internalized bacteria
against ozonation. The resistance of parasitegaae is known to be higher than thatofcoli,

while the resistance of rotifers to ozone is unknow

6.3.3.4impact of the distribution system

Finally, the risk computed in this study was basadhe concentration of IP in the treated water
at the exit of the treatment plant, as was donetler QMRA models taking into account the
impact of water treatment processes on the infeaigk (Jaidi et al. 2009). Total coliforms
have been detected in nematodes in a full-scatehiison system (Locas et al. 2007). It can be
discussed that the transit of internalized orgasismough the distribution system may impact
the risk of transmission to consumers. In fdagionella as other bacterial pathogens, are
known to develop in distribution system biofilm &ssociation with amoebae. It is unknown
whether the biofilm in drinking water distributignpes may favour the development of human
pathogens in association with other zooplanktomoigs. In the case of protozoan (oo)cysts, it
is unlikely that amplification will occur in the stribution network. In fact, it is anticipated that
decay could lower the risk at the tap as compare¢de model estimates.

6.3.3.5Perspective on the risk estimates computed by theadel

Finally, it was reassuring to calculate a mean ahmigk associated to internalized (oo)cysts
significantly lower than the target of 1@roposed by the USEPA. In fact, the risk assedi#b
free (oo)cysts ofCryptosporidiumand Giardia is likely to be higher than that of internalized
(oo)cysts, otherwise the phenomenon of internatimaby zooplankton would be raising a
substantial alert related with the current wateatiment practices. The risk calculation delivered
by the model under environmental conditions shddd/iewed as a preliminary effort to better
characterize the microbial risk related to intezead pathogens. Refining estimates of some key

assumptions used in this model will help to adegjyatharacterize this risk.
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On-going work targeting health-related bacteriahsas E. coli and Campylobacter jejuni
internalized by natural zooplankton through fulddec drinking water treatment plants in
Amsterdam (Netherlands) revealed no evidence obtuairrence of such internalized bacteria
(Bichai, F., Barbeau, B., Rosielle, M., Baars, &g Hijnen, W., unpublished). Results of this
environmental zooplankton sampling campaign pravide indication that the detection of
internalized bacteria such & coli and C. jejuni might be as rare asl in 1 zooplankton
organisms in field conditions. Extreme concentradiof up to 71 nematodes/L were reported by
(Castaldelliet al. 2005) in the effluent water of full-scaleAG filters. Even with such high
zooplankton concentrations in water, the detediioit reported above leads to a calculation of
<1 internalized bacteria in about 140 L or < 0.0B/L] Those bacteria are found in much higher
concentrations in raw waters in the Netherlandsaspared toCryptosporidiumand Giardia
(oo)cysts, which is why they were chosen as detedargets in the environmental zooplankton
sampling investigation. The probability of detagtiinternalized (oo)cysts in environmental
water samples is likely to be even lower. It carabgued that (oo)cysts may be more resistant to
digestion by some zooplankton organisms as compardzacteria; however some pathogenic
bacteria are known to be capable of infecting thieaj nematodes (Sifri et al. 2005), including
pathogenic strains d&. coli (Caldwell et al. 2003), or to multiply inside ohaebae (Greub &
Raoult 2004), includingC. jejuni (Axelsson-Olsson et al. 2005). It has been repottat
numbers between 10 — 4000 bacteria could be foarzbeng associated to one higher organism
in drinking water systems, which could include salg@athogenic or opportunistic pathogens
(Wolmarans et al. 2005). Clearly, the issue of ated on (oo)cysts by rotifers in granular

filtration is only one aspect of the health riskttimay arise from internalized organisms.

6.4 Conclusion

In this study, a conceptual QMRA model was devealoeorder to describe the internalization
and transport ofCryptosporidiumand Giardia (oo)cysts following predation by rotifers in a
granular media filter. Some of the processes wealare complex and not well characterized in
literature to this day. Therefore, the proposeddehowas developed on the basis of
simplifications of those processes: (i) pathogeading and retention in the filter bed was
described as an instantaneous event; (ii) predaititinity was described as an accumulation of
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internalized (oo)cysts at a constant rate in prdatotifers), which were assumed to be present
in a constant concentration in the filter bed oadilter run; (iii) transport of IP to the effluent
was expressed as the product of the total predaiease in the effluent water and the
persistence/survival of IP in rotifers. (iv) Tramssion of IP through drinking water was based
on the assumption of a complete resistance of Enag subsequent disinfection treatment,
except for UV disinfection. Quantification of mosariables was derived from laboratory and

pilot-scale generated data described in literatmhéch was scarce in most cases.

Monte Carlo simulations were performed to compute tannual probability of infection
associated to the dissemination of resistant iatesed (00)cysts through drinking water.

A sensitivity analysis revealed that the most iefitial variable contributing to the risk is the
number of internalized pathogens per rotifer in fitter bed at the end of the filtration cycle.
This aspect will require further investigation, @nuncertainty is associated with zooplankton
predation activities in granular media filtersThe process of accumulation of IP in zooplankton
organisms is not well characterized and quantiiirecelation with the concentration of the prey

in the filter bed, and the fate of ingested (ool&ys still debated.

Under simulated environmental conditions, the maamual probability of infection associated to
internalizedCryptosporidiumandGiardia (oo)cysts in drinking water was found to be lowen
the USEPA standard of TOinfection/year, with mean values of 2.85E-06 an84E-06
infections/year, respectively. The risk was sigaifitly lowered to 2.90E-08 and 6.34E-08
infections/year for internalizedCryptosporidiumand Giardia (oo)cysts, respectively, when

adding a subsequent 40 mJfddV disinfection treatment to the filtered effluemater.

The probability of infection computed by the mod#lould be considered as a preliminary
evaluation of the risk associated with internalifed)cysts in drinking water, which should be
refined by further investigation in environmentahditions to reduce the uncertainty associated
with some of the model input variables. At thiaei our previous pilot scale study stands as the
only attempt to quantify internalized (oo)cystszimoplankton organisms other than amoebae in

drinking water, and more specifically in the filteed of a granular filter. Additional quantitative
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data from full-scale granular filters on the ocemage of internalized organisms and their release
in the filtered water is required to optimize theposed model.
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CHAPITRE7 SYNTHESE ET DISCUSSION

Cette thése présente un ensemble de travaux agamtispde défricher un vaste champ de
recherche, soit celui des organismes supérieurs ltau potable et plus précisément, du risque
microbien qu’ils peuvent représenter pour les comeateurs, un sujet jusqu’alors peu commun
et peu étudié dans le domaine. Le sujet origieatette these a été plus spécifiquement ciblé
grace a la réalisation d’une revue de littératuittqoe. Certains aspects du risque microbien ont
été abordés et approfondis de facon novatrice idel’'d’études expérimentales dont I'apport
scientifique comprend une portion importante deetiiypement de méthodes en plus de la
réalisation d’observations et de mesures expérimentnouvelles. L’aspect novateur de cette
thése se trouve enfin également dans I'analysg/hése de sa problématique, menée dans le
cadre d’un modéle de QMRA (analyse quantitativeisiyue microbien).

La 5° publication présentée dans cette thése constituguelque sorte une synthése de
'ensemble des travaux réalisés autour de la pnodligue des organismes supérieurs comme
facteur d’'un risque sanitaire en eau potable. présent chapitre de discussion générale sera donc
développé a la lumiere de l'approche proposée damte analyse quantitative du risque

d’infection associé aux microorganismes internalisé

Cette analyse de risque constitue en soi une inibovaans I'étude de la problématique des
organismes supérieurs en eau potable, d’'abord apogant une chaine d’événements décrivant
I'origine de l'internalisation dans la filtrationr@nulaire, due a la prédation par le zooplancton
dans ce milieu qui favorise leur prolifération. Deariables ont été définies afin de décrire le
transport et la survie d’organismes internalisésl@azooplancton dans un filtre granulaire et,
plus précisément, calculer la concentration d’'(gsfes de protozoaires internalisés par des
rotiféres dans I'effluent des filtres granulairdsa définition de ces variables constitue un apport
novateur a I'étude de la problématique de I'intBsadéion en proposant une approche pouvant
servir de canevas pour de futures analyses deerisqguilaires, visant par exemple d’autres
organismes internalisés (par ex. des bactériegdnoare d’'autres prédateurs que les rotiféres, par

exemple les nématodes.
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La définition et la quantification de la plupartsdeariables proposées dans le modéle sont basées
principalement sur I'étude de filtration a I'écleelilote présentée au chapitre 3 de cette these.
La protection contre la désinfection UV est bas@d’étude expérimentale présentée au chapitre
4. Un risque tres élevé de I'ordre d’une infectpar 2-4 personnes annuellement a été calculé
par le modele pour les conditions de I'étude pjlae des concentrations de I'ordre de 0.1-0.2
(oo)cystes internalisés par litre avaient été m@sura l'effluent de filtres CAG. Dans des
conditions environnementales, une probabilit¢ d@tibn annuelle de l'ordre del0°® a été
évaluée, ce qui constitue une indication prélimmajue le risque associé aux microorganismes
internalisés dans I'eau potable est inférieur ague ciblé par la réglementation dé&*1®e plus,
selon le modéle développé, la désinfection UV pémme réduction additionnelle d’environ 2
ordres de magnitude du risque calculé. Un raffie@mdu modele et de la précision du risque
calculé pourrait étre gagné grace a davantage ebiigation expérimentale sur certains aspects
discutés dans les prochaines sections, soit aaumige (i) la description de I'internalisation et du
transport des microorganismes pathogenes dankréidin granulaire, (ii) la caractérisation de
I'effet protecteur associé a linternalisation faeex procédés de désinfection et (iii) la
caractérisation de [Il'occurrence des microorganismpathogénes internalisés dans

I'environnement.

7.1 Linternalisation des microorganismes pathogenes @ome
conséguence de la prédation dans la filtration gramaire des

usines de production d’eau potable

7.1.1 Internalisation des microorganismes dans le lit ftrant

Dans le modéle développé dans cette these, il sugi@osé que la filtration granulaire constituait
le point de départ des événements participant squei de transmission d’un microorganisme
pathogene internalisé a un consommateur d’eau lpotalb est supposé gu’aucune source ou
point de contamination ne se trouve en aval derisepd’eau, donc aucune intrusion de
microorganismes en proie a l'internalisation n@stsidérée suite a la filtration. Il est également

supposé que les organismes prédateurs trouvenoi@ine a I'eau brute et sont sujets a une
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prolifération intensifiée dans les milieux filtrantgranulaires, ou se trouve en plus une
accumulation de la « proie ». En effet, en conmsigepar exemple des capacités moyennes
d’enlevement des filtres granulairds 1.8 et 1.7 log pouryptosporidiumet Giardia (Hijnen et
Medema 2007), on peut considérer gi88% de la concentration d’(oo)cystes a I'entréend’u
filtre granulaire est retenue dans le lit filtrathtes probabilités d’internalisation peuvent aigitse
supposées maximales dans le lit filtrant. |l péwe discuté que linternalisation pourrait étre
favorisée a nouveau ou amplifiee a d’autres étapedraitement en aval de la filtration
granulaire, par exemple dans le cas d’'une chaineadtement comprenant plusieurs étages de
filtration granulaire (par ex. filtration sur sabhapide et filtration CAG opérée en mode
biologique, ou encore, comme dans le cas d'uneesuidimsterdam, lors d’une filtration lente
sur sable en toute fin de traitement). D’autresc@dés dans lesquels un support matériel
présente une surface favorable au développemetiofiém et d’organismes supérieurs, par
exemple certains procédés d’adoucissement, pontraientuellement étre considérés comme
propices a linternalisation de microorganismeshpgénes. Toutefois, il est raisonnable de
supposer que la concentration de microorganisnpesies » serait diminuée en aval de la
premiére filtration et donc que les probabilitésntdrnalisation seraient moindres aux étapes

subséquentes du traitement.

La caractérisation de la concentration des (oogsyshternalisés a l'effluent des filtres
granulaires a été définie, dans I'analyse de rigm@sentée au chapitre 6, comme le produit de 4

variables selon I'équation suivante :

CIP_Eff = CRot_FB X NIP/Rot_FB xSxF

Une analyse de sensibilité effectuée a l'aide dgstar Balf’ a identifié la variableNip/rot Fe
comme ayant le plus grand impact sur I'évaluationridque par le modele développé. Cette
variable représente le nombre d’(oo)cystes inte&z@aglar rotifere dans le lit filtrant a la fin d’'un
cycle d'opération des filtres. La prédiction ddteevariable dans des conditions de filtration
granulaire dépend de la description du processywétation par le zooplancton. La prédation
par les organismes supérieurs dans des environtemeturels aqueux a fait I'objet de plusieurs
études spécialisées dans les domaines de I'écokdgide la limnologie. Les activités de

prédation par les organismes supérieurs dépeneepludieurs facteurs environnementaux dont
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la température (Sander et al. 1994), la profondieuplan d’eau (Pinel-Alloul et al. 1989), les
différentes espéces composant le réseau trophigumilieu (Vaqué et al. 1994), ainsi que
certaines caractéristiques des prédateurs (pdewxmode d’alimentation) et des proies, incluant
leur taille et 'adoption de mécanismes de rést#aaux stress environnementaux (dont la
prédation), comme la formation de microcolonies paemple (Matz et Kjelleberg 2005).
Toutefois, pour caractériser I'ingestion de micgarismes pathogénes par le zooplancton, des
études ont été réalisées pratiquement exclusiveameabnditions de laboratoire. Dans de telles
conditions, I'étude de Stott et al. (2003) estdals, a notre connaissance, qui a évalué I'impact
de la concentration de la proie sur le taux d’itigasdes prédateurs. Les données de cette étude
ont été utilisées comme base dans le modéle poinrcempte de la concentration des (0o)cystes
dans le lit filtrant sur le taux d’internalisatiates (oo)cystes par les rotiferes. Les conditions
« environnementales » correspondant a un lit fittgranulaire different des conditions en eaux
de surface ou de laboratoire. L’évaluation la pemrésentative des conditions de prédation dans
un lit filtrant se trouve probablement dans levata de Yolanda Dullemont (communication
personnelle), ou des échantillons naturels de satilété prélevés dichmudzdeckee filtres a
sable lents, puis ensemenceés d’(oo)cyste€rgptosporidiuminactivés aux UV et marqués par
fluorescence~80 000 oocystes/ml). Des périodes de prédatiore énb et 24 h a température
piece ont été allouées avant de fixer les échansliet d’'isoler les organismes du zooplancton
pour observer les (oo)cystes internalisés par reompie en épifluorescence. De tels travaux
pourraient étre répétés en variant la concentrateta proie afin de mieux caractériser I'impact
de ce facteur sur l'internalisation en milieu griame. Toutefois, il est raisonnable de supposer
qgue l'internalisation de microorganismes pathogésesnilieu naturel se produit de maniére
fortuite et non sélective, de sorte que la proltéhbil'ingestion d’'un (oo)cyste de protozoaire par
un rotifere, par exemple, serait supposée equitakemelle d’un autre microorganisme ou d’une
autre particule de taille similaire a I'occasiomiaé rencontre fortuite avec le prédateur. De plus,
dans le contexte d'un filtre granulaire, il peuteésupposé que la majorité des microorganismes
pathogenes retenus dans les filtres se trouveattes a la surface des grains du matériau filtrant,
soit par une simple adhérence ou dans un biofilrAinsi, il est probable que les études du
comportement de prédation du zooplancton en cemditde laboratoire et en eaux naturelles ne
décrivent pas de maniére appropriée l'internalisatie microorganismes dans un lit filtrant, ou

le broutage du zooplancton a probablement lieuwgface des grains ou dans un biofilm. I
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semble que la configuration optimale pour carastétia prédation en milieu filtrant soit dans des
études pilotes permettant de reproduire des conditiéelles d’opération des filtres.

Dans I'étude pilote réalisée dans le cadre de teé®e, des mesures d’(oo)cystes internalisés ont
ete effectuées a l'effluent des filtres CAG unetreis semaines aprés I'ensemencement des
filtres. Une hausse significative des concentretid’(oo)cystes internalisés a été observée apres
3 semaines, ce qui a été attribué a une accunuldés (oo)cystes internalisés dans le lit filtrant.
Toutefois, les mesures d’(oo)cystes internalisés de lit filtrant n’ont été effectuées qu’apres 3
semaines d'opération des filtres, et donc une aldgt comparaison avec les concentrations
d’'(oo)cystes internalisés dans le lit filtrant apnéne semaine n'est pas possible. Le facteur
temps devrait étre davantage considéré dans ldesaubséquentes. En effet, dans I'analyse de
risque présentée au chapitre 6, 'accumulationajgstes internalisés dans le lit filtrant a été
supposeée linéaire au cours d’un cycle de filtratitirs’agit d’'une hypothése qui nécessiterait des
investigations additionnelles. De plus, afin denpéter I'étude de l'internalisation dans des
conditions d’opération d’'usine de traitement d’¢etable, il serait pertinent d’évaluer I'impact
des rétrolavages et de leur fréquence sur la ctratiem d’(oo)cystes internalisés dans le lit

filtrant.

Enfin, il est important de rappeler que les valautiisées pour quantifier I'internalisation des
(oo)cystes de protozoaires dans le modele d’anagsesque développé ici sont basées sur une
étude pionniére en filtration CAG, comportant unatpimportante de développement des
méthodes. Cette étude rapporte d’'une part un refithité de mesures. Ainsi, la répétition de
telles mesures serait souhaitable afin d’augmeateronfiance scientifique en les valeurs de
concentrations d’(oo)cystes internalisés obtenu@®utre part, les méthodes développées dans
cette étude pilote ne présentent pas de preuvelldstirecte de l'internalisation des (oo)cystes
dans les rotiferes, mais plutét de fortes indicatiale cette internalisation. En effet, la
comparaison entre les comptes d’(oo)cystes avesames$ traitement de sonication ainsi que
I'optimisation du traitement de sonication perméttidibuer I'observation d’'une augmentation
significative des comptes d’(oo)cystes a une iratisation tres probable des (0o)cystes récupérés
par sonication. L’utilisation de la sonication aoma protocole permettant de récupérer des

microorganismes internalisés par le zooplanctoté &grouvée de facon concluante par plusieurs



184

autres auteurs (King et al. 1991, Ding et al. 1%=&dwell et al. 2003, Kenney et al. 2004, 2005,
Locas et al. 2007).

L’hypothése posée sur le réle des rotiferes dantefhalisation et le transport des (oo)cystes de
protozoaires dans I'étude pilote repose sur desreasons rapportées dans la littérature ainsi
que sur les travaux de Yolanda Dullemont décrits flaut ayant, eux, permis une observation
visuelle directe d'oocystes d€ryptosporidium internalisés par des rotiferes de l'espéce
Philodinaet/ouRotaria En effet, ces espéces sont les seules a leédesquelles des oocystes
fluorescents ont été observés par microscopie,uartidans ce cas la participation d’autres
organismes du zooplancton comme les cladoceres,cdpgpodes et les nématodes dans
I'ingestion et le transport des oocystes. D’ailfeudes travaux identiques a ceux de Y.
Dullemont ont été réalisés dans le cadre de ceéigeten visant spécifiguement I'identification
du réle des nématodes dans linternalisation d’eteydeCryptosporidiundans des échantillons
naturels duschmudzdeckee filtres & sable lents. Dans ces travaux, @méame de nématodes
ont été prélevés un a un suite a une fixation dbaréillons apres 24h de prédation en présence
d’'une haute concentration d’oocyste8@ 000 oocystes/ml, soit la méme concentrationdguns

les essais de Y. Dullemont). L'observation de egrhatodes au microscope en épifluorescence
n'a permis de détecter aucun oocyste internaliésultats non publiés). Dans le cas de notre
étude pilote, les (oo)cystes ensemencés dans liess iCAG n’avaient pas été marqués par
fluorescence afin d'éviter d’'altérer les propriétis surface des (oo)cystes et ainsi d’interférer
avec le comportement naturel des (oo)cystes enetediiadhérence au matériau filtrant et de
transport a travers le filtre. |l serait intéredsde répéter de telles expérimentations avec un
focus principal sur linternalisation des microanganes dans le lit filtrant en marquant les
microorganismes ciblés par fluorescence. Ceci p#rait la confirmation visuelle de
l'internalisation des (oo)cystes, par exemple,lparotiferes. Alternativement, la méthode FISH
(hybridation fluorescenta situ) peut permettre d’observer des microorganismesrnatisés en
les marquant par fluorescence suite a leur ingegiar le zooplancton. En effet, une étape de
perméabilisation dans la méthode FISH permet |&fpéimon de la sonde fluorescente a travers
'organisme du zooplancton pour marquer le micraaigme cible internalisé. Une telle
méthode pourrait permettre d’éviter le marquage @egcystes avant I'ensemencement des
filtres (bien que la détection par FISH d’(oo)cysteternalisés par le zooplancton n’ait jamais été

démontrée), ou encore la détection d’autres migarismes naturellement présents a I'affluent
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des filtres (non ensemencés) suite a leur inteyai@in, par exemple des bactéries. Toutefois,
certaines limites a l'utilisation de la méthode HIBeuvent étre rencontrées lors de l'analyse
d’échantillons environnementaux, par exemple dassquels beaucoup d’autofluorescence
pourrait interférer avec la détection des cibl&e plus, la méthode FISH nécessite une main
d’ceuvre hautement qualifiée et permet I'observatientres faibles volumes d’échantillon au

microscope, ce qui nécessiterait la mise au panmeéthodes de concentration efficaces des
organismes du zooplancton dans lesquelles les isrgaa demeureraient intacts pour

I'observation et I'identification au microscope.

7.1.2 Transport des microorganismes internalisés a 'eftient filtré

Deux des variables importantes caractérisant lasp@rt et la persistance des organismes
internalisés dans l'analyse de risque présentéehapitre 6, soit les variablds et S, ont été
qguantifiées sur la base de I'étude pilote préseatéehapitre 3. Rappelons que la varidble
décrit le transport des rotiféres du lit filtranfeffluent et peut étre exprimée par :

F _ CRot_ Eff

CRot_ FB

ou Crot_eff €t Crot_rs SONt respectivement les concentrations de rosifareffluent et dans le lit
filtrant.

La variableS représente le taux de survie des (0o)cystes mlieés par un rotifere a travers son
passage dans le lit filtrant jusqu’a sa sortie dafBuent filtré. Le calcul deS est exprimé par

I'expression suivante :

N
IP/ Rot_ Eff
S= _IRLEL

NIP/Rot_FB

ou Nip/rot_Eff €t Nip/rot_Fs SONt respectivement les nombres d’(oo)cystesnatisgés par rotifere a
I'effluent et dans le lit filtrant.

Dans les deux cas, la quantification de ces vasabhasée sur les mesures de I'étude de filtration
CAG a l'échelle pilote constitue une premiére daaslittérature. Un renforcement des
indications et des mesures découlant de I'étudetepiest souhaitable pour une meilleure

caractérisation du risque associé a la transmigisrorganismes internalisés dans I'eau potable.
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Pour la quantification de la variabie il serait recommandable d’'établir idéalement base de
données mettant en parallele des concentrationgatiemes supérieurs mesurées dans le lit
filtrant et a I'effluent des filtres granulairet’énumération du zooplancton a I'effluent des &kr
granulaires est relativement commune. ToutefoiBss ppeu de mesures des concentrations
d’organismes supérieurs dans le matériau granulasdiltres sont disponibles dans la littérature.
Ces mesures pourraient étre effectuées de marigsaggpandue selon les méthodes d'isolation
du zooplancton proposées dans I'étude pilote apithe8, par exemple juste avant d’effectuer le
rétrolavage d’'un filtre, en prélevant des échamsdl de matériau granulaire a différentes
profondeur du lit filtrant, ou minimalement prés esurface. Ces mesures pourraient étre
couplées au prélevement en parallele d'un échamtibh I'effluent permettant d'isoler le
zooplancton, par exemple sur un filet a plancton3@eum, pendant (arbitrairement) les 2
dernieres heures du cycle de filtration. Ces éill@ars de zooplancton peuvent étre fixés (par
exemple a la formaldéhyde), et donc ne nécesspast une analyse immédiate pour le
dénombrement et I'identification des organismeszdaplancton au microscope. Un tel effort
d’échantillonnage du zooplancton permettrait deumieécrire le rejet de ces organismes a
I'effluent des filtres granulaires, tel qu’il a ébaractérisé pour de nombreux microorganismes

d’'importance en eau potable.

La caractérisation de la varialfieest plus complexe, puisqu’elle nécessite un reefoent des
connaissances a plusieurs niveaux au sujet desanganismes internalisés. En effet, une réelle
compréhension de la varialdlampliqgue de déterminer le sort des (oo)cystegiriesés dans le

lit filtrant, incluant la digestion ou I'excrétigmossible d’(oo)cystes au cours du transit du naife
jusqu’a l'effluent filtré. Ces phénomenes sont pteres et peu caractérisés dans la littérature.
Leur étude nécessite un focus sur les interactemise le prédateur et la proie a un niveau
microbiologique approfondi et donc probablement @&sdes en conditions de laboratoire
permettant des observations du comportement deéel’ad de la proie par microscopie. Sans
entrer dans I'étude proprement dite de ces interactcomplexes, une maniére pratique de
caractérisefS a été proposée dans cette thése, soit en compesacdncentrations d’(oo)cystes
internalisés mesurées a l'effluent et dans leiltitaht a la fin du cycle de filtration. De telles
mesures pourraient étre répétées grace aux metitaleasyse expérimentales proposées dans
notre étude pilote. Dans le modéle de QMRA dévymdop'incertitude sur la variablg a été
définie sur une échelle logarithmique en considéuae variation probable de = 1 log autour de
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la valeur deS mesurée dans I'étude pilote, basée sur les vammtiobservées dans les
concentrations d’(oo)cystes mesurées a l'efflueas diltres une et trois semaines apres
'ensemencement. Aucune autre mesure d’(oo)cystenalisés dans des conditions de
filtration n'a été rapportée a ce jour dans la&tdture. Ces mesures nécessitent effectivement la
conduite d’expériences en conditions d’ensemencemes filtres, donc en conditions pilote,
puisque les (oo)cystes dE€ryptosporidium et Giardia sont naturellement présents en

concentrations trop faibles pour effectuer de setleesures dans des conditions d’échelle réelle.

7.1.3 Internalisation de bactéries par le zooplancton

Il semble justifié, dans l'analyse de risque préSendans cette thése, de supposer que les
rotiferes soient les principaux responsables detefhalisation et de la transmission des
(oo)cystes internalisés dans I'eau potable. Toiggil est raisonnable de supposer que cette
hypothése ne soit valide qu’uniquement pour le3dstes deCryptosporidiumet Giardia. |l est
probable que d’autres microorganismes, tels quebatéries, soient véhiculés par d'autres
organismes du zooplancton a travers la filtratianglaire et dans I'eau potable distribuée. Il ne
peut toutefois pas étre supposé que toutes lesrieschuraient des interactions semblables avec
un hoéte du zooplancton donné. Par exemple, iEardtporté que la bactérie entéropathogéne
Campylobacter jejunine survit pas a son ingestion par le cladocBaphnia carinata
(Schallenberg 2005); toutefois, la bactévierio choleraea été observée comme colonisant le
tube digestif de certains copépodesDeaiphnia sp. (Cottigham et al. 2003). Des coliformes
totaux ont été détectés (par culture) a l'intéridarnématodes dans un réseau de distribution
(Locas et la. 2007). Enfin, plusieurs bactérieth@genes humaines peuvent créer une infection
et donc étre amplifiees a lintérieur du tube difedu nématodeC. elegans par exemple
Salmonella typhimuriungAballay et al. 2000). Sifri et al. (2005) ont gsé une synthése des
nombreuses espéces de bactéries pathogenes hustaictes ou opportunistes pouvant infecter
le nématode&€. eleganset ont défini différents groupes de bactériesrstdar comportement dans

le tube digestif d€. elegansincluant par exemple la création d’une infect@nsistante ou non
dans le tube digestif, ou la libération de toxinés littérature laisse encore a ce jour une tres
grande place pour I'avancée de travaux de ce gefie.ignore par exemple si ces types de
comportements pathogéniques observés pour desagagapbactéries dafs elegangourraient

étre étendus a d’autres espéeces de nématodesninparaexemple celles les plus communément
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rencontrées dans les systéemes d’eau potable. gaouenir a une véritable compréhension du
phénomeéne d’internalisation des microorganismeBoggines dans I'eau potable, il est proposé
d’envisager une tendance dans la recherche fututéfibir des groupes de microorganismes
ayant des comportements semblables en associatBanleé zooplancton. Une telle approche a
déja été appliguée aux amibes dans les efforttdfa@@es récents pour les décrire et les
comprendre comme des hétes et des véhicules deooarganismes pathogenes dans
'environnement. En effet, Barker et Brown (199dnt décrit trois groupes de bactéries
pathogenes humaines selon leur comportement &rignir de I'amibe, soit celles qui, comme
Legionellg se multiplient a I'intérieur de I'amibe et causea lyse, celles qui se multiplient sans
causer la lyse de I'amibe et enfin celles qui stant a I'intérieur de I'amibe sans toutefois s’y
multiplier. Le premier de ces trois groupes estiicqui attire le plus d’attention scientifiqueaet
éte identifie comme le groupe des ‘LLAP’ (Legiomdlke amoebal pathogehparmi les ‘ARB’
(amoebaresistant bacterip(Greub et Raoult 2004). Il est envisageable dpi¢elles catégories
de microorganismes soient éventuellement défineegapport a des hdtes zooplanctoniques, en
commencant par les nématodes et, a titre de recodatian suite aux travaux de cette these,
également chez les rotiferes. Les nématodes soeffet souvent rapportés comme le groupe
d’organismes supérieurs dominant (en abondance) snsystémes d’'eau potable, suivis des

rotiféres, ou encore en alternance avec les resifer

Etant donné le potentiel d’amplification de cerémirbactéries pathogénes humaines rapporté
chez les nématodes, des travaux futurs axés suerhialisation dans la filtration granulaire
devraient considérer le transport de bactéries gew nématodes ou d’autres organismes
supérieurs. En effet, cette possibilité d’amplifica des bactéries a I'intérieur de I'hdte congtitu

le principal objet de l'attention scientifique camsée au cas des amibes comme vecteurs de
bactéries pathogenes. De la méme maniere, daas ldes nématodes par exemple, la possibilité
d’'une multiplication des bactéries a l'intérieur leéer tube digestif leur confere une probabilité
accrue de persistance comme organismes internalsésaniére a engendrer un plus grand
risque de transmission aux consommateurs a tréeeus potable. D’ailleurs, Wolmarans et al.
(2005) ont rapporté, dans des conditions enviroremtates a travers une usine de traitement
d’eau potable et dans le réseau de distributiodétaction de 10 a 4000 bactéries internalisées
par organisme supérieur, incluant des bactéridsogahes humaines, strictes ou opportunistes.

Ainsi, I'étude de l'internalisation des bactéripar exemple par les nématodes, pourrait permettre
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la détection d’'un plus grand nombre d’organismesritalisés par organisme supérieur, par
rapport aux observations réalisées dans I'étudaepportant sur 'internalisation des (oo)cystes
de protozoaires, lesquels ont fort probablemertamportement inerte a l'intérieur des rotiferes.
Dans les conditions de cette étude pilote, simukapire cas de contamination d’un filtre, avec
des concentrations extrémes d’(oo)cystes ensemaicés absence de rétrolavage pendant 3
semaines, des valeurs moyennes (+ écart typeBde 22 et 4.2 + 2.4 (oo)cystes/rotifere dans le
lit filtrant pour Cryptosporidiumet Giardia, respectivement, ont été calculées suite a 10 000
simulations Monte-Carlo effectuées par le modebndlyse de risque développé au chapitre 6.
En simulant des conditions environnementales, delaéie a estimé des valeurs moyennes de
~10° et ~10° (00)cystes de€ryptosporidiumet Giardia par rotifére dans le lit filtrant, c’est-a-
dire environ un oocyste internalisé par 1 000 O&ifares pourCryptosporidium De telles
valeurs laissent supposer que malgré un potentrgestion des (oo)cystes de protozoaires par
le zooplancton, I'occurrence trop faible et posmitént les probabilités d’excrétion (ou de
digestion?) trop élevées induisent un tres failidgue de transmission de tels organismes
internalisés dans lI'eau potable. Par contre, ersidérant des valeurs environnementales de
I'ordre de 10 — 10 bactéries internalisées par organisme supéridias tque suggérées par
Wolmorans et al. (2005), on pourrait supposerdagmission d’une concentration significative
de bactéries internalisées dans I'eau potable.s lmodéle de filtration développé, la variable
F (représentant le ratio de rotiferes du lit filraejetés a I'effluent) a été évaluée a ~ 0.01%, ce
qui réduit a priori de 4 ordres de magnitude lacemtration de microorganismes internalisés a
I'effluent des filtres granulaireC(e ex) par rapport a la concentration dans le lit filtraaton le
calcul proposé a en début de section 7.1. Towweles concentrations d’organismes supérieurs a
I'effluent peuvent étre typiquement supposées sepdas a un organisme par litre, et souvent
davantage dans le cas des nématodes. Ainsi, matgrétioF faible, si les microorganismes
internalisés dans le lit filtrant persistent, voge multiplient a I'intérieur de I'hdte dans le cas
possible de bactéries pathogenes, plutdt que djraellement digérées ou excrétées avant
d’atteindre la sortie a I'effluent des filtres gdaires, alors leur risque de transmission pourrait
étre supérieur a celui calculé par le modele dim®atie risque développé pour les (0o)cystes de
protozoaires internalisés. Il est raisonnable dgpeser que c’est surtout dans le cas d'une
amplification possible de l'organisme internaliséiatérieur de I'hdte que l'internalisation

pourrait présenter un risque sanitaire potentiedi@nsignificatif a I'eau traitée.
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La conduite d’une étude de filtration a I'écheliofe telle que présentée au chapitre 3 visant les
bactéries internalisées plutdt que les (oo)cyseeprdtozoaires présente toutefois d’'autres défis
méthodologiques. En effet, si les bactéries ddieéee énumeérées par culture, les échantillons de
zooplancton isolés des filtres et de I'effluentpeeivent étre fixés. lls doivent donc étre analysés
rapidement suite a leur prélevement puisque legdotions entre les bactéries et les hotes sont
dynamiques dans les échantillons. Aussi, il exigie certaine marge de variation entre les

résistances des différents organismes du zooplangtéa sonication. Dans un échantillon

hétérogene, il est donc difficile de provoquer lgpture absolument simultanée de tous les
organismes du zooplancton. Les bactéries étastgansibles que les (0o)cystes de protozoaires
a la sonication, il peut étre risqué d'utiliser destement aussi radicaux sur les échantillonsdan

une telle étude, puisque si certaines bactéries Hoérées de leurs hétes avant la fin du

traitement de sonication, elles pourraient étrérééis par les ultrasons, ce qui pourrait interférer
avec leur détection par culture. Ainsi, il pour@tire souhaitable d’envisager des méthodes plus
« douces » pour l'analyse de bactéries internaigfsns des échantillons environnementaux,
utilisant par exemple la microscopie, sachant foigeque les méthodes de détection visuelles

présentent aussi leurs limites, leurs interféreetésurs défis.

7.1.4 Autres perspectives de recherche sur l'internalisabn dans la filtration

granulaire

Suite aux travaux de cette these, d’éventuels trada recherche sont suggérés sur la filtration
lente sur sable. En effet, la densité des orgassiu zooplancton dans le lit filtrant,
particulierement dans 8chmutzdecken surface, ainsi que I'importance de la prédatians de
tels filtres suggerent un haut potentiel d’inteisation. De plus, les durées trés longues de cycle
de filtration des filtres a sable lents laissentppser une accumulation significative
d’organismes internalisés dans le lit filtrant papport aux cycles de filtration de 2-3 jours

typiques des filtrations rapides.

Enfin, il est souhaitable que des travaux futunssdasquels seront réalisés des bilans de masse
en filtration granulaire prennent en considératepossibilité du réle de la prédation. En effet,
bien que selon toutes probabilités la proportionnderoorganismes internalisés dans un lit
filtrant et a I'effluent filtré demeure faible, [édation devrait étre percue en filtration comme u

mécanisme ayant le potentiel d’influencer a la faiperformance des filtres comme barriere des
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microorganismes et a la fois le transport et letrdgs microorganismes a travers le lit filtrant et
dans l'effluent. Il est probable que certainesditions favorisent un plus grand impact de la
prédation dans la filtration granulaire, telles cquea exemple les conditions d’études pilotes
impliquant 'ensemencement de microorganismes ecarations élevées, ou encore les études

sur des longues durées de cycles de filtration.

7.2 Protection des microorganismes internalisés par leooplancton

face a la désinfection de I'eau potable

7.2.1 Désinfectants chimiques

Dans le modele d’analyse de risque développé apitehd®, il a été supposé que les (oo)cystes
internalisés étaient entierement protégés contse éapes de désinfection subséquentes, a
I'exception de la désinfection UV. Etant donnddane résistante des (oo)cystes de protozoaires
et particulierement la résistance pratiquementidode Cryptosporidiuma la chloration, cette
hypotheése, qui est conservatrice, ne cause prabehlepas une surestimation excessive du
risque a l'eau traitée. Toutefois, la littérature contient pas a ce jour de démonstration de
« 'imperméabilité » des organismes du zooplandtme a tous les désinfectants chimiques en
eau potable. En effet, une protection contre larekion a été démontrée a plusieurs reprises
pour diverses bactéries internalisées a l'intér@amibes ou de protozoaires ciliés (King et al.
1988, Barker et Brown 1994, Brandl et al. 2005,|8npet al. 2005, Adékambi et al. 2006) et de
nématodes (Smerda et al. 1970, Ding et al. 199%j ket al. 1995, Adamo et Gealt 1996,
Anderson et al. 2003, Caldwell et al. 2003). Clreenibe Acanthamoeba polyphagk survie de
plusieurs espéeces de mycobactéries internaliségg sapportée suite a une exposition a une
concentration de 15 mg/L de chlore pendant 24 Ise@aékambi et al. 2006); chez des
nématodes du genRhabditis la bactérieE. coli peut survivre a deST pouvant atteindre plus de
2000 mg-min/L a l'intérieur du tube digestif du redpde (Adamo et Gealt 1996). Bien que la
susceptibilité a la chloration de I'organisme intdisé puisse varier, des résistances a de telles
doses démontrent un effet protecteur robuste désearst des nématodes face au chlore, ce qui
peut permettre de supposer une certaine « impeiliabou une efficacité comme bouclier de
ces organismes supérieurs pour des microorganismemalisés. Pour les rotiferes et le

zooplancton crustacéen (copépodes et cladoceres),peu d’études se sont attardées a la
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protection de microorganismes internalisés face adsinfection. Il a été rapporté que des
bactéries naturellement internalisées dans le didpstif d’'organismes du zooplancton isolés de
'eau d’'un lac étaient protégées face a un traiténge chloration équivalent a W@T de 50
mg-min/L (King et al. 1991).

En ce qui a trait aux autres désinfectants chinsigee eau potable, peu d’études ont été
entreprises pour vérifier leur capacité d’atteindes microorganismes internalisés par le
zooplancton. Ding et al. (1995) ont rapporté ur@qetion face a I'ozonation des bactertes
coli internalisées par des nématodes du gRMabditis qui sont parmi les plus communément
détectés dans les réseaux de distribution d’eaabfet une telle protection a permis de récupérer
10%-10° bactéries internalisées par nématode suite & xjpesition a des doses de 0.45 & 1.7
mg/L d’'ozone pendant 1 a 3 minutes, alors que Bdénies non internalisées étaient non
détectables a de telles doses. Aucune informatiest disponible a notre connaissance sur la
survie de microorganismes internalisés par de$éref ou le zooplancton crustacéen face a
I'ozonation ou le bioxyde de chlore, qui demeurde$ désinfectants moins largement répandus
que le chlore, dont l'utilisation est pratiquemesiiligatoire en Ameérique du Nord pour le
maintien d’'un désinfectant résiduel en réseau. hypothese posée sur linefficacité des
désinfectants chimiques face aux microorganismiesrialisés dans I'eau potable dans le cadre
du modeéle d'analyse de risque développé au chagitrpourrait étre a l'origine d'une
surestimation du risque d’infection calculé pamedele, dans une moindre mesure pour des
microorganismes résistants tels que les (oo)cydeesprotozoaires, mais dans une mesure
inconnue a ce jour dans le cas de l'application rdodéle a d’autres microorganismes
internalisés, comme par exemple des bactériessglusibles a la désinfection chimique (ozone,
bioxyde de chlore).

7.2.2 Désinfection UV

En ce qui a trait & la protection contre la désitidd UV des microorganismes internalisés, la
seule étude disponible a ce jour est celle présemiechapitre 4 de cette thése. L’effet protecteur
des nématodes face a la désinfection UV a été diénatans cette étude pour deux
microorganismes internalisés, sdit. coli et les spores deéB. subtilis et ce avec une
reproductibilité élevée des résultats obtenus &oee fluence de 40 mJ/Eitypique des usines

d’eau potable. L'utilisation des spores Be subtilis pour évaluer la fluence effective en
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désinfection UV (254 nm) selon le principe de bisideétrie (Sommer et al. 2000), d’'une part, et
d’autre part, leur comportement plus stable (pppoat akE. coli par exemple) a l'intérieur du
tube digestif des nématodes en font une cible @sgamte pour I'évaluation de la capacité de
pénétration du rayonnement UV a l'intérieur d’ongames supérieurs. En effet, il faut considérer
que, dans le cas d’essais de désinfection UV g&sldirectement avec des oocystes de
Cryptosporidium par exemple, ces essais impliqueraient d’effectplrsieurs étapes de
manipulation avec des concentrations élevées datesynfectieux et donc le besoin d’'une main
d’ceuvre hautement qualifiée, entre autres poumiesures d’infectivité des oocystes, et des
installations conformes en termes de sécurité barddoire. Les spores présentent ainsi une
alternative valable selon I'approche de la biod@tire et une simplification considérable au
niveau des méthodes expérimentales. L'extrapolatie cet effet protecteur face a la
désinfection UV dans le modele d’analyse de ristgneloppé pour des (oo)cystes internalisés
par des rotiferes présente toutefois une sourceatiitude. Il est en effet difficile d’évaluer si
I'effet protecteur des nématodes face aux UV estivétpnt a un effet protecteur associé a
l'internalisation par d’autres organismes du zoogplan, tels que les rotiferes.  Pour une
quantification plus juste de cet effet protecteangs I'analyse de risque proposée, il est
recommandable d'effectuer des essais d’inactivatidh avec des rotiferes, en utilisant par
exemple les spores d8. subtiliscomme cible internalisée. Une alternative intgsiete a
explorer en termes de protocoles innovateurs sBusiitsation de microspheres fluorescentes
développées par Blatchley et al. (2006) au lieurderoorganismes comme cible internalisée.
Ces microspheres permettent d’évaluer la dose @Mersuite a la mesure de l'intensité de leur
fluorescence. Des microsphéres d'un diamétre malerb.6um telles qu'utilisées dans la
validation de systemes de désinfection UV (Blatghét al. 2008) sont susceptibles d'étre
ingérées par des rotiferes, étant donnée leuretafjloique cette hypothese nécessite une
validation expérimentale. Bien que cette idée iquei nécessairement des inconnues et défis
méthodologiques, le développement d’'un protocogtsar I'internalisation de ces microspheres
par des organismes du zooplancton pourrait perengtistimer la dose UV atteignant I'intérieur
de leur tube digestif et renforcer par exempledl@ation de I'effet protecteur mesuré sur des
microorganismes internalisés tels daecoli et les spores dB. subtilis L'utilisation des ces
microsphéres fluorescentes pourraient méme hypqtlekhent étre étendue éventuellement a
I'évaluation d’autres mécanismes de protection &soorganismes face a la désinfection UV,
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en reproduisant par exemple des conditions envanmemtales d’agrégation et d’association aux
particules dans des eaux naturelles plus ou morbgies.

Les essais de désinfection UV réalisés dans leeadlicette these constituent une innovation en
termes de caractérisation de [l'effet protecteur dmganismes supérieurs pour des
microorganismes internalisés face a la désinfedtigdn Le développement du protocole présenté
au chapitre 4 de cette thése est inspiré entre alutrprincipe d’essais similaires réalisés par
Caron et al. (2007) sur l'impact de I'agrégationl’attachement aux particules dans les eaux
naturelles face a la désinfection UV. Dans lesxdeas, les protocoles appliqués permettent la
comparaison de [linactivation UV pour différentesonditions (ou traitement) des
microorganismes exposés a l'irradiation. Dansde de linternalisation par les nématodes,
l'inactivation UV est comparée pour (i) des micrgamismes a I'état planctoniques (en
suspension pure dans du tampon phosphate), (iiind@eorganismes en présence de débris de
nématodes suite a I'extraction des microorganispagssonication et (iii) des microorganismes
contenus dans le tube digestif de nématodes. drhatisation par des organismes supérieurs
constitue un phénomene probablement beaucoup p@ltes par rapport a l'agrégation et
I'attachement aux particules, qui caractérisentsdane mesure plus ou moins importante la
plupart des conditions environnementales des migesosmes indigénes en eaux de surface.
Toutefois, l'internalisation peut étre considéréamme un cas extréme d’altération a I'efficacité
des procédés de désinfection due a des conditiongoenementales, dont I'impact est
completement exclu lors d’essais d’inactivation des microorganismes issus de cultures pures
en laboratoires. Une tendance dans la recherdhebssrvée aujourd’hui vers une meilleure
description des performances des procédés de désamf en conditions réelles: en effet, le fait
que la prédiction des performances des procédé@esiafection en conditions réelles est plus
complexe qu’en conditions de laboratoires ne péug gtre ignoré. Ces études sur des souches
pures en laboratoire, dans des conditions simp#fi@lemeurent évidemment nécessaires pour
connaitre I'effet direct d’inactivation d’'un proa&dur une cible microbienne, pour permettre de
comparer l'efficacité des désinfectants entre epaur caractériser la susceptibilité d'un
microorganisme isolé a un procédé de désinfectmoyr comparer la susceptibilité a la
désinfection des microorganismes entre eux de meamedativement standardisée. Toutefois,
pour prédire les performances des procédés en deitgitement d’eau potable, en conditions
réelles, il est nécessaire d'étudier de plus pessclomportements microbiens en conditions
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naturelles, incluant les biofilms, les associatidesmicroorganismes entre eux, aux particules et

autres surfaces disponibles ainsi qu’aux organisupérieurs.

7.2.3 Désinfection solaire

Dans le cas d'un procédé comme la désinfectionirepl prédiction de sa performance est
appuyée sur moins de littérature et suscite un rpeins de développements en recherche,
lesquels sont sans doute plus disparates ou phis é&ant donné l'intérét d’'un tel procéede
presque uniquement dirigé vers les communautégeslabpement, ce qui laisse sous-entendre
peu d'intérét de la part de I'industrie et donc nsode financement pour la recherche. En effet,
en désinfection solaire, il n’est pas question tevét ni de génération de revenus découlant de
I'utilisation et de l'application du procédé. Enup)] dans le cas d’'une source de désinfection
naturelle comme le rayonnement solaire, il fautvoeouconsidérer I'impact des conditions
météorologiques et climatiques dans la performahcerocédé, ce qui rend son étude d’autant
plus complexe et sa standardisation, plus arddensi, encore plusieurs travaux de recherche
sont en cours pour optimiser par exemple le réaceprocedé SODIS; la caractérisation de la
susceptibilité de divers microorganismes en suspesagures face a la désinfection solaire fait
également toujours I'objet de recherches. De pasmécanismes par lesquels les cellules des
microorganismes sont endommagées par le rayonnesolaite ne sont pas encore uniformément
expliqués. Peu de recherches ont été entreprisegaur sur I'impact des conditions naturelles
environnementales dans la performance du procéddédmfection solaire. L'impact de la
turbidité, par exemple, a été le plus souvent ngegliune maniére peu représentative des
conditions environnementales, en négligeant lesposantes d’agrégation et d’attachement aux
particules qui interviennent dans les eaux naeselt’ou I'intérét et I'innovation des travaux
réalisés en désinfection UVA dans le cadre de tleétee. En plus, peu d’efforts ont été apportés
en recherche jusqu’a ce jour pour tenter de traceparalléle entre la caractérisation de la
performance des procédés de désinfectionskiM (UVC) et solaire (UVA), d'ou l'aspect

d’autant plus novateur des travaux présentes datestbese.

Les résultats présentés au chapitre 5 comparampdét de mécanismes de protection face a la
désinfection UVA et la désinfection UVC ont révéigs similitudes entre les deux procédés dans
le cas de I'agrégation des microorganismes etulaéernalisation par les nématodes. En effet,

le protocole de dispersion des agrégats a permibsdiver une augmentation du taux
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d’inactivation UVC des spores de bactéries spotakamaérobies de ~1.4 fois par rapport a leur
taux d'inactivation dans une eau non traitée, stderrésultats de Caron et al. (2007), et un taux
d’inactivation UVA des coliformes totaux dispersis~1.5 fois supérieur a celui des coliformes
non dispersés. Dans le cas de linternalisati@ffel protecteur observe, tant en désinfection
UVC que UVA, était moindre & une fluence appliqpées faible (5 mJ/cmUVC et 0.7 J/cth
UVA). Aux doses les plus élevées (40 mJ/dVC et 5.6 J/crh UVA), un effet protecteur
comparable a été observe, avec respectivement €16%4% de la fluence appliquée atteignant
les bactériek. coli internalisées. |l demeure toutefois prématurérdtendre pouvoir étendre
les observations portant sur les interférences duds telles conditions environnementales ou
mécanismes de protection des microorganismes facdésinfection UVC a la prédiction d’'une
influence semblable dans la désinfection UVA. Hatedes différences ont été observées entre
les deux procédés au niveau de l'impact de la poesee particules naturelles et de débris de
nématodes sur I'efficacité de I'inactivation UVC BYA. Nos travaux illustrent toutefois une
variabilité considérable dans I'inactivation obterpar I'action des radiations UVA associée a la
prise en compte de conditions environnemental@gérant un intérét a caractériser davantage la

performance de la désinfection solaire dans des reaturelles.

7.3 Détection de microorganismes internalisés par le pplancton en

conditions naturelles/environnementales

La caractérisation de I'occurrence de microorgaesinternalisés dans la filtration granulaire a
ete effectuée dans des conditions d’ensemenceri{enjaystes de protozoaires dans des filtres a
I'échelle pilote. Dans le cadre de cette théese, ti@vaux additionnels ont été effectués en
collaboration avec les compagnies hollandaises Wvatteet KWR dans le but de détecter, en
conditions complétement naturelles, des microogyaas internalisés par le zooplancton a
travers des usines d’eau potable. Etant donnérdgsfaibles concentrations d’(oo)cystes de
Cryptosporidiumet Giardia dans des eaux naturelles, les bactéEesoli et Campylobacter

jejuni ont été ciblées comme microorganismes internalisgens [I'échantillonnage

environnemental. Huit points d’échantillonnage @té sélectionnés dans trois usines de

traitement d’'eau potable a Amsterdam (Pays-Basjlivars stades du traitement incluant
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I'effluent de filtres a sable rapides, de filtreA@, de filtres a sable lents, de procédés
d’adoucissement et d’un lac artificiel. Le zoomenm naturel a été isolé a chague endroit a deux
reprises, a deux semaines d’intervalle, au prinkgrapen deux fractions basées sur la taille des
organismes, en utilisant des filets a plancton @euh et 30um, le filet le plus fin visant la
rétention des amibes. Un protocole analytique Isaséla chloration pour I'élimination des
bactéries non internalisées et un traitement deaton optimisé pour la rupture des organismes
du zooplancton a été utilisé pour détecter les énast internalisées dans les échantillons
environnementaux. En considérant tous les édlmargtianalysés au cours de cette campagne
d’échantillonnage, un total d’environ 100 000 origares du zooplancton ont été isolés pour la
détection de bactéries internalisées, incluant 880 amibes, 38 000 rotiferes et 23 000
nématodes en tant que groupes dominants, avec wiegitqs moindres de copépodes et de
protozoaires ciliés. Aucune bactérie internaliséa été détectée dans I'ensemble des
échantillons analysés, ce qui suggére que l'ocnoeede bactérie€. coli et C. jejuni
internalisées peut étre un événement aussi rarehjdans 1®organismes du zooplancton dans
des conditions reelles. Il est toutefois aussisiims que la non détection de bactéries
internalisées au cours de I'échantillonnage enwieomental soit associée a une faille dans le
protocole analytigue, comme il est possible que desditions saisonnieres au moment de
I’échantillonnage soient moins propices a la déeactle bactéries internalisées par rapport a
d’autres époques de I'année ou la prolifératioza@plancton est plus abondante (en eau chaude
par exemple) ou lorsque des événements natureendrent de plus hautes concentrations de
bactéries aux points d’échantillonnages choisisnsiA ces résultats préliminaires peuvent étre
interprétés ou bien comme [lindication d'une oceuge trés faible de microorganismes
pathogenes internalisés dans les systemes d’eabl@obu encore d’une difficulté élevée a les
détecter, ce qui semble tres probable égalememeffEt, des conditions séveres de chloration et
de sonication telles gu’appliquées dans un telogme analytique pourraient par exemple nuire a
la détection des bactéries internalisées, surtales sont présentes a de faibles niveaux dans le
échantillons naturels. Aussi, en ciblant un grobpaucoup plus large de bactéries, Wolmarans
et al. (2005) ont pu détecter des hautes concemtgsatde bactéries internalisées par le

zooplancton dans des conditions d’'usine d’eau petaéchelle réelles.

Ainsi, une premiere recommandation a ce niveauitseeavérifier 'adéquation des méthodes

analytiques comportant des étapes de traitementapblendommager les bactéries présentes
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dans les échantillons, en comparaison par exenvele des étapes de rincage des échantillons a
I'eau stérile (en substitution a la chloration péliminer les bactéries non internalisées) ou des
méthodes de détection visuelle des microorganismemalisés. Ensuite, il pourrait étre utile
de réaliser un tel échantillonnage dans des camditou les probabilités d’internalisation sont
maximisées, soit par exemple dans des eaux udeessupposant qu’un risque sanitaire dd a
I'internalisation de microorganismes pathogénessda&au potable soit probable surtout dans le
cas d’'une amplification possible de ceux-ci a mgur d’organismes supeérieurs, comme dans le
cas des amibes, l'analyse d’échantillons d’eaursipéélevés a des endroits stratégiques pourrait
proposer une réponse au moins préliminaire a Iatouresuivante : « Quelle est la probabilité
gu’une amplification des bactéries internaliséassda zooplancton (par exemple des nématodes)
se produise dans des conditions naturelles? »n 8| phénomene n’est pas détectable dans des
eaux hautement contaminées, il est peu probablesguproduise a un niveau détectable en eau
potable, et conséquemment, il est peu probablé spitiassocié a un risque sanitaire significatif

pour les consommateurs.

Il demeure que certains endroits peuvent étreqaes au niveau de linternalisation de
microorganismes pathogénes en eau potable. Ddtes tbése, la filtration granulaire a été
identifiée et analysée comme I'endroit le plus spsible de produire une concentration
significative de microorganismes pathogenes inte@sm dans I'eau potable. Toutefois, des
coliformes totaux internalisés par des nématodeéspanétre détectés en conditions naturelles
dans un réseau de distribution (Locas et al. 200&% réseaux de distribution sont souvent ciblés
comme étant associés a la présence d’organismasoglancton (Chang et al. 19650.evy et al.
1986, van Lieverloo et al. 1998). |l serait égad@mpertinent d’étudier I'impact du réseau de
distribution, considérant la présence de biofilmy sine prolifération possible de bactéries
internalisées. Enfin, un échantillonnage environeetal pour détecter des microorganismes
internalisés dans les systemes d’eau potable pbétra répété avec des méthodes de détection
optimisées et adaptées aux conditions environneiesnt’eaux plus contaminées et en ciblant
davantage les endroits ou une potentielle interaifn de linternalisation est soupgconnée,

incluant par exemple des procédés dans lesqueé/eoppement de biofilm est observé.

Enfin, le premier indice du rdle potentiel des a@ngmes supérieurs dans la qualité
microbiologique de I'eau potable demeure sans daute jour les observations rapportées dans

la littérature (ou souvent vraisemblablement n@poatées) d’'une détection ou d’'une persistance
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inattendue et inexpliquée d’'un microorganisme pgéine@ ou indicateur dans un systeme d’eau
potable, comme dans le cas étudié par Locas €é2@0.7), ou encore par exemple dans le cas
d’'une sous-performance d’'un procédé de désinfeeionsine. La principale retombée espérée
des travaux de cette these serait d’amener le dése organismes supérieurs a étre examiné
comme une possible explication de tels scénariowgrd se présenter de maniére accidentelle
mais probablement plus fréquente qu’on ne le cr@Giés phénomeénes constituent probablement
une clé importante de l'investigation sur I'occunce et I'importance sanitaire potentielle des
microorganismes internalisés dans I'eau potable.
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CONCLUSION ET RECOMMANDATIONS

Les travaux réalisés dans le cadre de cette thigeeanis d’apporter les conclusions suivantes :

(1)

(2)

3)

Dans des conditions d’ensemencement d’(oo)cystgratezoaireCryptosporidiumet
Giardia dans un filtre au charbon actif granulaire (CA@)prédation par le zooplancton
colonisant naturellement le lit filtrant peut rédsulen l'internalisation d’'une fraction
limitée des (oo)cystes dans le lit filtrant, suidie transport d’une portion des (oo)cystes
internalisés a l'effluent. Une hausse de la cottaéon d’(oo)cystes internalisés a
I'effluent filtré a été observée 3 semaines aperssemencement des filtres en I'absence
de rétrolavage, suggérant une accumulation desyst@s internalisés par prédation dans
le lit filtrant au cours du cycle de filtration. ek rotiferes sont suggérés comme

principaux responsables du transport des (oo)cystemalisés a I'effluent.

Les microorganismes internalisés par des organisre@gérieurs peuvent étre
partiellement protégés contre la désinfection U¥4(2m). Un protocole de sonication
optimisé pour la destruction des nématodes etrBekbn des bactéries internalisées a
permis de démontrer qu’environ 15-16% de la fluedee40 mJ/c typiquement
appliguée dans les usines de traitement d’eau lgotatieint les bactéries. coli et les
spores da. subtilisexposés a la désinfection UV lorsqu’internalisés gies nématodes
C. elegans Cet effet protecteur est moins accentué facene& fluence plus faible
appliguée. Une inactivation de 2.7 log Becoli et 0.7 log des spores d& subtilis
internalisés a été atteinte lors de I'applicationnd fluence de 40 mJ/én Ainsi, la
désinfection UV présente un potentiel d’inactivatides microorganismes internalisés

par des organismes supeérieurs.

Un effet protecteur comparable di a linternalsatipar les nématodes face a la
désinfection solaire (UVA) a été observé en appliquun protocole identique a celui
développé pour les essais sur I'impact de l'intksation face a la désinfection UV. En
effet, environ 24% d’une fluence UVA de 5.60 Jlarété estimée comme effective pour
inactiver les bactérieg. coli localisées a l'intérieur de nématod@selegans A cette
fluence, une inactivation de prés de 4 log a étéumée pour des bactéri&s coli
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planctoniques (libres), alors que moins d'un logété mesuré pour les bactéries
internalisées. Comme en désinfection UV (254 nmg protection moins prononcée est
observée a une fluence UVA plus faible. Paralleletn une réduction du taux
d’inactivation des coliformes totaux par les UVAeda I'agrégation des microorganismes
entre eux a été démontrée, trouvant un effet pieesemblable en désinfection UV et
solaire di a l'agrégation naturelle des microorgiam@is dans les eaux de surface.
Toutefois, I'enlévement des particules par unedfiibn membranaire de 8m n’a
démontré aucun impact sur I'efficacité de I'inaation par les UVA, contrairement a la
hausse du taux d’inactivation démontrée par unopodé¢ identique face a I'inactivation
UV a 254 nm.

(4) Une analyse quantitative du risque microbien (QMRA)ermis d’estimer que le risque
annuel d’infection chez les consommateurs d’eaalpetdd a I'ingestion d’(oo)cystes de
protozoaires internalisés par des organismes supériest inférieur au risque permis
d'une infection par 10 000 personnes annuellemehtapplication d’'un procédé de
désinfection UV en aval de la filtration granuladlans les usines de traitement d’eau
potable a été évaluée comme pouvant réduire demvit ordres de magnitude la

probabilité d’'infection associée aux (oo)cystesrinalisés dans I'eau potable.

La recherche présentée dans cette these est uémstliétudes pionniéres a plusieurs niveaux
pour le domaine de I'eau potable. D’une revueitiérdture exhaustive a la construction d’'un
modeéle d’analyse de risque, en passant par le a@yeient de méthodes en laboratoire et des
mesures expérimentales contribuant a décrire leghéne d’internalisation, ces travaux ont
permis de mettre en lumiére plusieurs pistes deerebe gagnant a étre approfondies afin de
renforcer la réponse proposée a la question « @selle risque sanitaire associé aux

microorganismes pathogenes internalisés par desigrges supérieurs dans I'eau potable ? ».

Bien que, suite aux travaux de cette these, leugisspnitaire associé aux microorganismes
internalisés dans I'eau potable soit supposé fajilesieurs aspects de la question gagneraient
encore a étre davantage élucidés. Tout d’abombetans que les mesures d’organismes
internalisés présentées dans I'étude de filtragi@chelle pilote fournissent des indications et des

données quantitatives nouvelles, mais qui demanderétre renforcées par des mesures
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expérimentales similaires. |l est suggéré d'amyes de telles études au niveau de la filtration
lente, qui présente un haut potentiel d’internétisadd a la densité du zooplancton dans la partie
supérieure du lit filtrant et I'importance de laégdation dans ce type de filtration granulaire. De
plus, l'identification visuelle des organismes dooplancton contenant des microorganismes
internalisés est souhaitable pour confirmer, pamgle, le role des rotiferes dans le transport des
(oo)cystes de protozoaires dans la filtration gl@nel Enfin, les travaux réalisés a I'échelle

pilote suggerent de prendre en considération Isipitiee du réle de la prédation dans la

réalisation de bilans de masse dans de futureg®trfiltration granulaire.

Au niveau des interactions entre les organismegshét les microorganismes pathogénes
internalisés, il est suggéré de tenter une categfish des microorganismes ayant des
comportements semblables en association avec Iplazaton, d’une maniere similaire aux
groupes qui ont été définis par rapport a leur camenent a I'intérieur d’amibes. Ainsi, tel que
discuté au chapitre précédent, certaines bactpriesentent la capacité de créer une infection
dans le tube digestif d’'un hote alors que d’autvaestéries seront probablement digérées ou
seulement transportées a lintérieur de I'h6te ssipanultiplier. Dans le cas d’(oo)cystes de
protozoaires, la capacité d’organismes du zoopdanatles digérer n’a jamais été démontrée; il
est plus probable que les (0oo)cystes se compartanine des particules inertes a l'intérieur de
I’'héte qui seront excrétées, ou encore qui peus'accumuler a l'intérieur du tube digestif.

Des travaux futurs devraient également considareréiude plus approfondie du risque associé
au transport de bactéries par des nématodes ourabaorganismes supérieurs dans des
conditions environnementales, avec un focus surskstemes biologiques hdte-pathogene
présentant un potentiel d’amplification des bae®dans le tube digestif de I'hdte. En effet, une
telle capacité d’amplification des microorganismagernalisés suggére un risque sanitaire
potentiellement plus élevé que celui évalué datie ¢kese pour des (0o)cystes de protozoaires
internalisés. La conduite déchantillonnages emnementaux visant la détection de

microorganismes naturellement internalisés par deplancton est souhaitable, avec des
protocoles optimisés, afin d’avoir un apercu réalide I'occurrence de ce phénoméne dans les
systemes d’eau potable et renforcer les estimationssque fournies par le modéle développé

dans cette thése.
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Enfin, au niveau de I'industrie de I'eau potablesst suggéré, suite aux travaux de cette thése, de
considérer le rble potentiel des organismes supdridans le transport et la protection de
microorganismes internalisés comme pouvant étfergihe d’'une détection occasionnelle ou
d’'une persistance inattendue d’un microorganisntbgggene ou indicateur a certaines étapes du

traitement en usine ou encore en réseau de distribu
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