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RESUME

Les objectifs de ce travail visaient a déterminiendortance qualitative, quantitative et
fonctionnelle des virus dans le Lac Pavin, en tenampte des gradients liés a la profondeur.
Il s’agissait, plus spécifiquement, d’examinerl@)dynamique saisonniére et spatiale de la
biodiversité des virus, (ii) 'importance des grdis liés a la profondeur dans les variations
saisonnieres de I'abondance et de l'activité Iyigies virus, et (iii) I'importance du mode de
vie lysogene. Grace a la mise au point d'un prd®awiginal de concentration, nous
montrons que la dynamique de la diversité du viagogton du lac est étroitement associée a
celle des communautés microbiennes. Il en est daeengbur les variations d’abondance et
d’activité lytigue. La prise en compte de I'enseenlde la colonne d’eau indique que la
structure des réseaux trophiques microbiens dialzemes virus dans ces réseaux dépendent
de la profondeur, avec une simplification des mddgzhiques, et des niveaux d’organisation
biologique des communautés, et des interactioqimoes potentielles, avec la profondeur.
Ainsi le fonctionnement trophique des couches proés, réduites aux virus et procaryotes,
serait essentiellement régi par la boucle virelealement, jusqu'a 16 % du bacterioplancton
serait lysogene. Ce mode de vie, antagoniste a lsiigue, dépend de la disponibilité de
I'hbte et serait plus un mécanisme de survie quprdkfération virale, pouvant par ailleurs
avoir une incidence sur I'évolution adaptative tétes. Les résultats acquis montrent que les
virus seraient essentiels dans la diversificatibhéeologie des communautés microbiennes,
et dans les flux de matiére et d’énergie circuthants la colonne d’eau.

Mots clés :Lac Pavin - Virioplancton - Réseaux trophiques otigens - Gradients verticaux -
Lyse virale — Lysogénie

ABSTRACT

The main goal of this thesis was to assess quaétatjuantitative and functional
significance of viruses in Lake Pavin, by takingpiaccount the depth-related gradients in the
water column. Specifically, we have examined thesfatio temporal dynamics of viral
community diversity, (ii) significance of depth-aéd gradients in seasonal variations of viral
abundance and lytic activity and (iii) relative rsiftcance of lysogenic ‘life style’. From an
original concentration protocol, we have shown thatdynamics of viral diversity in the lake
was strongly linked to those of microbial commuasti Similar for variations in viral seasonal
abundance and lytic activity. Through the entiredenvacolumn, microbial trophic network
structure and the role of viruses in this netwospehded strongly on depth, with a
simplification of trophic modes, of biological orgaation levels of communities, and of
trophic interactions with depth. Biological limnglp of the deep layers is reducte to viruses
and prokaryotes, and is thus governed by the Vo@b processes. Finally, up to 16 % of
bacterioplankton could be lysogens. This way d, ldntagonist with Iytic one, depended on
host availability and could be more a mechanisnthermaintenance of viral traits, than can
further have significant incidences on the evohaity ecology of host communities. Overall,
our results show that viruses are essential indikiersification and ecology of microbial
communities, and in the matter and energy flowthélake water column.

Key Words ‘Lake Pavin - Virioplankton - Microbial loop - Déptelated gradients- Viral
lysis- Lysogeny
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INTRODUCTION GENERALE, ELEMENTS

BIBLIOGRAPHIQUES




Avec la découverte, il y a une vingtaine d’annéksfortes abondances virales dans
les milieux aquatiquesBergh et al. 1989, généralement plus d’'un milliard de particules
virales par litre d’eau, I'écologie virale aquatkga connu un développement considérable.
Les virus, parasites obligatoires, forment [I'entibdologique la plus abondante des
écosystemes naturels ou ils sont capables dinfepiatentiellement, toutes les cellules
vivantes. Cela expligue leur omniprésence dans/ifennement aquatique, y compris dans
les systemes les plus extrémes (sources hydrotlesnmofondes, milieux hypersalés,
déserts...) Prangishvili et al. 2006,Le Romancer et al. 200). Par ailleurs, malgré les
difficultés liées a l'observation de particules ométriques et a I'absence de traceurs
évolutifs comme I’ARN ribosomal, on considéere ges Virus représentent un des plus grands
réservoirs de la diversité génétique non caraéeride notre planeteSgttle 2007. lls
contiennent des génes codant pour des fonctiorlsgmjoies, dont la circulation fait des
populations hbtes de puissants vecteurs d’échamgemdtigues dans I'environnement
(Hambly et Suttle 2005, Suttle 2007 Les virus aquatiques seraient essentiels daresdi
processus structurant la dynamique de la biodiéensiicrobienne aquatique : mortalité
cellulaire, cycles biogéochimiques, transferts Zmmtaux de génes..Si{me-Ngando 1997,
Wommack and Colwell 2000, Sime-Ngando et al. 2008/einbauer 2004, Suttle 2005 et
2007, Hamilton 2008. Ainsi, I'écologie virale suscite, aujourd’huin untérét croissant dans
le cadre des sciences de I'environnement. De nm&amjénérale, les recherches récentes en
écologie virale sont sources de nouvelles connatesa non seulement dans le domaine de la
diversité du vivant et du fonctionnement des édesyss, mais €galement dans le domaine de
I’évolution (Prangishvili et al. 2006, Forterre 200%

Dans ce chapitre introductif, nous examinons I'@as connaissances en écologie
virale aquatique, en insistant particulierementlautiversité des virus et leurs roles dans les
réseaux trophiques microbiens, en relation avec gieglients physiques, chimiques et
biologiques liés a la profondeur. Les principaujeobifs du travail de these et I'organisation

du présent mémoire seront également présentés.

1. Les réseaux trophigues microbiens

Dans les milieux aquatiques, la principale soueearbone autochtone provient de la
photosynthese microbienne, processus par lequelriione atmosphérique est transformé en

matiere organique qui est a la base de la misdage ples réseaux trophiques. Le devenir de



cette matiére a fait I'objet de nombreuses recterctans le cadre de la compréhension et de
la gestion des écosystémes aquatigues. Historiquteragant les années 1980s, il était
convenu que I'essentiel de la production primaiest @articulaire (biomasse algale), laquelle
servait de principale source nutritive pour lesbhares, et de base pour une chaine
alimentaire simple et linéaire, dite classique (pplancton— zooplancton métazoaire»
poissons) $teele 1971 Les microorganismes hétérotrophes étaient alargement
méconnus, en raison, essentiellement, des difisutiéthodologiques liées a leur étude. En
effet, les bactéries hétérotrophes, essentiellenagmréhendées a l'aide de meéthodes
culturales, n’étaient pas considérées comme étdiiidaamment abondantes pour jouer un role
significatif, autre que celui de la minéralisatida la fraction phytoplanctonique détritique
non consommee par le zooplancton métazoaire.

Au cours des trois dernieres décennies, les pragalsés au niveau des techniques
d’identification, de dénombrement et de mesure to/i€é métabolique, notamment en
microscopie a épifluorescence et en biologie mdéd@y ont permis d’entrevoir
I'extraordinaire diversité des microorganismes diquas, I'étendue de leurs conditions de
vie et leurs abondances jusqu’alors largement sstisiées. De plus, 'amélioration sensible
des méthodes séparatives a permis de décrire lpasition biochimique des communautés et
d’aborder les transferts de matiére au sein desaugstrophiques sous un angle qualitatif.
C’est grace a ces progres techniques que les srgaside plus petite taille qui, on le sait
aujourd’hui, représentent le plus grand réserveidersiteé, de carbone et de fonctions dans
le plancton, ont été pris en compte dans les étarmgs aquatique®¢émeroy 1974. De ce
point de vue, I'élaboration du concept dmucle microbienrie(Azam et al. 1983 a été
structurant pour le développement de I'écologieralienne aquatique. Dans ce concept, une
fraction importante de la matiere organique élaborlors de la photosynthése
phytoplanctonique (10-60 %) est excrétée sous fatisgoute dans le milielLgrsson and
Hagstrom 1982, Obernosterer and Herndl 1996 Par leurs capacités assimilatrices liées a
un rapport surface sur volume élevé, les bactémdrotrophes deviennent alors un élément
majeur dans les écosystéemes aquatiqguéscHman 1997). La biomasse bactérienne
hétérotrophe ainsi produite est utilisée par leon@h le microzooplancton qui, par leur taille,
deviennent des proies accessibles au zooplanctorobien (Figure 1). Récemment, la notion
de ‘boucle microbienries’est enrichie de la notion deéseau trophique microbignpar la
prise en compte des microorganismes pico- et nanofdniques autotrophes qui forment
I'essentiel des producteurs primaires aquatiquesom également des proies indiquées pour

les protozoairesRassoulzadegan 1993, Amblard et al. 1998
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Figure 1 Schématisation des réseaux trophiques en miiguatiques pélagiques (modifié d’apfgablard et al. 1998, Bettarel 2002



L'importance fonctionnelle et quantitative des teaies hétérotrophes au sein des
réseaux trophiques microbiens aquatiques a dor& lpoguestion des facteurs de régulation
de ce compartiment prépondérant dans les flux deraa et d’énergie. Il a d’'abord été admis
que cette régulation était le fait des ressourbestym-up contrgl et de la prédationtqp-
down, notamment par les protozoaires nanoflagellésit des effets dépendaient des
conditions environnementaleBycklow & Carlson 1992). Cependant, il est apparut que la
seule prédation ne pouvait suffire a expliquer dmnble des pertes bactériennes dans les
ecosystemes aquatiquédoqManus & Fuhrman 1988). C’est en partie pour cette raison que
les hydrobiologistes se sont intéressés aux rd@esvitus dans les processus écologiques en

milieu pélagique (Figure 1).

2. Les virus dans les écosystemes aquatiques

A. Définition

Les virus (ou phages) sont des entités biologigoestituées au minimum d’un acide
nucléique (ADN ou ARN simple ou double brins) eméod’'une capside de nature protéique
(Valentine et al. 1966. Le diametre de cette capside est généralemimtaar a 250 nm, et
les virus possédent également ou non une queuendadur variable. Les particules virales
sont infectieuses mais inaptes a présenter un wietale autonome. Ce sont des parasites
intracellulaires obligatoires qui ont besoin d'ucellule héte sensible et métaboliquement
active, pour tous processus requérant de I'éneygiempris la reproduction.

B. Cycle biologique
Les virus présentent trois principaux types de leyale vie’, s‘Tamorcant tous par
I'adsorption ou fixation du virus sur des récepsespécifiques localisés a la surface de la
cellule cible. En fonction de la nature du virusupalors se produire I'un des trois ‘cycles de
vie'.
(1) Le cycle de type ‘lytigue’ dans lequel le génomealvprovoque la synthese par la
cellule hote des différents constituants viraursague la réplication du génome viral.

'y a ensuite auto-assemblage des constituantuwirdans la cellule infectée,



encapsidation de l'acide nucléique et formationndevirus qui sont libérés dans
I'environnement par lyse de la cellule hote.

(2) Le cycle de type ‘chronique’, ou les virus néofosnme provoquent pas la lyse de la
cellule héte, mais sont expulsés par bourgeonnemergar extrusion de filaments,
sans que le métabolisme et la reproduction dellide&dte soient affectés.

(3) Le cycle de type ‘lysogénique’, ou le génome vgaitegre au génome de la cellule
hote. Le provirus ainsi formé se reproduit lordalegplication de '’ADN de la cellule
hote et peut ainsi étre transmis a de multipleségions. Dans ce cas, des
changements environnementaux ou un stress peuwdunta I'activation du provirus
et provoquer la mise en place du cycle lytique.

Il existe un quatrieme type de cycle de reproducties virus proche de la lysogénie : la
pseudo-lysogénie au cours duquel le provirus neegjre pas au génome de la cellule héte

mais reste en état de latence dans le cytoplasme.

C. Notions de classification

Les virus ne sont pas considérés comme des étrantsj au sens propre du terme.
L’absence de traceurs évolutifs comme I'ARN ribosbiait que leur classification ne peut
étre intégrée a celle réalisée pour les étres tsvdlna donc été nécessaire de mettre au point
une nomenclature particuliére pour la classificatdes virus. Les phages sont classés en
fonction de leur hote et des caractéristiques pjoyesi du virion libre, incluant la taille de la
capside, la forme, la structure, la résistance smxants organiques et le type et la taille de
I'acide nucléique (ARN ou ADN simple ou double &irfMurphy et al. 1995. Récemment,

il a été proposé de regrouper les virus et autgesita acellulaires infectieux possédant un
génome composé d’'acides nucléigues dans un donzipart Akamarg, afin de les
distinguer des organismes appartenant aux trorglgrdomaines de la vidBacteria, Archaea

et Eukaryota(Hurst 2000). Les virus peuvent donc ainsi étre classés a ghrtdomaine, du
regne, de 'embranchement, de la classe, de I'od#rda famille, du genre et de I'espece. Le
concept d’espece virale peut étre défini comme e dlasse polythétique de virus qui
constitue une lignée réplicative et occupe uneenitologique particuliere ;Régenmortel
1992. Un exemple de la classification d'un virus eshié sur la figure 2. Un descriptif
complet ainsi que les limites de la classificatemtuelle et de la nomenclature des virus sont

fournis par I'ICTV (nternational Committee on Taxonomy of Virgggauquet et al. 2005
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Enfin, une classification basée sur des séquemmasomiques de 105 phages a été

dernierement proposée, et constitue la dernieracégaen matiére de classification virale
(Rohwer & Edwards 2002.

Domaine

Régne

Embranchement

Classe

Ordre

Famille

Genre

Espece

Akamara (acellular infectious agents)

Eum Vf'mws and virusoids)

Deoxyribovira (DNA viruses) Ribovira (RNA viruses) Firoida (viroids and

virusoids)
/\ /v’\

DS DNA S5 DNA DS RNA +55 RNA -S5 RNA

Caudovirales

Myoviridae

Cyanostylovirus

AS-1

Figure 2. Affiliation taxonomique potentiel du cyanophagg&-AWWeinbauer 2004. —-SS

RNA, negative-sense single-stranded RNA genat88 RNA positive-sense, single-
stranded RNA genomBS RNA,double-stranded RNA genon&S DNA single-stranded
DNA genomeDS DNA, double-stranded DNA genome
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D. Diversité des virus

Aujourd’hui on estime qu'il existe sur notre plamé&irés de 1B particules virales
(Rohwer & Edwards 2002, pour la plupart aquatiques, ce qui représent dimersité
largement supérieure a celle de I'ensemble desnmmas des trois régnes du vivant
(Bacteria, Archaea, EukaryotaOr, seulement quelques milliers ‘d’espéeces ggalsont
actuellement recensés par I'ICTWes parameétres utilisés pour classer les virus ssiteat
I'isolation des phages, isolation qui n'est possilju’a la condition de connaitre I'hote
spécifique qui doit étre cultivable. Malheureusetmarnce jour, on estime que moins de 1 %
des procaryotes sont cultivablésugenholz et al. 1998 ce qui limite la possibilité d’isoler
des phages bactériens. Des mesures holistiques diedrsité virale dans les écosystemes
aquatiques ne peuvent donc étre faites a partirsdakes espéeces virales définies par les
classifications établies.

Les premieres descriptions de la diversité virgleatique ont été faites a partir de la
forme générale des particules virales, observéempeaoscopie électronique a transmission.
Les résultats ont révélé une large diversité dméaravec la dominance de phages a capside
isométrique, avec présence ou non d'une queue rigudnir variable Torella & Morita
1979, Frank & Moebus 1987, Demuth et al. 1993, Bdraim 1993, Proctor 1997, Liu et
al. 2009. Les virus possédant une queue sont classéd'dadre desCaudoviralesou virus a
queue (ICTV,Ackermann 1999, lesquels sont des virus a ADN double brins (FagR).
Leur importance quantitative en milieu aquatiquealsie étre dépendante des milieux étudiés
et s’échelonne en moyenne de 8 a 43 % en milidés sa d’eaux douces (Tableau 1), valeur
pouvant atteindre 65 % dans certains milieux comendac Donghu I(iu et al. 20086.
Cependant, le faible nombre d'études quantitatines permet pas de dégager une
généralisation satisfaisante.

Parmi I'ordre de€audoviralestrois familles émergent du point de vue quarititkes
Siphoviridaeavec une longue queue flexible non contractikePledoviridaeavec une courte
queue, et leMyoviridaeavec une queue contractile de longueur moyeAokefmann 1999,
Hendrix et al. 1999 Figure 3A). LedMlyoviridae constituent la majorité des phages marins
isolés Barsheim 1993, Proctor 199) toutefois dans les systemes aquatiques salés ou
d’eaux douces, leur importance numeérique restaeav@rifiee, notamment par rapport aux
Siphoviridae LesPodoviridaesemblent étre quantitativement moins importants lga deux
autres familles de caudoviruAuyguet et al. 2006) Dans la plupart des études, les phages
sans gueues sont, tres souvent, largement domidamtspoint de vue quantitatif. Sachant

que 96 % de tous les bactériophages connus (sais mle 5100 ‘especes’)
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A B

Siphoviridae Myoviridae

Bactéries visiblement infectées

Virus ‘sans queue’ Podoviridae

Figure 3. Exemple de phages appartenant aux famillesewiridae, Siphoviridae, Podoviridaet des phages ‘sans queue’ (A), et cellules
bactériennes visiblement infectées (B) (Microsc@deetronique a transmission). Barre d’échelle pott00 nm, pour B=200 nm.
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ont une queueAckermann 1999, il est probable que la plupart des virus aquisq
appartenant a I'ordre d€xaudoviralessoient des bactériophages. L’absence de quewmnh’ét
pas un critere de classification, en I'absenceud@s approfondies des caractéristiques
structurales et génomiques des virus sans queseyirtes sont regroupés dans la catégorie
des virus ‘indéfinis’. Il est important de spécifigue I'utilisation de I'ultracentrifugation,
utilisée en routine pour concentrer les virus awdrgervation microscopiqu&ifne-Ngando

et al. 1996, peut provoquer la dislocation des queues etedfait altérer les résultats de la
diversité morphologique des virus.

La fréquence de distribution du diametre de la id@psles virus est également
couramment utilisée comme traceur de la diversitélesrdans les écosystemes aquatiques.
Cette approche est basée sur I'hypothese d'unenedsde pleiomophisme chez les
bacteriophages. Qualitativement, il apparait geeviaus aquatiques présentent des tailles de
capside trés variées, s’échelonnant de moins da38 plus de 700 nm. Des virus géants (de
200 a plus de 700 nm) ont été répertoriés dans alabreux systéemes aquatiques
(Sommaruga et al. 1995, Gowing 1993, Peduzzi & Weiaber 1993, Kepner et al. 1998,
Pina et al ; 1998, Auguet et al. 2006Quantitativement, il apparait que la majorité ggus
ont un diameétre de capside compris entre 30 enb@tnque leur importance en fonction des
classes de tailles définies varie d’'un milieu autfa (Tableau 1). Les tailles moyennes
s’échelonnent de 51 a 64 nm dans les milieux matrestuariens, et de 51 a 89 nm en eaux
douces (Tableau 1).

Le développement de techniques basées sur la P@Rn@s d'estimer la diversité
virale d’'un point de vue génomique, mais seulenpmir certains groupes spécifiques de
virus. En effet, les virus ne possedent pas de weamg moléculaires communs comme
'ARN ribosomal chez les organismes cellulairedefdrix et al. 1999. Seuls les
cyanophages ou d’autres groupes restreints comsnarlespicorna par exempleGulley et
al. 2003, possédent des marqueurs moléculaires commumsneppar exemple, le gene g20
codant pour la formation de la capside chez ‘cestanyovirus.

Pour obtenir une estimation de la diversité virginomique de I'ensemble des
communautés virales, indépendamment de la PCR,chescheurs ont eu recours a
I'électrophorese sur gels en champs pulsés (PF&BiMmack et al 1999 a et b, Steward &
Azam 200Q. Une concentration préalable des virus afin déabt une quantité adéquate
d’ADN est nécessaire. L’ADN viral est extrait deapsides et les génomes viraux sont
séparés en fonction de leur taille sur un gel degm Le nombre de bandes sur le gel donne

une estimation du nombre ‘d’espéces virales’ domtegmdans le milieu étudié. En outre, les
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Tableau 1.Distribution de taille des particules virales eticentage de phages ‘a queue’ dans I'environne(elatpté deNeinbauer, 2004.

P

Phages 'a

Environnement Classes de taille de la capside des virus Mdy. queue' (%) Reéférences

<30 nm 30-60 nm 60-80 nm 80-100 nm > 100 nm
Marin et estuarien
Océan Atlantique Nord 0 69 28 1 2 59 Bergh e1989
Baie de Chesapeake (USA) 0 41 25 25 10 64 Bergh £989
Fjord (Norvege) 0 a7 26 19 7 64 Bergh et al. 1989
Baie de Chesapeake (USA) 5 65 32 (> 60 nm) NA 3 4 Wommack et al. 1992
Pacifique (Californie sud) 12 63 22 <1 <1 56 Qanfet al. 1993
Golfe de Bothnie (Finlande) 20 64 17 14 3 55 Carclet al. 1993
Mer Adriatique 5 63 20 8 5 59 Weinbauer et aB39
Eaux cotieres (Californie sud) 15 45 36 4 1 58 chan et al. 1993
Mer Alboran 73 27 NA Alonso et al. 2001
Bassin a huitres (France) 76 (<64 nm) 16 (64410 8 (>105 nm) NA Montanié et al. 2002
Golfe de Trieste (ltalie) 13 50 25 (60-90 nm)  12(>nm) 53 26 Stopar et al. 2004
Estuaire Charente (France) 71 (<65nm) 29 (nréb 59-61 8 Auguet et al. 2006
Eau douce
Lac PluRsee (Allemagne) 0 65 17 14 3 62 Bergth. 41989
Lac PluRsee zone oxique 68 Demuth. €983
Lac PluRsee thermocline 84 Demuth.et@93
Lac PluBsee zone anoxique 89 Demuth 093
Danube (bras mort) 16 (<60 nm) 84 (>60nm) NA Mathias et al. 1995
Lac Constance 50 (<60 nm) <50 (> 60nm) NA Hennes & Simon 1995
22 lacs (Québec) >80 (< 70nm) <20 (> 70nm) AN Maranger and Bird 1995
Lac Supérieur (USA) 53 45 3 (60-110 nm) NA pper & Hicks 1998
Danube 74 (<60 nm) 21(60-90 nm) 5 (>90 nm) NA Fischer & Velimirov 2002
Charente (France) 51 9 Auguet et al. 2006
Lac Donghu (Chine) (6 sites) 13.6 57.9 15.6 12.8@prm) NA 37 (de 14 a 65) Liu etal. 2006

4 Valeurs calculées a partir des données de difisibde taille en assumant une valeur moyenne ploagiue classe de taille et en excluant les
virus appartenant a une classe de taille non déknf<30, >100 nm par exemple). Dans I'étud®dmuth et al. (1993)es virus ont une taille
comprise entre 41 et 117 nm dans les eaux oxygeb8e406 nm dans la thermocline, et 48-117 nm desiaux anoxiques. NA, non
applicable. Les valeurs moyennes pour la Charemtecglles fournies pakuguet et al. (2006)
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bandes peuvent étre analysées en densitométriardiinpensité de leur fluorescence, apres
marquage a l'aide d’'un fluorochrome. Ainsi, la nuisgtion de lintensité de différentes
bandes permet d’estimer la concentration relatiee différentes populations virales dans
I’échantillon. Les résultats de la littérature iakent que les virus ont une taille de génome
fluctuant de 10 a 850 kb dans les milieux aquatqg(ieableau 2). A notre connaissance,
seules 4 études ont été menées en eaux doucesreta8s (Tableau 2). La fréquence de
distribution de la taille du génome viral laissgamitre une distribution multimodale, avec
des pics majeurs dans des régions de tailles éufiegs a 70 kb. La taille moyenne du génome
viral, déterminée par deux auteurs, est de 50 klm#ieu marin et de 50 a 59 kb dans
I'estuaire de la Charente (Tableau 2). Aucune derde taille moyenne n’est disponible pour
des lacs d’eaux douces; une valeur moyenne de a22kd rapportée pour la riviere Charente,
France (Tableau 2).

Les limites de I'utilisation de la PFGE pour étudee diversité virale dans les milieux
aguatiques sont nombreuses. En effet, seuls les gisminant et possédant un ADN double
brins sont pris en compte. D’autre part, la résolude la PFGE ne permet pas, dans la
plupart des cas, de distinguer des génomes virdiéxehts de seulement quelques kilobases.
Par conséquent, les données sur la diversité yiald®FGE doivent étre discutée en tenant
compte de ces limites. Récemment une approche ém&agque utilisant le pyroséquencage
(Breitbart et al. 2002, Edwards et al. 2006a été développée en milieu marin et devrait
fournir de nouvelles données permettant d’estimeliversité virale en milieu aquatique. Les
premiers résultats suggerent une trés grande d&ers milieu marin, probablement plusieurs
centaines de milliers d’espéces virales différeiferly et al. 200§. Cependant, le succes
d’analyses comparatives de données métagenomigégendra du développement
d’infrastructure et de moyens analytiques poutdrdiénorme jeu de données génére par ces
approchesSeshadri et al. 200y,

Les quelques recherches menées ont permis de mquéda diversité génomique des
communautés virales fluctuait avec le tem@mack et al. 1999a, Castberg et al. 2001,
Larsen et al. 2001 et 2004, Sandaa & Larsen 2006jdens et al. 2007, Lymer et al. 2008
et dans I'espaceflommack et al. 1999b, Steward et al. 2000, Riemanta Middelboe
2002, Jiang et al. 2004, Angly et al. 2006, Auguettal. 2006, Fillipini & Middelboe 2007.

Il en est de méme si I'on considére les criterespimaogiques comme indicateurs de la
biodiversité au sein des communautés viraBsrgheim et al. 1990, Bratbak et al. 1990,
Cochlan et al. 1993, Maranger et al. 1994, Maranger & Bird 1995,
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Tableau 2. Distribution de la taille du génome viral et esition du nombre de types viraux
dans les milieux aquatiques (AdaptéWleinbauer 2004.

Taille du No. de bande$
Environnement génome (kb) (par empreinte) Références

Moy. Gamme Moy. Gamme

Marin, hypersalé ou estuarien

Baie de Chesapeake (USA) 12-314 11 7-16 Wommaak £999a
Eaux cotieres Pacifique nqrdcripps

pier (USA) 8-16 Steward et al. 2000

Eaux cotieres Pacifique nord, Baie

Monterey (USA) <35 Steward & Azam 2000
Moyenne d'environnements mar

variés 50 26-350 8-35 Steward et al. 2000
Mésocosmes marins, Fjord (Norvege) 19415 11 5-16 Castberg et al. 2001
Mésocosmes marins, Fjord (Norvege) 19-485 20 draet al. 2001

Eaux cotieres (Danemark) 14-29 Riemann & MiddelB002
Marais salant (Espagne) 10-533 8 4-12 Sandaa et al. 2003
Mésocosme, Fjord (Danemark) 25-630 13 5-21 Oweab 2003

Lac Mono (USA) 14->400 up to 27 Jiang et al. 2004

Eaux cotieres (Norvege) up to 560 Larsen 2Q04

Eaux cotieres (Norvege) 26-500 13 5-18 Sandaar&dra2006
Estuaire de la Charente (France) 50-59 21-331 4 <7 Auguet et al. 2006

Eaux cotieres (Danemark) 30-242 10-15 Filippin&ddelboe 2007
Eau douce

Charente (France) 52 21-180 4 <7 Auguet et al6200

Lac eutrophe Loosdrecht 30-200 8 6-10 Tijdend.e&2Q07

Lacs d'eau douce (Danemark) 12-360 10-20 Filippikliddelboe 2007
Lacs d’eau douce (Suede) 15-661 6-13 Lymer &04l7

% Le nombre de bandes par empreinte donne une ésimdu nombre de types viraux
(‘especes’). Toutes les empreintes sont obtenuesig@etrophorése sur gels en champs pulsés,
indiquant que seuls les virus a ADN double bringt smalysés.
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Montanié et al. 2002, Liu et al. 2006, Auguet et a00§. Toutefois, les facteurs contrélant
la diversité des virus restent largement méconbiféérents facteurs de nature biologique
(diversité et dynamique des communautés d’hoteésigbion des protozoaires sur les hotes et
sur certains types viraux...) ou physico-chimiquesgs¢aption des virus sur des particules,
UV, Température...) sont capables d’influencer lde&se et la diversité virales dans les
milieux aquatiquesWeinbauer 2004.

E. Importance quantitative et fonctionnelle (lyse etysogénie) des virus

a. Importance quantitative

Differentes méthodes sont utilisées pour estimabdhdance des virus dans les
milieux aquatiques : les plages de lyses Blaque assayqPA), la méthode du nombre le
plus probable (MPN), la microscopie électroniqueamsmission (TEM), la microscopie a
epifluorescence (EFM), et la cytométrie de flux YFIGes approches PA et MPN sont utilisées
pour quantifier 'abondance d’unités infectieusgs, causent la lyse d’un hote particulier en
culture solide (sur gélose, PA) ou liquide (MPNesLméthodes TEM, EFM et FC sont
utilisées pour déterminer I'abondance totale detiqudes virales dans un échantillon d’eau.
Les avantages et les inconvénients de ces méthsomegdiscutés en détail p@einbauer
(2004)et parSuttle (2007)

Les résultats obtenus au cours des 20 derniére&esmontrent que I'abondance des
virus dans les écosystémes aquatiques fluctue Ha plus de 1Dvirus mi*, excédant donc
clairement celle des bactéri€duttle (2007)estime que les océans contiennent environ 4 X
10* virus, soit, mis bout & bout, I'équivalent en diste de 10 millions d’années lumiére. En
termes de carbone, ces virus représenteraient 2@ Marbone. Ainsi, les virus représentent
94 % de l'abondance totale des particules contemst acides nucléiques, mais ils
représentent moins de 10 % de la biomasse cart®pesdparticules, en raison de leur taille
nanometrique. En général, I'abondance virale auggnamec la productivité des systemes
aquatiques. Par conséquent, dans les océans eltdtd#es cotes vers le large et des couches
euphotiques vers les couches aphotigW#enimack & Colwell 2000, Weinbauer 2004
Plus en profondeur (y compris au niveau des sout@saix chaudes profondes océaniques),
les virus et les procaryotes sont souvent tres ddods, et peuvent méme représenter les
seules formes vivante©(ftmann & Suttle 2005). Dans les eaux douces, les abondances

virales sont plus fortes que dans les systemesymffaranger & Bird 1995) et augmentent
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avec le degré d’eutrophisation. Dans ces milieugafjuicoles, I'abondance virale peut étre
plus élevée en surfac@dpper & Hicks 1998), mais aussi en profondewVéinbauer &
Hofle 1999. Des variations temporelles allant de la minufa@née ont également été mises
en évidence en écologie virale aquatiq¥@mack & Colwell 2000. Ces fluctuations sont,
dans la plupart des cas, associées a celles desiesqui forment, de part leur abondance, le
plus grand réservoir d’hétes pour la prolifératiirale \WWommack & Colwell 2000).

Cependant, des différences marquées, notammeatraad du rapport virus/bactéries,
ont été répertoriées dans différents environnemeatsexemple, dans les eaux de surface des
océans Arctique et Pacifique, les virus sont, retspement, 40 et 10 fois plus abondants que
les bactéries, alors que dans les lacs, ce rappbsouvent inférieur a E£lasen et al. 200).
Par ailleurs, ce rapport virus/bactéries est véiamn fonction de la profondeur, de la
localisation géographique, et du tempS¥e{nbauer 2009. Des variations d’'un ordre de
magnitude dans les abondances virales et le rappog/bactéries a I'’échelle du centimétre
ont été mises en évidence dans des environnememiigues $eymour et al. 200B Les
raisons de ces variations ne sont pas clairesale d’élimination et/ou d’inactivation des
virus en suspension dans l'eau, variable selonféeseurs environnementaux physico
chimiques (température, rayonnement UV, ...) et/amlogiques (digestion par des exo- ou
ectoenzymes, consommation par les protozoairegy@tts sur des particules vivantes ou
deétritiques, ...) $ime-Ngando 1997, Fuhrman 1999, Weinbauer 200Q4peut étre une
explication. Cependant, ces facteurs restent trak connus. D’autre part, I'importance
numérigue des virus non bactériophages peut exgliges variations du rapport
virus/bactéries. En effeMaranger & Bird (1995) rapportent une meilleure corrélation entre
les abondances virales et les teneurs en chlorgxdyytomparée aux corrélations entre virus
et bactéries, ce qui suggere qu’une fraction digative de virus peut étre associée aux algues
ou aux cyanobactéries. Dans le lac Bourget ou enviéditerranéepDorigo et al. (2004)et
Bettarel et al. (2002)ont, respectivement, montré que la dynamique dess \est plus
étroitement corrélée a celles des picocyanobastépiea celle des bactéries hétérotrophes.
Ces résultats empiriques sont confirmés par plusiéudes en milieux marins montrant que
la concentration des virus infectant des cyanobastéou des especes picoplanctoniques
eucaryotes autotrophes comméicromonas pusilla pouvait atteindre et dépasser 1rus
mi™ (Waterbury & Valois 1993, Suttle & Chan 1993 et 1994Cottrell & Suttle 1995).

Le déterminisme et les facteurs de controle destians de I'abondance virale et du
rapport virus/bactéries dans les écosystemes ggeatirestent donc méconnus. Cela, méme

s'il ne fait plus aucun doute que les virus intenvient, de maniéere significative, dans les
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processus de perte affectant 'ensemble des comutésanicrobiennes, et pas seulement

bactériennes.

b. Importance fonctionnelle

- Le virioplancton : agent de la mortalité microbiee

Par l'intermédiaire de leur cycle lytique, les &@rueprésentent une des principales

causes de la mortalité microbienne dans les é@mgst aquatiques. La mesure de leur

impact, notamment sur les populations procaryoigu®mpartiment central des réseaux

trophiques, se fait par le biais de différentesragpes méthodologiques reposant sur

différents principes de base.

(i)

(ii)

(iii)

(iv)

v)

(vi)

L’'observation de cellules visiblement infectées raitroscopie électronique a
transmission (TEM) Froctor & Fuhrman 1990, Sime-Ngando et al. 1996,
Weinbauer et al. 2002 (Figure 3B).

L’énumération de virus apres une lyse provoquée cdiules bactériennes
infectées [eldal & Bratbak 1991).

L’estimation du taux d’éliminationdgcay ratg des virus par utilisation d'un
inhibiteur des hoétes procaryotiques. Sachant que Veus ne peuvent
théoriquement subsister longtemps a I'état librd’@msence d’hotes spécifiques,
leur présence dans l'eau indiqgue qu'il s'agit deuwi néoformés. Le taux
d’élimination des virus aprés empoisonnement desesh@@énéralement au KCN)
serait donc équivalent au taux de production vifldieldal & Bratbak 1991).
L'utilisation de traceurs viraux fluoromarqués aerites (virus fluoromarqués a
chaud, microbilles fluorescentes...). Pendant l'iratidn, 'importance relative
des virus marqués diminue, contrairement a celfevitels naturels, du fait de la
production virale nouvelle qui peut, de cette fagétne estiméeSuttle & Chen
1992, Noble & Fuhrman 2000).

La mesure du taux de synthése de I'ADN viral ens@née d'un précurseur
radioactif (par exemple la thymidine tritiée), madle semblable a celle permettant
de mesurer la production bactérien8ee(vard et al. 1992

L'utilisation d’'une méthode dite de dilution, dokg principe vise a réduire
progressivement la probabilité de rencontre enirasvlibres et leurs hotes
spécifiqgues dans un échantillon naturel, de maraéseipprimer la possibilité de
nouvelles infections. L’apparition de néovirus étda résultante de la lyse
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cellulaire des hétes déja infectés avant la dilytion peut ainsi déduire une
mesure de la production viral/{lhelm et al. 2002.

Cependant, toutes ces approches méthodologiqueseoatirs a des facteurs de
conversion ou autres algorithmes théoriques praweatha cultures en laboratoire. On parle de
facteurs non-contraint$S(ttle 2005, par rapport aux écosystemes naturels fluctudirgst a
noter qu’il s'agit d'une critique relativement géa® des méthodes en sciences de
I'environnement. A titre d’exemples, I'estimatioe ¢a production virale par TEM nécessite
I'utilisation d’un facteur pour convertir le nombde bactéries visiblement infectées (les virus
intracellulaires ne sont visibles qu’'a la fin dwcleylytique) en nombre de bactéries réellement
infectées. L’'extrapolation a partir de mesures graentation d’abondances virales apres une
lyse provoquée ne donne toujours pas de mesuresgsédu nombre de virus produit par
cellule et par événement Iytiqubufst sizg¢, paramétre crucial pour la détermination de la
production virale. La déduction de la productioralg a partir du taux d’élimination des virus
ou de l'utilisation de traceurs, considére queplextes et productions virales sont en équilibre
(steady stafe que les traceurs sont représentatifs des conumémaaturelles, et que beirst
sizeest connu. L'extrapolation de la production viralgartir du taux de synthése viral d’'un
précurseur de '’ADN comme la thymidine, requiers di@cteurs de conversion et est sensible
a la contamination par 'ADN bactérien. L'utilisati de méthodes de dilution nécessite des
manipulations de I'échantillon et I'estimation Burst size Par conséquent, les mesures de
mortalité microbienne induite par les virus ou d@toduction virale dans la littérature restent
des estimations.

D’un point de vue quantitatif, ces estimations memtt que les virus détruisent entre
10 et 50 % de la production bactérienne dans les éa surfaces marines, et en moyenne de
10 a 20 % de la production bactérienne dans I'ebkedes systemes aquatiquégofmack
& Colwell 2000). Ces valeurs fluctuent de quasi nulles a 100 %, fenction de
I'environnement étudiéWeinbauer 2009. A I'échelle des communautés, plusieurs études
ont montré que le degré de lyse virale était dépende I'abondance et de I'activité de I'héte,
et de facon plus générale de la productivité duesys (Veinbauer 2009. Il apparait
également que les facteurs physico chimiques tedslep radiations solaireSifttle & Chen
1992, Noble & Fuhrman 1997, Hofer & Sommaruga, 200Q1la températureRradeep Ram
et al. 2009 ou le degré d’anoxieNeinbauer & Hofle 1998 peuvent également affecter le
niveau de lyse virale dans un écosysteme. Pountaudtanportance relative des différents

facteurs reste a étre déterminée.
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En écologie virale aquatique, I'importance desutes lysogénes (cellule possédant un
génome virale ou prophage intégré dans son prabrerge et en état de dormance, on parle
de phage tempére) et I'impact de la lysogénie,éb@itbien moins étudiés que la lyse virale.
Ces cellules présentent la caractéristique d’é&treéservoir considérable de lyse virale, en cas
d’'induction massive. Elles ont également l'avantatge conférer aux cellules hétes de
nouvelles propriétés métaboliques ou géniques, atimmunité vis-a-vis de nouvelles
infections virales ou de la superinfection par pleages homologue$/léarsh & Wellington
1994, Clore et Stedman 20Q6La lysogénie représente donc une stratégie mgesdes virus
dans I'environnement, notamment en cas de limitatgar la disponibilité en hotes
spécifiqgues Colombet et al. 2008 Le rdle des virus comme agent de mortalité atée
dépend donc du type de virus en présence (phagadyws phage tempéré), et est étroitement
lié a I'importance quantitative des cellules lysoge (conversion lysogénique) et des facteurs
potentiels d’induction. D’'un point de vue méthodptpue, I'estimation de la fraction de
cellules lysogénes est basée sur une inductidiicette du cycle lysogene en cycle lytique,
en utilisant un agent inducteur, couramment la mityne C Jiang & Paul 1996.
L’efficacité de cet antibiotique a été considéré@enme étant discutableA¢kermann &
Dubow 1987 et il existerait, selon les milieux, des agemtducteurs plus efficaces
(Cochran et al. 1998 Plus récemment, une approche génomique a éfgog¥e pour
identifier la présence de prophages dans le gérmmttrien Casjens 2003, Chen et al.
2009. Cependant, a l'échelle des communautés, cetfgoape n’est pas applicable
puisqu’elle nécessite la connaissance du génorfibdade.

Les estimations quantitatives des cellules lysegédans les systémes aquatiques
(Tableau 3) sont largement moins documentées dles akes cellules lytiguement infectées.
Les quelques résultats disponibles montrent quecguence des cellules lysogenes (FLC)
fluctue entre 0 et 100 % (de I'abondance bactéadntale) dans les environnements marins
(Tableau 3). Encore moins étudiée dans les eauzedola FLC y fluctue entre 0,1 et 7,4 %
des communautés bactérioplanctoniques de systéaamggtés ou tropicaux, et entre 0 et 73
% dans les lacs Antarctiques (Tableau 3). Les tGastaffectant la lysogénie (facteurs
d’induction) restent controverség/éinbauer 2009. Différents facteurs physico-chimiques
(pH, température, radiations solaires, statut ftieyen pollutions...) et biologiques
(abondance et activité des hotes...) pourraientesisentielsWeinbauer 2009.

L’ensemble des données de la littérature et nogres recherches montrent donc que
les virus sont des agents importants dans la nitértzdctérienne aquatique, soit directement

par I'intermédiaire de la lyse, ou indirectement ipauction de la fraction lysogéne au sein
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Tableau 3 Etendue de l'importance relative des cellulend¢nes et comparaison avec la

fréquence des cellules lytiguement infectées (Fd@)milieu aquatique. La fréquence des

cellules lysogénes (FLC) est estimée aprés inducsoit a partir du nombre de bactéries

lysées (méthode bactérienne) soit a partir du nenaa& virus produits (méthode virale)

pondéré par leurst size (ND : non déterminée)

Environnement FLC Méthode FIC Références
aquatique d’estimation
Eau douce
Lac Supérieur 0.1-1.2 Virale ND Tapper et Hicks 1998
0.5-7.4 Virale
Lac Bonney 7.9-52.8 Bactérienne ND Lisle et Priscu 2004
(Antarctique) 2.2-62.5 Virale
Lac Hoare 18.5-54.1 Bactérienne ND
(Antarctique) 2.0-18.6 Virale
Lac Fryxell 0-36.6 Bactérienne ND
(Antarctique) 0-17 Virale
Lac Vanda 0-30.6 Bactérienne ND
(Antarctique) 0-48 Virale
Lac Druzhby 0-22.3 Virale ND Sawstrom et al. 2006
(Antarctique) 0-3.1 Virale
Lac Crooked 0-73.0 Virale ND
(Antarctique) 0-11.7 Virale
Systémes tropicaux 0.1-7.1 Virale 2-8 Bettarel e2@06
Marin
Estuaires 10.5-67.3 Bactérienne ND Jiang et Paul 1996
2-38 Virale
Zones cotieres 26.5-78.8 Bactérienne ND
1.5-3.5 Virale
Pleine mer (oligotrophe)l3.2-25 Bactérienne ND
2.5-7 Virale
Golfe du Méxique 0.07-4.4 Virale ND Weinbauer etteul 996
Baie de Tampa 0-41 Virale ND Cochran et Paul 1998
Baie de Tampa 0.92-126 Virale ND Williamson et al. 2002
1.5-210 Virale
0-51.2 bactérienne
Fjord (Colombie 80 Virale ND Ortmann et al. 2002
britannique)
Mer Méditérannée 0-84 Virale 0.7-12  Weinbauer et al. 2003
Mer Baltique 0-79 Virale 4-33
Mer Adriatique 2-16 ND Bongiorni et al. 2005
Cultures marines
Atlantique, Pacifique 25-62.5 Virale ND Jiang euR 1998
Golfe de Trieste 71 ND Stopar et al. 2004

23



des communautés bactériennes. Ces deux procesaus dbivent donc étre pris en compte

dans les flux de matieres et d’énergie qui transpar les écosystémes aquatiques.

- Le Virioplancton : catalyseur des cycles biogéotues

Par leur implication dans la mortalité microbientss, virus jouent un réle important
dans les cycles biogéochimiques. Les modeéles théesiélaborésNilhelm & Suttle 1999,
Fuhrman 1999, Middelboe et al. 2008démontrent que les virus catalysent et accéldaent
transformation des nutriments de [l'état particelai(organismes vivants, matieres
détritiques...) a I'état dissous (produits de la lysale : virus, débris et organites cellulaires,
molécules et éléments organiques et inorganiquesrdi.), directement assimilable par la
fraction non infectée des communautés procaryasigdhelm & Suttle 1999, Middelboe
& Lyck 2002), des protistes phagotrophegSonzales & Sutlle 1993 et des producteurs
primaires. Ainsi, dans certains cas, le fer contdans les produits de la lyse virale peut
combler les besoins métaboliques des organismastplaquesoorvin et al. 2003.

Les virus court-circuitent donc une partie desdfarts trophiques s’effectuant par le
biais des chaines alimentaires en transformargdegcules énergétiques en éléments dissous
(Figure 4), ce qui a pour effet d’augmenter lescpssus d’oxydation respiratoire et de baisser
I'efficacité du transfert de carbone aux niveawphiques supérieurS(ttle 2005. Ainsi, la
matiere organique dissoute est convertie en nutisngorganiques non seulement par la
respiration mais aussi par photodégradat\deiGbauer 2004. D’apres un modele proposeé
par Fuhrman (1999) dans un systeme ou les virus détruiraient 50 %adproduction
bactérienne, la respiration et la production bétée augmentent de 33 %, alors que la
prédation des protistes et du zooplancton métazsairait réduite respectivement de 37 % et
de 7 %. En outre, la conversion, par I'action delyie virale, de la matiere organique
particulaire en agrégats organiques a fort potedeesédimentation peut, potentiellement,
influencer la proportion de carbone qui est expdeaéda zone photique au fond des océans et
des lacs (pompe biologiquedittle 2007. Par ailleurs, en tant que particules riches zrea
et en phosphore, la production virale corresponde séquestration de ces éléments dans la
colonne d’eau Suttle 2005, 200). Cette sequestration change les rapports desestém
minéraux dans la colonne d'eau (C, N et P), cepuit affecter la production primaire
essentielle au fonctionnement des réseaux trophaquatiques. Les effets de la lyse virale
peuvent aussi, potentiellement, affecter les psaced’émission du dimethyl sulphidevans
et al. 2007, un gaz servant de noyau de condensation deesueigproduit massivement par

les communautés microbiennes des glaces polaireséponse a l'accroissement des
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Virus
T y ?aCtte”ef] Débris |
eterotropnes BOUCLE cellulaires
Organismes VIRALE
brouteurs
Nutrlments Matiere organique
inorganiques dissoute
C, N P, Fe. //////1
Producteurs Matiere organique
primaires allochtone

Figure 4. Représentation schématique de la boucle virabncgpbniqgue (Fuhrman 1999).
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rayonnements UV. Ainsi, les produits de la lysablrsont structurants pour les communautés

microbiennes, aussi bien par leur qualité/natueegar leur importance quantitative.

- Le virioplancton : agent structurant de la divieésdes communautés microbiennes

La diversité moléculaire des communautés procagyes dans les milieux aquatiques
est importante. Elle joue un rdéle fondamental deessflux de matiéres et d’énergie des
écosystemes aquatigues. Toutefois, les mécanisprasdlant cette diversité sont encore
relativement méconnusP@lz et al. 2005 L'une des hypotheses est que le degré de
spécificité entre virus et hoétes, souvent rédula ssouche Baross et al. 1978, Koga et
al.1982, fait des virus des agents potentiels dans letrglen de la composition des
communautés microbienned/€inbauer & Rassoulzadegan 2004 Ceci est a la base d’'un
modele densité-dépendant, le modéle phage kills the winnérproposé et développé par
Thingstad & Lignell (1997) et parThingstad (2000) Dans ce modele, la diversité et la
diversification au sein des communautés microbisrseraient maintenues par l'infection
virale qui s’attaque, préférentiellement, aux espfAouches dominantes et, donc, aux
populations les plus compétitives pour I'acquisitales ressources ambiantes. En effet, étant
donné que le contact virus-hotes se fait par ddfusléatoire et est fonction de la densité de
I'héte, les espéces hodtes les plus abondantedesoptus exposées aux infections virales, ce
qui impligue que les virus contrélent les souchasgmupes les plus compétitifs une fois
gu’ils deviennent abondants, dégageant ainsi dggesiécologiques pour le développement et
la co-existence de nombreuses autres souches roompétitives. Cette hypothése a été
vérifiée, notamment lors d’efflorescences algalesyanobactérienneB8iatbak et al. 1993,
Nagasaki et al. 1994, Tarutani et al. 2000, Brussahet al. 2005, Martinez et al. 200}
Quelques rares études ont pu également mettre elenée des changements dans la
composition des peuplements bactériens en liaisae #infection virale Hennes et al.
1995, Simek et al. 2001, Sime-Ngando et Pradeep R&f05, Pradeep Ram et Sime-
Ngando 2008. Il semblerait donc que les virus, par leur atdivytique, ont un impact
déterminant dans la dynamique des communautés lmeomes et, a ce titre, peuvent
intervenir dans la stabilité, la résilience et édsistance des écosystemes aquatiques suites a
des perturbations naturelles ou provoquees.

L’abondance de cellules lysogenes dans I'enviroramrpeut également affecter la
biodiversité microbienne Weinbauer & Rassoulzadegan 2004 En effet, grace a
lintégration du génome viral au génome de la ¢elhdte, la cellule alors lysogene est non

seulement immunisée contre d’autres infectionslegramais peut également acquérir des
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propriétés meétaboliques, morphologiques ou immuniogés de la part du phage. On parle
de conversion phagique. L'acquisition de nouvglexpriétés affecte alors indubitablement le
niveau de compétitivité de la cellule héte et dantgrme, la diversité microbienne. Quelques
exemples confirment cette hypothése. Certaine ssudbVibrio cholerae agent du cholera,
ne sont toxiques que lorsqu’elles sont lysogerephhge transportant le géne codant pour la
toxine responsable de la malad@&dldor & Mekalanos 1996). Il a été montré que les
souches dEscherichia colilysogenes se reproduisent plus rapidement quesaleshes non
lysogenes KEdlin et al. 1975; Lin et al. 1977, ce qui peut influencer la composition des
communautés en permettant la dominance et la sdesecellules capables de conversion
lysogénique.

Enfin, les virus peuvent également intervenir conueeteurs de transferts génétiques
entre les microorganismes a travers, notammenk tjges de mécanismes : la transduction
(Jiang & Paul 1999 et la transformationRaul et al. 1993. Deux types de transduction
existent Weinbauer 2009. Pendant la transduction ‘classique’, le matégéhétique de
I'héte peut étre empaqueté par erreur dans ladapuki phage virulent (responsable du cycle
lytique) ou tempéré (responsable du cycle lysogenéjre transféré a un autre hote récepteur
lors de son infection. Une transduction dite ‘spi®ée’ implique uniquement les phages
tempérés. En effet, lors de l'infection lysogenae séquence ADN de I'hbte est excisée avec
le prophage et peut étre transférée a une celtueri@ceptrice. Ce mécanisme de transduction
entre microorganismes pose le probléme de la spiéeitle I'infection virale qui serait, en
réalité, moins restrictive, ce qui suggere queatastvirus seraient non plus des ‘spécialistes’,
mais plutdt des ‘généralistes’Weinbauer 2009. Par ailleurs, le mécanisme de
transformation concerne le processus d’intégralgénes microbiens libres provenant de la
la lyse virale, dans le patrimoine génétique deatmmicroorganismes. L'importance
guantitative de ces mécanismes aléatoires de @émmshorizontaux de genes entre
microorganismes par l'action virale reste encorgdment méconnue en milieu aquatique,
cependant on suppose qu'ils jouent un réle sigifiadans la régulation de la diversité

microbienne.

L’ensemble des éléments bibliographiques résumdsssus montre, clairement, que
les virus ont une importance fonctionnelle majeda@s les écosystémes aquatiques. Cette
importance dépend étroitement du type de ‘cyclei€ledes virus. En effet, le cycle lytique et
le cycle lysogénique ont, chacun, un mode d’actom conséquences différentes pour le

fonctionnement de I'écosystéme. Ces deux ‘cyclesidesont liés, puisque I'on considere
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gue les cellules lysogenes peuvent, sous certameditions, devenir lytiguement infectées.
Pourtant, il est surprenant de constater que lesedtcomparant I'importance relative de ces
deux cycles sont tres rares (Tableau 4), et comoérmniquement des campagnes
d’échantillonnages ponctuels, conduites pour lgpgiuen milieu marin. La question de
I'existence de virus typiqguement lytiques et deusitypiquement lysogénes reste entierement

posée, et n'a jamais été explorée dans le contiexkécologie virale aquatique.

3. Importance de la variabilité verticale en écolog aquatique : le lac Pavin,

un model unique

Les milieux aquatiques pélagiques sont des intesfdcndamentales dans les flux de
matiere entre I'atmosphere et les sédiments aquestid-es milieux aquatiques jouent le réle
de piégeur et de stockeur de £La@mosphérique, gaz essentiel a I'évolution deenclimat.

Ce rdle est étroitement lié aux processus biolaggmotamment microbiens) qui se passent
dans la colonne d’eau et au fond des systemes iqaest Ainsi, le concept de pompe
biologique a été avanceé. La pompe biologique estoambinaison de processus qui conduit a
la séquestration de matiére organique particu(dimaec riche en carbone) au fond des milieux
aguatiques. Le fonctionnement de ce processusdiiple d’exportation et de séquestration
de la matiére est intimement dépendant des caistj@es physico-chimiques de la colonne
d’eau. On sait que l'intensité de la lumiere incideet son atténuation dans la colonne d’eau
sont des parametres essentiels dans le fonctiomtedes écosystemes aquatiques. Par
ailleurs, ces écosystemes se caractérisent parska em place temporaire ou permanente
d’une stratification thermique verticale, essefgimaent due a la faible conductivité thermique
de I'eau. Cette stratification thermique conduitéablissement d’un gradient de densité qui,
en raison du confinement de différentes massesudest a I'origine de I'apparition d’'une
stratification chimique. La distribution verticalies propriétés physiques et chimiques est un
parametre fondamental dans la structure et le ifmmoément des communautés biologiques
aguatiquesFRourriot & Meybeck 1995). Par exemple, la pénétration de la lumiere déimi
une zone euphotique ou la photosynthése domineedzone aphotique profonde dominée
plutdt par la respiration. Sachant que la photdsse est responsable de la transformation du
carbone atmosphériqgue en matiére organique etajuespiration minéralise ces composés
organiques, cette ségrégation spatiale a un ingeEtain sur les flux de matieres. D’autre

part, la mise en place d'une thermocline est sduwssociée a une concentration de
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nombreux microorganismes, bénéficiant de la stébphysique de la thermocline et de la
richesse en microhabitats pour leur proliférati8ime-Ngando et Hartmann 1991Sime-
Ngando et al. 2008

La distribution verticale des propriétés physiquasmiques et biologiques associées
a la colonne deau est naturellement plus marquée des lacs méromictiques profonds
comme le lac Pavin, ou le brassage des eaux, p#ngeé turbulent vertical et par
refroidissement convectif, n'affecte que la padigerficielle du lac (le mixolimnion). La
couche profonde du lac (le monimolimnion) contiem général une concentration en
substances dissoutes nettement plus importantedansle mixolimnion. Entre le mixo- et le
monimolimnion, se trouve une zone de transitionm@grente de fort gradient de densité
(pycnocline) et de composition chimique (chimioe)iret, parfois, une thermocline profonde
ou une zone de gradient de matiere en suspensioérate et / ou bactérienneefnmin &
Imboden 1987%. Il est donc évident que I'efficacité des procmssbiologiques d’exportation
ou de recyclage de la matiére dépend du fait cqaaiVvité biologique dans la colonne d’eau
est hétérogenel naka & Rassoulzadegan 2002, 2004, Tanaka et aD@). Compte tenu
de l'importance fonctionnelle des virus (développ@@cédemment) et de leur impact
potentiel sur la pompe biologiqu8uttle 2007, il est surprenant de constater que toutes les
études saisonniéres concernant les virus considéessmulement quelques points
d’échantillonnage dans la zone euphotique. La dartton bien connue des gradients liés a la
profondeur comme facteurs de forcage dans les stewsgs aquatiques reste donc a établir.

Le lac Pavin, par ses caractéristiques physico4iguies et biologiques particulieres,
offre un modele d’étude unique pour étudier cesradtions microbiennes et écologiques, en
prenant en compte la variabilité verticale des gst@snes lacustres. Il s'agit en effet d’'un lac
oligomésotrophe méromictique et dimictique. C'astlac de cratére de type maar caractérisé
par une profondeur maximale de 92 m, une faibléasar(44 ha) et un bassin versant réduit
(50 ha). L'une des caractéristiques importanteduiPavin est qu'il présente une ségrégation
verticale nette des gradients physico chimiquescdieche euphotique se limite aux alentours
des 20 premiers meétres de la colonne d'eau. Lamibedine, temporaire et séparant
I'épilimnion de I'hypolimnion, se situe aux alentsude 12 m. La chémocline, permanente,
séparant le mixolimnion du monimolimnion se trowrgre 60 et 70 m et est surmontée par
une oxycline entre 55 et 60 m. Nous avons doncira fa différentes masses d’eaux, aux
caractéristiques physico chimiques et biologiquasrastéesAeschbag Hertig et al. 2002,
Olive & Boulegue 2004, Devaux 1930

29



D’'un point de vue biologique, la plupart des étudésnt considéeré que la partie
soumise au brassage du lac (le mixolimnion), asudesle 40 m de profondeur, ce qui
représente seulement environ la moitié du volurted tbeau contenu dans le lac Pavin. Dans
cette zone, il apparait que les variables biologgggue ce soit les viruBdttarel et al. 2004,
Jardillier et al. 2005, Colombet et al. 2005 les bactériesBettarel et al. 2004, Boucher et
al. 2005, Lepere et al. 2006 le phytoplanctonevaux 1980, Amblard 1986, Amblard &
Bourdier 1990, Lepére et al. 2006 ou les protozoairesCarrias et al. 1996 et 1998,
Bettarel et al. 2004, Lepére et al. 2006, Lefevre @. 2007, varient avec la profondeur et le
temps, en termes de composition, d’abondance etidia. Dans la zone non brassée, ou
regne une anoxie permanente, les études se linditgées échantillonnages ponctuels relatifs a
la diversité et aux abondances des procarydiebolrs et al. 200%. Il apparait donc
nécessaire d’'intégrer I'ensemble de la colonnewdans les études écologiques aquatiques,
plus particulierement en ce qui concerne les vaules microorganismes dont I'étendue des

conditions de vie est la plus importante dans leaeovivant.

4. Objectifs et présentation des études

L’analyse bibliographique montre que I'état de wosnaissances concernant le réle
des virus dans les processus écologiques aquatimptasnment dans les eaux douces, souffre
d’une stratégie d’échantillonnage restrictive etdun nombre de variables étudiées restreint,
limportance des gradients verticaux étant jusguedgligée. De ce fait, la connaissance de la
dynamique des variables de structure, de l'aborelatcde l'activité des virus et des
microorganismes, et des facteurs de régulatiorcassaeste partielle.

C’est dans ce cadre scientifique que se situentidgectifs de ce travail dont le site
d’étude est le lac Pavin. Il s’agit, plus partiéséiment, d’examiner (i) la dynamique
saisonniere et spatiale de la diversité des comutésairales lacustres, (ii) I'importance des
gradients liés a la profondeur dans les variatmd’'abondance et de I'activité lytique des
virus, et (iii) 'importance du mode de vie lysoggure dans la structure et le fonctionnement
des communautés virales. La dynamique virale laeusst étudiée en tenant compte de
'environnement physique, chimique et biologiquetamment par la prise en compte de la
composition, de I'abondance et de I'activité dé&tdgntes communautés microbiennes.

Ce mémoire de thése se présente sous la formereaueil d’articles scientifiques

publiés, sous presses, soumis ou en préparatigmpugés dans deux grands chapitres. De
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plus, deux articles scientifiques publiés, concerfianportance quantitative et fonctionnelle
des virus dans d’autres environnements, sont dornéfe d’information, en annexe. Ces
travaux on été effectués aux cours des annéesde,ttlans le cadre de collaborations avec

des équipes extérieures ayant eu recours a nqiegtese en écologie virale.

Chapitre 1 : Etude de la dynamique de la diversité des conamiés virales

Partie 1 : Etude méthodologique

L’évolution des connaissances en écologie viraamment sur la diversité des
communautés virales, est étroitement dépendantenéésodes de concentration des virus.
Les méthodes de concentration courantes sont, lpoplupart, consommatrices en temps,
onéreuses, et d’'une efficacité qui reste a étreutge. C'est dans ce contexte que nous avons
entrepris des recherches méthodologiques qui nayseomis de mettre au point un protocole
rapide, peu onéreux, et efficace, pour la conctatrale particules virales planctoniques a
des fins d’étude de la diversité morphologique, phométrique et génomique des virus
aguatiques. Cette étude a fait I'objet d’'un mantgmublié dans la RevueJéurnal of

Microbiological Methods

Partie 2 : Etude de la dynamique de la diversité des conauids virales

Cette partie se présente sous la forme d’un maihpsépare pour publication, portant
sur I'étude de la dynamique saisonniére et spatialéa diversité des virus du lac Pavin.
Différents traceurs de cette diversité ont été méss(familles morphologiques, fréquence de
distribution du diamétre de la capside, taille dungme déterminée par électrophorése), en
relation avec les facteurs physico chimiques duiemil et différentes communautés

microbiennes.

Chapitre 2 : Etudes des gradients liés a la profondeur desdsdnces et activités virales

Ce travail vise a compléter les études précédemtesees dans le lac Pavin, ou
guelques variables virales ont été mesurées majsement dans le mixolimnion (Bettarel et
al. 2004, Jardillier et al. 2005). Il s’agissaitupmous de prendre en compte tous les gradients
majeurs liés a la profondeur, dans la distribusaisonniére et spatiale de 'abondance et de
l'activité virales, en relation avec les facteurnsygico-chimiques (température, oxygene,

profondeur, chlorophylle) et microbiens (i.e. bactéries hétérotrophes, qyi@onobactéries,

31



picoplancton eucaryote, protistes flagellés autdrégérotrophes) d’intérét écologique pour la

dynamique virale.

Partie 1: Etude préliminaire

Avant une campagne saisonniere, une étude prélmjreancluante, a été menée sur
la variabilité verticale fine des variables vira(déversité, abondance, activité lytique, activité
lysogénique) dans le lac Pavin. 15 profondeursedifites, représentatives des différentes
strates de la colonne d’eau (de la surface a 8nt)¢gté échantillonnées au cours de cette
étude préliminaire et ponctuelle. Les résultatsuacqnt été publiés dans la Rev@pplied

and Environmental Microbiology

Partie 2 : Etudes saisonnieres

Cette partie comprend 3 manuscrits soumis ou epapméon, reposant sur une
campagne d’étude saisonniere menée d’Avril a Décer2b05 dans le lac Pavin, ou 12
profondeurs différentes (de la surface a 80 m)éstatives de la colonne d'eau, ont été
échantillonnées. Cette campagne et les modalitéshdhtillonnage ont été motivées et
justifiées par les résultats préliminaires obterfusir ci-dessus). Le premier manuscrit
examine les variations d’abondances virales erioalavec les communautés microbiennes
et I'environnement physico chimique. Le second ys®les variations de 'activité lytique en
comparaison avec les procaryotes et les microosgaas potentiellement bactérivores. Enfin,
le troisieme manuscrit étudie les fluctuations denpdortance relative des cellules

lysogéniquement infectées et des cellules lytiquenméectées.
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Partie 1: Etude méthodologigue

Virioplankton ‘pegylation’ : use of PEG (polyethylene glycol) to concentrate and purify
viruses in pelagic ecosystems
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Journal of Microbiological Methods, 71: 212-219.

Abstract
We have described the use of Polyethylene glyc&lQPfor the precipitation of

natural communities of aquatic viruses, and its gamnson with the usual concentration
method based on ultracentrifugation. Experimentahes were obtained from different
freshwater ecosystems whose trophic status varidBlased on transmission electron
microscope observations and counting of phage-shpa#icles, our results showed that the
greatest recovery efficiency for all ecosystems alasined when we used the PEG protocol.
On average, this protocol allowed the recovery oR-fold more viruses, compared to
ultracentrifugation. In addition, the diversitywafioplankton, based on genomic size profiling
using pulsed field gel electrophoresis, was higiret better discriminated when we used the
PEG method. We conclude that pegylation offers l&d,vaimple and cheaper alternative

method to ultracentrifugation, for the concentnaténd the purification of pelagic viruses.
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Introduction

Phages are now recognized as ubiquitous, abunaiadhtgiverse biological entities in
world aquatic ecosystems where their activity isc@l to several processes, including
microbial mortality, potential gene transfer, angdgenic conversiofjisee Suttle, 2005;
Casas and Rohwer, 2007 for review] Metagenomic analysis of viral communities cakec
in four major oceanic regions over a decade shoavddgh global diversity, presumably
several hundred thousands of ‘speci@shgly et al., 2006) However, the genetic and
biological diversity of aquatic viruses remainsgkly unexplored, mainly because of the
methodological difficulties related to the obseiwatof environmental nanoparticles and the
weakness of environmental viral gene bank.

The study of free-floating viruses in aquatic syseequires a concentration method
for estimating their number and their diversitg,. ibased on both morphologic and genomic
features. The first generation of methods used ciom the study of human, animal and
plant pathogenic viruses. These methods are basgihysicochemical approaches such as
adsorption of phages onto microporous filters chdrgositively or negativelySingh and
Gerba, 1983; Shields et al., 1986}he use of precipitation agents like calcium mpinage,
aluminium or magnesiur@American Public Health Association, 1989pr acid precipitation
(Sobsey et al., 1978)and the use of organic flocculatigatzenelson et al., 1976)The
main disadvantage of these techniques for natarapkes is their selectivity. Indeed, various
viruses may have different adsorptive propert{&eeley and Primrose, 1982)and
electrostatic interactions may affect the viabiliof concentrated viruses. Chemical
precipitation methods generally require low pH thay also compromise the viability of
some viruses(Lewis and Metcalf, 1988) Bgrsheim et al (1990) have proposed a
concentration method based on the ultracentrifogadif viruses contained in few millilitres
of samples directly onto grids, followed by stamibefore observation under transmission
electron microscope (TEM). Disadvantages of thish@e include the risk of viral disruption
due to the high centrifugation speed, the effedtsuspended particles and ‘virucidal
substances, and the low initial volume of experitaesamples that may render TEM
observations tedious according to the high magatibns used. The method is thus time-
consuming (for large volume of samples) and cosityl therefore cannot be recommended as
a routine procedur@Bettarel et al., 2000) An alternative approach is the one currently used
for aquatic microbes, based on low pressure memebrancentration, fluorochrome staining,
and the use of epifluorecence microsc@geble and Fuhrman, 1998; Bettarel et al., 2000)

A protocol using fluorochrome staining and flow ayteter (Marie et al., 1999) was
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optimized for rapid counting of virus-like-partisle(VLPs) in the planktor(Brussaard,
2004) However, these fluorochrome-based methods aré kmelwn to provide accurate
counts but poor description of microbial/viral disiy.

An accurate description of the diversity of pelagicuses usually needs highly
concentrated aliquots. The current method availablelate is ultrafiltration that allows
concentrating viruses contained in several terfsuadreds of litres in small volume of some
tens of millilitres(Suttle et al., 1991; Wommack et al., 1995However, the application of
this procedure must be followed by ultracentrifiyato obtained viral pellets necessary for
TEM observations and for estimating viral diverqfyommack et al., 1999a; Diez et al.,
2000; Auguet et al., 2006)To avoid ultracentrifugation and the underlinagadvantages,
we herein propose a simple, cheaper and efficitatnative protocol using polyethylene
glycol (PEG) reconcentration to obtain virioplanktooncentrates (i.e. pegylation) that can be
used for different purposes, primarily for TEM obsdions, electrophoretic plugs, and the
following cloning/sequencing possibilities. To okmnowledge, this study is the first
application of the PEG-concentration method todgppelagic environmental samples. PEG
was first used byAlbertson and Frick (1960)to precipitate viruses between two immiscible
agueous polymer phases. At the same tirmgjpson et al. (1960) have applied this method
to concentrate and purify particular viruses (bacteriophage T2, adenovirus, and ECHO
virus prototype 7 and 19), and found it to be rapieexpensive, and non-destructive of
viruses. Since then, PEG has been used, usuallgmbination with salts such as NaCl, to
recover various viruses in different growing medi(lrewis and Metcalf, 1988) However,
comparison of PEG method with current methods, grilyn ultracentrifugation, has not been
done for pelagic viruses. It is thus worth askih@EG precipitation is the best method for
concentrating virioplankton in natural samples. P&f@ monovalent salts are well known as
good inductors of attractive interactions that ereftially crystallize biological
macromolecules, such as DNA and viruses, in therpolymer spaces between PEG
moleculegsee Tardieu et al., 2002 for the logic behindEffective pegylation occurs when
the concentration of DNA and viruses exceeds tirbility (Polson, 1977) Advantages of
the method for pelagic samples, in addition tagagtle effect on viruses, include the ability
to obtain precipitation at various conditions, eagutral pH, high ionic concentrations, and in

the absence of other organic mater{@tha and Ingham, 1981)
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Materials and methods

Origin of experimental samplesSamples were obtained from the following freshwater
ecosystems, which differed in trophic status anceviecated in the Massif Central region of
France (45°29N, 2°56E): (i) an oligotrophic mountd@ake (Godivelle d’en haut), (i) a
moderate-altitude oligomesotrophic lake (Lake Pruii) an eutrophic lake (Lake Aydat)
and (iv) in the output water from a domestic sewageks lagoon (the Cournon plant), which
was considered as hypereutrophic environment. &dn sampling site, a first series of 20 L
of surface water (ca 0.5 — 1 m depth) samples wellected during April 2006, for viral
counts. A second series of the same amount of ssmpére also collected on a different
occasion during the same month in Lake Pavin, tdsqa field gel electrophoresis (PFGE).
PFGE samples were collected in three contrastethslepe. epi. (1 m), meta. (15 m) and
hypolimnion (30 m). After sampling, all these ravatural samples were successively
prefiltered by gravity through 100, 50, 25 and 1 pore-size nylon fiber filters, and stored
in insulated dark sterile boxes. Back to the latmoga prefiltered samples were immediately
filtered under low pressure (< 0.2 bar) using twocessive size-pore filters (1.2 and 0.2 pum,
142 mm diameter, Sartorius). Viral concentratiod agconcentration experiments were then
conducted followed by viral counting for the fistries of samples collected in all sampling

sites, and by PFGE analysis for the second sefiesnoples collected in Lake Pavin.

Viral concentration and reconcentration.The protocol design used for the viral
concentration and reconcentration experimentsasvelon Fig. 1. Viruses contained in 20 L
experimental samples were concentrated by ultratiitin to a volume of approximately 1 L,
using a high performance concentration/diafiltnat®ystem (Model DC 10LA, Amicon®)
equipped with a reusable hollow fiber cartridge80fkDa cut-off and surface area of 0.45 m?
(Amicon®, Epernon, France). Recirculation rate wad0 L mir* with an entry pressure of
0.9 bar. Retentates were then reconcentrated byppmaches: ultracentrifugation and PEG
precipitation.

For ultracentrifugation, 3 runs of 3 h 30 min eatt20,000 Xg (i.e. 28,000 rpm), 4
°C with a SW 40 Ti rotor (LE 80K, Beckman) were esgary to ultracentrifuged 210 mL (6
tubes of 12 mL filled with 11.7 mL of samples pen) of ultrafiltered retentate. Viral pellets
were then resuspended and incubated under agithiromg at least 10 h at 4 °C in SM buffer
[0.1 M NaCl, 8 mM MgSQ@-7H,0, 50 mM Tris-HCI, and 0.005 % (wt/vol) glyceroljjasted
at neutral pH] before analysis (final volume equabbout 400 uL) before counts or PFGE
analysis. For the PEG method, we adapted the mlbpooposed in Lech et al. (1990).
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Figure 1. Sample partitioning and experimental design usedultrafiltration and reconcentration of fresherasamples using polyethylene
glycol (PEG) and ultracentrifugation. SM bufferasmixture of 0.1 M NaCl, 8 mM MgS04-7H20, 50 mM F#Cl, and 0.005 % (wt/vol)
glycerol, adjusted at neutral pH. PFGE, pulsedifgel electrophoresis
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Polyethylene glycol 8,000 (catalog no. 81268; Sigtogether with NaCl were added to 210
mL of viral ultrafiltered retentates to final comteations of 10 and 0.6 %, respectively, and
incubated at 4 °C in the dark, in a transparenhdyical glass container of 400 mL, for at
least 10 h. PEG molecules of molecular weight (rfomjer than 6000 are less effective in
precipitating macromolecules, while molecules eliugbr above 6000 mw appear to behave
identically (Yamamoto et al., 1970)The incubation time was determined during preisny
experiments and was over the minimal interval negiiio obtain a constant and stable white
layer of viral precipitates, whatever the samplsig was. At the end of incubations, the
white phase containing crystallized viruses (appnately 40 mL) was pipetted, transferred
into a 50 mL sterile tube (BD FalcBfy Le Pont de Claix, France), centrifuged at 8,0a§ x
for 20 min at 4 °C, and resuspended in 300 pL of @M¥er. Viral solution was transferred
into a 2 mL sterile tube (Eppendorf®, Le Pecq, Eegnl M KCIl was then added, the mixture
incubated on ice for 20 min and centrifuged (12,600, 10 min at 4 °C), in order to
precipitate the PEG solution slowly while leavinge tpurified free viruses behind. The
supernatant with clean viruses was finally pipetigdiding a final volume of about 400 pL

viral concentrate (Fig. 1) for viral counts or PF&alysis.

Viral counts. Aliquots were taken in the initial experimentahgdes and after ultrafiltration
and reconcentration steps and fixed with glutatajde (final concentration 2 %), for viral
counts. Viral abundances were determined in ing@hples using two different methods,
transmission electron microscopy (TEM) and epifasmence microscopy (EFM), following
protocols described previously Bime-Ngandoet al. (1996) and inNoble and Fuhrman
(1998) respectively. For concentrated samples, only Mg used in order to make sure that
typical phage-shaped patrticles (but not virus-plticles that may include non viral entities,
Bettarel et al.,, 2000 were concentrated and counted. We considerece thesnts as
underestimates because TEM is known to be muchskassitive than EFMBettarel et al.,
2000) For each experimental samples analysed for \gmints, counts were done in

triplicates for within sample variability.

Pulsed field gel electrophoresis (PFGEJ.0 further assess the recovery and purification
efficiencies of the two reconcentration methods pgaraed (i.e. PEG and ultracentrifugation),
a second series of samples were collected in tboe¢rasted depths in Lake Pavin and
analysed for the genomic size structure of virahgwnities using PFGBVommack et al.,
1999b; Auguet et al., 2006)Viral concentrates were first heated in a watiriada 60 °C for
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10 min for nucleic acid extractio@iang et al., 2003) Plug molds were prepared by mixing
equal volumes of the viral concentrate (50 pL) arfel % molten (50 °C) agarose (Incert
agarose, FM&, Rockland, USA) in 0.5 % TBE (50 mM Tris, 45 mM fBoacid, 0.5 mM
EDTA, pH 8.4). Solidified plugs were punched ownfrthe molds into 1mL of TE buffer (20
mM Tris et 50 mM EDTA, pH 8) and stored at 4 °C.ditbnal plugs containing phage
lambda concatemers (MidRange PFG Markers, Biolalmske used as molecular markers.
Viral and marker plugs were place into wells of 1agarose (New England EuroB)o
prepared in 0.5 % TBE buffer, and PFGE performét w CHEF-DRIII system (Bio-Rad)
at 14 °C, 6 V crit, a 120° angle, and a switch time of 1 to 15 2B, using 0.5 % TBE as
running buffer. After electrophoresis, the gel v&gined for 30 min in ethidium bromide
(concentration 0.05 pg i) and rinsed for 1 h in distilled water. The gelswdigitally
scanned for fluorescence with a gel imager (UVT-B8Merolab, Germany) and analysed for
digital picture (i.e. densitometry) with the softwaanalysis program Image J (Scion
Corporatioff, Washington DC, USA).

Statistical analysis For experimental samples that were concentratédafjliration) or

reconcentrated (ultracentrifugation, PEG-conceiamyt the recovery efficiency of viruses
was calculated as the mean percentage (i.e. ficaies) of the number of viruses in a given
concentrate, compared to the number of viruses $pexified original sample determined
using TEM. Viral TEM counts in reconcentrated saespivere compared by performing a
one-way analysis of variance, for difference betwatracentrifugation and PEG methods.
The null hypothesis was that there was not a saggmf difference between the results

obtained with the two protocols. Statistical anatygiere performed using MINITAB 12.

Results and discussion

Initial viral concentrations In order to assess and validate the use of polieth glycol
(PEG) as an effective chemical precipitant for ktanic viruses, we concentrate viral
particles with PEG and the usual ultracentrifugatioethods, using ultrafiltered samples
originating from diverse freshwater ecosystemsntowr initial experimental samples (i.e. <
0.2 um size fraction), these systems ranged i ematents from 1.09 + 0.03 to 13.37 £ 1.3 x
10’ VLPs mL* when analysing with EFM, and from 0.73 + 0.02 t677+ 1.32 x 10 VLPs
mL™ under TEM. Overall, EFM counts were significantiigher (ANOVA, p < 0.05) than
TEM ones (although Lake Pavin appeared as an @gog¢pand within sample variability (n =

3) was the highest in the more productive systérablé 1).
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Quite similar results were reported and discussediqusly in an EFM vs TEM comparative
study of freshwater VLPs, agreeing well with théated literature in marine systems (cf
Bettarel et al., 2000). For both counting methaetitsl abundances naturally increased from
the oligotrophic Lakes (Godivelle and Pavin) to theput water from the domestic sewage
works lagoon considered as hypereutrophic watessgared to raw samples, our initial VLP
abundances are likely underestimates as prefdtratirough 0.2 pm pore size membranes are
known to decrease, at times significantly (i.etap0 %), the numerical abundance of viruses
in pelagic systemgPaul et al., 1991) For example, viral abundances in < 0.2 um samples
reported using EFM in Lakes Pavin and Aydat dutimg study (Table 1) represented about
45 and 75%, respectively, of those reported preshjom the same lakes and during the same

sampling period (i.e. in April) but in unfilteredw sample¢Bettarel et al., 2003)

Table 1. Initial abundances of viruses obtained by epiflsensce microscopy (EFM) and
transmission electronic microscopy (TEM), and viratovery efficiencies obtained from
TEM counts after concentration of initial pelagiangles (< 0.2 um) by ultrafiltration,
followed by ultracentrifugation and pegylation (PH@thod) of ultrafiltrate retentates. In all
cases, the differences between the two latter rdsthw@re significant (ANOVA, p < 0.001).
Mean values and standard deviations were obtanoad triplicate counts (i.e. within sample

variability).
Source of Initial conc. (10 * Initial conc. (10 ’ Recovery efficiency
sample  viruses mL " +SD) viruses mL *+sSp) (% +SD)

EFM TEM

Ultrafiltration£  Ultracentrifugation# Pegylation#

Godivelle *2.48 +0.09 *0.73+£0.02 11.40+0.74 28.06 £ 2.08 81.38£8.41
Pavin *1.09 £0.03 *1.32+£0.03 98.20+£4.71 22.24 + 1.03 37.85+2.05
Aydat *3.74 £ 0.20 *2.03+0.25 36.90 £1.32 28.06 £ 2.12 70.68 + 4.05
Cournon *13.37 +£1.30 *7.77 +1.32 62.19 £ 5.60 13.38 + 0.93 28.40 +£1.03
Mean 5217£3.09  22.94+1.54 54.57 + 3.89

* Significant differences between the four sampkaitgs (ANOVA, p <0.05)
£ Calculated from the initial viral abundances @tunal samples
# Calculated from the viral abundances in ultnaftitd retentates

Ultrafiltration of viruses. In viral diversity studies, a first step concentratof viruses in
large volumes of experimental samples is neceslsafgre a second step reconcentration
adapted to small volumes such as ultracentrifugdgog. our total rotor capacity is limited to

72 mL, i.e. 6 tubes x 12 mL). In general, ultrafitton methods are used for large volume of
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initial sampleqSuttle et al., 1991; Wommack et al., 1995; Wommacét al., 1999a; Diez
et al., 2000; Auguet et al., 2006)n this study, our viral recovery efficiency dtrafiltration
averaged 52 % (range, 11 — 98%) and increased dasgoto the following respective
sampling sites: Godivelle, Aydat, Cournon and PaViable 1). There was thus no clear
recovery pattern according to the trophic statuthefsampling sites, mainly because of low
recovery rates in the most productive systems comdpto those in the oligomesotrophic
Lake Pavin. This indicates that concentration dagie viruses using ultrafiltration may be
more efficient in systems with intermediate produtt and particle load. Very few studies
where pelagic viruses are concentrated by ultrafiin have provided recovery rates for an
accurate comparison. Applying a double filtratiorethod (i.e. concentration of 0.1 pm
filtrates with 10,000 molecular weight cut-off nalfilters), Wommack et al. (1995)eported
recovery rates that ranged from 23 to 72 % for @umeé of two cultured phages (named CB 7
and CB 38), and from 58 to > 100 % for natural camities of VLPs collected in the
Chesapeake Bay. Wommack and co-authors explaineovery rates > 100 % by an
underestimation of their initial viral abundancesicted under a TEMSuttle et al. (1991)
reported recovery rates from 75.1 to 99.6 % for specific bacteriophages (named PWH3-
P1 and LMG1-P4) added to ultrafiltered virus-freawater from Gulf of Mexico and counted
using plaque essay methddorales-Morales et al.(2003)reported recovery rates of 38 and
45 % for T1 and PP7 phages, respectively, baseglamue essay counting method after
concentration using hallow-fiber ultrafiltrationQ®00 molecular weight cut-off). These rates
increased to 73 and 62 %, respectively, afteratutvith 0.05 M glycine containing retentate.
Our ultrafiltration recovery rates of planktoniawses in < 0.2 um freshwater samples thus

fell within the few ones reported.

Comparison of PEG and ultracentrifugation method&or the second step concentration,
PEG precipitation appeared largely more efficiemant ultracentrifugation, in terms of
recovering free-floating phages in ultrafiltereddhwater samples examined under TEM. For
all the sampling sites, recovery efficiency aveth®® % (range 28 — 81 %) for the PEG
method and only 23 % (13 — 28 %) for the ultrag&rgation method (Table 1). The rates
obtained with the former chemical method were diggmtly higher than those obtained with
ultracentrifugation (p < 0.001, ANOVA) for all satimg sites. Viral abundances in PEG
treated samples were 1.7 to 2.9 fold (mean, 2 foilgher than in ultracentrifuged samples.

These differences were obvious on TEM photomicnolgsawhere viruses reconcentrated

42



from the same initial volumes of ultrafiltered sdespvisibly were well crystallized and more
abundant in PEG-treated than in ultracentrifugedpes (Fig. 2).

Compared to our initial < 0.2 um samples, our oVeeaovery rates, i.e. 10 — 28 % (mean 17
%) for PEG method and 4 — 16 % (means 8 %) foacéntrifugation method, were lower
than a single value of 45 % reported recently iastal waters byAuguet et al. (2006)using
ultrafiltration followed by ultracentrifugation. Tour knowledge, the lowest overall recovery
rates of viruses after tangential flow filtratioefbre ultracentrifugation were reported in a
solar saltern system in Alicante, Spain. We catedldrom provided data that these rates
ranged from 0.2 to 1.3 YDiez et al., 2000) The experimental procedure and conditions
applied by Diez and coauthors, i.e. tangential ffdtsation using 100-kDa cut-off filter, 6 h
ultracentifugation at 45,000 rpm using a KontronTTFO rotor (Kontron Instruments,
Cumbernauld, UK) followed by filtration through 8.4um disposable filter coupled to a
syringe, together with the type of ecosystem (s&ew), likely may help explain their low
recovery rates compared to thoseAuguet and coauthorsand in our study. Yet, accurate
comparison still remains difficult because very fewmdies in aquatic viral ecology have
provided recovery rates from ultracentrifugation.

The weak recovery efficiency from the ultracengtion method was not related, at
least theoretically, to an insufficient rate of iseentation of phages. Indeed we have
calculated, according tButtle (1993) that the conditions we applied for our filled tiénge
tubes and the Beckman rotor SW 40 (i.e. 120,0@0 X5 h, 4 °C) were sufficient to allow
100 % sedimentation of particles of 80 Svedbergs, corresponding to the smallest
planktonic viruseqSuttle, 1993) It is likely that ultracentrifugation provokes afanical
disruption of a significant number of viruses intural communities. This may be more
marked for samples with high particle contains saglin our output water from the Cournon
domestic sewage works lagoon (Table 1) or in ssdéterngDiez et al., 2000)where, to our
knowledge, the lowest recovery rates after ultradegation were obtained. The
ultracentrifugation speed and time (see above)iegply Diez and co-authors were among
the highest ones used in aquatic viral ecol@dgetcalf, 1975; Wommack et al., 1999a;
Zhong et al., 2002; Auguet et al., 2006f-rom the above comparisons, we hypothesize that
() mechanical and velocity-related shocks are iBgant viral loss factors during
ultracentrifugation (i.e. the more widely used altgh costly technique in aquatic ecology for
the concentration of virioplankton), and (ii) thetgntial effects of these shocks increase with
particle contains and are to be added to othempiatdoss factors related to viral decay, e.g.

enzyme digestion and other virucidal substances.
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Figure 2. TEM micrographs of uranyl acetate stained virusskected in the output waters

from the Cournon domestic sewage works lagoon oéthiafter reconcentration using

polyethylene glycol (PEG, A, note the crystallipati of viral particles) and
ultracentrifugation (B) for the same sample. Stale= 100 nm.
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The more effective recovery of natural viruses bggyation compared to
ultracentrifugation reported herein agrees wellhwthie sole available study comparing the
two methods but for the recovery of particular ses, i.e. cytomegaloviruses in human urine
(Kimpton et al., 1990. Using PEG precipitation, recovery rates randgmogn 40 to 100 %
have been reported lhewis and Metcalf (1988)in oyster tissues and environmental samples
that were seeded with particular viruses (i.e. iepaA virus, human rotavirus Wa, simian
rotavirus SA1l, and poliovirus). Our recovery ratem simple viral pegylation in
ultrafiltered natural samples also agree with thiggeical range, 11 — 97 %) reported using
other but more elaborate physical/chemical meti{&isnia and Sattar, 1980; Singh and
Gerba, 1983; Morales-Morales et al., 2003; Cashdall and Dahling, 2006) The minimal
viral concentration needed for the application BfSPmethod was shown to be af pfu mL
! based on plaque-cultured phag&amamoto et al., 1970) We have applied the PEG
method to our 0.2 um filtered natural samples, wehout ultrafiltration, but the viral
precipitation time was long and depended on thal Wrad, i.e. from 10 days for the output
waters from the domestic sewage lagoon, to 20 fimylsake Pavin surface waters. However,

‘pegylation’ of viruses directly in natural planktstill needs proper testing.

Application to PFGE.After pegylation of viruses, the use of KCl to m PEG molecules
allows to obtain purified viral pellets that candieectly used in molecular ecology of viruses
after DNA extraction, through both PCR-based or-R@R-based approach@simpton et

al., 1990; Lech et al., 1990)Viral concentrations in our final pellets werd above the
optimal value of 5 x 1DVLPs mL* for genome size profiling using PFGRiemann and
Middelboe, 2002) For both Peg-treated and ultracentrifugated sesppbgenomes in
virioplankton fractions from the three contrastegiths sampled in Lake Pavin ranged in size
from about 15 to 290 kpb, with a bulk around 35 kptad in the metalimnion (Fig. 3A),
corroborating data from the literature.g. Wommack et al.,, 1999a; Riemann and
Middelboe, 2002; Auguet et al., 2006)In all depths, the number of viral DNA-based
populations estimated from PFGE was clearly superio PEG-treated than in
ultracentrifuged samples, as determined from \a@sddectrophoretic bands in our agarose gel
(Fig. 3A), from computer-generated bands (Fig. 38),well as from densitometry profiles,
(Fig. 3C). The minimal numbers of bands discrimagavisibly were at 9, 8, and 7 for PEG
concentration, and only at 6, 5, and 6 for ultragmation, in the epi-, meta-, and
hypolimnion of Lake Pavin, respectively. In additjcPFGE-derived genomic diversity of

viruses appeared even well discriminated when PEGod was used, compared to
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Figure 3. Comparison of polyethylene glycol (PEG) and wkratrifugation reconcentration

methods for pulsed field gel electrophoresis (PFGipgerprinting of natural viral

communities collected in three contrasted depthkalke Pavin. Fingerprints are shown on

panel (A), the derived schematic computer-generbgadling patterns on panel (B), and the

corresponding densitometry profiles on panel (€)panels A and B, bands 1 corresponds to
the MidRange PFGE marker; bands 2, 3, and 4 to-®Pé&&ted samples collected in the epi-,

meta, and hypolimnion, respectively, and bands32’and 4’ to the same samples but

concentrated by ultracentrifugation. The identiiima numbers of bands in A and B are

inserted in the corresponding subpanels in C.
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ultracentrifugation. We considered this as the ltesfuthe significant higher efficiency of the
chemical method over ultracentrifugation, for cartcating and purifying free-floating

viruses in the plankton.

Conclusions

This study provides a simple, cheaper and moreieffi alternative protocol to
ultracentrifugation, for chemical concentration apdrification of pelagic viruses using
polyethylene glycol. The PEG method is less labimtensive, can be applied to large
volumes and greater numbers of samples at any iov& &ind do not require access to
expensive centrifuge facilities. The effects ofeguial virucidal compounds (e.g. enzymes,
antibodies, and other inhibitory substances) ambadsly minimized or avoided during
pegylation. This property of PEG molecules is cuilseused in medicine to protect drug-
carrier viruses, interferons of immunitary systemn,antibodies(O’Riordan et al., 1999;
Harris and Chess, 2003; Le et al., 2005; Dominguex al., 2006) PEG could thus also be
used as a conservative for planktonic virusesgtheavoiding the use of toxic fixatives and
the related disadvantages such as losses duriragstof samples. This needs proper testing
and training, as do the direct use of PEG methdld r@w natural samples, i.e. without a first
step concentration by ultrafiltration. In summapggylation is suitable for concentrating and
purifying virioplankton in a variety of natural sahes, a prerequisite for the study of viruses
with modern molecular biology approaches such a&HEFcurrently used to assess the
diversity of natural viral communities. It is a Mgl practical, and economical method that
offers a strong alternative to the more expensngerermful ultracentrifugation.
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Virioplankton biodiversity: pheno- and genotypic sie distributions in a deep freshwater
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Running title: Diversity of viruses in Lake Pavin

En préparation

Abstract

Very little is known about the viral diversity add/ersification in freshwaters. Herein,
we examined changes in morphological and genomiersities of viruses by means of
transmission electron microscopy and pulsed fi@dedectrophoresis (PFGE), respectively;
over a nine-month period (Avril-December 2005) iourf contrasting depths in the
oligomesotrophic Lake Pavin. Morphologically, weufa that viruses in this Lake were
dominated by untailed phages (61 % of total abuoelaand bySiphoviridae(33.5 %), with
capsid sizes ranging from 30 to 60 nm (66.5 %). da&oally, the majority of viruses
exhibited genome sizes ranging from 15 to 45 kB4& total relative abundance calculated
from densitometric analysis). On average, 12 dffergenotypes dominated each of the
PFGE fingerprints. The highest genomic viral rickgy@vas recorded in summer (mean = 14
bands per PFGE fingerprint) and in the epilimnioreén = 13 bands per PFGE fingerprint).
Spatio-temporal changes observed in the structtaps{d sizes, morphological traits and
genome sizes) of viral community appeared to bleetinmainly to microbial communities.
Empirical relationships suggested the existendhrefe different viral communities based on
the sizes of phenotypes and genotypes: (i) virugtslarge capsid (> 80 nm) and genome
(up to > 290 kb) sizes were related to eukarydigssiruses with intermediate capsid (30-80
nm) and genome (< 105 kb) sizes appeared to beditd picocyanobacteria, while (iii) the

smallest viruses with capsid size < 60 nm and gensize < 75 kb probably were specific to
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heterotrophic bacteria. Moreover, the dynamicdviybviridae and Siphoviridaeshowed a

tendency to be forced by autotrophic microorganjsmisereas the dynamics of untailed
viruses were linked to bacteria. Finally, tempemtalso appeared a potential driving factor
for viral diversity and diversification, but the $toavailability was obviously prevalent over

the physico-chemical environment in regulating sesiin the plankton.

Introduction

It is now widely accepted that viruses are the naistindant entities in aquatic
ecosystems, where their abundance is about an ofdeagnitude greater than the number of
bacteria(Weinbauer 2004, Suttle 2007 for the most recent veews). Viruses are ubiquitous
entities in natural environments infecting virtyaétvery living form of life, from cellular
prokaryotes to animals and plants. A given host piaxbably a range of different co-
infectious viruses, resulting of enhanced gene @&xgbs between phages and h{gksineau
et al. 1994, 1995)For example, it was suggested that bacteria lagid to-infecting phages
function as ‘phage factory’ and produce a variefycbhimeric or mosaic phages which
increase viral diversityOhnishi et al. 2001) Undoubtedly, environmental viruses are the
largest reservoir of genetic diversity on the ptafguttle 2005, Suttle 2007)Excepted for
algal viruses, cyanophages or picorna-like viry§adley et al. 2003) there is no common
molecule for viruses that could be used to acdess tiversity, similar to molecular RNA
genes for cellular organisngslendrix et al, 1999) This renders the study of viral diversity
difficult by PCR-based methods. Recently, in additio the frequently used transmission
electronic microscopy (TEM) for estimating viralvdrsity based on phenotypic traits
(Wommack and Colwell 2000, Weinbauer 2004 and refences therein, Liuet al. 2006,
Auguet et al. 2006) few metagenomic and other molecular techniques haen developed
(see Wommack and Colwell 2000, Breitbaret al. 2002, 2003, Hambly and Suttle 2005,
Angly et al. 2006, Williamsonet al. 2008) Among these, the most frequently used is the
pulsed field gel electrophoresis (PFGE), which vafioto easily and rapidly estimate the
whole-genome fingerprinting of natural communitefsviruses(Wommack et al 1999 a
and b, Steward and Azam 2000)Few results obtained with this method showed that
between 7 and 35 bands can be distinguished byiagdPFGE to individual samples, as a
minimum viral richness, with a dominance of < 70 gbnome in both maringésee
Weinbauer 2004)and freshwater planktofAuguet et al. 2006, Filippini and Middelboe
2007)
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Some studies have shown that viral genomic diwegr&mown from PFGE and the
relative intensity of individual bands, can varyasenally(e.g. Wommacket al. 1999b,
Castberg et al. 2001, Larsenet al. 2001, 2004, Sandaa and Larsen 200&nhd spatially
(Wommack et al. 1999a, Stewardet al. 2000, Riemann and Middelboe 2002, Jianet al.
2004, Auguetet al. 2006, Filippini and Middelboe 2007) However, little is known about
the determinism of these variations, because \a®/works have studied simultaneously the
viral genomic composition (VGC) and the microbiahamunity structure and environmental
factors. Few authors have hypothesized that VGOngdh with the structure of host
communities(Steward et al. 2000, Auguetet al. 2006). Sandaa and Larsen (200&)ave
shown that seasonal changes in viral community ositipn can be related to changes in the
abundances of cyanobacteria, autotrophic nano- @indeukaryotes, and heterotrophic
bacteria, whereaRiemann and Middelboe (2002)yeported no direct link between changes
in VGC and bacterial community composition and/bgtpplankton abundance. These few
available studies were conducted in marine wateus Without taking into account
phytoplanktonic species and protistan flagellaRestential links between VGC and microbial
community structure are thus to be establishedausrthere are many routes of interactions
between viruses and microbial communiti€sime-Ngando and Pradeep Ram 2005,
Pradeep Ram and Sime-Ngando 2008}or example, in addition to represent a potential
host reservoir for viruseéMassana et al. 2007) protistan flagellates could also grazed
bacteria and/or viruse@Bettarel et al. 2005) thereby influencing directly or indirectly the
viral diversity(see Weinbauer, 2004)Viral lytic or lysogenic activity could also atfeVGC
(Weinbauer, 2004) Since the genetic exchanges are probably higneng lysogenic than
among lytic phages, the diversity of lysogenic s importan{Chen and Lu, 2002)and
higher viral diversity could be recorded duringdgen induction events. However, at the
community level, no study to our knowledge has wered simultaneous changes in VGC
together with lytic and lysogenic activities andiwpotential grazers as well. Finaljiang et
al. (2004) have shown that VGC changed with oxygen conditionthe hypersaline Lake
Mono (California, USA). Weinbaeur (2004) suggested that certain physico chemical
parameters may define the niches for phages arsdinifiuence viral diversity. However data
are not yet available at the community level.

Many biological or physico-chemical factors couldig potentially affect VGC, but
very few attempts have been made to study thesetgffleaving open many questions of
ecological interest concerning the dynamics of thiediversity within virioplankton

communities and the related environmental forciragtdrs. In this study, we have
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investigated, for the first time, the study of gpatio-temporal dynamics of viral community
diversity (based on genomic and morphological attarestics) and activity (lytic and
lysogenic), concurrently with physico-chemical paeters (temperature, oxygen, chlorophyll
a) and microbial community variables (bacteria, opy@anobacteria, autotrophic
picoeukaryotes, autotrophic and heterotrophic rageflates). We were seeking for
empirical evidences of the potential connectionsvben the diversity of viruses and both
abiotic and biotic environmental factors, at cotsis seasonal and deep scales in aquatic

systems.

Materials and methods

Study site and sample collectio®amples were collected in Lake Pavin (altitude71ldf), a
meromictic and dimictic oligomesotrophic lake leghtin the French Massif Central, that
experiences partial overturn. It is a typical crat®untain lake characterized by a maximum
depth of 92 m and low surface (44 ha) and catchrft€nha) areas. A characteristic feature of
the physical structure of Lake Pavin is the existeof an oxic/anoxic interface (i.e. oxycline)
between 50 and 60 m depth. Samples were collectedhty (systematically between 09:00
and 10:00 AM) from April to December 2005 from antral location in the lake by using an
8-liter Van Dorn bottle. Four different layers wesampled, corresponding to the epi- (5 m),
meta- (12 m) and hypolimnion (30 m), and to thedbixge (57 m).This was done for all
biological variables, excepted for pycocyanobaat@md autotrophic picoeukaryotes which
were determined in the epi-, meta-, and hypolimnAdhanalysis was performed in triplicate,

excepted for genomic size profiling samples by PFGE

Physico chemical variablesVater temperature and dissolved oxygen profileeweeasured
in situ each 0.5 m with an oxycal-SL 197 multiparametebpr(WWT, Limonest, France).
Chlorophyll a concentrations (Chl) in the 4 sampled depths weketermined
spectrophotometrically from samples (0.5 to 2 L)lemded on Whatman GF/F filters.
Pigments were extracted in 90 % acetone overniglhte dark at 4 °C, and concentrations
calculated usin COR-UNESCO (1966equations.

Viral and bacterial concentrations. Subsamples were fixed with 0.02 pm filtered
glutaraldehyde (final concentration 2 % v/v) imnagdly after sampling, and filtered (<15
kPa vacuum) through 0.02 um pore size Anodiscréil(®/hatman, Maidstone, UK) which

were mounted between microscope slides and glags sbps using a mixture of 80 % AF1
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Citifluor (Citifluor, London, England) and 20 % Meshield Mounting Medium (Vector
Laboratories, Inc.Burlingame, U.S.A.) as antifading mounting mediudaunts were done
under a Leica DC 300F epifluorescence microscoflewimg staining with SYBR Green |
fluorochrome (Molecular Probes Europe, Leiden, Bd#nds) as described INoble and
Fuhrman (1998) When not analysed immediately, slides were stated-20 °C until
counting. Bacteria were distinguished from virdgliparticles (VLPs) on the basis of their
relative size and brightness. A blank was routiredgmined to control for contamination of

the equipments and reagents.

Picocyanobacteria and autotrophic picoeukaryote centrations. Picocyanobacteria and
autotrophic picoeukaryotes collected on 0.2 um gatyonate black filters (Whatman,
Maidstone, UK) were mounted between microscopeslahd glass cover slips using a non-
fluoresecent immersion oil (Olympus optical, Jap&gunts were done under the Leica DC
300F epifluorescence microscope, using two setgpvf filters for distinguishing differences
in autofluorescence due to the composition of pigineentain: green light for phycoerythrin-

rich picocyanobacteria (Pcy), and blue light folocbphyll-containing picoeukaryotes (Peu).

Heterotrophic and autotrophic nanoflagellate abundee. Samples for enumeration of
heterotrophic (HNF) and autotrophic (ANF) nanofléaies were fixed immediately after
sampling with glutaraldehyde (final concentratiofo)l. Primulin stained flagellates collected
on 0.8 um polycarbonate black filters (Whatman, ddeone, UK) were mounted between
microscope slides and glass cover slips using ¢imefloorescent immersion oil. Counts were
done under the Leica DC 300F epifluorescence nuoms, using two sets of optic filters:
UV light for HNF and blue light for ANF(Carrias et al. 1998) When not analysed
immediately, slides were stored at -20 °C until mdng. We distinguished,
Kathablepharidag Choanoflagellates, Undetermined flagellaté®nas-likeand Bodonidae
among HNF community, an€hrysidalis Chloromonas Rhodomonasand Ghromonas

among ANF, based on morphological characterisfarsdetails se€arrias et al. 1998.

Frequency of infected cells and burst siZeor viral lytic infection, the frequency of infext
cells (FIC) was calculated from the frequency ddibly infected cells (FVIC) obtained,
together with burst size (i.e. mean number of dsuper infected cell), from observations
under a JEOL 1200EX transmission electron microscdglowing ultracentrifugation and

uranyl acetate staining. The procedure is detaledwhergBettarel et al 2004) FIC was
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calculated from FVIC (as a percent) using the fdem&IC = 9.524 FVIC - 3.256
(Weinbauer et al. 2002)

Frequency of lysogenically infected cell§he frequency of lysogenically infected cells
(FLC) was determined from the induction of proplsageing mitomycin GJiang and Paul
1996) Mitomycin C was added to samples (final concéinmal pg mLY) in 20 mL sterile
serum bottles, and untreated samples served amlsorithe incubation time (24 houns
situ) was fixed from a 76-hour time series preliminagperiment conducted on 25 March
2004. Subsamples were removed with syringes at i) #4 hours and fixed with
glutaraldehyde for viral and bacterial counts. Fiv@s estimated from viral abundances in
mitomycin C treated (VAm) and control (VAc) inculmts, bacterial abundance (BAtO) and
maximal burst size (MaxBSt0) in original samplesCF= 100[(VAmM — VAc)/(MaxBSt0 x
BAtO)] (Weinbauer et al. 2003)

Potential grazing. Among all ‘species’ of nanoflagellates determinbdsed on their
morphology, we have considered the abundancesg#tttaxonomic groups known as typical
bacterivores in Lake PavifCarrias et al. 1996) for the estimation of potential grazing
activity. These groups or bacterivores were a®¥asl choanoflagellatedfonas-likecells,
and a fraction of undetermined small flagellate=e(below) for HNF, an@@chromonasspp.
for ANF (i.e. mixotrophs). For the group of ‘undetened flagellates’, cells with straight and
long single flagellum, typical of fungal zoospo[es. chytrids) based on both morphological
and molecular characterization (tefévre et al. 2007 and known as non-phagotrophs from
previous bacterivory experiments in Lake Paf@arrias 1996, Carrias et al. 1996)were
excluded from comparisons. These forms represeotedaverage about 25% of the
undetermined HNF group. Potential grazing ratemftbe different groups of bacterivores
were estimated as the product of bacterial conagotr, the abundance of flagellates of
interest, and mean clearance rates determinedopisyiin a seasonal study in Lake Pavin
(Carrias et al. 1996) These rates were as follows: 2.5, 6.1, 7.1 a8chL.flagellate'h™ for
undetermined flagellatedonas-likecells, choanoflagellates, a@thromonasrespectively.
These values fell within the range of values piigdsfor freshwater systenfSanderset al.
1989) Total grazing rate was estimated by adding sjgegifazing rates from the different

groups of potential bacterivores.
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Virioplankton concentration. For the diversity study of viruses, viral concaids are
required. Strategy employed for viral concentratwais based on the use of Polyethylene
glycol (PEG), an approach that we have recentlycrilesd in detail inColombet et al.
(2007) Briefly, following successive prefiltration stepsruses contained in 20L of < 0.2 um
lake water were first concentrated by ultrafiltoati using a high performance
concentration/diafiltration system (Model DC 10LAmicon®) equipped with a reusable
hollow fiber cartridge of 30-kDa cut-off (Amicon®@pernon, France). Concentrated viruses
in the retentate were then precipitated by ‘pegytéti.e. PEG-treated. Polyethylene glycol
8,000 (catalog no. 81268; Sigma) together with Na@ke added to 210 mL of viral
ultrafiltered retentates to final concentrationd.6fand 0.6 %, respectively, and incubated at 4
°C in the dark for at least 10 h. At the end ofuinations, the white phase containing
crystallized viruses was pipetted, centrifuged,808 xg for 20 min at 4 °C, and resuspended
in SM buffer [0.1 M NaCl, 8 mM MgS©7H,0O, 50 mM Tris-HCI, and 0.005 % (wt/vol)
glycerol) adjusted at neutral pH]. 1 M KCI was thefded, the mixture incubated on ice for
20 min and centrifuged (12,000gx 10 min at 4 °C), in order to precipitate the P&gBution
slowly while leaving the free viruses behind. Thgernatant with clean viruses was finally

pipetted and used for diversity analysis (@blombetet al. 2007).

Morphological and morphometric diversity of phageshe shape and size of viruses were
analyzed by transmission electronic microscopy (JEMiruses in concentrates were
collected directly onto 400-mesh Cu electron micopy grid with carbon—coated Formvar
film (Pelanne Instruments, Toulouse, France). 60fiiral concentrate (stored at 4 °C) was
diluted in 6 mL of 0.02 um filtered distilled deised water, and centrifuged at 120,000 x g
for 3 h 30, 4 °C with a SW 40 Ti rotor (LE 80K, Baean). Three grids were observed at a
magnification of 50,000X, and at least 300 virusese observed and counted on each grid.
During observations, viruses were classified basetvo morphological criteria: the size of
the capsid and the general shape of viral parti€les capsid-size classification, viruses were
categorized into five size classes: < 30, 30-638®080-100, and > 100nm. For shape
classification, four morphotypes were distinguishaatailed viruses and three families in the
order Caudovirales distinguished according to the morphologicalesrdn defined by the
International Commitee on Taxonomy of Viruses. Eheamilies were as follows:
Siphoviridae (viruses with noncontractile long taildylyoviridae (with a contractile long

tails, presence of a neck), aAddoviridae(with short tails).
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Genomic size diversity of virioplanktoWiral genomic composition (VGC) was analyzed by
pulsed field gel electrophoresis (PFGE). Viral camtcates were first boiled in a waterbath at
60 °C for 10 min for nucleic acid extracti@fiang et al. 2004) Plug molds were prepared by
mixing equal volumes of the viral concentrate (30 and 1.5 % molten (50 °C) agarose
(Incert agarose, FME Rockland, USA) in 0.5 % TBE (50 mM Tris, 45 mM mpacid, 0.5
mM EDTA, pH 8.4). Solidified plugs were punched dtam the molds into 1mL of TE
buffer (20 mM Tris et 50 mM EDTA, pH 8) and storad4 °C. Additional plugs containing
phage lambda concatemers (MidRange PFG Markerdaliip were used as molecular
markers. Viral and marker plugs were place intolsvef a 1 % agarose (Eurobio, France)
prepared in 0.5 x TBE buffer, and PFGE performét & CHEF-DRIII system (Bio-Rad) at
14 °C, 6 V cnt, a 120° angle, and a switch time of 1 to 15 s2Bth, using 0.5 x TBE as
running buffer.

After electrophoresis, the gel was stained for 3@h nn ethidium bromide
(concentration 0.05 pg i) and rinsed for 1h in distilled water. The gel wdigitally
scanned using a gel imager (UVT-28MP, Herolab, Ge&wyn and quantitative analysis of
digital gel pictures (molecular weight and fluoresce intensity of bands) was performed
with the software analysis program Image J (Scidarporatioff, Washington D.C., USA).
Each gel was normalized using molecular weight éaddn on both sides of the gel. The
region bracketed by the largest and smallest DNZ&e sitandards was divided into 19
subregions (<15, 15-30, 30-45, 45-60, 60-75, 7591105, 105-120, 120-135, 135-150,
150-165, 165-180, 180-195, 195-210, 210-225, 2a5-2240-255, 255-290, >290 kb).
Genome copy number in a subregion was determinechloylating the density within each
subregion divided by an average molecular sizéénsubregiorfRiemann and Middelboe,
2002) To facilitate comparison among samples, the ampyber present in one subregion
was divided by the total copy number present instome sample according $teward et al.
(2000).

Statistical analysisNormal distribution of data was checked by KolmaysSmirnov test.
Because all the data sets did no follow normarifistion, we applied log transformation to
meet the requirements for parametric statistice ®@ay analysis of variance was used to test
for differences in viral diversity parameters betweseasons [i.e., spring (April to June),
summer (July to September), and autumn (Octobeddaoember)] and sampling depths.

Potential relationships among variables were teBteBearson correlation analysis, with the
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significance level considered at p < 0.01. All istatal analysis was performed using
MINITAB 12 and SYSTAT 10.

Results

Temperature, dissolved oxygen, chlorophyllTne changes in water temperature and oxygen
contents were typical of a deep meromictic dimi¢emperate lake. Thermal stratification
started in May and ended in November, with panarturns and homogenization of the
mixolimnic water column in April and December (FIg\). The oxic/anoxic interface was
located between about 55 and 59 m (Fig. 1B). Timpé&ature and oxygen profiles confirmed
that the depths sampled were in the epi-, metgolimnion and oxycline. Large spatial and
seasonal differences in the distribution of chltwgdpwere observed. Values were higher in
the three uppest layers than in the oxycline, wéhbks in spring (Table 1).
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Figure 1. Seasonal and vertical variations of teatpee (A) and oxygen concentrations (B)
in Lake Pavin, April — December 2005.
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Table 1. Mean concentrations (coefficients of w#org of planktonic communities for each
layer and season sampled in Lake Pavin. Epi., lapibn; Meta., Metalimnion; Hypo.,

Hypolimnion; Oxy., Oxycline.

Chl. aBacteria  VLP Picocya. Picoeu. ANF HNF
(mgm™®) @°mL™) @0'mL™) (@0°mL™) (10°mL™)  (10°mL ™) (10°mL ™)
Epi. 22(77) 6.1(34) 27(32) 20.3(114) 3.1(155) 5.1(64) 0.9 (44)
Meta. 3.4(108) 8.3(73) 3.0(39) 22.4(125) 2.3(142) 4.6(58) 1.0 (39)
% Hypo. 35(59) 4.4(36) 1.8(19) 8.9(84) 25(80) 1.5(94) 0.7 (78)
= Oxy. 1.3(123) 39(33) 16(23) ND ND 0.1 (112) 0.5 (71)
< Spring 47(69) 52(17) 17(15) 2.2(111) 6.3(55) 1.4(93) 0.9 (51)
§ Summer 15(54) 8.2(65) 2.7(45)  30.0 (97) 1.2 (139) 3.0 (94) 0.8 (53)
0

Autumn  1.6(66) 3.6(37) 2.4(36) 19.2(73) 0.4(87)  4.0(95) 0.6 (75)

Chl a, Chlorophylla; VLP, Virus-Like-Particles; Picocya., Picocyanotm@; Picoeu.,
Picoeukaryotes; ANF, autotrophic nanoflagellatebtFd heterotrophic nanoflagellates; ND,
not determined.

Viral abundance (VA) and microbial community comptisn. Complete detailed description
of seasonal VA and microbial community compositi@riations through the whole water
column of the lake is presented elsewhé@olombet et al. submitted. Briefly, VA
fluctuated from 0.96 to 5.09 x 1@irus like particles (VLPs) mt and peaked in the photic
depths (epi- and metalimnion) in summer and aut(fable 1). Heterotrophic bacteria and
picocyanobacteria also peaked in the surface phediters in summer, while auotrophic
picoeukaryotes peaked in spring in the epilimni8milarly, nanoflagellates peaked in the
photic depths, in summer/autumn for autotrophsiarsghring/summer for heterotrophs (Table
1). The specieLCrysidalis and/or Chloromonasdominated ANF communities, whereas
undetermined species arMonas-like cells dominated HNF communities (Table 2). The
Structure of microbial communities was submittedseasonal variations, with different
groups of species presenting abundance peaksimgg@hloromonas, Ochromonas, Monas
like, Kathablepharidag in summer Crysidali and in autumn rysidalis,
Choanoflagellate The abundances of other groupBodonidae undetermined HNF)
remained relatively constant during the study meridrhe ratio between heterotrophic and
autotrophic microbial communities, in terms of atbance, decreased with seasons, from 336

in spring, to 169 in summer, and 156 in autumn.
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Table 2. Relative abundances (% of total) of défér autotrophic and heterotrophic
nanoflagellated species for each layer and seammipled in Lake Pavin. Epi., Epilimnion;
Meta., Metalimnion; Hypo., Hypolimnion; Oxy., Oxyoé.

% of Autotrophic nanoflagellates % of Hetero  trophic nanoflagellates
Cry Rh Ch Oc Ka Mo Co Bo In
Epi. 67 11 15 5 19 3 2 71
Meta. 70 10 16 4 18 3 2 73
% Hypo. 47 18 24 10 7 19 3 1 71
- Oxy. 54 12 20 14 4 23 2 1 71
< Spring 0 27 46 27 7 30 0 1 61
§ Summer 63 9 22 3 15 2 2 78
Y Autumn 89 8 4 0 5 9 7 1 78

Cry, Chrysidalis Rh, Rhodomongs Ch, Chloromonas Oc, Ochromonas Ka,
Kathablepharidag Mo, Monaslike cells; Co, Choanoflagellates; Bdodonidae In,
undetermined cells.

Viral activities and protistan grazing potentialThe frequency of infected cells (FIC)
fluctuated from 0.0 to 22.3 % and was lower in tixgcline than in the mixolimnic layers,
with no marked seasonal pattern (Table 3). Howesfgoradic peaks were observed in April
in photic area and in October in all layers. Thegfrency of lysogenically infected cells
(FLC) fluctuated from 0.0 to 2.4 %, with no parteuvertical or seasonal trend (Table 3), at
the exception of a sporadic peak recorded in Mather metalimnion. Estimated flagellate
grazing (FG) fluctuated from 0.08 to 6.65 x'1Bacteria [*h* and was significantly
(ANOVA, p < 0.05) influenced by depth with highestlues recorded in the photic zone, and

by seasons with highest values occurring duringmsan{Table 3), particularly in August.

Table 3. Importance of lysis, lysogeny and potérgi@azing activities for each layer and
season sampled in Lake Pavin. Epi., Epilimnion; aMeMetalimnion; Hypo., Hypolimnion;

Oxy., Oxycline. Coefficients of variation are shoimrbrackets.

FIC (%)  FLC (%) Grazing (10° bacteria

liter *h™)

Epi. 8.9(56) 0.4 (114) 16.5 (55)

Meta. 75(47) 0.6 (134) 22.4 (80)

a;Hypo. 72(52)  0.5(93) 9.2 (110)
8 Oxy. 3.1(79) 0.5 (82) 5.5 (89)

S Spring 6.2 (93) 0.6 (120) 15.1 (61)

@ Summer 6.0(77)  0.3(96) 19.0 (92)

& Autumn 7.7(85) 0.6 (90) 6.2 (108)

FIC, frequency of Iytically infected cells; FLGefjuency of lysogenically infected cells.
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Morphological diversity of viruses.

The frequency of distribution of caspid sik#ean (+ standard deviation) capsid size for all
samples was at 49 + 4 nm, and fluctuated weakiy 4@ = 4 nm in the metalimnion to 50 +

5 nm in the oxycline. No clear vertical trend wasarded (Table 4). Seasonal mean values
were relatively lower in spring and summer tharautumn (Table 4). Particles with capsid
size ranging from 30 to 60 nm largely dominateduinal communities, representing from 55
to 78 % of the total viral abundance (Fig. 2). \ées in the capsid size classes of < 30 nm and
60-80 nm were in equal proportion (from 6 to 26 8d &rom 6 to 25 %, respectively) (Fig. 2).
Viruses with large capsid size were less abundanging from 1 to 11 % and from 0 to 3 %
of the total abundance, for 80-100 nm and > 100 sme classes, respectively (Fig. 2).
According to depths, only viruses with capsid sz&0 nm presented significant vertical
changes (ANOVA, P < 0.001), with lowest values le toxycline (Fig. 2). According to
seasons, only viruses > 80 nm presented significhahges (ANOVA, P < 0.007) with
lowest values in summer for the size classe > ¥80and in spring and summer for the size
class 80-100 nm (Fig. 2).

Table 4. Mean (coefficients of variation) genonnel @apsid sizes for each layer and season
sampled in Lake Pavin. Epi., Epilimnion; Meta., Blehnion; Hypo., Hypolimnion; Oxy.,

Oxycline.
Mean genome size (kb) Mean capsid size (nm)
Epi. 55 (16) 49 (6)
Meta. 52 (10) 47 (8)
§Hyp0. 50 (10) 48 (5)
8 Oxy. 48 (12) 50 (10)
< Spring 50 (8) 48 (9)
@ Summer 55 (16) 48 (4)
& Autumn 49 (7) 50 (5)

Morphological familiesBased on general morphology, viral communitiesewbminated by
the uncertain family of untailed phages (from 5468% of the total abundance), followed by
Siphoviridae(27 - 40 %),Myoviridae (2 - 6 %), andPodoviridae (0.2 - 2.4 %) (Fig. 2).
Myoviridae, Siphoviridaeand untailed viruses presented significant vammetiwith depths
(ANOVA, P < 0.001), with values lowest in the hyjpamhion for Myoviridag in the
epilimnion for Siphoviridag and in the hypolimion and oxycline for untaileduges (Fig. 2).
No significant seasonal pattern was recorded (ANQVAP > 0.05),
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although the relative abundance Miyoviridae and Siphoviridaewere highest in autumn,
contrasting with untailed viruses (Fig. 2).

Viral genomic composition

Qualitative analysis Analysis of viral genomic composition by pulsedeldi gel
electrophoresis revealed the presence of 34 differieal genotypes in the sampled depths
and during the entire study period (Fig. 3). Theasenpling months were excluded from
qualitative analysis due to insufficient discrintioa between bands, i.e. the month of June in
the hypolimnion, and the months of August and Oetdh the metalimnion. On average (+
standard deviation), 12 = 3 different bands per lavere recorded. The maximal mean
number of bands per lane was recorded in summet @4ands), with highest mean values
in August (16 bands) and in September (16 bandsg. [dwest values were observed in
autumn (12 £ 1 bands) and in spring (10 + 2 bafEg) 3). Mean number of bands per lane
increased weakly from oxycline (11 £ 2 bands) te #pilimnion (13 + 3 bands), with
intermediate values in the hypolimnion (12 + 3ds&rand in the metalimnion (12 + 2 bands)
(Fig. 3).

The analysis of the distribution of genome sizessts based on presence/absence of
bands showed some similarities and differencesrdogp to the sampling time or depths.
Five dominant genome size classes (25-40, 55-64,080 155-180 and 250-292 kb) were
common in all sampling depths and dates (Fig. #fei2nces in fingerprinting were located
in the intermediate size classes. Appearance ofbewls occurred in summer and autumn,
around 20 kb, in the 40-50 kb size classes andndr@d kb (Fig. 3). Interestingly, we have
also observed appearance of new bands in 100-1Em&30-160 kb regions in summer-
autumn and in summer, respectively, particularlyhie epi- and metalimnion (Fig. 3). Finally

we have observed an heterogeneous distributioamd$in the 190-230 kb region (Fig. 3).

Quantitative analysisMean (+ standard deviation) genome size forathgles was at 51 + 7
kb. Mean genome size decreased clearly with démim 55 + 9 kb in the epilimnion to 52 +
5,50 + 5, and 48 + 6 kb in the metalimnion, hypwolion, and oxycline, respectively (Table
4). Mean genome size was higher in summer (55 b)thkan in spring (50 + 6 kb) and
autumn (49 + 3 kb) (Table 4). Viruses with a gen@ize ranging from 15 to 30 kb and from
30 to 45 kb were dominant, averaging 32 % and 26f ¥tal abundance, respectively (Fig.
3). These high proportions were due to the bulkinises at approximately 33 kb for all
sampling dates (Fig. 3). Viruses with genome s#z&5 kb represented the smallest
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Table 4. Mean (coefficients of variation) genomel aapsid sizes for each layer and season
sampled in Lake Pavin. Epi., Epilimnion; Meta., Blehnion; Hypo., Hypolimnion; Oxy.,

Oxycline.
Mean genome size (kb) Mean capsid size (hm)
Epi. 55 (16) 49 (6)
g Meta. 52 (10) 47 (8)
S Hypo. 50 (10) 48 (5)
Oxy. 48 (12) 50 (10)
s Spring 50 (8) 48 (9)
§ Summer 55 (16) 48 (4)
9 Autumn 49 (7) 50 (5)
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proportion of viral abundance (5 %), while thoséhwgenome sizes ranging from 45 to 90 kb
and > 90 kb represented an intermediate fractidn §8d 12 %, respectively) (Fig. 4).

Interestingly, the proportion of viruses with germsizes > 60 kb decreased with depth and
peaked in summer, whereas that of viruses with gensizes < 60 kb increased with depth,

and peaked in spring and autumn (Fig. 4).

Correlation analysisCorrelation coefficients (p < 0.01) between thdeddnt tracers of viral
diversity and the other variables measured arengimeTable 5. Viruses presenting large
capsid and large genome sizes were mainly corcelatth the abundances of eukaryotes.
Autotrophic picoeukaryotes arfdhrysidalis species were correlated with about all genome
and capsid size classes, but indeed were the sotearganisms which were correlated with
viruses in the largest genome (> 105 kb) and cafsi®0 nm) size classes. In contrast, the
abundances of prokaryotes, i.e. heterotrophic pyot@s and picocyanobacteria, were about
exclusively correlated with small size viruses,hbat terms of genome (15-105 kb) and
capsid (30-80 nm) sizes. Regarding the morpholbfgailies of viruses, the dominant group
of ‘untailed viruses’ was correlated with the abances of all picoplankton categories, and
with the Chrysidalis species.Podoviridae were correlated only with these species, while
Myoviridae and Siphoviridae were correlated with the autotrophic groups of
picocyanobacteria, picoeukaryotes ar@hrysidalis All correlation coefficients with
picoeukaryotes were negative, in contrast to thieerotcoefficients. Finally, very few
correlations were noted between viruses and thiedical activity variables (i.e. FIC, FLC,
grazing potential), while temperature appeared sigraficant forcing factor for the dominant
< 60 nm capsid size classes of viruses, and foostiml the morphological and genome size

categories distinguished, due to peaks in sumnterfau(Tables 4, 5).

Discussion

Methodological considerations.Critical assumptions for the use of pulsed fieldl ge
electrophoresis (PFGE) to assess viral diversitie hmeviously been made in various papers
(Wommack et al. 1999b, Stewardet al. 2000, Riemann and Middelboe 2002, Weinbauer
2004, Filippini and Middelboe 2007) Among these, it is important to keep in mind thialty
quantitatively dominant viral genome size may balysed, because of the sensitivity of the
method & 10° viruses per band)/ommack et al. 1999b), that makes that some information

about the total number of viral genotypes in a gisample can be biased. In addition, a close
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Table 5. Significant Pearson correlation coeffitsefp < 0.01) between viral descriptors and

environmental parameters.

Abundances Activities
Viral diversity Temp. Bacteria Picocya. Picoeu. Cry. FIC Grazing FLC
Capsid size
>100nm
80-100nm -0,67 0,52
60-80nm 0,647 -0,73 0,542 -0,5
30-60nm 0,759 0,558 0,627 -0,75 0,713
<30nm 0,527 0,355
Morphological
families
Myo. 0,489 0,55 -0,5 0,552
Sipho. 0,603 0,629 -0,82 0,719 0,45
Podo. 0,595
Untailed 0,753 0,629 0,582 -0,75 0,631 0,431
Genome size
< 15kb 0,403
15-30kb 0,453 0,372 0,775 -0,67 0,61
30-45kb 0,628 0,44 0,57 -0,7 0,571
45-60kb 0,688 0,55 0,6 -0,72 0,654
60-75kb 0,655 0,48 0,59 -0,75 0,64
75-90kb 0,692 0,53 -0,71 0,631
90-105kb 0,622 0,52 -0,64 0,568
105-120kb 0,699 -0,67 0,586
120-135kb 0,663 -0,53 0,48 0,45
135-150kb 0,672 0,571 0,48 0,466
150-165kb 0,606 -0,55
165-180kb 0,655 -0,61 0,593
180-195kb 0,631 -0,6 0,642
195-210kb 0,57 -0,57 0,51
210-225kb 0,591 -0,56 0,567
225-240kb 0,603 0,52
240-255kb 0,667 0,557 -0,52 0,53
255-290kb 0,482 -0,57 0,551 0,53
>290kb 0,703 -0,61 0,51

%1n bold p<0.001, in italic p<0.01 ; Temp., tempara; Picocya., Picocyanobacteria; Picoeu.,
Picoeukaryotes; Cryzhrysidalis FIC, frequency of lytically infected cells; FL&gquency

of lysogenically infected cells
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succession of high density-bands, that differeq tayl few kb, results sometimes on a smear
making difficult the distinction of individual basdn a given region (in 33 kb region of our
gels for example). Instead of providing a realigtstimation of total viral diversity, based on
the distribution of dominant genome sizes, PFGE@ah provides an efficient, rapid and
easy way to detect major differences in viral comitiels between environments or time-
points, and gives an estimation of minimum numbfeditierent viral genotypegFilippini

and Middelboe 2007)

These estimations were, in this study, completecedtymation of viral phenotypic
diversity by transmission electron microscopy (TENIhe viral concentration method used
allowed to obtain purified viral concentrates, @neg major interferences from organic or
inorganic particles during PFGE migration or TEMselvations(Colombet et al. 2007)
However, during preparation of the grids for ulgnatrifugation, the tails of phages may be
dislocated from the capsid, resulting in an underedion of tailed phages. In addition,
positive staining may not be an optimum procedoreditecting fine structures such as the
small tailedPodoviridae(Proctor 1997) Finally, in addition to the above inconvenients o
PFGE and TEM methods, preparation of viral cone¢es can introduce a bias by removing
large sized viruses during prefiltration (onto (u&h) of natural sample@aul et al. 1991,
Auguet et al. 2006)

Viral diversity and relationships with microbial comunities
General morphologyAccording to general morphological traits, vidapkton in Lake Pavin
appeared to be dominated by untailed viruses (fsdnto 68 %), followed bySiphoviridae
(from 27 to 40 %). The proportion of untailed viessfell in the range of those previously
reported in freshwater lake€Colombet et al. 2006, Liu et al. 2006) although higher
proportion has been reported Byguet et al. (2006)in estuarine waters. However, because
(i) 96 % of all known bacteriophages are tailedd gn) exhaustive documentation of
virioplankton diversity in aquatic environments tsmwn that the majority of virioplankton
are tailedAckermann 2001) it is surprising to have such high proportioruafailed viruses
during our study. A possible explanation is theupsion of tails during ultracentrifugation of
samples prior to TEM observations. The dominanc8iptoviridaeamong tailed viruses (88
% of total tailed viruses) was in agreement with skudy byAuguet et al. (2006)but was not
found in other studie@Vommack et al. 1992, Ackermann 2003)

Temporal variations in the abundances of untailiedses and oSipho-, Podo-and

Myoviridae were weak, suggesting a seasonal stability inl icamunity composition.
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However the highest proportions bfyoviridae and Siphoviridaewere recorded in autumn
and these morphotypes were correlated with picamyacteria and whithrysidalisspecies.
This is in agreement with the data from the literatshowing that almost all viruses infecting
phytoplankton, primarily cyanobacteria, wekéyoviridae or Siphoviridae (Wilson et al.
1993, Suttle and Chan 1993, Waterbury and Valois 23, Lu et al. 2001, Mann 2003,
Yoshida et al. 2006) Other interesting correlation was the one betweagailed viruses and
bacteria, which apparently contrasts with the faat bacteriophages generally are considered
to be tailed particles. A significant tail loss ohg sample preparation could explain this
observation, suggesting that the tails of bactéages could be more fragile than those of
algal viruses. Hence, the majority of untailed ses in our samples could be bacteriophages.
Spatial variations showed contradictory resultshwlowest proportion ofMyo- and
Siphoviridaerecorded in the surface waters (epi-, metalimnianyl the lowest proportion of
untailed viruses in deep layers (hypolimnion, oiy&) were bacteria dominate. Direct or
undirect (through infected cells) sedimentation banevoked, wittSiphe and Myoviridae

probably presenting a higher sedimentation ratepawed to the untailed viruses.

Capsid sizeBased on the assumptions (i) that typical pelgdiages in temperate aquatic
systems lack pleiomorphism, and (ii) that differesiin the capsid size reflects difference in
viral community composition, results obtained dgrithe present study showed that
virioplankton was dominated (55 to 78 % of totalatlance) by viruses with capsid size
diameter comprised between 30 and 60 nm. Dominah¢&Ps with capsid size in this range
have been previously recorded in marine and fresdwenvironmentgHennes and Simon
1995, Alonscet al.2001, Stoparet al. 2004, Weinbauer 2004, Auguett al. 2006, Liuet al.
2006) One exception is results reportedMgthias et al. (1995)in the Kiihworte backwater
system of the Danube River where viruses with chgsze diameter from 60 to 90 nm
dominated. Our mean capsid diameter was at 49mdand fell in the range (51 £ 18) of
results reported byAuguet et al. (2006) but was slightly lower than those (62-68 nm)
reported byDemuth et al. (1993)in freshwater environments. In various environraggbme
studies have shown that the diversity of virusesneded based on the distribution frequency
of the capsid size can vary with time and spacesreds others have reported no significant
variations(see Weinbauer 2004)Herein, low variability (47 to 50 nm) of mean sapsize
suggested spatio-temporal stability in viral comityun

Few interesting variations were recorded, e.g.dahaosviruses with capsid size > 80

nm which presented peak abundance in autBrussaard (2004)andDunigan et al. (2006)
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have reported that algal virus presented highersidamliameter (> 100 nm) than
bacteriophages. So it is no surprising to find hagbportion of virus > 80 nm in autumn,
concomitant or following peak in phytoplanktonicespes and characterized by the lowest
ratio between total abundances of heterotrophic pimotoautotrophic species. This was
reinforced by the positive correlation between s@s with capsid size > 80 nm and
Chrysidalisspecies. Thus we can hypothesize than virusesoahid sizes > 80 nm could be
algal viruses. In contrast, bacteria abundance exatusively correlated with small capsid
size viruses (30-60 nm) and picocyanobacteria Wwath small and intermediate capsid size
viruses (30-80 nm). These results corroborate théings by Weinbauer and Peduzzi
(1994) and byHennes and Suttle (1995dn the predominance of viruses with small capsid
size between 30 and 60 nm within bacterioplankidrile picocyanobaceria which are larger
in size than heterotrophic bacteria harbour lasges (40-90 nm) viruse&f. Lu et al. 2001,
Yoshida et al. 2006) Spatial variations showed contradictory reswiish lowest proportion

of small viruses (30-60 nm) recorded in the oxygliwhereas this environment appeared to
be dominated by heterotrophic bacteria. One agtirg could be explained by the
sedimentation of large viruses or of infected hégim the surface wate(®anovaro et al,
2001)

Genome sizeResults recorded showed that the viral genomic cmitipn (VGC) was
dominated by five size classes (25-40, 55-65, 80-165-180 and 250-292 kb) common to
all sampled depths, the two genome size classéiseimange 25 - 65 kb being the highly
dominant populations. Distribution in several cisssf VGC in freshwater viral communities
was also demonstrated Byuguet et al. (2006)and byFilippini and Middelboe (2007).
Auguet and coauthors reported five dominant mobecsize groups (12-17, 24-29, 30-48, 50-
70, > 90 kb) while Filippini and Middelboe reportedo dominant size classes (30-41, 53-64
kb), with the majority of viruses exhibiting genorage < 65 kb in both cases. Our results
suggest that the five dominant classes in Lake riPawere permanent members of the
mixolimnic layer of the lake. In this lake, we hdeeind a total of 34 different genomic bands
(i.e. all sampling depths and dates combined),ingnig size from 15 up to 292 kb. In marine
waters, between 5 and 35 different bands can hmglisshed(Weinbauer, 2004) Herein,
we have recorded between 6 and 18 bands per lagen(ri2 bands per lané&jlippini et al.
(2007) reported between 10 and 20 clearly visible baretslgne in marine coastal waters,

estuarine waters and in freshwater lakes of Denmaitkh highest values in the eutrophic
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Lake Frederiksborg Slotis Auguet et al. (2006) reported only 4 + 3 bands per lane on
average, along a salinity gradient of the Char&steary, France.

Spatio-temporal variability in VGC was obvious frahe appearance of new bands in
summer and/or in autumn in the region 15-60 kbalbsampled depths, and in the regions
100-115 kb and 130-160 kb in the epi- and metalomnWith the assumption that bands < 60
kb represented bacteriophag@éskermann et al, 1992) occurrence of new bands in 15-60
kb region could reflect seasonal changes in batteommunity composition (BCC).
Riemann and Middelboe (2002)n a study of VGC and BCC at a seasonal scales failed
to show significant covariations of these two pagtars, probably due to the fact that they
found high spatio-temporal stability in both VGCdaBCC, which is not the case in Lake
Pavin for BCC(Boucher et al, 2006) More interesting is the appearance of new bands i
100-115 kb and 130-160 kb regions in summer-autland in summer respectively,
concomitant to peaks in the abundances of autotragggecies, primarily picocyanobacteria
and Chrysidalis species. It appears that variations in VGC couidlibked to those in
microbial communities, as additionally supportednir densitometric analyses of PFGE
bands. Indeed, the highest mean genome sizes e®veded during summer in the surface
epi- (55 + 9 kb) and metalimnion (52 = 5 kb) dug#aks in viruses with genome sizes > 60
kb, which were concomitant to peaks in the abunesraf autotrophic species. Moreover,
about all genome size classes (up to > 290 kb) wenelated withChrysidalisspecies, but
only the sizes classes within 15-105 kb and 15-7&&homic regions were correlated with
picocyanobacteria and with heterotrophic bacteespectively.

This indicates that not only the phenotype sizesda but also the genome size classes
within viral communities increased with the incregssize and biological organization of
their potential hosts, with viral genome size pagiohs vs potential hosts suggested as
follows: > 290 kb vs eukaryotes, 15-105 kb vs py@swbacteria, and 15-75 kb vs
heterotrophic procaryotes. Similar indication waggested byandaa and Larsen (2006
marine waters, agreeing well with the data fromlitezature showing that the viral genome
sizes decreased from bacteriophages (< 60 kiAakermann et al. 1992 to cyanophages
(40.9 - 252 kbyYoshida et al. 2006, Popeet al. 2007, Xinyaoet al. 2007, and to eukaryotic
algal viruses such as phycodnaviruses (100 - 568 klssaard 2004, Dunigaret al. 2009.
The approach used in this study thus provides neev aiginal information on the link
between viral diversity assessed based on the geisora and the composition and structure
of microbial communities, although a single PFGEBdaould not be firmly linked to a given

host population.
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Conclusions

In the present study, we have shown that the maises in Lake Pavin have a capsid
size diameter comprised between 30 and 60 nm, petbto the family ofSiphoviridaeor
were untailed, with a genome size comprised in vagor size classes: 25-40 and 55-65 kb.
Although the composition of viral community based these criteria show tendency to be
relatively stable, interesting spatio-temporal &aons and empirical correlations were
recorded. The composition of viral community wasrenstrongly linked to the microbial
community structure than to activities (i.e. lysigsogeny, potential grazing) or to the
chemical environment (i.e oxygen, chlorophyll). Engal relationships suggested the
existence of three different viral communities lthsen the sizes of phenotypes and
genotypes: (i) viruses with large capsid (> 80 ram{l genome sizes (up to > 290 kb) were
related to eukaryotes, (ii) viruses with interméeliaapsid (30-80 nm) and genome sizes (<
105 kb) appeared to be linked to picocyanobactand, (iii) the smallest viruses with capsid
size < 60 nm and genome size < 75 kb probably wpeeific to heterotrophic procaryotes.
The dynamics oMyoviridaeandSiphoviridaeshowed a tendency to be forced by autotrophic
microorganisms, whereas the dynamics of untailedses were linked to bacteria. Finally,
temperature appeared as a strong forcing facttraerdynamics of viral diversity, may be as
the result of indirect interactions between tempgeaand the viral host availability. Overall,
the present study supports previous staterf@vibmbet et al. 2006}hat the host availability
is crucial to viral diversity, diversification, ss@nal abundances, and activities, than do the

physico-chemical environment.
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Partie 1 : Etude préliminaire ponctuelle

Depth-related gradients of viral activity in Lake Pavin
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Abstract

High resolution vertical sampling of viral and paoliotic parameters in a deep
volcanic lake shows that in the absence of thestratification but within light, oxygen and
chlorophyll gradients, host availability empirigals prevalent over the physical and chemical

environments and favors lytic over lysogenic “viiigd cycles”.

Introduction

Viral activity is crucial to microbial mortality, idersity, potential gene transfer, and
lysogenic conversion in aquatic systefnscent reviews in 18, 19) Viruses can impact
ecological processes and nutrient cyd28) but this, ultimately, depends on whether the
virus is lytic or temperate. Studies examining éadata sets have revealed that prokaryotes
form the major host reservoir for viruses in petagyystemgcf. 2). Protistan grazing and viral
lysis are major sources of bacterial mortality imede systems. In general, bacterivory
dominates but losses of bacteria from viral lysistimes are comparable to those from
protistan bacterivorycf. 13) In conditions such as anoxia, bacteriolysis gahers much

higher than bacterivory based on evidence from riteal (12) and empirical field
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investigations(2). In contrast to bacterivory and lytic viral infext which have been
examined in a variety of marine systems, only ttualies have investigated the two viral ‘life
cycles’ simultaneously but not together with baetay (11, 21) In freshwaters, only one

study has examined temperate phages in the suaigeof Lake Superiafl7).

Pelagic viral ecology thus lacks studies where mak prophage induction, lytic viral
infection, and bacterivory are investigated simatusly. In addition, most of the studies on
these processes have ignored the well known caoriib of depth-related gradients as a
major forcing factor in aquatic systems. Such dbaotron is needed to fully assess the
potential roles of viruses for microbial food-wetnpesses, and to address hypotheses that (i)
in suboxic and anoxic waters, the importance ot lyiral infection increases relative to
bacterivory(2, 13, 20) and (ii) lysogeny increases as lytic viruses eélases with their host
densities and productiof21). Herein, we address these questions by examihegyertical
distribution of the frequencies of lytically and lggogenically infected cells together with the
potential bacterivory from heterotrophic nanofldages in a deep meromictic lake. Samples
were collected in early spring when the isothermater column showed gradients of light,
oxygen and chlorophyll, in order to avoid falseenpiretations of correlations that often result

from the co-variation of two variables with resptxh third factor, usually temperature.

Materials and Methods

Lake Pavin is a deep 4 = 92 m) meromictic mountain lake located in therfeh
Massif Central (2°56’E, 45°29’N). Samples were take triplicates on 20 April 2004 at the
reference station (located in the middle and trepdst part of the lake) using a 8-L Van Dorn
bottle. A total of 15 depths were sampled in thiestinct layers, comprising 7 depths in the
mixolimnion (0.5, 5, 15, 20, 30, 40 and 50 m), pttis in the oxycline, (56, 57, 57.5, 58 and
59 m), and 3 depths in the anoxic monimolimnion, (60, 80 m). Water temperature and
dissolved oxygen were measuiadsitu with an oxycal-SL 197 multiparameter probe (WWT,
Limonest, France). Secchi depth)(fheasurements were used to estimate the eupleytb d
(Zey according to the relationshipZ 2.42 Z (22). Chlorophylla concentrations (Chl) were
determined spectrophotometrically following extractin 90% aceton€16). For viral and
bacterial abundances, subsamples were fixed wih [@m filtered buffered alkaline formalin
(final concentration 2% v/v) immediately after sdimg, and filtered (<15 kPa vacuum)
through 0.02 um pore size Anodisc filters (Whatmistaidstone, UK). Counts were done

under a Leica DC 300F epifluorescence microscopgas¢@gpe) following staining with
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SYBR Green | fluorochrome (Molecular Probes Eurdggden, Netherlands) as described by
Noble and Fuhrmal0). When not analysed immediately, slides were state@0°C until
counting.

Bacterial production was determined by the incomion of *H-leucine (final
concentration 40 nm, specific activity = 71 Ci mihoAmersham Biosciences, UK) into
bacterial biomass using the microcentrifuge met®dincubation time (30 minutes situin
the dark) was fixed from preliminary experimentsidocted on 25 March 2004, and protein
precipitation in controls (i.e. 5% TCA-killed) arftked-assays was aided by adding NaCl
(final concentration 3.5 % v/v) at 18°C for 30 miifter centrifuge-washings, microbial
pellets were dissolved in 0.2 ml 1.2 N NaOH at 88320 min and scintillation cocktail (1
ml, Ready Safe, Beckman Coulter) added for radigictounting with a Beckman LS 6500
liquid scintillation counter. For suboxic and anosamples, incubations were done in 5 ml
sterile serum bottles sealed with rubber and alumincrimp caps and flushed with,N
Leucine incorporation was converted into the nunmddecells produced by using conversion
factors (0.27 x 18 cells mot* for oxic waters and 0.25 x ¥0cells mot* for suboxic and
anoxic waters) determined during preliminary expents conducted on 25 March 2004.

For viral Iytic infection, the frequency of infectecells (FIC) and the viral-induced
bacterial mortality were calculated from the fregeye of visibly infected cells (FVIC)
obtained from observations under a JEOL 1200EX strassion electron microscope,
following ultracentrifugation and uranyl acetataising. The procedure is detailed elsewhere
(2, 13) For each sample, mean burst size was estimaiadtfre number of viruses in those
infected cells which were filled with phages. Irddamn, free viruses were examined for the
relative abundances of 3 arbitrary divided sizes#s based on the capsid diameter: < 60, 60-
100 and > 100 nm. Viral lytic production was estiath by multiplying bacterial cell
production by FIC/100 and the burst size. The feeqy of lysogenically infected cells (FLC)
was determined from the induction of prophagesgusmtomycin C(8). Mitomycin C was
added to samples (final concentration 1 pg)nt 20 ml sterile serum bottles, and untreated
samples served as controls. For the suboxic angi@asamples, serum bottles were sealed
with rubber and aluminium crimp caps and flushethw,. The incubation time (24 houirs
situ) was fixed from a 76-hour time series preliminagperiment conducted on 25 March
2004. Subsamples were removed with syringes at i) #4 hours and fixed with
glutaraldehyde for viral and bacterial counts. F@s estimated from viral abundances in
mitomycin C treated (VAm) and control (VAc) inculmts, and bacterial abundance (BAtO)
and burst size (BStO0) in original samples : FLOOO[{VAmM — VAc)/(BStO x BAtO) (21).
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Samples for enumeration of heterotrophic nanoflaged (HNF) were fixed
immediately after sampling with glutaraldehyde dficoncentration 1%). Primulin stained
HNF collected on 0.8 um polycarbonate black fillwese counted under UV excitation using
the LEICA Episcopécf. 2, 13) Potential grazing rates of heterotrophic nan@fliages were
estimated as the product of bacterial concentratilagellate concentration and assumed
mean clearance rate of 6.1 nl flagelt4té ( range: 0.7 to 11.5 nl flagellatie’) reported by
Carrias et al(5) during a seasonal study on Lake Pavin. These sddllewithin the range of
values published for freshwater systgiis).

Differences between mixolimnion, oxycline, and mmoalimnion were compared with
standard analysis of variance (ANOVA). Potentidhtienships among variables were tested

by Pearson correlation analysis. All data wereyaeal after logarithmic transformations.

Results and discussion

The vertical environmentDuring the study, the isothermal water columngemature was at
about the point of maximum density (4.3°C). Theewdtansparency (Secchi depth = 6 m)
represented half of the annual maxim(Bhand the euphotic zone extended over one third of
the mixolimnion(22). Oxygen concentrations in the water column reéldc¢he annual range,
i.e. from anoxia to 12 mgt (2, 5) Based on these concentrations, the three layetiseo
water column were characterized as oxig ¥@ mgL?), suboxic (Q between 0.1 and 8 mgL
1) and anoxic (@between 0 and 0.1 mdl, corresponding to mixolimnion (0-50 m depth),
oxycline (50-59 m), and monimolimnion (60-92 m)spectively (Table 1, Fig. 1). Pigment
concentrations (2 - 13 udl. also reflected the typical annual range and welsted to the
development of large size diatorAslacoseira italicaandAsterionella formosavhich, at the
sampling period, typically accounted for 50 to 98¥othe total phytoplankton biomass in
Lake Pavin. Deep Chl peaks in Lake Pavin, obseated0 and 57.5 m depths during this
study, typically are known as the result of theimeshtation of these diaton($).

Viral size classesPhage polyhedral head sizes in our samples rainged10 to 130 nm and
tail sizes from 10 to 180 nm. Tailed viruses actedrfor 75 % of the total free viruses,
indicating that most of the viruses were bacterag@s. We considered this to be conservative
because they may have been nontailed bacteriophagtsled bacteriophages that lost their
tails during ultracentrifugation or with low to noontrasted tails during the staining

procedure. Phages with head sizé¥) nm clearly dominated the viral community in
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Table 1. Mean values (x CV) for samples collectedhie three main layers of Lake Pavin.
Between-layer comparisons (ANOVA, p < 0.05): paifs* or of * indicate significant
differences between two of the three layers, asiynificant differences between the three

layers.

0, Chl VA BS FIC® VBM® FLC BA BP HNF"

105 103 622 132 98 118 120 27 106 1.6
Mixolimnion  (7.8) (17.8)% (30.2f (22.3)* (58.8) (43.4) (15.7)* (26.8f (25.0f* (101.5)

47 45 77 259 339 399 24 3.8 200 0.7
Oxycline (55.7) (60.7)* (30.1)* (13.6)* (36.5) (40.7) (107.5)* (32.5)* (35.9)* (57.5)

0.3 2.7 29.9 27.7 58.9 825 2.2 114 19.8 0.005
Monimolimnion (5.7) (34.0f (33.7)* (8.4) (22.7) (46) (56.4f (42.8)% (35.9) (100)

0, oxygen concentration (md); Chl, chlorophyll a concentration (ugt); VA, viral
abundance (foparticles [Y); BS, burst size (viruses bactéhaFIC, frequency of lytically
infected cells (% of VA); VBM, viral mediated badtd mortality (% of BP); FLC, frequency
of lysogenically infected cells (% VA); BA, bactatiabundance (£&ells L'*); BP, bacterial
production (16 cells L* hourt); HNF, abundance of heterotrophic nanoflagellg1€8 cells
L™).

Oxygen (mg L ), chl (gL %)

-10
—l- oxygen
-20 «

230 «
240
.50

-60 \ WY & = m m om

Figure 1. Vertical variations of oxygen and chldrgib a concentrations in Lake Pavin. Error
bars represent standard deviations for triplicakes. three layers (mixolimnion, oxycline, and

deep monimolimnion) of the sampled water columnstii@vn (same in other figures)
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oxygenated waters (Fig. 2), corroborating repomsnfthe world aquatic systems were the
size class 30-60 nm is normally dominant within Woplankton (19, 24) However, this
generalisation is weakened herein because the tlirglesize classes were about equally
abundant in hypoxic and anoxic deep waters, suggeshat the composition of viral
communities may differ markedly according to veatigradients in aquatic systems. For
example, the presence of eukaryotic (algae, mepaokton, fish) and allochthonous (from
catchment, atmosphere) viruses may be prevalenthenr mixolimnion than in the

monimolimnion of deep meromictic lakes such as LR&ein.

Standing stocksViral abundances (range 3 to 37 X particles m[') peaked in the anoxic
monimolimnion and were roughly lower than the seas@bundances (10 to 50 x®1¢klls
mL™) reported byBettarel et al. (3)in the thermally stratified mixolimnion of Lake Wa.
Our bacterial abundances (7 — 25 X &6lls mL") were up to one order of magnitude higher
than in Bettarel and coauthors (2 — 9 X &6lls mL"), due to the very high bacterial stock in
the monimolimnion. Compared to the seasonal va{oe=an = 7.1 £ 1.9) in the stratified
mixolimnion of Lake Pavir(3), our virus-to-bacterial ratios, VBRs (mean = 2.8.4), were
lower but similarly varied little compared to abandes. In Mediterranean and Baltic Seas,
low bacterial stocks in suboxic and anoxic deepevgatesulted in particularly high VBRs (up
to 50) compared to the surface lay@d). The vertical distributions of viral and bacterial
abundances during our study were similar and neglgiticorrelated with oxygen (Table 2,
Fig. 2). Numerical values and spatial fluctuatiamshe upper oxic layer were low, followed
by an exponential increase towards suboxic and ianayers. Together with the low
variability noted in VBR, this confirms previousdications that most of the free viruses in
the plankton were bacteriophages, and that thera tose coupling between viral and
bacterial concentration@, 3) Similar vertical trends were reported for virusesa small
eutrophic lakg20) and for bacteria in a meromictic laké. Surprisingly high viral densities
in mesopelagic and deep marine waters (up to 20@@pth) were also reportécf. 6, 21) In
Lake Pavin, the possibility that monimolimnic viess come from the surface layers is
unlikely because of the chemocline barrier andirtdéecation from the size class analysis that
they were indigenous to the deep waters. It has baggested that high abundances of free
viruses in deep marine waters may be due to arased survival rate of viruses in low
temperature waters because viral infectivity desgdawith decreasing temperatiigd). Our
empirical data do not seem to support this hypashes least for the meromictic Lake Pavin

which was isothermal during our study. It is thikelly that biological processes, including
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Viral size classes (%total) VA (10° viruses L ™), VP (10 viruses L * h™)
0 10 20 30 40 50 60 70 0 10 20 30 40

——>100 nm
.90 - —{1-60 - 100 nm
—A— <60 nm
BA (10°%ells L ), BP (107 cells L *h™) HNF (10° cells L ™)
0 10 20 30 40 0 1 2 3 4 5

Figure 2. Vertical variations of the relative abandes of viral size classes (i.e. % total
observed), of viral abundance (VA) and Iytic produe (VP), of bacterial abundance (BA)
and production (BP), and of the abundance of hetgbic nanoflagellates (HNF) in Lake

Pavin. Error bars represent standard deviationsifdicates.
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lytic activity and induction of prophages in congtion with host availability, were prevalent

over the physical environment in the viral proléeon in deep anoxic waters.

Table 2. Correlation relationships of basic pararsein the water column of Lake Pavin.

VP, viral production; other abbreviations as in [Eab

0, Chl VA FIC VP FLC  BA BP
Chl. 0.699

VA -0.887 -0.540

FIC -0.845 -0.690 0.656

VP -0.837 -0.825 0.633 0.943

FLC 0.583 NS NS -0.743 -0.804

BA -0.900 -0.617 0.969 0.723 0.687 -0.528

BP NS -0.727 NS NS 0.674 -0.598 NS

HNF 0.893 0.603 -0.863 -0.716 -0.680 NS -0.831 NS

Italic, p < 0.05bold, p < 0.02 underlined bold, p <0.001 NS, not significant

HNF cell numbers in this study (0 to 4 x*X@lls mLY) were at the lower end of the
seasonal ranges (2 to 20 X tells mLY) in the thermally stratified mixolimnio¢8), but were
similar to those (0.8 — 2.2 x i@ells mLY) reported during early spring in the same lake
(4).The spatial pattern in HNF abundances clearlyrestg#d with those in viral and bacterial
abundances (Fig. 2). HNF peaked in the surfaceredsed with depth, and were almost
absent in the deep anoxic waters. This pattern megmtively correlated with viral and
bacterial abundances and positively with oxygenbl@a2), implying that deep anoxic

conditions excluded typical bacterivores.

Lytic viral infection vs potential bacterivoryinclusion of the monimolimnion layer in our
study (Table 1) resulted in higher FIC levels (778%), compared to seasonal values (5 —
40%) reported in the stratified mixolimnion of LaRavin(2). In other aquatic systems, this
variable generally is < 50% (24). Bacterial lytiorality in the monimolimnion was about 2
and 8 folds higher than in oxycline and mixolimni@pectively, and almost all the mortality
in the anoxic deep waters were through viral IyBig. 3, Table 1). The same vertical pattern
was observed for the calculated viral lytic produet(Fig. 2). This implies that the high viral
densities in the monimolimnion were produdeditu. The sharp contrast observed between
the vertical patterns of viral bacteriolysis andgoial HNF bacterivory supports the idea that

in environments such as suboxic and anoxic watleesmportance of lytic viral infection
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increases relative to bacterivory (2, 13, 20). B Iytic production of viruses were indeed
positively correlated with bacterial abundance pratluction but negatively with oxygen and
HNF abundance and potential grazing (Table 2).elasing lytic mortality with depth has also
been reported in the anoxic deep waters of thadB&#éa with values up to 71% (21), similar
to those reported herein for the monimolimnion aké& Pavin. These values are among the
highest reported for marine and freshwater systélfs 24). We suggested that they are
related to the low grazing pressure and to the himgt abundance and production perhaps of

low diversity in deep anoxic waters.

Bacterial mortality (% BP) FLC, FIC
0O 20 40 60 80 100 120 0 10 20 30 40 50 60 70 80
0- v v 0‘ T T v v v v

-10 - A '10 -

-20 - -20 4

—O— Potential grazing
—{1VBM -30 4

-30 =

40 -

-50 =

-50 <

-60 IR M A - - : 60 Jgu- Tl dxi - - - -
-70 < -70

-80 < -80

90 -90

Figure 3. Vertical variations of Iytic viral medet (VBM) and potential grazing mediated
mortality in bacterial assemblages, and of the ueegies of Iytically (FIC) and of
lysogenically (FLC) infected bacterial cells in lealPavin. Error bars represent standard

deviations for triplicates.

Lysogeny vs lytic infectionOur data suggest that a substantial proportidmaoferia in Lake
Pavin contained functional viral genomes. Mitomydh certainly does not induce all
lysogenic bacteria and may also influence non-lgaesgalthough the concentration we used
is known to induce temperate lambda phage whilginigabut a small direct effect on its host

bacterium Escherichia coli(14). It is thus possible that our frequencies of lysag bacteria
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(range 0.1 to 16%) are underestimates. Using tinee saethodological approach, lower
values (0.1 to 7.4 %) were reported in the surfager of Lake Superiol7). Values up to
84% have been reported in deep marine waters, dngrglly are on average below 15% in
estuarine, coastal, and offshore surface wdtér®1) In contrast to other viral and bacterial
variables under study, lysogens were about 4 faoyther in the oxic and relatively well-
illuminated mixolimnion than in suboxic and anoxwaters (Table 1, Fig. 3). This indicates
that the level of lysogeny, which was significantiglated to depth, apparently was not
affected by the surface light environment as exgkeétom current knowledge. Contrary to
their original hypothesis, Tapper and Hick&7) also observed higher percentages of
lysogenically infected bacteria in the surface tirathe subsurface of Lake Superior. In our
study, the relative abundances of lysogens wereativedy correlated with bacterial
abundance and production and with FIC and virat lgtoduction (Table 2), supporting the
hypothesis that lysogeny is a strategy for survofaphages in environments with low host
availability. This was also recently supported froan deep profiling study in the
Mediterranean Sea, but with inversed vertical pasteompared to our study, i.e. increasing
lysogens with decreasing FIC and the host abundamderoductivity relative to deptR1).
The relationship between the frequencies of lysmgdly (y) and of lytically (x) infected
bacteria in this study was described best by a péuvetion (y = -4.5 In(x) + 20, R= 0.65),
indicating that there are environmental charadiessin relation with potential host densities
and availability, favoring one of the two ‘viralfdi cycles’ (21). The contrasting vertical
patterns observed between this study and that Yembauer and coworke(g1) imply that
the resource availability for phages (i.e. hostimmment) may be more important than the
physical (i.e. temperature, light) or the chemica&. G)) environments in favoring one of the

two ‘viral life cycles’.
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Abstract

This study presents an original depth-related suofevirioplankton abundance (VA) in the
deep (%4ax = 92 m) meromictic mountain Lake Pavin (Massif €&l France), in correlation
with the abundances of heterotrophic bacteria (B#¢pcyanobacteria (Pcy), autotrophic
picoeukaryotes (Peu), and of autotrophic (ANF) hetkrotrophic (HNF) nanoflagellates. The
sampling strategy was designed to be representatitiee physico-chemical gradients of the
water column of the lake, and the seasonal vaitglais well, i.e. 12 different depths sampled
in triplicates from April to December 2005. The mdinding was that the depth-related
distributions and the community structures of v@signd the microoorganisms under study
differed markedly from those known from previousdsés on biological limnology of Lake
Pavin, most of which were conducted in the mixolensurface waters of the lake. In these
waters, all communities were present and virusesre weorrelated mainly with
microautotrophs which exhibited peak abundancespimg, summer and autumn, for Peu,

Pcy, and ANF, respectively. Eucaryotes and picdeapbs were mainly restricted to the
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mixolimnion of the lake. From the hypolimnion doward, an apparent shift occurred in the
community structure of viruses and heterotrophictdx@a, characterized by an increased in
the coefficient of correlation between the two commities from the hypolimnion (0.49) to
the oxycline (0.69), and a decrease in virus-tadya ratios from values typical of pelagic
systems (2-10) to substantially lower but more Istablues (1.6-3.8) in the monimolimnion,
due to an increase in BA relative to VA. The pereraly anoxic monimolimnion thus
appeared as an exclusive habitat for thriving abtsges of viruses and heterotrophic
bacteria, where organic matters and nutrientslikee sequestered by the related dark viral
loop processes. Overall, the depth-related didiohuof the biological items analysed were
consistent (i) with their trophic strategies (ataphs vs heterotrophs) relative to the vertical
variability, and with (ii) the decreasing complgxitof their biological organization
(eukaryotes, prokaryotes, viruses), toward the paently anoxic deep waters of the lake,

considered as an extreme environment.

Keywords: Viruses, Microbial ecology, Population dynamicsedp variability, Aquatic

ecosystems

Introduction

Phages are now widely recognized as the most ubiggji abundant, and potentially
diverse biological entities in the world aquaticoggstem(Fuhrmann & Suttle, 1993;
Fuhrman, 1999; Wommack & Colwell, 2000; Weinbauer,2004; Suttle; 2007) Their
standing stocks have been shown to vary dependmgpatial (Cochlan et al, 1993;
Steward et al, 1996; Weinbauer & Hofle, 1998; Tayloret al, 2003; Brum et al, 2005;
Magagnini et al, 2007)and seasonal/temporal characteristics, in boghfi@lathias et al,
1995; Hofer & Sommaruga, 2001; Bettarelet al, 2003; Vredeet al, 2003; Farnell-
Jackson & Ward, 2003)and marine water massgbang & Paul, 1994; Weinbaueret al,
1995) With the assumption that most of the aquaticsgauiare bacteriophages, almost all
these studies have considered variations in vibaindance in relation to those in their
potential host communities, primarily heterotropprokaryotes, without taking into account
the other components of the microbial trophic nekwo

Evidence has been provided that viruses can iafedtregulate phytoplankton species
(Mayer & Taylor, 1979; Suttle et al, 1990; Suttle & Chan 1993; Tarutaniet al, 2000;
Jacquet et al, 2002; Yoshidaet al, 2006) Few studies in marine and freshwaters have

shown that the dynamics of viruses can be moreslglaglated to picocyanobacteria than to
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heterotrophic bacterigBettarel et al, 2002; Dorigoet al, 2004) Infection of heterotrophic
nanoflagellates (HNF|Massanaet al, 2007) consumption of viruses by HN[Bettarel et
al., 2005)or enhancement of viral lysis by HNF grazifweinbauer et al, 2003a; Sime-
Ngando & Pradeep Ram, 2005; Weinbaueet al, 2007, Pradeep Ram & Sime-Ngando,
2008) have also been reported. In addition to heterbimoprokaryotes, viruses are thus
probably able to interact directly or indirectlyttvidifferent components of the microbial food
web.

Besides, microbial communities are well known to Highly affected by seasonal
forcing and, more particularly, by the vertical sgation of physico-chemical variables
through the water colum(Pourriot & Meybeck, 1995). This is of a central importance to
the carbon flows in aquatic ecosysteffianaka & Rassoulzadegan, 2002, 2004; Tanakd
al., 2004 and references therein)basically because heat and light penetrations thed
related stratification of the water column govesasonal cycles of primary resources and
their physical (e.g. sinking), chemical (photodeigitéon) and microbial processing. However,
the depth-related fluctuations in virioplankton Bawot yet been explored at a seasonal scale.
To our knowledge the rare work studying seasonanghs in viruses and microbial
communities in relation to physico-chemical varesbin deep lakes have mainly dealt with
surface wateréBettarel et al, 2003) This may result in a misreading of relationsHipking
viruses to microbial communities and to physicorstoal properties of the water column
and, therefore, leave open fundamental questionsetning the role of viruses in aquatic
systems and the ecological potentials for the wha@ter column processes. Contribution of
deep environments is of a central importance iraagumicrobial ecologyKarl, 2002). Such
environments are fundamental for exploring (i) doxieal and microbial diversit{Vezzi et
al., 2005; Van Der Wielenet al, 2005; Liu et al, 2006) (ii) new metabolism pathways
(Vezzi et al, 2005; Van Der Wielenet al, 2005) (iii) unknown adaptation strategies in
microorganismgMinic et al, 2006) and also (iv) for the characterization of origitraphic
interactiongOrtmann & Suttle 2005; Daffonchioet al, 2006)

Lake Pavin is a deep meromictic lake,{Z= 92m) with a permanently anoxic bottom
layer (60 to 92m) and a succession of physico-cbangradient§Aeschbag-Hertiget al,
2002) that offers an environment with low human infloes and high annual reproducibility
of seasonal dynamigkefevre et al, 2007) It is a unique model for studying seasonal depth-
related gradients in viral and microbial commumitia freshwater ecosystenisehours et
al., 2005) The aim of this study was therefore to examine tlepth-related seasonal

dynamics in the abundance of viruses and theitioalships with microbial communities (i.e.
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bacteria, picocyanobacteria, picoeukaryotes, andterdieophic and phototrophic
nanoflagellates), together with the physico-cheimieavironment (depth, temperature,
oxygen and chlorophyld concentrations) in Lake Pavin. The contributiondekep-related
gradients is needed (i) to fully examine the pogtmbles of viruses for microbial food web
processes, and (ii) to address the hypothesisithdeep waters, viruses gain competitive
advantage over their protistan competitors for dxéalt resources, because eukaryotes are
constraint by worse environmental conditions sushhgpoxia/anoxia(Colombet et al,
2006)

Materials and methods

Study site and sample collectio®amples were collected in Lake Pavin (altitude71df), a
meromictic and dimictic oligomesotrophic lake lahtin the French Massif Central, that
experiences partial overturns. It is a typical @rahountain lake characterized by a maximum
depth of 92 m and low surface (44 ha) and catchrft€nha) areas. A characteristic feature of
the physical structure of Lake Pavin is the existeof a distinct and permanent chemocline
between about 60 and 70 m depth, that separateg#s®nally mixed mixolimnion from the
monimolimnion. The latter layer is characterizeddoyelevated conductivity and salinity, and
is permanently completely anox{éeschbach-Hertiget al, 2002) Above the chemocline
there is an oxic/anoxic interface between 50 andnb@epths. Samples were collected
monthly (systematically between 09:00 and 10:00 AYm April to December 2005 at a
central location in the lake (2°53'12"E, 45°29'44) by using an 8-liter Van Dorn bottle. A
total of 12 depths was sampled in the differentsatyy chemical layers and considered as
representative of the whole water column; nametyheepi- (0.5 and 5 m), meta- (12 m), and
hypolimnion (20, 30 and 50 mi)) the oxycline (56, 57, 58, 59 m), in the chemoel(60 m),
and in the monimolimnion (80 mAll samples were collected and analysed in tripisaFor
suboxic and anoxic layers, living samples wereexdéld in 20 mL sterile serum bottles sealed

with rubber and aluminium crimp caps and flusheth ..

Physico chemical parametersWater temperature and dissolved oxygen profilesewer
measuredn situ each 0.5 m from the surface to 80 m with an ox§all97 multiparameter
probe (WWT, Limonest, France). Chlorophglconcentrations (Chl) in the 12 sampling
depths were determined spectrophotometrically froanticles (0.5 to 2 L) collected on
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Whatman GF/F filters. Pigments were extracted i®8cetone overnight in the dark at 4°C,
and concentrations calculated usBIQOR-UNESCO (1966equations.

Viral and bacterial abundancesSubsamples were fixed with 0.02 um filtered glal@dehyde
(final concentration 1 % v/v) immediately after sdimg, and filtered (<15 kPa vacuum)
through 0.02 pm pore size Anodisc filters (Whatmdajdstone, UK) which were mounted
between microscope slides and glass cover slipsgusi mixture of 80 % AF1 Citifluor
(Citifluor, London, England) and 20 % Vectashielée¢tor Laboratories, IncBurlingame,
U.S.A) as antifading mounting medium. Counts we@e under a Leica DC 300F
epifluorescence microscope following staining WwtiBR Green | fluorochrome (Molecular
Probes Europe, Leiden, Netherlands) as describedobje & Fuhrman (1998) When not
analysed immediately, slides were stored at -20%@ counting. Bacteria were distinguished
from virus-like particles (VLPs) on the basis oéithrelative size and brightness. A blank was
routinely examined to control for contaminationtleé equipments and reagents.

Picocyanobacteria and autotrophic picoeukaryotes uadance. Picocyanobacteria and
autotrophic picoeukaryotes collected on 0.2 pum gatyonate black filters (Whatman,
Maidstone, UK) were mounted between microscopeeslighd glass cover slips using non-
fluorescent immersion oil (Olympus optical, Shinjuku Tokyo, Japan). Counts were done
under the Leica DC 300F epifluorescence microsasgiag two sets of optic filters for
differences in autofluorescence due to pigment anat green light for phycoerythrin
containing picocyanobacteria, and blue light forloabphyll containing autotrophic

picoeukaryotes.

Heterotrophic and autotrophic nanoflagellates abuadce Samples for enumeration of
heterotrophic (HNF) and autotrophic nanoflagellatadlF) were fixed immediately after

sampling with glutaraldehyde (final concentratioftl Primulin stained flagellates collected
on 0.8 um polycarbonate black filters (Whatman, ddtone, UK) were mounted between
microscope slides and glass cover slips using dimeflaorescent immersion oil. Counts were
done under the Leica DC 300F epifluorescence nooyms using two sets of optic filters: UV
light for HNF and blue light for ANF(Carrias et al, 1998a) When not analysed

immediately, slides were stored at -20°C until dough We distinguished the following

taxonomic groupsKathablepharidag Choanoflagellates, undetermined flagellatdsnas-

like and Bodonidaeamong HNF community, an@hrysidalis Chloromonas Rhodomonas
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and Q@hromonas among ANF. These identifications were based on phabpgical
characteristics of flagellate assemblages in LakeérP(for more details se€arrias et al,
1998a)

Statistical analysisNormal distribution of data was checked by KolmaysSmirnov test.
Because not all the data sets followed normalildigion, we applied log transformation to
meet the requirements for parametric statisticso-Way analysis of variance was used to test
the potential effects of seasons [i.e. spring (AriJune), summer (July to September), and
autumn (October to December)] and of depth-locati@@pi-, meta-, hypolimnion, oxycline,
chemocline, monimolimnion) on the variability irobngical variables targeted. In addition, a
matrix of data was produced and analysed by meéngimcipal component analysis to
identify combination of variables that account the largest amounts of the total variance
observed in different strates of the lake. Potéméitionships among variables were tested
by Pearson correlation analysis. All statisticadlgses were performed using MINITAB 12
and SYSTAT 10.

Results

Temperature, dissolved oxygen, chlorophyllThe changes in water temperature and oxygen
contents were typical of deep dimictic meromicnperate lakes. Thermal stratification
started in May and ended in November, with panarturns and homogenization of the
water column temperature in April and December .(E#fy). The oxic/anoxic interface was
located between about 55 and 60 m (Fig. 1B). Teatpex and dissolved oxygen profiles
confirmed that our sampled depths included theedbfit physico chemical layers (i.e. epi-,
meta-, hypolimnion, oxycline, chemocline, and moolimnion) of the water column of the
lake (Fig. 1A, B). Chlorophyla concentrations (Chl) exhibited significant diffeces due to
sampling depths or to seasons, both of which iaotedain predicting Chl (Table 1) because
the highest concentrations were recorded in theetlupper layers and during the spring
months. Chl peaked in May throughout the waterroolwf the lake (Fig. 1C).
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Figure 1. Seasonal variations of temperature (Aygen (B) and Chlorophyl& (C) in the
water column of Lake Pavin, April — December 2005.
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Table 1. Results of two-way ANOVA used to testddferences with seasons (S) and depth-

layers (L}
ANOVA Value for
Chl VLP Bacteria (BA) Peu ANF HNF
F P F P F P F P F P F P
Season (S) 71.0 0.001 237 0001 72.0 0.001 39.1 0.001 103 0.001 1.2 0.317
Layer (L) 387 0.001 513 0.001 86.6 0.001 4.8 0.001 199.0 0.001 100.0 0.001

Interaction S x L 2.4 0.009 9.1 0.001 12.3 0.001 5.3 0.001 6.0 0.001 1.8 0.070

 Data are from samples obtained from April to Delsem2005 in Lake Pavin. Seasons are
defined as spring (April-June), summer (July-Seftery) and autumn (October-December).
Depth layers correspond to samples collected irefliénnion (0.5 and 5m), metalimnion (12
m), hypolimnion (20, 30, 50m), oxycline (56, 57,,389m), chemocline (60m) and the
monimolimnion (80m) of the lake. Samples were @téd in triplicate (n = 36). Chl,
chlorophyll a; VLP, abundance of virus-like partigj Pcy, abundance of picocyanobacteria;
Peu, abundance of autotrophic picoeucaryotes; Ald&nhdance of autotrophic nanoflagellates;
HNF, abundance of heterotrophic nanoflagellate&-¥alue; P, probability.

Virus-like particles (VLPs) and bacteriaviral abundance (VA) fluctuated from 0.8 to 5.1 x
10" VLPs mL! (mean = 2.2 x 10VLPs mL"). Differences between layers were significant
(Table 1), mainly due to the highest values readrde the metalimnion and in the
monimolimion (Fig. 2A). These values occurred iimsoer and in autumn, explaining the
significant effects of seasons on VA and the irdéoa between seasons and depths as well
(Table 1). However, the seasonal variability in \Weas visibly weaker from the lower
hypolimnion to the oxycline and chemocline (i.@ni 30 to 60 m depth), compared to the
upper layers and to the monimolimnion of the lakig.(2A).

Bacterial abundance (BAuctuated from 2.0 to 28.3 x i@ells mL* (mean = 6.0 x
10°cells mL) and peaked in August in the metalimnion and @rtionimolimnion where the
highest seasonal abundance was noted, largelyrhigae the metalimnic peak. The above
patterns in BA accounted for the significant effect seasons and depths and their interaction
(Table 1). Interestingly, the August peaks in BAncaled with similar ones in VA. In
addition, low seasonal variability was also obviouBA between about 20 and 60 m depths,
similar to the pattern observed in VA (Fig. 2A,B)irus-to-bacteria ratio (VBR) fluctuated
from 1.6 to 10.0 (mean = 4.4) and peaked duringraatin about the whole water column,
due to the increase in viral abundance (Fig. 2@ Towest values were recorded in the

monimolimnion (range 1.6 — 3.8), due to the incegasBA relative to VA in this layer.
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Figure 2. Seasonal variations in the abundancesuges (VA, A) and bacteria (BA, B), in

virus-to-bacteria ratio (VBR, C), and in the abumcks of picocyanobacteria (D) and
autotrophic picoeukaryotes (E) in the water coluwhhake Pavin, April-December 2005.
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Picocyanobacteria (Pcy) and autotrophic picoeukargs (Peu). Pcy and Peu abundances
fluctuated from 0.1 to 91.5 x i®cy mL* (mean = 10.6 x fPcy mL*') and from 0.02 to
12.6 x 16 Peu mL* (mean = 1.82 x fPeu mLY). The development of both communities
apparently was restricted to the mixolimnion, irrisgp for eucaryotes and in summer for
cyanobacteria. The latter community peaked in thetahmnion and the former in the
epilimnion (Fig. 2D,E). The single and combinedeeté of seasons and depths on both

communities were significant (Table 1).

Autotrophic (ANF) and heterotrophic (HNF) nanoflagé&ates. Nanoautotrophs fluctuated
from 0 to 11.9 x 1O ANF mL* (mean = 1.8 x 0ANF mL™?) in abundance, and mainly
occurred in the mixolimnic layers. Maximum valuesaked in the upper hypolimnion in
summer and then shifted upward in the epi- and Imeteon in autumn (Fig. 3A), with
significant single and combined effects of seasams depths (Table 1). ANF assemblages
were dominated byhrysidalis species which averaged 67% of the total abundanitk,
maximum development during summer and in autumme©OANF species or taxonomic
groups, i.eChloromonasRhodomonasnd hromonasspecies, averaged <20% of the total
abundance throughout the study but were dominasyrimg (Fig. 3C).

Nanoheterotrophs were higher in abundance tharraptes, ranging from 0 to 18.8 x
107 HNF mL* (mean = 6 x 7DHNF mL™). In contrast to other biological variables, tfifeet
of seasons on HNF variability was not significantd alid not interfere with the significant
effect of sampling depths (Table 1). The developgn@nHNF in the water column was
heterogeneous, with almost no occurrence in theimmimnion. Maximum abundances
moved from the hypolimnion in spring to the oxyelichemocline in early summer, and then
to the epi- and metalimnic layers in late summet imnautumn (Fig. 3B). This was related to
the dominant HNF group represented by unknown nalqgical forms which averaged 73%
of total abundance. Other taxonomic categories amest < 20% of the total abundance
throughout the studyMonas-like flagellates andKathablepharidaewere present in all
seasons but in higher relative number in springpeséor Bodonidaebut with maximum

abundance in autumn, while Choanoflagellates apgigreccurred only in autumn (Fig. 3D).
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Figure 3. Seasonal variations in the abundancesiwitrophic (ANF, A) and heterotrophic
(HNF, B) nanoflagellates, and in the relative alamuks (as percent of total) of different
taxonomic ANF (C) and HNF (D) groups in the wateluonn of Lake Pavin, April-December
2005.

Correlations between viruses and microbial commuest The number of correlations
between the abundance of viruses and other vasiatdes higher in the surface than in the
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deeper layers of the lake. This was apparently wu@ major influence of pigmented

communities in the surface waters, although chloyipa appeared as a strong forcing
correlate in the oxycline (Table 2). Viruses wpositively correlated to prokaryotes but to
picocyanobacteria in the surface waters (i.e. epd metalimnion) and to heterotrophic
bacteria in the bottom layers (hypolimnion, oxyelimonimolimnion). In the surface waters
(epi- and metalimnion), viruses were negativelyrelated to autotrophic picoeucaryotes.
There were significant positive correlations betweguses and autotrophic nanoflagellates
(i.e. total community and the domina@hrysidalisspecies) in the three mixolimnic layers,
while correlation with nanoheterotrophs was nongigant in any of the depths sampled.
Finally, temperature was a positive correlate foralvabundance in the metalimnic

discontinuity layer and more strongly in the hypuotion, while oxygen depletion in the

oxycline contrasted with an increase in viral atamz (Table 2).

Table 2. Results of Pearson correlation analyses us test for correspondence between
temporal changes in the abundance of viruses andther estimated variables in six different
depth-layers of Lake PavinOnly significant correlations (p < 0.05) are givgblanks mean
not significant).

Viruses versus : Epi- Meta- Hypolimnion Oxycline Chemocline Monimolimnion
Temperature 0.72* 0.61***

Oxygen - 0.48*

Chlorophyll a 0.83***

Bacteria 0.49* 0.69*** 0.72%*

Picocyanobacteria  0.78*** 0.82***
Picoeukaryotes - 0.84** - (.88***

Autotrophic 0.69**  0.76***  0.48***
nanoflagellates

& The number of degrees of freedom depends on timbauof depths sampled per layer, in
triplicates for biological variables (see Tableot more details). Asterisks denote significance
levels: * P < 0.05, ** P< 0.01, ** P < 0.001. Blks = not significant
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Principal component analysis (PCA)The plot of field observations from PCA showedtth
the seasonal distributions of variables under stwdye dependent to the vertical gradients.
Indeed, five different layers were clearly distirghed from this plot [i.e. (epi. and
metalimnion), hypolimnion, oxycline, chemocline aménimolimnion], although the number
of observations was lower for chemocline and mafimnion where only one depth was
sampled (Fig. 4A). However, the plots of the dgsors were quite similar along the two
major PCA axes for oxycline, chemocline and monimolc layers. Data from these layers
were thus combined in one plot. For the three detgied PCA plots of the descriptors [i.e.
epi. and metalimnion combined (Fig. 4B), hypolimmi@-ig. 4C), and oxycline, chemocline
and monimolimnion combined (Fig. 4D)], axes 1 anexplained about 55-60% of the total
variance. Viruses rotated from the extreme negative to the extreme positive end of the
major axis 1, with the increasing depth. In the ahimnic layers, this axis distinguished
viruses and many other variables (primarily picomf@acteria and nanoautotrophs), with
negative coordinates. This contrast with the ddepake layers were viruses and
heterotrophic bacteria were clearly isolated atetkigeme positive end of axis 1, and opposed

to all other variables (Fig. 4).

Discussion

Standing stocks and deep-related community struetiThe present study is an attempt to
analyse the seasonal changes in the standing stattuses together with those of microbial
communities (i.e. heterotrophic and autotrophicopi@and nanoplankton) in the deep
meromictic mountain Lake Pavin, including for thrstftime the whole water column and the
related deep-related gradients. Previous studidsiaagical limnology in Lake Pavin were
restricted to the mixolimnion above 40 m def@larrias et al, 1996, 1998ab; Bettareét al.,
2003; Lepéreet al, 2006; Lefevreet al, 2007) ignoring the deeper layers which contain
about the half of the total volume of water in take. In general, biological limnology of
deep lakes lacks studies where different communéie investigated simultaneously in the
whole water column, although such information i®dexl to assess the potential roles of
viruses and microbial food-web processes in aquatitemsColombet et al, 2006) Our
findings in the mixolimnion of Lake Pavin were quiimilar to those reported in previous
studies and hereafter, more comparative emphadlidevigiven to the deeper layers of the

lake.
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Figure 4. Results of the principal component anal{BCA) obtained from the observations
made for each of the six sampling depth-layers &y from the main variables under study
in three groups of these depth-layers: epi- andalineion combined (B), hypolimnion (C),
and oxycline, chemocline and monimolimnion combiiiBy. Abbreviations are as follows:
temperature (T°C), Oxygen concentration (Ox), Gipduyll a concentration (Chl.a), and the
abundances of the different communities and thatedltaxonomic groups: viruses (virus),
bacteria (bact), Picocyanobacteria (Pcy), autoimplicoeukaryotes (Peu), total autotrophic
nanoflagellates (ANF tot) and the related tagdrfsidalis spp, Chrysi;Chloromonasspp,
Chloro; Rhodomonasspp, Rhodo; Ochromonas spp, Ochro), and total heterotrophic
nanoflagellates (HNF tot) and the related taxa éteunined flagellates, Indylonaslike
cells, Monas;Kathablepharidag Katha; Bodonidae Bodo). Horizontal X-axis = Axe 1,
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Vertical Y-axis = Axis 2. Inset histograms in B-Bpresent the fractions of variance (Y, %)
explained by the different PCA axes (X, from Axisriwards).

Previous data and our proper results related tontipeolimnion of Lake Pavin
highlight the importance of light and/or temperatdior the seasonal and spatial changes in
microbial communities. By including the whole wa@slumn, we herein added to these
findings the significance of deep oxycline and cbelime gradients and of monimolimnion in
these changes. Autotrophic pico- and nanoplankeweldped mainly in the surface photic
layers, particularly in the epi- and metalimnionsipring, summer or autumn. Compared to
these communities, heterotrophic nanoflagellatesengled their spatial domain of
development through the oxycline and the chemoalitla low response to the seasonal
forcing, but they were completely inhibited in theoxic monimolimnion. In contrast, the
highest abundances of heterotrophic bacteria an@tuges as well occurred in the latter layer
and in the metalimnion, particularly in the sumntiene. The vertical distributions of the
different communities were thus somewhat consisteith their trophic strategies
(autotrophic vs heterotrophic) according to thetigal variability, and with the decreasing
complexity of their biological organisation (eukatgs, prokaryotes, viruses) toward the
extreme anoxic environment, as known from otheratiquenvironments(Pourriot &
Meybeck, 1995; Weinbauer & Héfle 1998; Humayouret al, 2003; Jianget al, 2003;
Taylor et al, 2003) However, the originality of Lake Pavin emergesnirits deepness and
the related physico-chemical gradients and, pdatilyy from its meromicticity characterized
by a permanently anoxic monimolimnion. The comglerif biological communities and the
related trophic networks decreased with depth ksabhe monimolimnion layer highly
constrained the development of biological commanitiexcepted viruses and their main
potential bacterial hosts which were adapted taltep anoxic environment.

Its is interesting to note that viral and bactedgammunities exhibited an apparent
seasonal fluctuations in the monimolimnion with Hegt abundances in summer and/or in
autumn (Fig. 2A,B), although the characteristicghed water masses in this layer are very
stable and have been considered in steady stateawisidence time that can exceeded 100
years(Aeschbach-Hertig et al, 2002) This suggests the existence of a certain degree o
material exchanges between the surface and the kdseps of the lake. High spatial
heterogeneity at scale of centimetres has also tmorted in the monimolimnion of Lake
Pavin for prokaryotegLehours et al, 2005)and in the deep sea sediments for viruses
(Middelboe et al, 2006) In our study, the range of viral abundances (A&7%.09 x 10
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VLPs mL?) parallels that of a previous study conductedhia mixolimnion of Lake Pavin
(Bettarel et al, 2003)and was characteristic of oligo- to mesotrophiciremments(Hennes

& Simon, 1995; Wilhelm & Smith, 2000) as was the peaks noted in the metalimnion in
summer and in autumfWeinbauer et al, 1995; Drakeet al, 1998; Bettarel et al. 2003)
Thus the abundance maxima noted for viruses inddep anoxic monimolimnion of Lake
Pavin was not enough to significantly change therall seasonal range over the whole water
column.

This was not the case for bacteria which exhibitedxima abundances in the
monimolimnion, particularly during summer (ca’16ells mLY), i.e. about an order of
magnitude higher than the typical bacterial sedsabandances in the mixolimnic layers of
Lake Pavin(Bettarel et al, 2003) As a consequence, virus-to-bacteria ratios (VBRhe
monimolimnion (range, 1.6 - 3.8) were significarityyver than in other layers (range, 2 - 10),
and than the typical values (range, 3 to 10) kndwom other pelagic environments
(Wommack & Colwell, 2000) These findings corroborate those frdfaranger & Bird,
(1996) in a comparative study of oxic and anoxic freskwatediments. In our study, the
temporal variability in VBR in the monimolimnion YC< 30%) was further substantially
lower than in the mixolimnion (CV > 40%), suppogi@ changing relationships between
viruses and their main potential hosts betweentlelayers(Middelboe et al, 2006) The
low values and low variability of VBR in the monitmanion may suggest a constant level of
virus production and losses and that most of tke friruses in the monimolimnion were
bacteriophages from anaeroBacteriaor Archaea(Tuomi et al, 1997, Haraet al, 1991)

The mechanisms behind the spatial shift in virugesprokaryote interactions are
unclear but we believe that the deep, cold, andiaraharacteristics of monimolimnic waters
are significant factors. For example, cold tempertcan inhibit viral infectivity per see
(Pradeep Ramet al, 2005 and references therein)The main bacterial grazers, i.e.
heterotrophic nanoflagellates, were absent in treimolimnion likely because of the
constraint from the prevailing anoxic conditionssituation with, together with the abundant
availability of resourceqLehours et al, 2005) is advantageous to prokaryote growth.
However, because of thermodynamic consideratidmes,growth efficiencies of anaerobic
microbes are generally substantially lower thaiséhof aerobegFenchel & Finlay, 1994)
This might imply that anoxic bacterial hosts wouydtbduce proportionately smaller viral
quantities than oxic hosts, although this was alytitested in both marine and freshwater
bacterioplanktorfWeinbauer & Hofle, 1998; Taylor et al, 2003; Weinbaueret al, 2003b)

A recent study in Lake Pavin has unveiled highlyedse prokaryote communities in the
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monimolimnion(Lehours et al, 2005) a situation that can reduce the probability oftaots
between viruses and their specific hosts, and #tated viral proliferation as well. An
important fraction of active bacteria in the monlimmion could also be lysogens, resistant,
or non specific to the surrounding viruses.

The absence of grazers in the monimolimnion anddifferent virus vs prokaryote
interactions compared to the mixolimnion could thase a significant influence on nutrient
cycling and the related microbial and viral proesss Lake Pavin, although the mechanisms
involved still are to be properly investigated. \WWensider that the trophic network in the
monimolimnion is reduced to viruses and prokaryot®se interactions can influence the
cycling of organic matter in the lake. For exampdeganic matters and nutrients can be
sequestered and fully recycled several times imtbeimolimnic DOM- prokaryotes- viruses
trophic loop, before incorporation into the seditsear back to the upper water layers, in
relation to the water residence time that can ed€d€0 years in this deepest layer of the lake
(Aeschbach-Hertiget al, 2002)

Coupling of viruses with microbial communitieStatistical analyses indicated that empirical
relationships between viruses and microorganisndemuistudy were more numerous and
complex in the surface than in the deep waters,h wat dominance of various
microautrotrophic variables as strong predictorthasurface photic layers of the lake (Table
2, Fig. 4). No correlation was calculated betwegnses and heterotrophic nanoflagellates,
parly because these communities exhibited no deasonality (Fig. 3B). This agrees with
previous findings in Lake Pavin, both in terms bsence of correlation between viruses and
HNF (Bettarel et al., 2003)and of low direct consumption of viruses by H{fettarel et al,
2005) In contrast, the significant correlations betwegruses and microautotrophs (i.e.
picocyanobacteria, picoeukaryotes, and nanoflagsllan the mixolimnic layers were not
found in a previous study conducted Bettarel et al (2003) in these layers, but
picoautotrophs were not quantified in this stubgrigo et al (2004)reported a correlation
between viral and picocyanobacterial abundanceésemmesotrophic Lake Bourget (France)
and attributed their finding to the prevalence ydrophages. It is thus tempting to consider
that cyanophages and perhaps other ‘phytophagpsesented a significant pool of viral
standing stocks in the mixolimnion of Lake Pavin.s@asonal succession of the different
groups of microautotrophs was noted, from picoeystms in spring (Fig. 2E) to
picocyanobacteria in summer (Fig. 2D) and to nagsdllates in autumn (Fig. 3A),

corresponding to the main peak development in valhundance in the mixolimnion.
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Although similar peaks of viruses also occurredh@ monimolimnion (Fig. 2A), the present
study highlights the importance of autotrophic camities in the dynamics of viral
populations in the surface waters of Lake Pavin.

As the abundances of autotrophic components desmtdasm below the metalimnion
toward the deep waters, heterotrophic bacteriarbe¢he most significant predicting variable
for viruses. Both communities were coupled, oppdasedther variables, and isolated at the
extreme positive end of the principal componentyammplot for the deeper layers of the lake
(Fig. 4D). Indeed, the correlation coefficientsvietn viruses and bacteria increased from
0.49 in the hypolimnion to 0.69 in the oxycline,pporting the changing relationships
between viruses and their main potential hosts éetvthe surface and the deep layers of the
lakes, as previously suggested by the verticatidigton of VBR (see above). Our findings
thus corroborate preliminary results (i.e. one si@ypling) on depth-related gradients of viral
activity in Lake Pavin, where heterotrophic prola@es appeared as the main regulating
factor, if not the sole mortality source, for viessin the anoxic monimolimnioicf.
Colombetet al, 2006) although VBR levels in this layer were atypicdtyv.

However, we have observed no correlation betweerrses and bacteria in the anoxic
chemocline, i.e. beneath the oxycline (Table 2) whene depth was sampled. A recent
spatial study has shown that there is a complafeishthe composition of the prokaryotic
assemblages in the chemocline of Lake Pafliehours et al, 2005) This layer is
characterized by particular geochemical propetties act as a key interface in the vertical
flow and recycling of matter through the water cotuof the lakg Aeschbach-Hertiget al,
2002) Analyses of viral diversity based on capsid s@so have suggested that the
chemocline represent a physical ‘barrier that ¢sragedimenting particles in Lake Pavin
(Colombet et al, 2006) This may help explain why viral abundance wageatated with
chlorophyll a in this layer (Table 2), known as an accumulatopanticles from the surface
waters (Aeschbach-Hertig et al, 2002; Lehourset al, 2005) i.e. a known source of

adsorbed viral inputdDanovaro et al, 2001)

Conclusions

Overall, this study presents an original deep-eelaurvey of a lake virioplankton in
relation to microbial communities, in a site th&éeos a unique environment with low human
influences and high annual reproducibility of semdadynamics in the water column. The
sampling strategy adopted, with 12 different demhsipled through the 92 m deep water

column, was considered representative of the whalter column of Lake Pavin, and the
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related physico-chemical gradients. The deep-rldistributions and community structures
of viruses, prokaryotes and microbial eukaryotedeurstudy differed markedly from those
known from previous studies on biological limnologfyLake Pavin which were restricted to
the mixolimnic surface layers of the lake, i.e. @a@l0 m depth. In these surface waters,
viruses were empirically related to several of tmnplex communities present, with an
apparent dominance of autototrophic prokaryotes aodaryotes in predicting viral
abundances. In contrast, the monimolimnion of tee Iclearly appeared as an exclusive
habitat for viruses and heterotrophic bacteria, reltleir interactions markedly differed from
those in the surface waters. We thus considerthizaecology of the deepest waters of Lake
Pavin is essentially driven by the dark viral lo@pOM-prokaryotes-viruses) which can

sequester organic matters and nutrients for a limegurnover time.
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Abstract

This study presents an original deep-related supfeyirioplankton lytic activity in
relation to prokaryotes and potential bacterivoireshe deep (dax = 92 m) meromictic
volcanic Lake Pavin (Massif Central, France), camphting a companion paper on the
seasonal abundances and vertical community steictuviruses and microorganisms in the
same site. The sampling strategy was designee tefresentative of the physico-chemical
gradients of the water column of the lake, andhaf seasonal variability as well, i.e. 12
different depths sampled in triplicates from ApdlDecember 2005. In the space, viral lytic
activity estimated from the frequency of visiblyaanted prokaryotic cells and from burst size
over the study period generally decreased with ldephis was viewed as a paradox
compared to the abundances of viruses and prolaryartd to the prokaryotic production
which increased with depth. According to the seabuwariability, almost all correlations with
lytic activity occurred from the hypolimnion downvds, implying bacterivores (in spring in
the hypolimnion) but mainly prokaryotes as dominastdrrelates and as exclusive
microorganisms in the deepest layers of the laken@ared to previous studies known from
the mixolimnion, we conclude that deep waters irkd.dPavin represent an exclusive

environment for heterotrophic prokaryotes whosesseal activity offers an optimal and
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unique resource for thriving viral communities, soaf which may be typical, endemic to the
ambient dark, cold and stable deep-water massealD\vhe present study on the functional
responses of viruses and of prokaryotes to thehdggts well around a previous statement
that the ecology of the deepest waters of LakerP@sviessentially driven by the dark viral
loop (DOM-prokaryotes-viruses) processes, whichssgquester organic matters and nutrients
for a long-live turnover time. This is in agreemevith recent demonstrations from marine
systems that meso- and bathypelagic waters arealpénvironments for viral survival and

proliferation.

Keywords: Viruses, Microbial ecology, Population dynamicsedp variability, Aquatic

ecosystems

Introduction

It is now widely accepted that bacteria play a majde in the cycling of energy and
matter in aquatic ecosystenite related concepts of ‘microbial lodp’ which nutrients are
recycled through bacteria-grazer interactipisam et al. 1983)and of ‘microbial food web’
that includes the relationships between heterotcogihd autotrophic microorganisms and its
relations to biogeochemical cycl@Sole et al. 1988, Rassoulzadegan 1998ave stimulated
a largeamount of researches on the mechanisms which tegud&terioplanktohiomass and
activities. Some authors have argued that bacegianainly controlled by resourcéBillen
et al. 1990,Bird and Kalff 1984, Cole et al. 1988) and others that bacterial mortality is
largely due to protistan grazin@-enchel 1982, Sherr and Sherr 1987Ducklow and
Carlson (1992) have shown that the contngiechanisms of bacterioplankton may change
seasonally. The effects of grazers vs those fromsgs may also change with time and space
as well(Pradeep et al. 2005)

In the late 1980s it was shown that in marine aedhiwaters, viral particles occur in
great numbers, often exceedlaygterial number@ergh et al. 1989, Proctor and Fuhrman
1990, Suttle et al. 1990) Most of these viruses are considered as bacterrakes
(bacteriophagespand their Iytic activity as an additional mechanishat significantly
contributes to the regulation of bacterial prodoti On average, 10-40 % of bacterial

production is lysed by viruses in both marine aedlwater§WWommack and Colwell 2000,
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Suttle 2005) The loss of bacterial biomass caused by grazifgy wirus-mediated lysis has
different consequences for organic matter fluxés major part of bacterial loss is due to
viruses, carbon is burned into a dissolved orgaracbon (DOC)-bacteria-DOC loop
(Bratbak et al. 1992) while protozoan grazing transfers part of baatetarbon up to the
higher trophic levelg¢Carrick et al. 1991, Dolan and Gallegos 1991)

Only few studies have investigated the effects io&l\bacteriolysis and potential
bacterivores within prokaryotic communities in agmaystemgFuhrman and Noble 1995,
Guixa-Boixereu et al. 1996, Weinbauer and Héfle 182, Guixa-Boixereu et al. 1999,
Simek et al. 2001, Almeida et al. 2001, Fischer andelimirov 2002, Choi et al. 2003,
Bettarel et al. 2004, Pradeep Ram et al. 2005, Jaggt et al. 2005, Colombet et al. 2006)
Almost all these studies were done at a short soade, with only those frorBettarel et al.
(2004)and fromPradeep Ram et al. (2005)vhich have integrated month to month seasonal
variability in lakes. However, these authors hawgasidered only few points in the surface
water column although representative of the therstadtification gradient. In viral and
microbial ecology, data on seasonal depth-relateatignts are lacking, primarily in
freshwater lakes. The little available informatiom viral core parameters (abundance, lysis,
lysogeny) in both fresh‘Colombet et al. 2006 and marine systeng8Veinbauer et al. 2003)
are known from sporadic sampling. These authorsrteg highly significant changes with
depth, particularly unregardless of oxygen conediains. Vertical gradients in physico-
chemical variables are essential in the verticalitmming of biological variablegPourriot
and Meybeck, 1995) In a companion paper, we have demonstrated #masity relations
between viruses and microbial communities changgdfieantly from photic area to aphotic
and permanently deep anoxic monimolimnion of theaméctic Lake Pavir{Colombet et al.
submitted), similar to recent findings concerning prokaryotommunity composition
(Lehours et al. 2005) Vertical segregation is of central importancecarbon flows within
aquatic ecosystems; the ecology of these systemspisndant on the processes that happen
through the whole water colun{ianaka and Rassoulzadegan 2002, 2004, Tanaka et al
2004, and references herein)

In this study, we examine the seasonal variatidnaral Iytic activity related to fine
vertical changes in physico-chemical and pertineiological variables (i.e. prokaryote
production and potential bacterivores) in the deepomictic Lake Pavin. Such contributions
are needed to fully assess the impact of virusemigrobial food-web and the related
biogeochemical cycling in aquatic systems. The desgromictic and dimictic Lake Pavin

exhibits a typical vertical succession of physit@mical conditiongAeschbag-Hertig et al.
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2002) offering a unique model to study virus-microbiateractions in relation to physico-
chemical and biological depth-related gradients.

Materials and methods

Study site and sample collectiohake Pavin (altitude 1197 m) is a meromictic amdictic
oligomesotrophic lake located in the French MaSsihtral that experiences partial overturns.
It is a typical crater mountain lake characterizgda maximum depth of 92 m and low
surface (44 ha) and catchment (50 ha) areas. Aactaaistic feature of the physical structure
of the lake is the existence of a distinct and @eremt chemocline between about 60 and 70
m depths, that separates the seasonally mixed Id&yer mixolimnion) from the
monimolimnion. The latter layer is characterizeddvyelevated conductivity and salinity as
well as complete and permanently anoxic conditi@dreschbach-Hertig et al. 2002)Above
the chemocline there is an oxic/anoxic interfac thccurred between 50 and 60 m depths
(Fig. 1).

Samples were collected monthly (systematicallyvben 09:00 and 10:00 AM), from
April to December 2005 at a central location in lddee by using an 8-liter Van Dorn bottle.
Sampling was realized over the whole water columi2adifferent depths considered as
representative of the different physico-chemicatipalarities of the water column. Indeed, in
addition to surface depths characteristic of tlegrttal stratified mixolimnion (i.e. epi-, meta
and hypolimnion) where almost all studies done #&bedin Lake Pavin were conducted
(Bettarel et al. 2003, Bettarel et al. 2004, Jardiér et al. 2005) the deepest layers of the
lake were also sampled. Indeed, the six differayeis of the water column were sampled for
a total of 12 different depths located in the €pi5 and 5 m), meta- (12 m), and hypolimnion
(20, 30 and 50 m) for the mixolimnic layers, andtle oxycline (56, 57, 58, 59 m), the
chemocline (60 m) and the monimolimnion (80 m) tlee deep layers (Fig. 1). All samples
were collected and analysed in triplicates. Forogihand anoxic layers, live samples were
taken and processed (i.e. for bacterial produati@asurements, see below) in sterile serum
bottles sealed with rubber and aluminium crimp caps flushed with M

119



0 5 15 20
0 - :
-s. Epilimnion P I 1
-10 +
-1 s Metalimnion
-20 ............. il ...................................... +
= . Hypolimnion
‘ +
-35 '
T 40 , —&— oxygéne
g 45 ' - -& - température
. li i
£ n 4 Sampling points +
B T Oxycling
VRS Zdd e o e
e Chemocline
-70
_75 - - .
Monimolimnion

Figure 1. Sampling depths and sampling strategyhen water column of Lake Pavin,
including the different depth-related gradients dadineated by the vertical structure of

temperature and oxygen concentration profiles duperiod of strong thermal stratification.

Bacterial Production.Bacterial production (BP) was determined by incoation of *H-
leucine (final concentration 40 nmol, specific wit§i = 71 Ci mmot’, Amersham
Biosciences, UK) into bacterial biomass using therocentrifuge methodKirschner and
Velimirov 1999). Incubation time (30 minutas situ in the dark) was fixed from preliminary
experiments conducted on 25 March 2@@élombet et al. 2006)and protein precipitation
in controls (i.e. 5 % TCA-killed) and fixed essawsms aided by adding NaCl (final
concentration 3.5 % v/v) at 18 °C for 30 min. Afntrifuge-washings, microbial pellets
were dissolved in 0.2 mL 1.2 N NaOH at 80 °C forr@ilh and Scintillation cocktail (1 mL,
Ready Safe, Beckman Coulter) added for radioagtittunting with a Beckman LS 6500
liquid scintillation counter. Leucine incorporatiomas converted into the number of cells
produced by using conversion factors (0.27 ¥ t@lls mol* for oxic waters and 0.25 x 10
cells mol* for suboxic and anoxic waters) determined durimgliminary experiments
conducted on 25 March 20QZ@olombet et al. 2006)
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Phage-infected bacteria and burst sizEor viral lytic infection, the frequency of visibl

infected cells (FVIC) was obtained from observatiamder a JEOL 1200EX transmission
electron microscope, after ultracentrifugation amdnyl acetate staining. The procedure is
detailed elsewher(Bettarel et al. 2004, Pradeep Ram et al. 2005jor each sample, mean
burst size (BS) was estimated from the mean numbeiruses in those infected cells which

were filled or not with phages.

Potential bacterivores.Samples for enumeration of nanoflagellates (NF)rewéixed
immediately after sampling with glutaraldehyde dficoncentration 1 %). Primulin stained
NF collected on 0.8 um polycarbonate black filtersre counted under a Leica DC 300F
epifluorescence microscope, using two sets of didters: UV light for heterotrophic NF
(HNF) and blue light for pigmented NEarrias et al. 1998a) The abundances of the overall
NF communities have been described and discussedeiail in a companion paper
(Colombet et al., submitted) In the present paper, we have considered thedaimges of
target NF taxonomic groups known as typical baeteds in Lake Pavir{Carrias et al.
1996) These groups of bacterivores were as followsaobfiagellatesMonas-likecells, and

a fraction of undetermined small flagellates (sekWw) for HNF, andOchromonasspp. for
pigmented NF (i.e. mixotrophs). For the group ohdetermined flagellates’, cells with
straight and long single flagellum, typical of fahgoospores (i.e. chytrids) based on both
morphological and molecular characterizat{gh Lefévre et al. 2007)and known as non-
phagotrophs from previous bacterivory experimentsake Pavirn(Carrias 1996, Carrias et
al. 1996) were excluded from comparisons. These forms septed on average about 25%
of the undetermined HNF.

Other variables.The temporal and vertical variations in the wamnperature, dissolved
oxygen and concentrations of chlorophgllas well as those in the abundances of viral and
microbial communities (i.e. heterotrophic bacterigicocyanobacteria, autotrophic
picoeukaryotes, and heterotrophic and autotropaiofiagellates,) have been described and

discussed in detail in a companion pajiawmlombet et al.submitted.

Statistical analysisNormal distribution of data was checked by KolmaysSmirnov test.
Because not all the data sets followed normalildigion, we applied log transformation to
meet the requirements for parametric statisticso-Way analysis of variance was used to test

for the effects of seasons [i.e., spring (April Jone), summer (July to September), and
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autumn (October to December)] and depth-relatedigmés as represented by the different
layers sampled (i.e., epi-, meta-, hypolimnion, ke, chemocline, and monimolimnion). In
addition, a matrix of data was produced and andlyse means of principal component
analysis to identify combination of variables thatount for the largest amounts of the total
variance observed in different strates of the lakih particular emphasis on viral lytic
activity. Potential relationships among variablesrevtested by Pearson correlation analysis
for each sampled layer. All statistical analysesewperformed using MINITAB 12 and
SYSTAT 10.

Results

Heterotrophic bacterial production (BP)BP fluctuated from 3.8 to 73.7 x 1Pacteria [* h*
(mean = 21 x 10bacteria [* hY). The lowest mean value of BP occurred in the ligpgon
(16.8 x 16 bacteria [* h*) and the highest ones in the deep layers (i.en fitwe oxycline
downwards, > 20 x fobacteria [* h'), but the effect of depth-layers was not significa
(ANOVA, p > 0.05). This contrasts with the effect sampling time which was highly
significant (ANOVA, p < 0.001, F-value = 99), with decreasing production with seasons,
from spring (mean = 40 x fMacteria [* h') to summer (mean = 13 x 4Bacteria [* h%)
and autumn (mean = 9 x %Bacteria [* h) (Fig. 2A). There was no significant interaction

between seasons and depth-layers.

Viral activity. The frequency of visibly infected cells (FVIC) fluated from 0 to 3.1 %
(mean = 0.8 %), corresponding to a viral-inducedtdr@al mortality of 0 to 43.2 % of
bacterial production, according to the formula megd byWeinbauer et al. (2002)and
Binder (1999) In contrast to BP, the effects of seasons on FMie not significant
(ANOVA, p > 0.05) while the effects of depth-layexere (ANOVA p < 0.001, F-value =
22). Mean FVIC decreased with depth, from > 1 %hia surface waters to < 0.5 % in the
monimolimnion. Maxima occurred in April in the hyponion and in October in the
epilimnion (Fig. 2B), accounting for the signifidanteraction (ANOVA, p < 0.001, F-value
= 7) between season and depth-layer effects.

Infected cells contained between 7 and 127 virbseserid, with an overall mean
burst size of 31 viruses bactétiarhe effects of seasons (ANOVA, p < 0.01, F-vau® and
depth-layers (p < 0.001, F-value = 10) were sigaiit, although both factor did not

interacted in predicting variance in burst size sueaments. Highest seasonal values occurred
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in April in the meta- and in the hypolimnion, inlyin the hypolimnion, and in October from
the hypolimnion to the chemocline (Fig. 2C).
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Figure 2. Seasonal and depth-related variationketerotrophic bacterial production (A),

frequency of visibly infected cells (B) and burstes(C) in Lake Pavin, April-December
2005.
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Potential bacterivoresThe seasonal and depth-related abundance of hefanat flagellates
considered as bacterivores based on previous st{@herias 1996, Carrias et al. 1996)and
the relative seasonal abundances (as percent aj tft the target taxonomic groups, are
depicted in Figure 3. Total abundances fluctuatethf0 to 1.5 x 1®cells mi* (mean = 0.5 x
10® cells mI'), with very few or almost no cells occurring ireteepest layers of the lake, i.e.
from the chemocline. The seasonal abundances gfatemtial bacterivores indeed peaked in
the mixolimnic layers, particularly during the spgitime (Fig. 3A). Both the effects of
seasons (ANOVA, p< 0.03, F-value = 0.6) and of deayers (p<0.001, F-value = 33) were
significant and there was no interaction betweentwo parameters in explaining the variance

in the abundance of potential bacterivorous comtremi
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Figure 3. Seasonal and depth-related variationsth@ abundance of heterotrophic
nanoflagellates specifically targeted as potenbatterivores (A), and in the relative
abundances (as percent of total) of different taxaic groups in Lake Pavin, April-December
2005. The characterization of potential bacterigsamas based on a previous seasonal study

on protistan bacterivory in Lake Pa\{@arrias et al. 1996)
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For all sampled depths where they occurred, them@mmunities were largely
dominated by the group of ‘undetermined grazersciiepresented 50 to 85 % of the total
abundance. The dominance of this category of gsamexrs accentuated in summer and
autumn, while in springylonaslike cells were relatively abundant, represenaingund 40 %
of the total abundance. The minor grazer group20(€6 of total abundance) succeeded each
other seasonally, fro@chromonasspp. in spring-summer to choanoflagellates in seram
autumn (Fig. 3B).

Correlations and principal component analysis (PCAdccording to depth-layers, 80 % of
the total number of significant correlation coa#itts between the measured viral lysis
parameter (i.e. FVIC) and other biological variabtd interest were calculated in the deep
layers of the lake, from the Hypolimnion downwarBarticularly, FVIC was correlated with
bacterial abundance in the hypolimnion and in tkgcline, and with bacterial production in
the oxycline, chemocline and monimolimnion. Thegsgalations with bacteria variables were
negatives in the oxycline but positives in the otflhgers. FVIC was also positively correlated
with burst size in the hypolimnion, oxycline andeafocline, and similarly with the
abundance of potential bacterivores and with clployti a concentration in the hypolimnion
(Table 1).

Table 1. Results of Pearson correlation analyses us test for correspondence between
temporal changes in the frequency of visibly indelctells (FVIC) and the other estimated
variables in six different depth-layers of Lake iPvOnly significant correlations are given

(blanks mean not significant).

FVIC versus: Epilimnion Metalimnion Hypolimnion Oxycline Chemocline Monimolimnion

Bacterial 0.44 -0.35

abundance

Bacterial -0.34 0.78 0.71
production

Burst size 0.43 0.41 0.91

Bacterivores 0.51

Chloropyll a 0.47

& The number of degrees of freedom depend on thebeuwof depths sampled per layer, in
triplicates for biological variables. P < 0.001aBks = not significant.
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Figure 4. Results of the principal component anal{BCA) obtained from the observations
made for each of the six sampling depth-layers é&y from the main variables under study
in three groups of these depth-layers: epi- andalin@tion combined (B), hypolimnion and
oxycline combined (C), and chemocline and monimpilon combined (D). Abbreviations
are as follows: temperature (T°C), Oxygen concéoina(O,), Chlorophylla concentration
(Chl.a), the abundances of viruses (VA), bactelBA)( potential bacterivores (Tot grazer)
and the related taxonomic groupddnaslike cells (Monas), Choanoflagellates (Choano),
Ochromonas(Ochro), and undetermined grazers (undgrazer)}ctdoial production (BP),
burst size (BS), and the frequency of visibly inéetccells (FVIC). Horizontal X-axis = Axe
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1, Vertical Y-axis = Axis 2. Inset histograms inBrepresent fractions of variance (Y, %)
which are explained by the different PCA axes (&nf Axis 1 onwards).

The plot of field observations from PCA showedttti®e seasonal distributions of
variables under study were dependent to the védrealients. According to the locations of
the different depth-related layers along the twgomaxes of this plot, we have distinguished
three groups of two layers each along the watarnonl epi. and metalimnion, hypolimnion
and oxycline, and chemocline and monimolimnion (F@). In the related plots of the
descriptors, the depicted axes 1 and 2 explainedtd®-65 % of the total variance and FVIC
was located in between the negative ends of theakes in all plots. However, the associated
variables differed markedly from one plot to anothvéith bacterial production rotating from
the extreme positive end of axe 1 in the surfaceemsdi.e. epi- and metalimnion plot), to the
extreme positive end of axe 2 in the intermediaieids (hypilimnion and ocycline), before
closely approaching the FVIC position in the deepeaters (chemocline, monimlimnion).
Major explaining variables for FVIC mainly includedal abundance in the surface layer plot
(Fig. 4B), burst size and grazers in the intermtediayer plot (Fig. 4C), and burst size and
bacterial production in the deepest layers (Fig. 4D

Discussion

General consideration¥he present study is an attempt to analyse theosabshanges in
viral bacteriolysis together with those in prokarggroduction and potential

bacterivores in the deep meromictic mountain Lakeir® including for the first time the
whole water column and the related deep gradi€rtszious studies on biological limnology
in Lake Pavin were restricted to the mixolimnioroad 40 m depti{Carrias et al, 1996,
1998ab; Bettarelet al, 2003; Lepereet al, 2006; Lefevreet al, 2007) ignoring the deeper
layers which contain about the half of the totalumoe of water in the lake. These studies
include a study conducted in 2000 in Lake Pavinsonilar topic as herein, but with a
sampling strategy restricted to only three depitles §ampled depths: 5, 10, and 35 m) located
in the mixolimnion of the lakéBettarel et al. 2004) In the present study, our mains results in
the mixolimnion generally were quite similar to sieoreported and discussedBettarel and
coauthors. Accordingly, in the following discussion, emptsasiill be given to the
undersampled deeper layers of the lake and theedetaiginal, additional information in the

context of aquatic viral ecology.
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Viral infectivity and the deep-related variability

The frequency of visibly infected cells (FVI®&Je have used the whole cell method for the
determination of FVIC. This approach has been stibthto critics and can yields estimates
with relatively large errorg¢Bettarel et al. 2004) For example, at least 600 and up to 1800
bacterial cells were inspected per grid during pinesent study, for a number of visibly
infected cells between 0 and 50 cells. However,FMIC levels (i.e. 0 - 3.1 %) were within
the typical range (i.e., < 5 %) reported in pelagystems using the same methodological
approach(Wommack and Colwell 2000) In Bettarel et al. (2004) mixolimninic FVIC
varied between 0.3 and 4.1% and peaked at 10 mringsand at 5 and 35 m in autumn but
with no significant differences between the thraengled depths. This differed from the
findings in the present study where more depthsvwsampled in the mixolimnion, and the
depth-related gradients considered in the wholemedlumn. Indeed, in the present study,
the effects of depth-layers but not of seasons V€ Fwvere highly significant, although the
FVIC range (< 3.1 %) was relatively narrower thhaatt(< 4.1 %) reported previously in the
study conducted in 2000 in the mixolimnion Bettarel and coauthors This comparison
indicates an apparent mismatch in the seasonal dapdh-related variability of viral
infectivity in Lake Pavin between the two studieghich can be related to interannual
differences in viral proliferation, or to differees in sampling strategies adopted in the two
studies.

The latter explanation is most likely because fachesampling time, the coefficients
of variations around FVIC mean values in this stg@yge 40 — 81 %) were largely higher
than those (< 25%) iBettarel et al. (2004) due to the sharp decreased in FVIC with depths,
i.e. as revealed by the present study where theeemater column was sampled. Although a
contrasted pattern in the vertical distributionFaIC was occasionally reported on 20 April
2004 in Lake PavinGolombet et al. 2006)the above explanation is further strengthened by
the facts that the seasonal depth-related patteparted inBettarel et al. (2004)in the
mixolimnion of Lake Pavin, particularly the peaksted in spring and autumn with no
significant depth-related difference, were alsaifbin the present study, and in other lakes as
well (cf. Bettarel et al. 2004) Furthermore, FVIC values in this study were re&y lower
in the subsurface waters at 0.5 m depth, primaliigng spring and summer times (Fig. 2B),
corroborating the hypothesis on UV-induced inadiora of surface viruses that is also
discussed irBettarel et al. (2004) based on supporting literature in the contextvofld
aquatic ecosysten(g.g. Hofer and Sommaruga, 2001; Suttle and Chen 98, Noble and
Fuhrman 1997 and Garza and Suttle 1998)Above comparisons thus clearly highlight the
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importance of the deepest layers in viral actidtyd ecology, and the related processes in
deep lake ecosystems such as Lake Pavin.

Burst size (BS)The mean numbers of intracellular viruses obseperdnfected bacterial cell
in the present study (range 7 — 127, median val6&)=were apparently higher compared to
those (range 10 — 55, median value = 32) reportétda mixolimnic study byettarel et al.
(2004) However, the overall mean BS in both studies weoge comparable than the range
and median values, with a substantially higher foameht of variation around mean in the
present study (mean = CV = 31 + 58) tharBettarel and coauthorswhere seasonal BS
were about constant (mean + CV = 25 £ 4). This walaarly due to the inclusion of deep
waters in the present study where BS were sigmifigg ANOVA, p < 0.001) lower than in
the mixolimnic waters. No clear seasonal patterosuwed in both studies, corroborating
similar results reported in Lake Mono where BS e@rfrom 10 to 55 viruses bactetia
(Brum et al. 2005. Our findings on the spatial variability of vies in Lake Pavin contrast
with reports fromWeinbauer and Hofle (1998a)and Weinbauer et al. (2003a)where BS
were higher in the anoxic waters than in the serfaaters of Lake Ppsee and of the Baltic
Sea, respectively. Unexpectedly, the general oenae of higher BS in the surface than in
the deep waters of Lake Pavin also contrasted thilvertical pattern in bacterial production
which was, on average, higher in deep that in sarfaaters. This seems unreasonable
because BS is related to bacterial cell biovoluMveitbauer and Peduzzi 1994, Hennes
and Simon 1995, Weinbauer and Hofle 1998kand both variables are known to increase
with increasing bacterial growth rat®liddelboe 200Q. As previously given irBettarel et

al. (2004) this assumption is realistic only if the viralqudations have about the same capsid
size.

From both the present study and a preliminary @melgcted in Lake Pavin (c€olombet et

al. 2006, evidence is provided than this is untrue becanfs¢he high  morphometric
diversity of pelagic viruses in this lake, partady in relation to the depth-related gradients.
Indeed, viral communities in the permanently anorionimolimnion of Lake Pavin
comprised a substantial number of atypical baghage forms, larger in capsid size (> 60
nm), and with more complex spatial conformationg(Fb), compared to the mixolimnic
viruses which were more typical of the world aquaftree-occurring bacteriophages
dominated by small (capsid size < 60 nm) Siphodd?@nd Myoviridae $ime-Ngando et

al. 2003. In addition, an analysis of viral diversity bdsen the distribution frequency of

capsid sizes through the whole water column of LRkein has indicated that viruses were
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apparently typical and more diversified in the nmoaiinion than in the surface waters,
although the study was based on one-date sampgigggFigure 2A ifColombet et al. 2008
This finding corroborates a recent study in Lakeifavhich has unveiled highly diverse
prokaryote communities in the monimolimnion of LaRavin (ehours et al., 2003, i.e. the
sole potential hosts for viral proliferation in ghiparticular habitat Golombet et al.,
submitted). Because prokaryotic specific cell volume is &mthrough the water column at
about 0.1 urh(Sime-Ngando et al. 1991unpublished data), it is thus likely that deepxa
viruses in Lake Pavin are dominated by endemicjc&yppopulations, with different
morphometry and diversity characteristics compat@dsurface viruses. This may help
explained why burst sizes in this lake decreasguif@antly in the deep layers, and further
stress the ecological importance of these layers.

Figure 5. Surface and deep water viruses are aphacéfferent in Lake Pavin: overview of

the general morphotypes of viruses in the wateurnal including the characteristic free-
occcuring pelagic forms [Sipho- (A), Podo- (B), Myradae (C), and untailed phages (D)],
which are dominant, primarily in the mixolimniomadthe more atypical forms or complex
spatial arrangement/conformation (E) which occumenly in the permanently deep anoxic

waters.
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Empirical forcing of depth-related gradients in \at lytic activity.

In a companion paper analysing the seasonal aatthspbundances of viruses and
based on multivariate and correlative statisticaalgses, an apparent shift in the viral
interactions with various autotrophic and hetenoiiio microbial components is suggested
between the mixo- and the monimolimnion of Lake iRawn this paper, viruses were
correlated mainly with microautotrophs in the miralion but exclusively with heterotrophic
prokaryotes in the monimolimnion where the othecrofiial communities were apparently
constraint by the dark anoxic conditiof@Golombet et al. submitted) In the present paper
and based on the same type of analyses, the difi@ré&inctional responses of lytic viruses to
the depth-related gradients in their biologicalissvment were confirmed. Indeed, assuming
that burst size (BS) and the frequency of visibijected bacterial cells (FVIC) within
prokaryotic communities reflected the lytic actvitf viruses, the results of correlation and
principal component analyses (PCA) have highlightieel ecological importance of deep
waters in the context of aquatic viral ecology.

Almost all significant correlations with BS and FE/occurred from the hypolimnion
downwards, implying mainly prokaryotic variablesbgadance, production) as dominant
correlates. Indeed, the relative importance of dxadt production in explaining variance in
BS and FVIC increased with depth, and prokaryotdoables were exclusive correlates for
FVIC and BS from the oxycline downwards. All coabns were positives, at the exception
of those between FVIC and prokaryotic variablegha oxycline (Table 1, Fig. 4). This
corroborates the hypothesis that this layer is ya tkensitive microhabitat in Lake Pavin,
where the complex mixolimnic biological communitiesid the related interactions are
replaced by a simple viral loop system (i.e. DOMrokaryote > viruses > DOM) towards the
dark and permanently anoxic monimolimni@olombet et al. 2006, submitted)In general,
oxycline/chemocline layer in Lake Pavin is well kmoas an important barrier, characterized
by particular geochemical properties, that act deew interface in the vertical flow and
recycling of matter through the water colurfdeschbach-Hertig et al, 2002) A recent
spatial study has shown that, in this layer, ther@ complete shift in the composition of the
prokaryotic assemblagé€kehours et al, 2005) the main and exclusive hosts for the thriving
viral communities in the monimolimnion of the lake.

However, the mean seasonal FVIC decreased witleasmg depth while the mean
seasonal values for the prokaryotic host productrmreased with depth. In terms of
abundances, viruses and bacteria peaked in thdimm@tan but also in the monimolimnion

(Colombet et al. submitted) a pattern that somewhat also contrasted withith&VIC. This
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was unexpected from the literature dééeward et al. 1996, Peduzzi and Schiemer 2004,
Pradeep Ram et al. 2005)and from the single-date preliminary study corédddn Lake
Pavin where viruses and prokaryotes increased aafith in both terms of abundance and
activity (Colombet et al. 2006) The above comparison implies that, at a seasmade, viral
proliferation as estimated from FVIC method in teepest layers was at its lower potential
and do not fully exploited the abundant and rapidipewing ambient host resources.
Otherwise, part of the free-occurring abundant sesuin theses layers was not lytically
infective for their ambient hosts, and the fatefrek viruses through grazing was unlikely
because of the general absence of grazers in thermalmnion. Similar finding was recently
reported and termed ‘infection paradox’, as a @gpfeature of freshwater benthic viruses
(Fillipini et al. 2006). The mechanisms behind an apparent low infectiwityreshwater
benthoviruses are still unknowef. Fillipini et al. 2006).

In this study, the discrepancy between high sedsanrad abundance and low FVIC in
the deepest planktonic layers of Lake Pavin algeared difficult to be reconciled. We have
shown that deep viruses in Lake Pavin are typarad, there is a probability of the coexistence
of different styles of viral proliferation, incluag chronic, lysogenic or pseudolysogenic
production. Evoking inputs of viruses from the sod waters and/or from the sediments is
also tempting, although (i) oxycline and chemoclare strong barriers for surface vs deep
vertical exchanges within the lake, (ii) the moniimmion is considered as a physically stable
and steady-state environmef#geschbach-Hertiget al, 2002) (iii) where viruses are likely
typically different from those in the surface waf{@olombet et al. 2006) Because free
viruses can maintain their physical integrity anere their infectivity for long time, up to
several tens of yea(Suttle 2005) it is also likely that a pool of ‘long-live’ alidthonous
viruses may cohabiting with the endemic typicalplgguses which depend on the ambient
prokaryotic production. It has been shown thatsesiin deep, cold marine waters exhibit
particularly low decay ratéParada et al. 2007)and this may be the case for the so-called
‘long-live’ deep viruses. Greater resistance teeatibn due to low temperature mediated
modifications of viral receptors on the host membrar of intracellular defence responses
can also be prevalent in deep cold wafBehannan and Lenski 2000) It is indeed rational
that short host generation times promote rapidwtiasl of phage resistance. A number of
plausible reasons could thus account with the eksehigh abundances of viruses and
prokaryotes concomitant with high prokaryotic protion but with low lytic activity of

viruses in the deepest waters of Lake Pavin.
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Compared to the previous studies in Lake Pavin waitd other sites where no
correlation has been observed between viruses alftlddsemblages considered as the main
grazers of pelagic prokaryotés. Bettarel et al. 2004, Colombet et al. submitth, FVIC in
the present study was significantly correlatedhi® ‘specific abundance’ of potential grazers
in the hypolimnion where peak in FVIC coincidediwgeak in the abundance Mbnaslike
grazers. The later organisms, together with burst, sndeed appeared as strong explaining
factors for the seasonal variability in FVIC receddn the hypolimnion/oxycline layer (Fig.
4). We now know that HNF assemblages in pelagicystems comprise non-bacterivorous
species such as fungal zoospdiesfevre et al. 2007) In the present study, the interference
from these non-bacterivores was minimized by tamgespecific groups or taxa known as
strict bacterivores or mixotrophgCarrias et al. 1996) The approach probably has
contributed to the observed correlation between~\dnd the abundance of potential
bacterivores, although this was observed only & higpolimnic layer where many of the
correlations involving FVIC were calculated (Taldle It is well known that there are many
routes of interactions between viruses and graZéss has been widely tested from
experimental studigef. Pradeep Ram and Sime-Ngando 2008 and referersctherein) but

only partially from empirical and trophodynamic seaal datgcf. Bettarel et al. 2003)

Conclusions

This study presents an original deep-related supfeyirioplankton lytic activity in
relation to prokaryotes and potential bacterivares volcanic deep lake, complimenting a
companion paper on the abundances and vertical coityn structure of viral and
microorganisms(Colombet et al. submitted) The sampling strategy adopted, with 12
different depths sampled through the 92 m deeprvealemn, was considered representative
of the whole water column of Lake Pavin, and thkatesl physico-chemical gradients.
Compared to previous studies known from the mixoigriayers in Lake Pavin, the main
findings have highlighted the importance of thepiese layers in viral activity and ecology,
and the related processes in deep freshwater éeosysuch as Lake Pavin. Deep waters
indeed appeared as an exclusive environment fardtedbphic prokaryotes, whose seasonal
activity offers an optimal and unique resourcetfoiving viral communities, some of which
may be typical, endemic to the ambient dark, cabd atable deep-water masses. The
exclusive seasonal coupling between viruses ankiapyotes was not obvious from the sole

depth-related gradients, because high abundance#uses and prokaryotes concomitant
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with high prokaryotic production but with low lytaxctivity of viruses, occurred in the deepest
waters of the lake. Overall, the main findings lobse the functional responses of viruses and
prokaryotes to depth gets well around a previoatestent that the ecology of the deepest
waters of Lake Pavin is essentially driven by thekdviral loop (DOM-prokaryotes-viruses)
processes, which can sequester organic matterswaneénts for a long-live turnover time
(Colombet et al. submitted) This is in agreement with recent demonstratisosmfmarine
systems that meso- and bathypelagic waters arealpénvironments for viral survival and
proliferation in North AtlantiqParada et al. 2007)and Mediterranean Sefédgagagnigni et

al. 2007)
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Abstract

The imprint of viruses on aquatic microbial ecolagtymately depends on whether the
virus is lIytic or temperate. However, few attempidve been made to investigate the
importance of temperate phages in aquatic ecosgstammarily in freshwaters. In this study,
high resolution vertical sampling was conducted otleep meromictic lake during nine-month
period (April to December 2005), for evidence opesimentally inducible cryptic phages, i.e.
prophages, integrated into the genetic materialbafterioplankton. Temperate viruses
responded to mitomycin-C used to induce prophagés Iytic cycle, i.e. the burst size
method. Prokaryotic lysogens were restricted toakygenated layers of the water column,
with a frequency of lysogenically infected celld.(F) representing < 0.1 to 11.5 % of the
total abundance. No consistent correlation wasddwgtween FLC and the physico-chemical
parameters (light, salinity, temperature, oxygenmlomphyll) but with the abundances of
bacteria and free viruses, and with the frequeridytrally infected cells (FIC) which was
higher (range <0.1 to 26 %). These correlationsewergatives and FLC was detected at a
significant level only from under an apparent thigd bacterial abundance of about 5 X 10
cells mLY. In conjunction with the finding that the poteftigiral production from
spontaneous induction of all lysogens represerdssl that 2 % of viral lytic production, our
study provides empirical indications that lysogemginly is a strategy for the maintenance of
viral genotypic and phenotypic traits in the enmmeent, and can further have significant
incidences on the evolutionary ecology of host camitres. This is in agreement with recent
finding from a sporadic sampling that host avallgbiis prevalent over the physical and

chemical environments and favour lytic over lysdgewiral lyfe cycles’. Although, we
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believe that few available studies on lysogens gua#ic systems preclude any simple
extrapolation to the natural conditions, and thathfer investigations are warranted.

Introduction

The significant importance of viral processes iturel and aquatic environments is
now well accepted and increasingly investigatedsi&dly, viruses have three major ‘life’
cycles: chronic, lytic and lysogenic infectioffsuhrman 1999, Sime-Ngando 1997)n the
chronic cycle, production of progeny viruses is fethal to the host cell, viruses being
released in the ambient environment by extrusiobumtding over several host generations.
The importance of this viral reproductive strat@gyaquatic microbial ecology is completely
unknown. In the lytic cycle, phages force the hmstabolism to produce numerous progeny
viruses that are released in the environment kgl fairsting of the host cell. In lysogenic
infection, the lysogenic phage either enters thie lgycle directly, or integrates into a host
genetic material as replicating prophages for sdvgenerations, until the lytic cycle is
induced, generally by environmental stimuli.

The quantitative importance of lytically infecteells is relatively well documented at
the community level in both marine and freshwatelagic systemgSime-Ngandoet al.
2003, Weinbauer 2004, and references hereinjess attention has been given to the
importance of lysogens, i.e. cells in the prokay@ommunity containing inducible viral
genomes known as prophages. In a review papekermann and Dubow (1987)have
calculated that nearly 50 % of 1200 bacterial sg@xamined contained inducible prophages.
A sequencing of 82 bacterial genomes, mostly entegicteria, has revealed that 62 % are
prophage carriers, and that these cryptic prophagesconstitute as much as 10-20 % of a
bacterium’s genomgCasjens 2003) In aquatic environments, the incidence of lysagen
cells has been inferred from induction experimetygsically using mitomycin Jiang and
Paul 1996) The few studies conducted to date have shown that frequency of
lysogenically infected cells (FLC) ranged from ragtectable to over 100 % in marine
bacterioplankton communitig®Veinbauer 2004 and references hereinfrom 0.1 to 16 %
in tropical and temperate freshwatdiGapper and Hicks 1998, Colombetet al. 2006,
Bettarel et al. 2006) and from 2 to 89 % in Antarctic lakd&isle and Priscu 2004,
Sawstromet al. 2006)

Almost all these studies were sporadic (i.e. basefew sampling dates or stations),
including, to our knowledge, only three studieslomg-term seasonal variatioif€ochran
and Paul 1998, Williamsonet al. 2002, Sawstromet al. 2006) and two on depth-related
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gradientgWeinbauer et al. 2003, Colombetet al. 2006) As a consequence, our knowledge
of the spatio-temporal variability in lysogenicewfions and the potential regulating factors in
aquatic systems is limited. The available datd@literature is even somewhat contradictory.
For example, in the Tampa Bay (Florida, US&pchran and Paul (1998)have detected
lysogeny only when the water temperature excee@é@,while in the same sii#illiamson

et al. (2002)have successfully induced lysogens during wintentims at temperature <5 °C.
Weinbauer and Suttle (1996, 199%ound no correlation between the percentage alggas
and temperaturd.apper and Hicks (1998)recorded highest FLC in UV-exposed subsurface
layer of Lake Superior, whilé/einbauer and Suttle (1999)showed that solar radiation is a
strong inducing factor for prophages in coastal affshore marine bacterioplankton.
Colombet et al. (2006) have reported that FLC decreased with depths It iwcreasing
viral resources (i.e. prokaryote abundance andymtoxh), andwilcox and Fuhrman (1994)
and Jiang and Paul (1996)did not observed any evidence of solar-mediateldiaion of
lysogens in aquatic bacterial communiti@sng and Paul (1994, 1998)eported maximal
FLC in oligotrophic environments where@stmann et al (2002)found that the induction of
lysogens was independent of the trophic statusallfinWeinbauer et al. (2003) and
Colombetet al. (2006)provided evidence that FLC rose in conditionsoof host abundance
and productivity, wherea®rtmann et al (2002)reported high induction of lysogens at high
host growth rate.

The question of a better understanding of the dmrton of lysogens to bacterial
standing stocks and the related processes is titicalc This question is particularly worth
because, in the general context of aquatic mictasalogy, the functional importance of
lysogeny is fundamentally different to that of ¢ytiiruses. Lytic cycle, as a cause of bacterial
mortality, releases and increases the retentioastiof organic substrates and nutrients in the
water columr(cf. Middelboe and Lyck 2002) and influences greatly the structure of the host
communities (see reviews in Wommack and Colwell 2000, Weinbau&004) Lysogeny
rather allows a cryptic maintenance and dissenanatf viral phenotypic and genetic
characters and provides competitive advantagehdohbst cells, including resistance to
antibiotics, changes of antigenic traits or acduisi of virulence factor§Waldor and
Mekalanos 1996) The impact of viruses on ecological and biogeothal processes
(Wilhelm and Suttle 1999) ultimately thus depends on whether the virus igc lpr
temperate.To assess this, we need studies that integrate-téwng seasonal and spatial
variations of lysogenic cells compared to lyticalhfected cells. To our knowledge, only
short-term(Ortmann et al. 2002, Weinbaueret al. 2002, Bettarelet al. 2006) or spatial
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(Weinbauer et al. 2003, Colombetet al. 2006) attempts have investigated simultaneously
these two viral ‘life’ cycles in natural waters.cBuinformation is essential to understand the
whole ecological significance of viruses in aquatiwironments.

The general objective of this study was to examioe the first time, the seasonal
variations of lysogenically infected cells acrose vertical physico-chemical and biological
gradients in the deep freshwater Lake Pavin (Flaggeecifically, we aimed (i) to analyse the
fluctuations in the quantitative importance of lgeas, (ii) to tackle the potential empiric
factors capable of influencing this dynamics, aiiiyitb compare the FLC dynamics to those
of Iytically infected cells. The deep meromictickeaPavin (Zmax=92m) has a permanently
anoxic bottom layer (60 to 92m) and presents aession of physico-chemicahAéschbag-
Hertig et al. 2002)and biological(Colombet et al. submitted a and b)vertical gradients

that offer a unique model for such studies.

Materials and methods

Study site and sample collectio®amples were collected in Lake Pavin (altitude71d9, a
meromictic and dimictic oligomesotrophic lake lahtin the French Massif Central, that
experiences partial overturn. It is a typical arat®untain lake characterized by a maximum
depth of 92 m and low surface (44 ha) and catchifi¥hha) areas. A characteristic feature of
the physical structure of the lake is the existeata distinct and permanent chemocline
between about 60 and 70 m depth, that separates#s®nally mixed mixolimnion from the
monimolimnion. The latter layer is characterizeddvyelevated conductivity and salinity as
well as complete anoxic conditioid8eschbach-Hertiget al. 2002) Above the chemocline
there is an oxic/anoxic interface between 50 anth@lepths.

Samples were collected monthly (systematicallyveet 09:00 and 10:00 AM), from
April to December 2005 at a central deepest lonanahe lake by using an 8-liter Van Dorn
bottle. A total of 12 depths was sampled in thdedint physico-chemical layers and
considered as representative of the whole watemuml namely in the epi- (0.5 and 5 m),
meta- (12 m), hypolimnion (20, 30 and 50 m), andhie oxycline (56, 57, 58, 59 m) for the
mixolominion, as well as in the chemocline (60 mgan the monimolinmion (80 m). All
samples were collected an analysed in triplicakes. suboxic and anoxic layers, living
samples were contained and processed (i.e. foef@cproduction and FLC incubations) in

sterile serum bottles sealed with rubber and alumircrimp caps and flushed withp N
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Physico chemical variablesVater temperature and dissolved oxygen profileeweeasured

in situ each 0.5 m from the surface to 80 m with an ox®iall97 multiparameter probe
(WWT, Limonest, France). Chlorophyd concentrations in the 12 sampling depths were
determined spectrophotometrically from particle ( 2 L) collected on Whatman GF/F
filters. Pigments were extracted in 90 % acetonermight in the dark at 4 °C, and
concentrations calculated usiS¢ OR-UNESCO (1966)kquations.

Bacterial and viral abundancesSubsamples were fixed with 0.02 um filtered glal@dehyde
(final concentration 2 % v/v) immediately after gdimg, and filtered (<15 kPa vacuum)
through 0.02 um pore size Anodisc filters (Whatmdajdstone, UK) which were mounted
between microscope slides and glass cover slipsgusi mixture of 80 % AF1 Citifluor
(Citifluor, London, England) and 20 % Vectashielée¢tor Laboratories, IncBurlingame,
U.S.A) as antifading mounting medium. Counts we@e under a Leica DC 300F
epifluorescence microscope following staining wifBR Green | fluorochrome (Molecular
Probes Europe, Leiden, Netherlands) as describétbbie and Fuhrman (1998) When not
analysed immediately, slides were stored at —20 ui@il counting. Bacteria were
distinguished from virus-like particles (VLPs) ohet basis of their relative size and
brightness. A blank was routinely examined to aantor contamination of the equipments

and reagents.

Bacterial Production.Bacterial production (BP) was determined by theiporation of*H-
leucine (final concentration 40 nm, specific adtivi 71 Ci mmot, Amersham Biosciences,
UK) into bacterial biomass using the microcentréugnethod(Kirschner and Velimirov
1999) Incubation time (30 minutegn situ in the dark) was fixed from preliminary
experiments conducted on 25 March 2004. Proteinigtation in controls (i.e. 5 % TCA-
killed) and fixed-essays was aided by adding Nd@hl concentration 3.5 % v/v) at 18 °C
for 30 min. After centrifuge-washings, microbialllpes were dissolved in 0.2 mL 1.2 N
NaOH at 80 °C for 20 min and Scintillation cocktélil mL, Ready Safe, Beckman Coulter)
added for radioactivity counting with a Beckman 6500 liquid scintillation counter.
Leucine incorporation was converted into the numifecells produced by using empirical
conversion factors (0.27 x Tocells mof* for oxic waters and 0.25 x ¥ocells mot* for

suboxic and anoxic waters) determined during prelmy experiments conducted on 25
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March 2004, by regressing bacterial numbers agaitdéucine incorporation rates from a

dilution-growth experiment, i.e. the derivative imed (cf. Jugniaet al. 2000)

Frequency of infected cells and maximal burst sig@r viral lytic infection, the frequency of
infected cells (FIC) was calculated from the fremmye of visibly infected cells (FVIC)
obtained from observations under a JEOL 1200EX strassion electron microscope,
following ultracentrifugation and uranyl acetataising. The procedure is detailed elsewhere
(Bettarel et al. 2004) FIC was calculated from FVIC (as a percent) usirgformula FIC =
9.524 FVIC — 3.25Weinbauer et al. 2002) For each sample, maximal burst size (MaxBS)
was estimated from the mean number of viruses fectiad cells which were totally filled
with phages. Lytic viral production, i.e. the numimé lytic phages produced by bacterial
communities per time and volume units, was estichady multiplying bacterial cell
production by FIC/100 and MaxB@8Veinbauer et al. 2003)

Frequency of lysogenically infected cell§he frequency of lysogenically infected cells
(FLC) was determined from the induction of proplsgsing mitomycin GJiang and Paul
1996) Mitomycin C was added to samples (final concéinmal pg mLY) in 20 mL sterile
serum bottles, and untreated samples served aslsorithe incubation time (24 houns
situ) was fixed from a 76-hour time series preliminagperiment conducted on 25 March
2004. Subsamples were removed with syringes atni) #®4 hours and fixed with
glutaraldehyde for viral and bacterial counts. Fiv@s estimated from viral abundances in
mitomycin C treated (VAm) and control (VAc) inculmats, and bacterial abundance (BAtO)
and MaxBStO0 in original samples: FLC = 100[(VAM Ag)/(MaxBSt0 x BAtO)(Weinbauer

et al. 2003) Prophage replication rates, i.e. the number oplpages produced by bacterial
communities per time and volume units, were estghais the bacterial cell production times
FLC/100 (Weinbauer et al. 2003) assuming there is one additional viral genome qadir
division (Marsh and Wellington 1994)

Statistical analysisNormal distribution of data was checked by KolmaysSmirnov test.
Because not all the data sets followed normalildigion, we applied log transformation to
meet the requirements for parametric statisticoo-Wway analysis of variance was used to test
for the potential effects of seasons [i.e. spriAgr{l to June), summer (July to September),
and autumn (October to December)] and of depthaelgradients (epi-, meta-, hypolimnion,

oxycline, chemocline and monimolimnion) on the eiéint biological variables. All
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significant differences given to the readers thiteeavere at p < 0.001. Potential relationships
among variables were tested by Pearson correlaatysis for each sampled layer. All
statistical analyses were performed using MINITAB dnd SYSTAT 10. Data on viral

abundance and bacterial abundance and productdiulyr presented and discussed in detail
elsewherg(cf. Colombet et al. submitted a and h) They are briefly presented and used

herein as accompanying variables in relation tosdreability in lysogens.

Results

Temperature, dissolved oxygen, chlorophyllThe changes in water temperature and oxygen
contents were typical of a deep meromictic dimi¢eémperate lake. Thermal stratification
started in May and ended in November, with panarturns and homogenization of the
water column temperature in April and December (EA). The oxic/anoxic interface was
located between about 55 and 59 m (Fig. 1B). Timpé&ature and oxygen profiles confirmed
that the sampled depths included the different igbyshemical layers (i.e. epi-, meta-,
hypolimnion, oxycline, chemocline, and monimolimmjo and were thus considered
representative of the whole water column of theelalfig. 1AB). Chlorophyll a
concentrations (Chl) fluctuated from about 1 topigl, with a significant effect of depth
due to the fact that values in the three uppesrtagf the lake were higher than in the three
deepest layers (Fig. 1C). The effect of seasonCbhwas also significant, with peak
concentrations in spring months. Pigment conceaontratwere particularly high in the month

of May, in the whole water column (Fig. 1C).

Virus-like particles (VLPs) and bacterial abundance/iral abundance (VA) fluctuated from
0.8 to 5.1 x 10VLPs mL?', and the depth-related mean values ranged fronio1347 x 10
VLPs (overall mean = 2.2 x 10/LPs mL?"). Differences between layers were significant,
mainly due to the highest values recorded in th&almenion and in the monimolimion (Table
1, Fig. 2A). These values occurred in summer fothblayers and in autumn for the
monimolimnion, explaining the significant effects seasons on VA. However, the seasonal
variability in VA was visibly weaker from the lowenypolimnion to the oxycline and
chemocline (i.e. from 30 to 60 m depth), comparedtiie upper layers and to the
monimolimnion of the lake (Fig. 2A). Bacterial aldamce (BA)fluctuated from 2.0 to 28.3 x
10° cells mL* (mean = 6.0 x 1cells mLY) and peaked in August in the metalimnion and in
the monimolimnion where the highest seasonal almeelwas noted, largely higher (about 2

fold) than the metalimnic peak (Tables 1, Fig. 2B).
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column of Lake Pavin, April — December 2005.
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Table 1. Mean (CV) of biological variables under studyLimke Pavin, April to December of 2005

6 . Lytic viral pro duction Prophage replication
LayerPepth Ba (10° bact. VA (107 vLPBP (107 bacteria \jayps FIC() 10" viLp L-P h) FLC (%)  rate (10’ VLP L h?) FIC/FLC
mL™Y) mL™) L™h")
E .05 574 2.4 (36) 21.6 (52) 49.7 (42)  7.3(78) 9.1 (161) 0.5(178)  0.012 (194) 14.6
5 6.1(34) 2.7 (32) 17.8 (62) 53.2(31) 8.9(56) 8.2 (138) 0.4 (114)  0.008 (128) 22:3
M .10 8.3(73) 3.0 (39) 21.0 (74) 69.9 (55) 7.5 (47) 10.5 (131) 0.6 (134)  0.016 (200) 12.5
H 20 5734 2.6 (38) 19.6 (68) 76.6 (41) 9.0 (47) 16.2 (158) 0.5 (164)  0.010 (206) 18.0
30 4.4 (36) 1.8 (19) 16.8 (68) 100.8 (103) 7.2 (52) 28.2 (249) 0.5(93)  0.06 (99) 14.4
50 3.2(38 14(30) 189 (84) 56.0 (52) 3.5(62) 2.0 (86) 15(76)  0.025 (94) 23

4BA, bacterial abundance; VA, viral abundance; Vidrys-like particles; BP, bacterial production; Mg, maximal burst size; FIC,
frequency of infected cells; FLC, frequency of Ilgsaically infected cells. E, epilimnion; M, metahion; H, hypolimnion; O,
oxycline; C, chemocline; Mo, monimolimnion
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The above patterns in BA accounted for the sigaficeffects of seasons and depths.
Interestingly, the August peaks in BA coincidedhagimilar ones in VA. In addition, low
seasonal variability was also obvious in BA betwabaout 20 and 60 m depths, similar to the
pattern observed in VA (Fig. 2A,B).
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Figure 2. Seasonal variations of Bacterial abune#Bé&, A) and of Viral abundance (VA, B)

in the water column of Lake Pavin, April — DecemBéf5.

Heterotrophic bacterial production (BP)BP fluctuated from 3.8 to 73.7 x 4@ells L* h*
and the mean values for the different sampling lteptere relatively similar to each other,
varying from 16.8 x 10cells L* h' in the hypolimnion to 23.5 x fccells L* h? in the
oxycline (overall mean = 21 x i@ells L* h%) (Table 1). The effect of depth-layers was not
significant (p > 0.05). This contrasts with theeetf of sampling time which was significant,
with a decreasing production with seasons, froningpfmean = 40 x 0cells L* h?) to
summer (mean = 13 x 1@ells L* h!) and autumn (mean = 9 x®¢€ells L* h!) (Fig. 3A).

Maximal burst size (MaxBS)MaxBS fluctuated from 15 to 363 viruses per ingelctell
(mean = 56 * 39 viruses bactétjaThe highest seasonal values occurred in
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Figure 3. Seasonal variations of bacterial produmc(A), maximal burst size (B), the
frequency of lytically infected cells (FIC, C), atite frequency of lysogenically infected cells
(FLC, D) in the water column of Lake Pavin, ApriDecember 2005.
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the meta- and hypolimnion (Table 1), particulamyspring (Fig. 3B). This resulted in a
significant effect of seasons on the variabilityMéxBS. The depth-related effect was also
significant, because of the particularly lower M&HBn the deep chemocline and

monimolimnic layers, compared to the mixolimniorafle 1).

Frequency of infected cells (FIC)FIC fluctuated from < 0.1 to 26 % (overall mean.9 4
5.4 %) and significantly decreased with depth (FR3§), corresponding to lytic viral
production range of 2.14 to 15.4 x’MLPs L* h* (overall mean = 7.4 + 7.9 x 1&LPs L
h™). For both variables, mean values were indeedehigh the oxic layers (epilimnion,
metalimnion, hypolimnion, oxycline) than in anoxames (chemocline, monimolimnion),
similar to the vertical trend noted for burst sfZable 1). The seasonal variability in FIC was
also significant, with major peaks in April in tiypolimnion and in October in the surface

epilimnic layer (Fig. 3C).

Frequency of lysogenically infected cells (FLCFLC fluctuated between < 0.1 and 11.5 %,
and mean values for the different depths samplegd/&om 0.1 % in the monimolimnion to
2.5 % in the oxycline (overall mean = 0.7 £ 1.3 @ble 1). This corresponded to prophage
replication rates that fluctuated between 0.002 @0d6 x 10 VLPs L* h* (overall mean =
0.012 + 0.011 x 10VLPs L* hY). The variability with depth was significant, witfigher
values in the oxic layers (epilimnion, metalimnitiypolimnion, oxycline) than in the anoxic
ones (chemocline, monimolimnion), similar to thetwal patterns in MaxBS and FIC (Fig.
3B-D). In the oxic layers, lowest mean value warded in the epilimnion whereas highest
mean value was recorded in the oxycline. Meta- laydolimion had intermediate mean
values (Table 1)Monthly mean FLC varied more than 7-fold but thassmal variability was
not significant (p > 0.05). Lowest values were reed in April, July-October and in
December, whereas highest ones occurred in June@rember.

Compared to FIC, FLC levels were significantly &w with FIC : FLC ratios
averaging from 1.6 to 24 (overall mean = 10) dependf the sampling depth (Table 1). The
lowest differences between the two frequencies wgeerally noted in the permanent
transitive layers, i.e. oxycline and chemocline veh€&IC : FLC ratios were < 10 (at one
exception at 59 m sampling depth). In other lay#imsse ratios generally exceeded 12 (at one
exception at 50 m depth) (Table 1). In terms oalvproduction vs replication rates, these
ratios increased by up to several orders of madejtaveraging from 54 to 2100 (overall

mean = 600) depending of the sampling depth (dblela).
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Among the variables under study, FLC was corrdlat@y with viral and prokaryotic
variables. Correlation coefficients between FLC wsal and bacterial abundances were
negative for the whole water column (r = - 0.49 ar@48, respectively, p < 0.001) and for
the oxygenated layers (r = - 0.47 and - 0.49, mdspdy, p < 0.001). This generally
contrasted with similar correlations but with Fi@hich were positives. FLC and FIC indeed
were negatively correlated in the oxygenated weddwmn, due to the coefficient calculated

for the oxycline layer (r = - 0.55, p < 0.001).

Discussion

Methodological aspectEstimation of the frequency of lysogenically infegttcells (FLC) in
natural microbial community is subject to critieghatever the method is. In this study, we
have used a chemical-mediated prophage inductioiade a current method in aquatic
microbial ecologyJiang and Paul 1996) The method is based on the use of mitomycin C as
inductor agent and the quantitative importanceysbdgens can then be estimated from two
different approaches: (i) the reduction in bactedigect counts after induction of lysogenic
bacteria into lytic cycle, or (ii) the difference viral abundance between treated and control
essays divided by burst size. The first approasmimeéd ‘mortality method’, requires bacterial
mortality rates in control natural samples withmitomycin C addition, in order to calculate
the targeted mortality due to prophage inductiodekd, in this approach, it is important to
control for bacterial mortality from sources othltban mitomycin (such as lytic viruses,
grazers, bacteriocins etc...), in order to estimat quantitative importance of lysogens
(Jiang and Paul 1996, Williamsoret al. 2002) The second approach, termed ‘the burst size
method’, assumes that the increase in viral abweldne to mitomycin addition is the result
of lysogen induction and the subsequent cell lysisd requires the availability of a
transmission electron microscope for direct obdewmaof visibly infected cells. This
approach is well known to yield more realistic mstiions of FLC, primarily when mean
burst size for each single sample is calculatesh filvose visibly cells which were completely
filled with viruses, i.e. maximal burst size (MaxB8s was done in the present study. This is
not the case in the majority of pelagic studieslymogens where theoretical average burst
sizes of 30 or 50 viruses bactéri&nown from the literature and laboratory experitsgare
used(Jiang and Paul 1996, Tapper and Hicks 1998, Cochnaand Paul 1998, Williamson

et al. 2002, Ortmann et al. 2002, Sawstromet al. 2006) Other studies have also used
average burst size calculated from all cells olesmwvith intracellular viruses, although the

number of viruses within an infected but unfillec (with viruses) cell might still increase
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with time (Weinbauer and Suttle 1996) The use of theoretical or average burst size
probably results in rough estimates of FLC whicé kss accurate, compared to our study
where MaxBS were calculated for each single sampllected in triplicate. Indeed, we have
recently shown in a companion paper that burstisizeir study site significantly varied with
time and space, partly as a results of the existeftypical viruses in the deep permanently
anoxic water massé€€olombetet al. submitted b).

From the above comparisons, we conclude that sorces for accurate estimation of
FLC were minimized in our study, compared to thailable data in the literature. However,
the question of the toxicity and of the effectivemef inductor agents remains a recurrent
problem for estimating lysogens in natural watéFs. date, mitomycin C is the more
frequently used agent and is currently preferredttter agents, such as e.g. the organic
pollutants polychlorobiphenyl and Aroclor 1248 whicave been successfully used in marine
environmentgCochran et al. 1998) The effectiveness of mitomycin as an inductioerdg
for natural freshwater bacterioplankton communiteeenknown. Different strains of bacteria
in the natural community may respond differentljttie mitomycin additionAckerman and
Dubow (1987)have shown that mitomycin does not induce all dgsoc isolates. Moreover,
it has been shown that induction by mitomycin reggiiactively growing cells, which can
represent only a minor percentage of total lysogensatural watergWilliamson et al.
2002) Consequently, comparison of FLC levels from dédfé environments or spatial /
temporal scales must be done with care. A diffeegyroach for lysogen estimations was
developed byVeinbauer and Suttle (1996) consisting in a reduction of viral abundance by
dilution. The approach presents the disadvantageatdpulate bacteria and can alter bacterial
growth rates on which viral production is depend®ustailed description and discussion of
this approach are provided Baul and Jiang (2001) More recently, a genomic approach
was employed to identify the presence of prophaljestly into bacterial genomg€asjens
2003, Chenet al 2006) However, these integrated prophages may be ibduar not,
defective prophages, remnants of intact prophagerges, or even isolated viral genes
(Canchayaet al 2003) Overall, biological experiments designed to festhe nature of the
prophages are necessary, and are the only meamfiont the activity of a specific prophage
(Chen et al. 2006) An approach developed kyhen and coauthors (2006}hat couples
genomic and induction essays is promising, althdahghapproach required the knowledge of

host genome and cannot be employed at a commeniy. |
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Quantitative importance of lysogenyn the present study, our FLC values (<0.1-11.5 %)
agree with those (0-16 %) reported in a prelimingttdy conducted in the same lake on 20
April 2004 (Colombet et al. 2006) and also with those (0.1 to 16 %) known from fine
previous studies conducted in temperdiapper and Hicks 1998)and tropicalBettarel et

al. 2006) freshwater systems, using the same methodologigatoach. In cold Antarctic
lakes, significantly higher percentages of lysoggmokaryotes (FLC = 2 - 89 %) have been
reported(Lisle and Priscu 2004, Sawstronet al. 2006) In marine waters, FLC vary greatly
from O to more than 100 % in different si{@ge review in Weinbauer 2004 and reference
herein). Seasonal FLC levels of 0-37 %&ochran and Paul 1998)and 0- >100 %
(Williamson et al. 2002) have been reported in the same site, i.e. the ZaBay,
corroborating the difficulties in comparing availldata on FLC in the literature, partly
because of methodological considerations discugsadously. However, we believe that the
variability in the chemically-inducted lysogens matural waters reflects the reality that a
fraction of bacterioplankton contained cryptic \@lviral genomes. In the context of the
present study, seasonal FLC in Lake Pavin fluctudtéold with time and 20-fold with the
depth-related gradients and was detected maingprmg (June) and in autumn (October-
November) in the oxygenated water column, with pealkes in the oxycline in November
(Fig. 3D). The quantitative importance of lysogams.akes Pavin and other sites, and their
variability with time and space which, in almodtstlidies include zero as the minimum FLC
level, implies that a significant portion of badéein aquatic environments are lysogenic
during certain times of the year and/or at certipths of the water column, perhaps along a
continuum from the absence to ‘blooms’ of lysogevithin bacterial communities. The
question of the existence of typical lysogens, bacteria with permanently cryptic and non-
inducible prophages in their genome, remains abalgluunexplored in environmental
samples. We thus believe that the few existing dataquatic lysogens preclude any simple
extrapolation to the natural conditions, and thather investigations, if not speculations, of
the environmental factors that promote the decisowiysogenic conversion within natural

communities are warranted.

Lysogeny and the physico-chemical environmeBtme physico-chemical factors have been
suspected to induce lysogenic events in virus/hostéates and in aquatic microbial
communities. From our data set, we found no sigaifi correlation between FLC and the
physico-chemical variables analysed, i.e. tempegatxygen and chlorophyll. Furthermore,

some of the empirical concomitances observed apgeamtradictory according to the within
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lake variability or in comparison with the availabliterature. In relation with the light
environment,Tapper and Hicks (1998)found high FLC levels in the subsurface lake vwsater
and evoked the inductive impact of solar UV radiatiwhereas in our study, there was
absence of induction most of the time in the s@faaters, including during summer months
(Fig. 3D). Regarding temperature, our maximal FL&€uwred in November at 4 °C in the
dark oxycline (Fig. 3D), getting around the repdirism the Antarctic waters where the
highest levels (2-89 %) of FLC in lakes were repd(Lisle and Priscu 2004, Sawstronet

al. 2006) However, at different occasions during our stuslych as in June where the
temperature was at 16 °C in the epilimnion and &€ 4n the oxycline, similar levels of FLC
were observed in both layers (Fig. 3D). Similary, the Tampa Bay (Florida, USA),
Cochran and Paul (1998have detected lysogeny only when the water tenyreraxceeded
19 °C, whileWilliamson et al. (2002) have successfully induced lysogens during winter
months at temperature < 5 °GVNeinbauer and Suttle (1996, 1999jound no significant
correlation between FLC and temperature in mariatis.

Williamson and Paul (2006) indicated that low oxygenation favoured lysogenic
pathway in the marine phage-host system phiHS$Binella pelagialn a preliminary study
in Lake Pavin(Colombet et al. 2006) and in the present study as well, we have similarl
recorded higher FLC levels in the oxygenated coeghado anoxic waters (although the
highest value was recorded in the oxycline). Intast, Weinbauer et al. (2003) reported
highest FLC in suboxic layers of the Baltic Séélson and Mann (1997)andWilliamson et
al. (2002) suggested that low nutrient concentrations faviblysogeny, as do low salinity
(Williamson and Paul 2006) In contrastMc Daniel and Paul (2005)bserved from assays
on Synechococcughat induction was not nutrient-limited. In theepent study, we have
recorded low FLC levels in anoxic layers (Chemaglimonimolimnion) where nutrient
concentrationgMichard et al. 1994, Viollier et al. 1995)and salinity(Aeschbach-Hertiget
al. 2002) are substantially higher compared to the uppesdréa It is thus likely that the
available studies and the related findings on lgeggprevent from making any satisfactory
generalisation on the impact of physico-chemicalirenment, confirming our previous
assumption that the abiotic factors may not be glemt over the biological environment in
promoting lysogenic ‘life’ style within bacterialommunities in aquatic ecosystems
(Colombetet al.2006)

Prophage induction and the host availability: ecgjcal implications. The above

assumption fits with our finding that FLC was, akhexclusively, correlated with bacterial
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and viral abundances in the oxygenated water caumhich appeared as a restrictive
microhabitat for mitomycin-inducible lysogens. Taerrelations were negatives, indicating
that the development of lysogeny may only be appawaly under certain level of bacterial
(and their related phag8ettarel et al. 2003, Colombetet al. submitted a) abundances.
Indeed, in 95 % of our samples where FLC levelsvrgher than 1 %, bacterial abundances
were systematically less than 5 x®Xll mL*. More striking were the findings that our
maximal value of FLC (11.5 %) at 56 m depth in Nober coincided with the lowest value
of bacterial abundance (1.4 x®1€ells mLY), and that we failed to induce lysogens in the
monimolimnion where the highest bacterial and vablundances were recorded. Although
the depth effect was not significant, higher baatgproduction also occurred in the deep
oxycline waters (Fig. 3A), and a strong couplinghwviral lytic activity was reported and
discussed in detail elsewhgi@olombet et al. submitted b). In contrast to Iytic activity, the
importance of lysogens within bacterioplankton nthyis be inversely proportional to
prokaryotic abundance and growth rate, from undéreshold bacterial density of about 5.7
x 10 cells mL™* as suggested from our case study.

This suggests that one of the crucial factorsh lysogeny decision within natural
bacterioplankton is the alteration of physiologieald metabolical status of bacterial cells,
well known as intrinsic determinants of bacteribliadances in both natural environments
(Del Giorgio et al 1997)and culture mediuniCréach et al. 2003) These determinants can
also affect viral lytic infections and proliferatioby influencing adsorption, replication, Iytic
activity and survival of phagd®loebus 1987, Farrah 1987, Williams 1994)ndicating that
antagonistic interactions between lysogeny and lgtitivity may exist in relation to the
resource availability (i.e. prokaryotic host abumciaand metabolic status). In our study, this
was supported by the negative correlation betwddd &d FIC, primarily in the oxycline
where the highest FLC corresponded to the loweSt (Hig. 3D). It has been shown that
phage\ can shifts ‘life’ style from lysogenic to Iytic fiections depending on the metabolical
and physiological status of the host cells, on Whidzectly depends the stability of important
proteins repressors which governed lysogenic vig lgecision(Ptashne 1992) In harsh
environments for host growth, lysogenic decisioryrhalp struggle the cell morbidity and
increase the fitness of the host, as a result déddenes from horizontal transf¢ikdein et
al. 2001, Fileeet al.2003, Abedon and Lejeune 2005nd/or from immunity acquisition and
the related resistance to superinfectiptarsh and Wellington 1994, Weinbauer 2004,
Clore and Stedman 2006)Lysogens are more resitant and have more chanservive in

‘unfavourable’ conditions than non lysogens. Foaraple, lysogens oE.coli have been
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shown to reproduce more rapidly than non-lysogensend growth in nutrient-limited
chemostafEdlin et al 1975, 1977, Linet al. 1977) At the community level, there is no such
evidence but the negative relationship between &Bh& bacteria found in our study supports
the proposed hypothesis that lysogeny is a sungtraktegy for bacteri@Veinbauer et al.
2003, Colombetet al. 2006) which can this way maintain both their genomid ahenotypic
traits in the environment at low host density amdwgh rate(Steward and Levin 1984,
Freifelder 1987, Williamson et al. 2002, Weinbaueet al. 2003, Sawstrom et al. 2006)n
these conditions, lysogenic infections could furtfepresent a forcing factor for the selective
evolution of bacterial and viral strains in the omment.

Clearly, our study provides empirical indicatiohattlysogeny mostly is a mechanism
for the maintenance of viral traits, which can lert have significant incidences on the
evolutionary ecology of host communities. Spontaisetnduction of lysogens in natural
conditions indeed may be a minor source for vitahding stock and production in aquatic
systems, less that 2 % of lytic viral productiorthe case study of Lake Pavin (Table 1).
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1. Considérations générales

Les écosystéemes aquatiques sont le siege de pusodssiogiques fondamentaux qui,
au-dela des aspects cognitifs et de leur importgoee la qualité de I'eau et les enjeux
socioéconomiques associés, ont une influence gon&tionnement global de la biosphere et
le climat. Au sein de ces écosystemes, les comnmésamicrobiennes, largement dominées
par les procaryotes, représentent la composantegimoe majeure des points de vue
gualitatif, quantitatif et fonctionnel. Ainsi, laonnaissance des facteurs de controle et de
régulation des communautés microbiennes aquatiegtesssentielle, dans le cadre de I'étude
des écosystemes naturels. En dehors des forcagedigques (vent, température, lumiere) et
ceux liés aux pollutions, on considere généralengenix principaux types de facteurs de
contrle des communautés microbiennes aquatigussfdcteurs ascendants dottom-up
sont constitués par les ressources et affectestlptutaux de croissance des organismes que
leur biomasse. Les facteurs descendantstaptdown sont représentés par I'ensemble des
pressions de prédation (prélevement de biomagsek(ow and Carlson 1992, McManus
and Fuhrman 198§. Par extension, tous les facteurs affectant tanbsse microbienne,
comme la lyse virale, sont considérés comme ddsue descendants, méme si leurs effets
sur la structure et le fonctionnement des réseatnpphiques microbiens sont
fondamentalement différents. SeldicQueen et al. (1989) les facteurs ascendants et
descendants ne sont pas exclusifs et I'intensiééive de chaque type de controle varie dans
I'espace et dans le temps.

L’écologie virale aquatique est une disciplinepdein développement. Cependant, la
grande majorité des études sur le réle fonctiodesl virus aquatiques reste centrée sur leur
impact dans la mortalité microbienne, c'est-a-giae la seule prise en compte de I'activité
lytigue. Ces études sont, par ailleurs, trées saulmmitées dans le temps et dans I'espace,
notamment en ce qui concerne la variabilité veaickes parametres viraux dans la colonne
d’eau. Les objectifs de ce travail de these ontcdeg concgus afin de prendre en compte les
deux principaux modes de prolifération virale (lygsogénie) et la variabilité verticale. Le
choix du lac Pavin est lié au fait que ce lac pndfal’origine volcanique présente, par son
caractére meéromictique, la particularité d’avoir mnixolimnion dimictique (stratification
saisonniere : thermocline) et un monimolimnion Eam anoxie permanente (présence d’'une
stratification permanente : oxycline, chemoclin®e plus, des données antérieures en

écologie virale existent mais seulement pour latstmixolimnique du lac, ce qui nous a
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permis de confronter les données de cette étudétades antérieures pour cette zone, afin de
valider les gradients liés a la profondeur et nale dimples différences interannuelles. Ainsi,
les valeurs et la variabilité des parametres viragsurés dans le mixolimnion au cours de la
présente étude étaient elles en accord avec lesvaltions deBettarel et al. (2003, 2004)a
I'exception de la diversité virale et de l'activigsogene qui n'ont pas été prises en compte
antérieurement dans le lac Pavin. Ces deux vasgal& prise en compte de I'ensemble de la
colonne d’eau du lac Pavin (le monimolimnion), ddoent donc l'originalité de la présente

étude.

2. Diversité et structure du virioplancton dans Idac Pavin

A. Aspects méthodologiques

L’étude de la diversité biologique en milieu aqggaé nécessite, en premier lieu, une
concentration efficace des particules cibles. @slaparticulierement vrai pour I'étude de la
diversité des virus qui nécessite des concentmfsadicules virales ou du matériel nucléique
viral, a partir de grands volumes (10-200 litres)lancton \Wommack et al. 1999 Au
début de notre étude, nous avons réalisé que l®omle de routine utilisé, a savoir la
filtration tangentielle (ultrafiltration) suivi dd’ultracentrifugation, n’avait jamais été
réellement confronté a des approches alternat#egrotocole nécessite un matériel onéreux,
est consommateur en temps et le rendement de doate@m n’est pas satisfaisant. C’est dans
ce contexte qu'une étude de la littérature existantvirologie fondamentale et médicale nous
a permis d’avoir recours au polyéthyléne glycol @pour la chélation des particules virales
en suspension dans le plancton.

Nous avons ainsi pu développer et proposer un @ot#o couplant une
préconcentration par ultrafiltration a une préapdan/cristallisation chimique du
virioplancton a l'aide du polyéthyléne glycol (PEG)e protocole a été comparé a celui,
couramment utilisé et nécessitant une ultrafilbratisuivie d’'une ultracentrifugation
(Wommack et al. 1999, Diez et al. 2000, Auguet et &006. A partir d’échantillons d’eaux
douces, représentatifs du gradient trophique desy8temes aquatiques, nous avons mis en
évidence que le protocole utilisant le PEG estrenvR a 3 fois plus efficace, en termes de

rendement de concentration, que le protocole aftitid’ultracentrifugation. Ainsi, quelque
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soit le niveau trophique du milieu étudié, ce pecote offre une alternative rapide, simple,
peu onéreuse et efficace au protocole usuel.

De plus, l'utilisation du PEG offre non seulemamie méthode de conservation des
virus (évitant l'utilisation de fixateurs), maisrpget également d’obtenir un culot dans lequel
les particules virales sont purifiées par précftaau chlorure de potassium. Cela permet
d’obtenir des images d’excellente qualité en micopge électronique a transmission, et une

analyse plus aisée du génome viral par électropboré

B. Dynamique de la diversité virale

La mise en application du protocole PEG nous a gexfétudier les variations
saisonnieres de la diversité morphométrique (frégeede distribution du diametre de la
capside), morphologique (familles phénotypiquesyé@tiomique (taille de 'ADN viral) des
communautés virales a 4 profondeurs différentediPavin. A notre connaissance, aucune
autre étude n’a examiné la variabilité saisonndda diversité virale sur la base des trois
traceurs mentionnés.

Les résultats acquis nous ont permis de montrer lgs virus du lac Pavin
appartiennent en majorité (environ 61 % de I'abowdatotale) aux groupes incertains des
virus ‘sans queues’ et a la famille d&ghoviridae (environ 33 %), lesMyoviridae et
Podoviridae étant plus faiblement représentés. Du point de mmphométrique, les
particules virales dont le diametre de la capsi&tecempris entre 30 et 60 nm dominent la
communauté virale (environ 66 % de I'abondanceldéptdu point de vue de la taille du
génome, les virus analysés présentent un génontalldecomprise entre 10 et 300 kb avec
une distribution multimodale, dans laquelle apsm@nt 5 grandes classes de taille. Parmi ces
classes de taille, les virus dont le génome a aille tomprise entre 25 et 65 kb sont les
mieux représentés (environ 61 % des génomes viraBk) bandes électrophorétiques
différenciées ont été distinguées pour la périodgtude, avec en moyenne 12 ‘génotypes
viraux’ difféerents par échantillon. Ces donnéestssans doute sous estimées, puisque
I'électrophorése sur gel en champs pulsés (PFGH)is@wimine que les génomes les plus
abondamment représentés dans un échantillon.

Ces résultats sur la diversité saisonniére dess wiw lac Pavin corroborent ceux
précédemment rapportés dans différents milieuxuXedouces a partir d’échantillonnages
ponctuels, que ce soit d’'un point de vue morphagjogiHennes and Simon 1995, Alonset
al. 2001, Weinbauer 2004, Augueet al. 2006, Liu et al. 200§ ou génomiqueHilippini
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and Middelboe 2007. La diversité virale rapportée pauguet et collaborateurs (2006sur

la riviere Charente, d’'un point de vue génomiquet,iférieure a celle rapportée dans le lac
Pavin. De maniere générale, la diversité viraleatique est largement dominée par des
particules de petite taille, aussi bien d’'un palatvue phénotypique que génomique, ce qui
peut étre considéré comme une adaptation a ldametonique.

Dans l'espace et le temps, des changements origithans la structure phénotypique
et génomique des communautés virales ont été alsseavec par exemple une plus grande
richesse virale enregistrée en été et dans I'épitm en termes de diversité des tailles du
génome viral. Ces variations semblent étre étrwtd liées aux variations de structure des
communautés microbiennes. Ainsi, les corrélationsregstrées montrent que
I'environnement biologique serait essentiel danglyaamique de la diversité virale. Plus
précisément, ces relations empiriques suggerexisiance de trois grands groupes viraux,
basés sur les criteres phénotypiques et génotypig(ieles virus de grande taille (capside >
80 nm et génome > 290 kb) dont la variabilité eseux prédite par les organismes
eucaryotes, (i) les virus de taille intermédidicapside 30-80 nm et génome 75-105 kb) dont
le développement semble étre lié aux picocyanohesiéet (iii) les virus de petite taille
(capside < 60 nm et génome < 75 kb) qui semble édbmestitués essentiellement de
bactériophages, puisque étroitement corrélés actéti@s hétérotrophes du milieu. De plus,
la dynamique desMyoviridae et des Siphoviridae semble étre associée a celles des
microorganismes autotrophes, alors que celle daggsh'sans queues’ serait associee plutot a
la dynamique des bactéries hétérotrophes.

Les résultats de diversité virale permettent dotdfidner que les virus sont des
composantes dynamiques des écosystemes aquatioiieds peuvent, potentiellement,
infecter et réguler les différentes composantesahiennes, non seulement en milieu marin
(Sandaa et Larsen 2006, Augueet al. 20069, mais aussi dans les ecosystemes lacustres
comme le lac Pavin. Parmi les variables de forgagesico chimiques, seule la température
semble affecter la variabilité de la structure desimunautés virales, probablement de fagon
indirecte via les effets sur les compartiments ob@ns. Il apparait donc que la disponibilité
des hotes potentiels est cruciale dans la dynamilguéa diversité virale, et prévaut sur

I'environnement physico-chimique dans la prédictiencette dynamique.
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3. Importance des gradients liés a la profondeur po I'abondance et

I'activité Iytique des virus

A. Abondance saisonniére

D’une fagon générale, I'étendue de la variatioWalsondance virale dans le lac Pavin
(0,8 & 5,1 x 10 VLPs mi') correspond & celle rapportée précédemmentBesarel et
collaborateurs (2003)dans le méme lac et est, de maniere généralectéasiique des
environnements de statut trophique équival&ibrimack et Colwell 2000, Weinbauer
2009). Cependant, la prise en compte de la totalittadelonne d’eau au cours de notre étude
montre que la distribution spatiale de la structlge communautés, non seulement des virus
mais aussi de I'ensemble des microorganismes &tudiési que les liens trophiques les
unissant, different de maniere significative dexceapportés dans les études précédentes
entreprises jusqu’a présent dans le mixolimniotaduPavin.

Nos résultats montrent que la complexité des conamtés biologiques et des réseaux
trophiques sous jacents décroit avec la profond@aette distribution verticale est en
adéquation avec la stratégie trophique des micemsges, puisque d’'une communauté
complexe composée de virus et de procaryotes aryates auto- et hétérotrophes en surface,
on passe a une communauté plus simple dans le ralminion anoxique, ou les procaryotes
hétérotrophes et les virus semblent étre les seemddés biologiques adaptées a ces
conditions contraignantes. Ces entités, notammest bBactéries, sont nettement plus
abondantes dans le monimolimnion du lac que dansdeches supérieures. En conséquence,
les rapports virus/bactéries (VBR) dans le monimalon (1.6 — 3.8) sont significativement
plus faibles que dans les autres couches du lexr&xports sont aussi plus faibles que les
valeurs typiques connues dans les autres envircamismpélagiquesNlommack et Colwell
2000, ce qui dénote des différences liées a la pradonddans la nature et l'intensité des
interactions virus vs procaryotes aquatiques. Gelable étre confirmé par le fait que la
variabilité temporelle du VBR dans le monimolimnion lac Pavin est substantiellement plus
faible que dans les couches supérieures du lacrdlagons empiriques (corrélations) entre
virus et procaryotes sont, en effet, bien plusitetscet exclusives dans les couches profondes
du lac, comparées aux relations en surface ou iles wont associés a de nombreuses
variables microbiennes, notamment aux organisme®traphes (picocyanobactéries,

nanoflagellés autotrophes). Cela laisse supposerdagicyanophages et autres phytophages
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pourraient étre abondants dans les couches supielu lac Pavin. L'existence d’'une
corrélation entre abondance des picocyanobactétiesbondance virale a également été
rapportée paborigo et al. (2004)dans le lac mésotrophe du Bourget.

Nos résultats sur I'importance quantitative dess/sont en adéquation avec I'analyse
des variations de la structure des communautétesigt indiquent que non seulement la
diversité, mais aussi 'abondance, des communaritéles sont extrémement dépendantes
des communautés d’hétes potentiels. Il se dégage ldmécessité d’'intégrer 'ensemble de la
colonne d’eau dans les études en écologie viriteda mieux appréhender le role des virus
dans la catalyse biogéochimique au sein des éémsgstaquatiques. Il semble en effet que
les flux de matiere et d’énergie dans ces écosgsesoient régis par des interactions
complexes entre virus et microorganismes dans deshes mixolimniques. En revanche,
dans le monimolimnion anoxique ou le temps de efgid des eaux serait supérieur a 100
ans, ces flux se réduisent au fonctionnement dmilgle virale (Matiere organique dissoute
(MOD) > procaryotes > virus > MOD), ou les nutrinerpeuvent alors étre séquestrés et
recyclés plusieurs fois avant incorporation danssddiment ou retour dans les couches
supérieures du lac. La chémocline et I'oxycline aapssent comme des zones charnieres

fondamentales de ce point de vue, pour la dynamapuestre ehours et al. 2003.

B. Activité lytique

Un des résultats marquants de ce travail estdéioalentre les parametres de 'activité
lytigue des virus, notamment la fréquence de adlulisiblement infectées (FVIC) et le
nombre moyen de virus par cellule bactérienne tageurst size BS) et la profondeur. Les
valeurs enregistrées lors de cette étude sontal8,0 % pour la FVIC et de 7 a 127 virus X
bactérié' pour le BS. Ces valeurs sont similaires & celégsentoriées dans la littérature
pélagique {einbauer 2009, et a celles précédemment enregistrées dansxdimnion du
lac Pavin Bettarel et al. 2003. Cependant, contrairement aux abondances bautéseet
virales et a la production bactérienne, les valgplus faibles de la FVIC et du BS au cours
de cette étude ont été, paradoxalement, notéesofangdeur. Cela est en contradiction avec
les résultats dBettarel et ses coauteurgt de I'étude préliminaire que nous avons menée su
le lac Pavin Colombet et al. 200%; également avec la majeure partie des étudels de
littérature ou I'abondance et I'activité lytique sdgirus sont dépendantes de l'activité des
bactéries qui forment le plus grand réservoir dkgiour les virus planctoniques. Il nous a été
difficile d’expliquer le paradoxe observé dans tdoane d’eau du lac Pavin, paradoxe qui
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semble étre caractéristique des milieux benthiglesux doucesHillipini et al. 2006). Nos
résultats suggerent qu'a I'échelle des saisonda (drolifération virale lytique dans les eaux
profondes du lac Pavin est contraint par un (desetir(s) autre(s) que la seule disponibilité
en hotes, et (i) qu'une fraction des virus libnessents en profondeur serait d'origine
allochthone.

Concernant le déterminisme des variations saismmiéle I'activité lytique, la
colonne deau peut étre, globalement, divisée erpakties distinctes: les couches
mixolimniques et le monimolimnion. Les couches niimmiques, bien oxygénées, présentent
un réseau trophique complexe avec un environnepigssico chimique fluctuant, ou la FVIC
et le BS, variables liées aux seules bactériesrdtéaphes, ne refletent sans doute pas
'ensemble de l'activité de toutes les communawiésles présentes. Contrairement a ces
couches superficielles, les communautés biologigltesnonimolimnion sont réduites aux
seuls virus et procaryotes évoluant dans un emv@ment physico chimique contraignant
(anoxie, absence de lumiere) mais plus stable. Bette zone, la FVIC est clairement et
intimement liée a la productivité bactérienne (PBme si, contrairement a la PB, les
valeurs les plus élevées de la FVIC nont pas éieegistrées en profondeur. Une
augmentation du taux de croissance bactérien @amgthimolimnion, augmentation au moins
en partie due a I'absence de prédateurs, s’accamepsans doute par plus d’expression de
récepteurs pour la fixation virale a la surface delules hétesSimek et al. 2001, Sime-
Ngando et Pradeep Ram 200Q5L’absence de bactérivores en profondeur du éacnPou les
ressources sont abondantes pour le métabolismeprdearyotes, fait donc des virus la
principale source de mortalité bactérienne dammdaimolimnion. De plus, les différences
verticales enregistrées au niveau du BS et destéaistiques morphologiques particulieres
des virus du monimolimnion, laissent supposer $&qce de virus typiques, endémiques,
dans cette couche.

Les observations ci-dessus rejoignent donc la ip@he conclusion tirée par I'analyse
des abondances saisonniéres des virus, a savoie guenimolimnion anoxique, ou le temps
de résidence des eaux serait supérieur a 100 a@senpe un fonctionnement trophique
essentiellement régi par la boucle virale (Mati@rganique dissoute (MOD) > procaryotes >
virus > MOD), ou les nutriments seraient séquesg€srecyclés plusieurs fois avant
incorporation dans le sédiment ou retour dans tesles supérieures du lac. Cela est en
accord avec les démonstrations récentes dans dsgséEmes marins, que les eaux meso- et
bathypélagiques sont des environnements propicas lposurvie et la prolifération virale
(Parada et al. 2007, Magagnigni et al. 200.7
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4. Roéle de la lysogénie dans la colonne d’eau

Le r6le des virus dans les systemes aquatiquesndégeoitement de leur mode de
‘vie’, lytique et lysogénique principalement. Tigsu de données existent sur I'importance de
la lysogénie virale & I'échelle des communautésurefies par rapport a la prolifération
lytique, plus particulierement dans les eaux douCésst dans ce cadre scientifique que nous
avons étudié, pour la premiere fois, les variatisasonnieres de I'abondance relative des
cellules procaryotes lysogéenes, comparées a adtesellules lytiguement infectées, dans la
colonne d’eau du lac Pavin. Les résultats obtgoaisinduction a la mitomycine C, indiquent
g’'une proportion non négligeable de bactéries kaesscontient un génome viral viable,
inséré dans le génome bactérien. Ces celluleséyssyeprésentent de moins de 0,1 % a 11,5
% de I'abondance totale des bactéries. Les vafgurgent atteindre 16 %, en considérant les
résultats de I'étude préliminaire menée dans lePlagin en Avril 2004. Il s’agit de valeurs
tout a fait comparables a celles rapportées dansgreé’s écosystemes d’eaux douces situés en
milieu tempéréTapper et Hicks 1998 ou tropical Bettarel et al. 2006.

Par allleurs, il est apparu que I'environnementdgmue, principalement 'abondance
des procaryotes, est un facteur déterminant p@apérition de la lysogénie au sein des
communautés naturelles. Ainsi, nous avons pu obsegue les cellules lysogenes
n'apparaissent qu'en dessous d’un seuil de debsitéérienne, qui semble étre situé aux
alentours de 5xf0Obactéries mt au lac Pavin. Cette observation, couplée au fait lgs
variations de la fréquence des cellules lysogémgund infectées (FLC) est négativement
corrélées a celles des cellules lytiquement intsc{€IC), laisse supposer une relation de type
antagoniste entre les deux modes de ‘vie’ des Meta implique que la lysogénie serait une
stratégie de survie et de maintien des virus da&us environnement, lorsque que la
disponibilité en hbétes spécifiques (abondanceattismétabolique des procaryotes), facteur
limitant par excellence de la prolifération viratkevient limitante. Les valeurs de FLC sont
faibles comparées aux valeurs de FIC et la prodoctirale potentielle, dans le cas ou toutes
les cellules lysogenes seraient induites, resgeitiuffisante pour assurer la survie des virus
au sein d’'un peuplement d’hotes diversifié. On gai les cellules lysogénes acquiérent de
nouvelles propriétés grace a la présence de prephdgns leur génomeMérsh and
Wellington 1994, Kleinet al.2001, Fileeet al.2003, Abedon and Lejeune 2005, Clore and
Stedman 200%. Le mode de vie lysogénique serait donc, poaolamunauté virale, plus un
mécanisme de survie que de prolifération, pouvastraune incidence sur I'évolution

adaptative des communautés d’hétes. Dans la coloremu du lac Pavin, les cellules
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lysogenes sont plus abondantes dans les couchefimmiques, excluant I'hypothése que la
lysogénie pourrait étre un réservoir de virus dasscouches profondes du lac, et indiquent
que I'évolution écologique des communautés d’hdtess ces couches n’est pas liée au mode

de vie lysogénique.
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CONCLUSIONS GENERALES, PERSPECTIVES DE
RECHERCHE

171



Les objectifs de ce travail de these visaient &rd@her I'importance qualitative,
guantitative et fonctionnelle des virus dans leRawin, en tenant compte des gradients liés a
la variabilité verticale de la colonne d’eau. Pépgcifiquement, il s’agissait (i) d’examiner la
dynamique saisonniere et spatiale de la biodivemsit sein des communautés viral@s,
d’analyser I'importance des gradients liés a la profondeur sdées variations saisonniéres de
I'abondance et de I'activité lytique des virus,(ié) d’étudier I'importance relative des cellules

lysogenes et du mode de prolifération virale agsoci

1. Structure des peuplements et diversité des virjuatiques

Sur le plan méthodologique, nous avons mis au pomtprotocole original de
concentration des virus aquatiques libres, baséarsiprécipitation chimique au polyéthylene
glycol couplé a l'ultrafiltration. Ce protocole sohe, rapide et peu onéreux, permet d’'obtenir
une efficacité de concentration virale en moyennfei® supérieure a la méthode utilisant
I'ultracentrifugation. De surcroit, le culot virabtenu subit un traitement de purification qui
ameliore, considérablement, la qualité des obsensten microscopie électronique, et la
discrimination électrophorétique de difféerentes ylapons virales séparées par la taille de
leur génome.

La mise en ceuvre de ce protocole nous a permisaeren (i) que la structure du
virioplancton du lac Pavin est dominée par dessvisans queue’ et par des particules de
petite taille (diametre de la capside compris eB@et 60 nm, taille du génome compris entre
25 et 65 kb), et (ii) que la dynamique de la diitérdes communautés virales est étroitement
associée a la structure des communautés microlsieriaerdle des variables physico
chimiques étant, apparemment, moins important. [Poimt de vue empirique, il est apparQt
que le long d’'un gradient de taille de la capsideda génome viral, le développement des
populations virales de petite, moyenne et grandke tsemble étre associé a différentes
communautés  microbiennes, respectivement: les étest hétérotrophes, les
picocyanobactéries et les eucaryotes. Par ailldargjynamique dedvlyoviridae et des
Siphoviridaeserait étroitement associée a celle des micro@mges autotrophes, alors que
celle des phages ‘sans queues’ serait dépenddntéf, pdes bactéries hétérotrophes. La
présence de virus non bactériophages en quantité négligeable, notamment dans le

mixolimnion du lac Pavin, est suggérée.
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2. Importance des gradients liés a la profondeur po I'abondance et

I'activité Iytique des virus

Les résultats obtenus au cours de I'étude saisanmiéntrent que la majeure partie de
la variance liée a I'abondance virale serait lidla dynamique des peuplements microbiens,
alors que les effets des variables physico chinsiggent faibles. La prise en compte de
'ensemble de la colonne d’eau a changé la visioe gous avions des caractéristiques
limnologiques biologiques du lac Pavin, a partis deules études antérieures qui se sont
limitées dans la zone mixolimnique. Ainsi, la sture des réseaux trophigues microbiens et
la place des virus dans ces réseaux dépendent pi®ftandeur. Dans le mixolimnion, les
communautés biologiques sont complexes et la dyqnenvirale suggére I'existence, dans
cette zone, de virus des différentes communaut@sgtreucaryotes, auto- et hétérotrophes.
En profondeur, notamment dans le monimolimnion anex les virus et les procaryotes,
communautés étroitement liées, représentent I'éssedes peuplements biologiques.
L’oxycline et la chémocline sont des zones de fitims ou s’opeéerent les principaux
changements dans la structure du réseau trophiguehbien du lac. Ainsi, la distribution
verticale des communautés biologiques dans ledamPe caractérise par une simplification
des modes trophiques (auto-, hétérotrophe) et desaux d’organisation biologique des
communautés (eucaryotes, procaryotes, virus), s skoute des interactions et réseaux
trophiques associés, avec la profondeur.

D’un point de vue fonctionnel, I'environnement lmgique, notamment microbien, est
également plus déterminant dans les variation&dawité lytique des virus, que les facteurs
physico chimiques. Les couches mixolimniques, boxygénées, présentent un réseau
trophique complexe avec un environnement physidmigaie fluctuant, ou l'activité lytique
des bactériophages (fréquence des cellules Iytigneinfectées, FVIC burst size BS) ne
refléete sans doute pas I'ensemble de l'activitéalges les communautés virales présentes.
Contrairement a ces couches superficielles, lesmuamautés biologiques du monimolimnion
sont réduites aux seuls virus et procaryotes énbld@ns un environnement physico chimique
contraignant (anoxie, absence de lumiere) maisgihlde. Dans cette zone, la lyse virale est
clairement et intimement liée a la productivité teaenne (PB), méme si, contrairement a la
PB, les valeurs les plus élevées de la FVIC n’patadoxalement, pas été enregistrées en
profondeur. Les virus seraient donc le seul factder régulation des communautés

bactériennes dans la zone anoxique monimolimniquiad Pavin. Cette étude permet donc
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de dire que le monimolimnion anoxique du lac Pawiinle temps de résidence des eaux est
de plusieurs dizaines d’années, présente un fowatiment trophique essentiellement régit
par la boucle virale (Matiéere organique dissoutéO®) > procaryotes > virus > MOD), ou
les nutriments et substrats seraient séquestreecytiés plusieurs fois avant incorporation
dans le sédiment ou retour dans les couches supEsidu lac. Cela expliquerait I'existence

de virus typigues, endémiques, dans les couchésmul®s du lac Pavin.

3. Réle de la lysogénie dans la colonne d’eau

Cette étude nous a permis de montrer, pour la premiois, qu'une fraction
importante du bactérioplancton (jusqu'a 16 % dédlaance totale) contient des génomes
viraux viables, insérés dans les génomes bactérieas variations saisonnieres de
I'abondance relative des cellules procaryotes lgaeg semblent étre liées a la disponibilité
des hétes potentiels (abondance et statut métaleadigs procaryotes).Par  ailleurs, la
fréquence des cellules lysogéniquement infectééspks faible et fluctue de fagon
antagoniste a la fréquence des cellules lytiquennéattées. La mise en place d’'un ‘mode de
vie’ lysogene ne semble étre effective qu’'en dessdiun seuil de I'abondance des hétes
procaryotes. Cela indique que le ‘mode de vie’ §¢sw serait, pour la communauté virale,
plus un mécanisme de survie que de proliférationyant, par ailleurs, avoir une incidence
sur I'évolution adaptative des communautés d’hddess la colonne d’eau du lac Pavin, les
cellules lysogénes sont plus abondantes dans leEhes mixolimniques, excluant
I'hnypothése que la lysogénie serait un réservoivides dans les couches profondes du lac, et
indiquent que I'évolution écologigue des communawtibétes dans ces couches n’est pas

liée au mode d’expression virale qu'est la lysogén

4. Perspectives

Les recherches menées au cours de ce travail de #wilignent I'importance des
hotes potentiels dans les processus de diversiiicaie la communauté virale aquatique, et
dans la dynamique des abondances et des actiytigad et lysogénique saisonniéres du
virioplancton. Ces résultats proviennent d’obseovet empiriques, qui nécessitent, pour étre
confirmés, d'étre testés par des approches expétaes. Des expériences visant a répondre
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en partie aux questions écologiques liées a latqudds hotes (statut métabolique, intégrité
membranaire, résistance, diversité clonale...) oatnéénées, mais nous n'‘avons pas eu le
temps, avant la mise en page de ce document, iler ties résultats acquis. Par ailleurs,
l'isolation et la culture de couples virus-hotespartir d’échantillons naturels seraient
nécessaires pour étudier les interactions entus Virotes et environnement abiotique. D’autre
part, dans les études de la littérature (y commsspropres études), I'importance quantitative
des activités lytique et lysogene des virus estigge en fonction de I'abondance totale du
bactérioplancton. Cela ne rend sans doute pascbiapte de I'importance fonctionnelle des
virus dans le fonctionnement des écosystemes ageati puisqu’une fraction significative du
batérioplancton peut ne pas étre active. Au coess ekpériences dont il est question ci-
dessus, nous avons estimé que, dans le lac Pavinsrde 30 % des bactéries présentes
étaient actives ou présentaient une intégrit¢ mendre. Enfin, I'activité virale de type
pseudo lysogénique ou de type chronique resteeléatuent, totalement ignorée en écologie
virale aquatique. Il en est de méme pour l'intetien des virus dans les transferts
horizontaux de genes entre microorganismes, epdithde ces processus aléatoires dans la
dynamique de la diversité microbienne. De maniégeégale, I'action des virus sur la
diversification et sur la dynamique de la diversit&€robienne, par le biais notamment de
I'action des produits de la lyse virale (catalyssgBochimique), ou de I'action plus ou moins
directe des virus dans les échanges génétiques emtroorganismes, reste largement
méconnue. Une attention particuliere doit aus® portée a la connaissance et a I'écologie

des virus non-bactériophages, notamment des warsophages et autres ‘phytophages’.
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LETTERS

Dysbiosis in inflammatory bowel
disease: a role for
bacteriophages?

Intestinal bacteria have been implicated in the
mitiation and amplification of inflammatory
bowel disease (IBD}). The dysbiosis theory,
reviewed by Tamboli ef af (Gut 2004,53:1), 1s
that an imbalance between putative “harm-
ful” versus “protective” bacterial species may
promote chronic intestinal inflammation.
Although several studies published so far
support this hypothesis, the most vexing
question posed by Tamboli ef af remains
“what is the orgin of dyshiosis?".
Bacteriophages outnumber bacteria by a
factor of 10 in many natural ecosystems,
exert a strong influence on bacterial diversity
and population structure, and are probably
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involved in dysbiosis by destabilising bacterial
communities." They could be involved indir-
ectly through gene transfer and genome
reorganisation within the bacterial popula-
tion or directly as immunomodulating agents”
or by steric competition for microbe-asso-
ciated molecular patterns on bacterial sur-
faces. However, bacteriophages are a
neglected component of the gut microbiota.
The first viral metagenomic study demon-
strated a wide diversity (1200 genotypes} of
uncultured bacteriophage species” The pre-
sent study aimed at measuring the total viral
community assoclated with the gut mucosa
and comparng viral abundance between
healthy individuals and patients -with
Crohn's diseaze (CD)), and also between the
ulcerated and non-ulcerated mucosa of these
patients.

Fourteen healthy individuals and 19 CD
patients were recruited and gave their
nformed consent. Biopsies were obtained

Average numbaer of VLPs per biopsy
g
|

4

Figure 1
gut mucosal samples from healthy individuals and Crohn's disease {CD) patients. (A} SYBR Green |-
stained human mucosal viral concentrate from a healthy individual (concentrate diluted to 5 10%).
(B} Average number of YLPs per biopsy in the different clinical groups. *p = 0.024 Wilcoxon text.
NUM, non-ulcerated mucosa, UM, ulcerated mucosa.

[
Healthy

\ \ \
cD CD[NUM) <D (UM}

[NUM -+ UM)

Concentrations of virus-like particles (VLPs) assessed by epifluorescence microscopy on

e

Podoviridaa

Mycmnd.ae 2

Inoviridae

during colonoscopy and, for CD patients,
from non-ulcerated and ulcerated tissues.
Biopsies were disrupted by ultrasonication,
filtered through 0.22 pm membranes and
fixed in glutaraldehyde. For epifluorescence
microscopy, biopsy supernatants were fil-
tered through 0.02 pm membranes. Virus-
like particles (VLEs} wete stained with SYBR,
Green and counted on triplicate subsamples.
VLEs were detected in every sample, and no
contaminating  bacteria  were  observed
{fig LA} Strikingly high numbers of YLPs
were observed (fig 1B}, with an average of 1.
2x107  VIPs/biopsy (4.4 x107-1.7x10%).
Transmission electron microscopy demon-
strated that viral particles corresponded to
bacteriophages, with morphotypes consis-
tent with Siphoviridas, Myoviridae and
FPodoviridae being the dominant families
(fig 2). Each individual seemed to be
colonised by one dominant phage family.
This result was confirmed by pulse-field gel
electrophoresis of viral genomic DNA (data
not shown}. At the mucosal level and with
specific reference to the potential role of
bacteriophages in dyshiosis, CD patients
harboured significantly more WLPs than
healthy individuals (2.9x10° vs 1.2x10°
YLPs/biopsy, Wilcoxon test p=0.024}.
IMoreover, decreased amounts of VLFs were
detected in CD ulcerated mucosa, with an
average of 2.1x10° VLPs/biopsy compared
with 4.1%10° VLPs/biopsy from non-ulcer-
ated mucosa (fig 1}. It can be hypothesised
either that more viruses are produced or that
they can survive longer in non-ulcerated
areas. Whether bacterial composition and
abundance differ when comparing non-
wlcerated with ulcerated mucosa is still
controversial although differing bacterioph-
age life cycles (lysis, lysogeny) could be
responsible for some of these discrepancies.

This study shows for the first time a dense
bacteriophage community specifically asso-
ciated with the gut mucosa, reaching 10%/
mm® of tissue. Significantly more bacterio-

Figure 2 Transmission electron microscopy observation (80 kY, =40 000 magnification) of bacteriophage morphotypes from mueosal samples. The
dominant morphotypes are Myoviridae, Podoviridae and Siphovindae. The grey bar represents 100 nm.
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pliages were detected in the mucosa from
CD patients than from healthy individuals,
Tamboli et ai discussed risk factors known to
affect the gut microbial composition (host
genetic background, method of birth deliv-
ery, eatly bacterial colonisation of neonates,
diet and environment} which could be
responsible  for dysbiosis. Based on our
results, we postulate that bacteriophages
might alsc play a key role in the dysregu-
lated imrmune response of IBD patients to
the mucosal-associated bacterial population.
More detailed studies that relate phage
populations to disturbances in bacterial
populations and the dysregulated host
immune response on larger cohorts would
help in establishing their role in the patho-
genesis of [BD.
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Abstract Samples were collected at four depths every 6 h
over a 42-h period during two contrasting seasons (June
vs. December) from Lake Bourget, France, for evidence
of circadian fluctuations in the concentrations and po-
tential activities of viruses, prokaryotes and protists in
relation to environmental conditions: temperature,
chlorophyll ¢ and dissolved organic carbon (DOC)
concentrations. Considerable vertical and temporal
fluctuations were observed for all variables. Circadian
variations were noted for DOC and chlorophyll @ con-
centrations. Despite the external abiotic forcing (light,
water movements), the fluctuations of microbial vari-
ables (including viruses) in most cases were apparently
linked to biotic factors and interactions. Standing stocks
and activities, as well as the number and levels of cor-
relations among the microbial components, were, sur-
prisingly, higher in winter than in summer. We speculate
that this was because trophic interactions prevailed over
the seasonal forcing (ie. temperature) in shaping the
observed differences.
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Introduction

Because turnover rates are relatively high, species com-
position, cell counts, biomass and activities of pelagic
microorganisms can vary substantially over short time
scales (Sime-Ngando and Hartmann 1991; Amblard
et al. 1994; Jugnia et al. 2000; Winter et al. 2004). Some
microorganisms, such as ciliates, are motile, chemosen-
sory and photosensitive, and others, such as copepods,
can migrate vertically on a diel cycle (see Sime-Ngando
and Hartmann 1991). In general, fluctuations in both
biotic and abiotic parameters are discernible in pelagic
ecosystems at the time scale of diurnal cycles.
Basically, this is because both autotrophic and het-
erotrophic processes depend on factors as obvious as
light. Light can govern cycles of resources, such as
phytoplankton exudates, and influence heterotrophic
processes. Light can also influence the mortality of pe-
lagic microbes, either directly through DNA damage
(Herndl et al. 1993; Jeffrey et al. 1996) or indirectly, since
it is a dominant mechanism of viral destruction and
inactivation (Suttle and Chen 1992; Wommack et al
1996; Noble and Fuhrman 1997; Weinbauer et al. 1997).
Enhanced solar ultraviolet exposure has also been
shown to be an inhibitory factor for nanoflagellate
bacterivory (Ochs 1997; Ochs and Eddy 1998). Other
studies have concluded that light may stimulate hetero-
trophic processes, such as photoenzymatic activity or
photoreactivation (i.e. light-dependent DNA repair) in a
bacterial community (Weinbauer et al. 1997) and may
also facilitate digestion, grazing and growth rates of
protozooplankton (Strom 2001). The direct impact of
light on crustacean zooplankton and ichthyoplankton
has also been partially tested (Browman et al. 2000).
However, it is usually difficult to differentiate the
causes of short-term variability in natural communities.
In addition to external abiotic forcing and day night
cycles, a mixture of factors such as water movements,
turbulence, population dynamics and interactions
may be involved (Sime-Ngando and Hartmann 1991;

194



Sime-Ngando et al. 1991), including possibly chaotic
fluctuations {Becks et al. 2005; Mandal et al. 2006).
Microbial communities in a given sampling point within
the water column can be imported or exported hori-
zontally or vertically as a result of advection, thereby,
changing the variance resulting from biotic interactions
in relation to the diel cycle. Consequently, the effects of
diel cycles on the biology of the plankton are usually
difficult to isolate because they are obscured by the
hydrology of the system. This is well known from lake
studies (Sime-Ngando and Hartmann 1991; Sime-
Ngando et al. 1991; Amblard et al. 1994; Jugnia et al.
1998, 2000; Tadonléké et al. 1998) compared to the
oceans; where the use of free-floating buoy or drifter
deployments is more practicable (Weinbauer et al. 1995;
Graham et al. 2000; Winter et al. 2004).

The aim of the present study was to examine short-
term variations in the abundances and potential activi-
ties of viruses, prokaryotes and nanoprotists in Lake
Bourget, France, in relation to environmental condi-
tions, i.e. temperature, chlorophyll @ and dissclved or-
ganic carbon (DOC) concentrations. Samples were
collected from one station at four different depths rep-
resentative of the water column every 6 h over a 42-h
period during two contrasting seasons (June vs.
December) for evidence of circadian fluctuations. High-
resolution profiles of temperature and of chlorophyll a
concentration were determined in an effort to track the
vertical structure (ie. physical and biological) of the
whole water column. This is the first attempt to study
short-term variability in the plankton of Lake Bourget.

Materials and methods
Study site, sampling and physico-chemical parameters

Lake Bourget is located on the edge of the Alps
(45°44’N, 05°51'E). It is an elongated (18 km and 3 km
in length and width, respectively) north south orien-
tated lake, with a surface area of 42 x 10° m%, a total
volume of 3.5 % 10° m®, maximum and average depths
of 145 m and 80 m, respectively and a water residence
time of approximately 10 vears. It has a catchment area
of about 560 km? with maximum and average altitudes
of 1,845 m and 700 m, respectively. Water quality res-
toration programmes started in the 1970s have signifi-
cantly lowered the trophic status of the lake, from highly
eutrophic to mesotrophic. In 2005, the water transpar-
ency varied between 2.4 m and 14.5m, the total P
concentration in winter was at about 23 ng 17" and the
maximum concentration of chlorephyll a was less than
13 pg 17* (Jacquet et al. 2005a, b).

The sampling strategy was decided based on the
available logistics and included two short-term sampling
series carried out at a reference station known as point T
in Gresine Bay (maximum depth Z., = 35 m), located
in the eastern part of the lake. For each series, four

different depths were sampled (2, 10, 15 and 30 m)
eight times, every 6 h, from 6:00 p.m. on 9th June to
12:00 noon on 11th June 2004 for the first series, and
from 12:00 noon on 1st December to 6:00 a.m. on 3rd
December 2004 for the second series. Before each sam-
pling operation, high-resolution vertical profiles (i.e.
continuous measurement in the whole water column) of
temperature and chlorophyll a concentrations (Chl)
were monitored using FluoroProbe® (BBE, Moldenke,
Germany), a submersible spectrofluorometer configured
for in situ measurements of chlorophyll a fluorescence,
as described and detailed elsewhere (Leboulanger et al.
2002). For the June sampling series, DOC levels were
determined in 15-ml aliquots of filtered (pre-combusted
glass-fibre filters) samples collected in pre-combusted
glass vials. The samples were then acidified to pH < 3
with 2 N HCI and the vials were flame-sealed and stored
at 4°C m the dark until analysis. DOC concentrations
were measured using a carbon analyser (Labtoc, UV
promoted persulphate oxidation, IR detection), as pre-
viously described (Comte et al. 2006).

Virus and cell counts

The abundances of viruses, heterotrophic bacteria and
picocyanobacteria were estimated immediately after
sampling using flow cytometry. A 1-ml sample was
analysed without adding any fixative or dye to analyse
the autotrophic picoplankton community. In Lake
Bourget, this community is typically dominated by
Phycoerythrin-rich cyanobacteria (Humbert and TLe
Berre 2001; Briand et al. 2005; Jacquet et al. 2005a).
Another 1-ml sample was fixed with glutaraldehyde
(0.5%, v/v, final conc.) and bacterial and viral counts
were performed as described elsewhere (Duhamel and
Tacquet 2006; Duhamel et al. 2006). We used a FAC-
SCalibur flow cytometer (Becton Dickinson) equipped
with an air-cooled laser providing 15 mW at 488 nm
with the standard filter set-up. Fluorescent microbeads
(Molecular Probes) of diameter 1 pym were added to
each sample as an internal standard. For heterotrophic
bacteria, samples were diluted with 0.2-pm-filtered water
from the lake, while for viruses, samples were diluted
with 0.02-pm-filtered TE (Tris EDTA, pH = 8) buffer
and heated for 10 min at 75°C. The samples were stained
with SYBR Green I (1/10,000 final conc.) for 15 min in
the dark and run at medium speed (ca 40 pl min~?).
Either a minimal number of 10,000 events were recorded
in log mode for each sample or a minimal acquisition
time of 4 min when the number of events was < 10,000.
Plots of green fluorescence measured at 530 +30 nm
versus 90° light scatter or forward-angle light scatter
were used to discriminate and count the stained items.
Bacteria with high DNA content (HDNA) were dis-
criminated (i.e. from those cells with low DINA content)
on the basis of their typical FCM signatures within the
total community and were considered as the most

195



dynamic members of the bacterial assemblage (Gasol
et al. 1999).

For the nanoflagellate counts, glutaraldehyde (1%,
v/v, final conc.) fixed samples were filtered (pressure <
100 mmHg) over polycarbonate membranes (diameter:
25 mm, pore size: 0.8 pm), stained with primulin (Caron
1983), mounted between slides and glass cover slips with
a non-fluorescent immersion oil and stered at —20°C
until analysis. The slides were examined under UV light
to count heterotrophic nanoflagellates and under blue
light to count pigmented flagellates at 1,250x magnifi-
cation. Green light was useful to display phycoerythrin-
containing flagellates.

Bacterial production and enzyme activity

Bacterial production (BP) was determined from the
incorporation of [methyl-*H] thymidine (Amersham
Biosciences, UK, 70 95 Ci/mmol of specific activity)
into bacterial DNA (Bell 1993). For each sampling time
and depth, three replicates and one formalin-killed
control were inoculated with thymidine at a final con-
centration of 20 nM in glass vials and then incubated in-
situ for 2 h. The live incubations were stopped by adding
formalin and all samples were extracted in the labora-
tory using trichloroacetic acid (TCA, 10% final conc.)
and kept on ice for 30 min. The samples were then fil-
tered through a 25-mm-diameter, 0.22-pm-pore-size
membrane (GTTP). The filters were then rinsed three
times with 3 ml of TCA (5% final conc.). The filters were
placed in scintillation vials, allowed to dry and solubi-
lised with 1 ml of soluene. After adding 10 ml of scin-
tillation cocktail (Hionic Fluor, Perkin Elmer), the
radioactivity was counted with a 2100-TR (Packard
Instruments) with counting efficiency corrected for
quenching. Bacterial production, calculated in moles of
H-TdR incorporated into DNA, was converted into the
number of cells produced by using a conversion factor
(108 cells mol™T) recommended by Bell {1993). In all
cases, the within-sample coefficients of variation (n = 3)
were <15%.

For the December sampling series, the extracellular
enzyme activity was determined as an additional proxy
of bacterial activity in the winter. The cleavage of a
model substrate leucine methyl-coumarin-amide (Leu-
MCA,; Sigma) was measured according to Somville and
Billen (1983). Increasing amounts of the substrate Leu-
MCA stock solution (40 mmol 17*) were added to 2-ml
bulk water subsamples collected at each depth (2, 10, 15
and 30 m), in order to obtain final concentrations
ranging from 0 to 4,000 pmol 171, Incubation lasted one
hour and was performed in the dark at 20°C and under
slight movement with gentle stirring. The potential
extracellular enzyme activity was then calculated for
both unprocessed water and water filtered through the
2-um filter, collected at each depth, by adding the
fluorescent substrate to two replicate subsamples (2 ml)
at the saturating concentration. The activities were

similar in both fractions (Students #-test, p > 0.05) and
were correlated (» = 0.80, p < 0.01). For this reason,
only the activity in the unprocessed water is presented.
A blank used in order to assess the non-enzymatic
hydrolytic activity of the substrate was prepared by
filtering a sufficient amount of water from each depth
through a 0.2-pm-pore-size filter, by autoclaving it and
by adding 230 pl of glycerine buffer to inhibit the en-
zyme activity before adding the substrate. After incu-
bation, the fluorescence was determined using a
fluorometric and luminometric reader (Fluoroskan As-
cent FL, Thermo Labsystem), at excitation and emis-
sion wavelengths of 355 nm and 460 nm, respectively. A
calibration curve was established by dissolving a
2 mmol 17! stock solution of the standard MCA (Sig-
ma) in Methyl Cellosolve and adding 0.22-pm-filtered
and autoclaved water from the sampling site. The final
results are expressed in pmol MCAL™" h~1. The vari-
ability among replicate incubations was typically small
(CV < 3%).

Viral bacteriolysis

In formalin-fixed samples, the bacteria contained in §-ml
subsamples were harvested by centrifuging onto 400
mesh copper electron microscope grids with carbon-
coated Formvar film using a Centrikon TST 41.14
swing-out rotor (Bettarel et al. 2004). Each grid was then
stained for 30 s with uranyl acetate (2% wjw) and
examined using a JEOL 1200EX transmission electron
microscope operated at 80 kV at magnifications of
20,000 40,000x. At least 1,300 1,500 prokaryotic cells
per sample were examined to determine the frequency of
visibly infected cells (FVIC). Cells were scored as in-
fected if they contained five or more intracellular viruses.
For each sample, the mean burst size (viruses bacteria ')
was estimated from the number of viruses in visibly in-
fected cells. Because mature phages are visible only late
in the infection cycle, FVIC counts were converted to the
frequency of infected cells (FIC) using the equation
FIC = 9.524 x FVIC-3.256 (Weinbauer et al. 2002).
The FIC was then converted to viral-induced bacterial
mortality (VBM, as a percentage per generation)
according to Binder (1999) using the equation
VBM = (FIC+0.6 x FIC?)/(1 1.2 x FIC).

Statistical analyses

The data were subjected to one-way analysis of variance
(absence of replicates for most variables prevents the use
of two-way ANOVA) to test for effects of time or depth,
and using correlation analysis to test for significant
coupling between variables. In addition, a matrix of data
was produced and analysed by means of principal
component analysis (PCA) to identify combinations of
variables that account for the largest amounts of the
total variance observed. For all of the statistical analy-
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ses, the data were normalised using logarithmic trans-
fermation.

Results
Temperature and chlorophyll @ depth time profiles

In June, surface heating occurred in the late afternoon,
increasing the relative thermal resistance to mixing.
However, oscillations were apparent at the bottom
boundary of the discontinuity layer, with a general
cooling phase during the day-time and a deepening of
the thermocline during the night (Fig. 1a). For all vari-
ables under study, the most significant depth-related
difference was from temperatures recorded in June
(Table 1). The water column was almost isothermal in
December (7.8 8.1°C, Fig. 1b) but the temperatures
fluctuated significantly over time during both seasons
(Table 1). Chlorophyll a concentrations (Chl) were sig-
nificantly (ANOVA, p < 0.001) higher in December
(mean 6.9 pug I') than in June (3.1 pg17'). Maxima
were recorded in late afternoon and during the night-
time in the thermocline in June and in the surface waters
in December (Fig. 1b, d).

Short-term fluctuations in biological variables

Changes in concentration and rate measurements are
shown in Figs. 2, 3, 4 and 3. For each sampling depth
and campaign, the coefficients of variation for standing
stocks over the study period ranged from 3% to 70%,
apart for the abundance of autotrophic picoplankton
recorded at 30 m depth in June, which exhibited a higher
CV (211%) due to an exceptional peak recorded at 6:00
am., together with a deepening of the thermocline
(Figs. 1a and 2c). When eliminating this peak, the CV
drops to 35%. The highest CVs were calculated for
bacterial production (range: 65 137% in June and 61
105% in December). Values for aminopeptidase activity
measured in December ranged from 9% to 23%. Con-
centrations of the biolegical variables under study and
the viral Iytic activity were generally higher in December
than in June (ANOVA, p < 0.001), similar to Chl. The
few exceptions were for the abundance of autotrophic
picoplankton and for bacterial production, which were
significantly higher in June than in December (I'igs. 1, 2,
3,4 and 5).

ANOVA for the time effect yielded more significant
differences in June than in December. Indeed, a signifi-
cant effect of the sampling time was found for the esti-

Fig. 1 Depth time diagrams of A D
temperature and chlorophyll a
concentrations m Lake
Bourget, 9th to 11th June and
1st to 3rd December 2004,
based on high-resolution 10
vertical measurements (1.e. ‘E
continuous measurements ~
through the water colummn) 'g_
carried out using a submersible @
spectrophotometer o 2
(FluoroProbe®, BBE,
Moldenke, Germany)
30
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mates of DOC, viral and HNF (heterotrophic nanofla-
gellates) abundances and bacterial production in June,
and for temperature in December (Table 1). Significant
effects of time, but also of sampling depth, were also
recorded for temperature and Chl in June, and for viral
abundance and bacterial production in December. The
water column temperature, thus, varied significantly
with the sampling time in December, whereas most of
the biological variables varied more with depth than
with time (Table 1).

During both campaigns, viral abundance increased
with time at all depths and this was more marked in
December than in June (Iig. 2a, d). Assuming an
exponential growth model, viruses accumulated at
0.21 day™* in June (#* = 0.58) and at 0.31 day™" in
December (> = 0.83), corresponding to production
rates of 0.6x 107 and 2.4 x 107 viruses 17! day ',
respectively. These rates were two orders of magnitude
lower that those (3.9 and 3.6 x 10° viruses 17! day !,
respectively) caleulated from the viral-induced mortality
(see below), bacterial production and burst sizes, which
were substantially higher in December (range, mean: 18
81, 41 viruses bacterium ') than in June (10 48, 29
viruses bacterium™'). A drop in viral and prokaryote

Table 1 Results of analysis of variance (ANOVA) used to test for
differences with sampling depth and with time

Variable Depth Time

Fvalue pvalue Fvalue pvalue
June*
Temperature (T °C) 546 <0.001 2.740 0.030
DOC 2,120 0120 2.850 0.020
Chlorophyll (Chl) 44020 <0001 4200  0.004
Viruses (VA) 1.960 0.150  3.800 0.008
Bacteria (BA) 6370 0003 0770 0610
HDNA 7.400 0.001 0.830 0.570
APP 9240 <0.001 0.060 0.990
HNF 2.010 0.140 4170 0.005
PNF 2220 0110 1.500 0.220
FVIC 1.430 0.250  2.030 0.090
Bacterial production (BP) 0.100 0.950  4.460 0.003
December*
Temperature 2490  0.080 3.590 0.010
Chlorophyll 4.700 0.110  0.660 0.700
Viruses 5.640 0.005 11.820 <0.001
Bacteria 3750 0.020 0.800 0.550
HDNA 3150 0.040 0.920 0.500
APP 5.820 0.004  0.930 0.500
HNF 36400 <0.001 1.890 0.120
PNF 10.870 <0.001 1.700 0.162
FVIC 1.510 0230  0.250 0.960
Bacterial production 7.040 0.001 13.230 <0.001
Aminopeptidase (MCA) 3170 0.040  0.580 0.750

All estimates were log-transformed. Temperature (T °C), concen-
trations of dissolved organic carbon (DOC), chlorophyll a (Chl),
viruses (VA), total bacteria (BA), bacteria with high DNA content
(HDNA), autotrophic picoplankton (APP), heterotrophic nano-
flagellates (HNF), phototrophic nanoflagellates (PNF), rates of
bacterial cell production and aminopeptidase extracellular enzyme
activity (MCA)

* Differences between June and December were all significant
(p < 0.001) for all variables. Significant values are in bold

abundances was noted during the first night in Decem-
ber at 30 m (Fig. 2d f), accounting for the significant
variation noted with depth (Table 1). Similar to viruses,
the abundance of HNF also generally increased with
time. This was clearly related to the pattern during the
last 24 h of sampling (Fig. 3a, c), with an associated
accumulation rate of 0.28 day™ (#* = 0.67). In con-
trast, the significant effect of time on bacterial produc-
tion in June was related to a general decreasing trend at
all depths from the second sampling point (Fig. 4a).
Finally, a diel cycle was apparent with regard to DOC
concentrations measured in June, with an increasing
phase during the day-time at all sampling depths,
reaching the highest value at 15 m (Fig. 4c).

Prokaryote production and mortality

Bacterial production ranged from 1 to 10 x 107 cells
17" h™ (mean 5§ % 107 cells 17" h™") in June and from
0.5to 7% 107 cells 17" h™ (mean 1 x 107 cells 17" h™)
in December (Fig. 4a, d). The frequency of visibly in-
fected cells was less than 2.5% (mean = 1.3%) in June
and less than 4% (2.3%) in December, corresponding to
the destruction of 5 30% (mean 11%) and 10 58%
(29%) of bacterial production by viruses, respectively
(Fig. 5). We were not able to conduct grazing experi-
ments during this study. However, a grazing study in the
same lake carried cut in 2002 (Comte et al. 2006) re-
ported taxon-specific HNF clearance rates of 1.6 5 nl
ind™' h7! (mean = 3.07 nl ind™" h™"). Relating this to
our June campaign, this corresponds to a potential
grazing impact ranging from 27% to 84% of bacterial
production (mean = 52%). In December, the calculated
grazing potential exceeded bacterial production, even
when the minimum clearance rate given above was
applied.

Relationships between variables

The number and the significant levels of empirical rela-
tionships between variables were higher in December
than in June (Table 2). With a few exceptions in June,
temperature, Chl and the abundances of viruses, of total
bacteria and of bacteria with high DNA content were
positively correlated to each other during both cam-
paigns, as were the abundances of phototrophic and
heterotrophic nanoflagellates. Data on bacteria with low
DNA content (not shown) were not related to any other
variables. In addition, viral abundance during both
campaigns was positively correlated to HNF counts.
The latter variable was negatively correlated to bacterial
production in June, whereas bacterial production and
Chl were positively correlated in December. The other
correlations were positive and were detected in the
December samples, including those between (1) viral
abundance vs. bacterial production and enzyme activity,
(2) FVIC versus HNI abundance, (3) the abundance of
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Fig. 2a~f Spatial and temporal
changes in concentrations of
virus-like-particles (a, d),
heterotrophic bacteria (b, ),
and autotrophic picoplankton
(APP; ¢, f) in Lake Bourget
between 9th and 11th June and
1st and 3rd December 2004,
The black bars indicate the
night-time period

Fig. 3a-d Spatial and temporal
changes in concentrations of
heterotrophic (HNF; a, ¢) and
autotrophic (ANF; b, d)
nanoflagellates in Lake Bourget
between 9th and 11th June and
1st and 3rd December 2004,
The black bars indicate the
night-time period
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Fig. da—f Spatial and temporal 10 D DECEMBER
changes in bacterial production
(BP; a, d), percentage of — 8
heterotrophic bacteria with = @ Im
high DNA content (HDNA; =~ &
b, e % of total abundance), % O 1m
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1st and 3rd December 2004. 50-
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total and high-DNA bacteria versus enzyme activity and
(4) enzyme activity vs. temperature, Chl and the abun-
dance of autotrophic picoplankton (Table 2).

For both sampling campaigns, the plots of the
descriptors of the PCA grouped most of the variables
along axis 1, the relationships between variables being
apparently more numerous and closer in December than
in June (Fig. 6a, c). In June, burst size (for which no
correlation was noted) and the number of infected cells
were isolated and opposed to the other variables. The
majority of these variables were selected positively by
the major principal component in June and negatively in
December. The plots of the field observations showed
that this selection was mainly related to the samples
collected at 2, 10 and 15 m, which were opposed to those
collected at 30 m (Fig. 6b, d).

Discussion

The present study is an attempt to analyse planktonic
microorganisms on a time scale that is realistic in terms
of their probable generation times. High-resolution

18:00 0:00 6:00 12:00 18:00 0:00 6:00 12:00

1 T T T T T T T 1
12:0018:00 0:00 6:00 12:0018:00 0:00 6:00

Time (h)

temperature profiles recorded in the stratified water col-
umn in June showed internal oscillations with a period
on the order of 12 18 h (Fig. 1a). Physical, chemical and
the related biological isolines were shifting with the
passage of these internal waves. For example, the abun-
dances of viruses, bacteria and autotrophic picoplankton
shifted markedly in the water column on June 11 at 6:00
a.m., coinciding with the deepening of the thermocline
(Figs. 1a, 2a c). From these observations, we conclude
that wind-forced internal waves have effects on the
plankton dynamics in Lake Bourget (Vingon-Leite et al.
1989), mainly as a result of the import/export advection
of microbial stocks from the target sampling points.
Besides advection, the abundances of HNF in June
were similar at all sampling depths, where they accu-
mulated late in the sampling period at a rate (about
0.3 day™") that was typical of those of planktonic
protists in temperate lakes during the spring growing
season (Carrias et al. 2001). Similar patterns were also
noted for viruses during the two seasons. Sharp in-
creases in the abundances of bacteria and autotrophic
picoplankton between 6:00 a.m. and 6:00 p.m. in the
deepest water masses on 2nd December would require a

200
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Table 2 Results of Pearson’s correlation analysis used to test for empiric correspondence among estimated variables

VA FVIC BA HDNA BP MCA APP HNF PNF Chl

June

HDNA 0.41* —0.21 0.91%%*

BP —0.02 —-0.15 0.04 0.02

APP 0.46%* —0.05 0.92%%* 0.97%%% 0.05 ND

HNF 0.75%%* 0.23 0.22 0.25 —0.45%* ND 0.34*

PNF 0.27 0.01 0.23 0.1% —0.14 ND 0.25 0.57%**

Chl 0.17 ~008  030% 0.56%++ 0.16 ND 0.624%*  0.23 0.34%

TeC 0.24 —011  0.627* 0.65F  —0.08 ND 0.66%  0.27 0.28 0.65%+*
December

BA 0.61%** 0.18

HDNA 0.62%** 0.25 0.80%**

BP 0.35 0.02 0.29 -0.07

MCA 0.61%** 0.18 0.74%%* 0.68%** 0.17

APP 0.58%** 0.23 0.97%%* 0.79%%* 0.26 0.84%**

HNF 0.35* 0.36* 0.36* 0.36* 0.27 0.38* 0.35*

PNF 0.26 0.31 0.45%* 0.41* 0.05 0.29 0.26 0.58%%*

Chl 0.64%** 022 0.94%%* 0.73%%* 0.34% 0.78%** 0.64%%* 0.37 0.49%*

TC 0.21 0.16 0.80%** 0.54%* 0.16 0.72%*% 0.21 0.16 0.29 0.69%**

See Table 1 for an explanation of the abbreviations. Significant correlations are in bold. Asterisks denote the levels of correlation as
follows: *p < 0.05, ¥*p < 0.01, ***p < 0.001. The underlined coeflicients denote common correlations for the two sampling periods

net community doubling time of 5 8 h. Moreover,
bacterial production estimated via bottle incubations
was higher and fluctuated more in June than in
December, the values (107 10% cells 171 h™") being
typical of oligotrophic to mesotrophic lakes (Bettarel
et al. 2004; Colombet et al. 2006). These observations
suggest that part of the variations were intrinsic to
microbial compartments during this study, despite noise
from water movements.

Only a few of these variations were related to the
day night cycles, perhaps because of the relatively low
resolution in our sampling intervals. A diurnal cycle was
noted for DOC measured in the water column in June,
with maxima occurring during the day (Fig. 4c). In
contrast to DOC, chlorophyll a concentrations in the
surface waters peaked in the late afternoon and during
the night, and were correlated to several variables during
the two study seasons, as was the abundance of viruses
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Fig. 6a—-d Results of the

JUNE

DECEMBER

principal component analysis
(PCA) obtained from the main
variables under study (a, ¢) and
from the observations made for
each sampling depth and time
(b, d) in Lake Bourget between
9th and 11th June and 1st and
3rd December 2004. See

Table 1 for an explanation of

the previous abbreviations;

BS = burst size, T1 T8 in
panels b and d refer to the eight
sampling hours for each of the
four sampling depths.
Horizontal X-axis = Axe 1,
vertical Y-axis = Axe 2. Inset
histograms in a and ¢ are
graduated from 0 to 0.5 and
represent the fractions of

variances (¥) explained by the
different PCA axes (X, from
Axe 1 onwards)

with that of autotrophic picoplankton (APP) (Table 2).
The latter community was exclusively represented by
Phyceerythrin-rich cyanobacteria, which usually appear
to be easier to infect with viruses (Wilhelm et al. 2006).
Phytoplankton communities were, thus, likely to be ac-
tively implicated in trophic interactions. From the tem-
poral fluctuations of chlorophyll ¢, it is difficult to know
whether phytoplankton cells were accumulating or
possibly dividing in the late afternoon or during the
night, as we have no data on diel patterns or light-
related autoecology of phytoplankton populations,
primarily of Planktothrix rubescens, the dominant cya-
nobacterivm in Lake Bourget (Humbert and Le Berre
2001; Briand et al. 2005; Jacquet et al. 2005a). However,
tentative explanations from the freshwater literature
include (1) algal aveidance of exposure to high light,
which is a common situation in aquatic systems (Tado-
nléké et al. 1998) and (2) increasing chlorophyll cell
content with decreasing light intensity in some algal
species, primarily cyanobacteria (Tadonlékeé et al. 1998).

Apart from two exceptions (i.e. bacterial production
and autotrophic picoplankton abundance), all biologi-
cal variables under study were significantly higher in the
winter than in the summer (Table 2). In Lake Bourget,
the phytoplankton biomass is typically dominated

(>90% of the total) by the cyancbacterium P. rubes-
cens for a significant part of the vear (Jacquet et al
2005a). Using both probe fluorescent measurements (i.e.
the same fluoroprobe used in this study, calibrated with
P. rubescens) and cell counts, it has recently been shown
from depth-integrated seasonal data that this cyano-
bacterium typically peaks in early December (see Fig. 5
in Leboulanger et al. 2002). From our data and those
from multi-year reports on Lake Bourget (Briand et al.
2005; Jacquet et al. 2005a), this is partly related to the
fact that, in late autumn and winter, P. rubescens col-
onises the entire water column, whereas during the
other seasons, its development is more restricted to
specific zones in the water column. Multivariate analysis
clustered most of the variables along axis 1 in June and
December, isolating burst size and samples collected at
30 m from other variables collected in the upper water
column. Correlations among these variables were higher
in December than in June, in both their intensity and
number, indicating that biological variables were tro-
phically more dependent on each other in December
than in June. This could be related to the grazing
pressure. During our study, the abundance of zoo-
plankton (dominant species Daphnia hyalina and D.
galatea) was largely higher in spring/summer than in
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winter (Laine and Anneville, unpublished) but no gen-
eral diel pattern is available for metazooplankton in
Lake Bourget.

We speculate that microbial interactions and the re-
lated cascading effects were more enhanced in winter
than in summer. This was indicated by the couplings (1)
between chlorophyll ¢ and bacterial production {Duck-
low and Carlson 1992), (2) between viral abundance and
bacterial abundance production and enzymatic activity
(Bettarel et al. 2003, 2004) and (3) between the abun-
dances of viruses and bacteria and their potential HNF
grazers (Gonzalez and Suttle 1993; Bettarel et al. 2005)
in winter. It is tempting to attribute the higher abun-
dance and potential bacterivory (that considerably ex-
ceeded bacterial production in all samples) of HNF in
December (compared to June) to the reduction of
grazing pressure from zooplankton, resulting in higher
competition for food in HNF communities, a diversifi-
cation of their diet and the occurrence of non-bacteriv-
orous species. In contrast, higher zooplankton grazing
pressure on HNF in June could have given a competitive
advantage to the tiniest HNF cells, i.e. the dominant
bacterivores in aquatic systems (Strom 2000), which are
known to be strong stimulators of bacterial production
(Posch et al. 1999; Simek et al. 2001; Sime-Ngando and
Ram 2005). This may, thus, also help explain the two
exceptions to the detected ‘anomaly’ (i.e. the fact that
most biological variables under study were significantly
higher in the winter than in the summer) noted for
autotrophic picoplankton and bacterial production. We
consider that the detected ‘anomaly” was likely to be
forced by the seasonal behaviour of the major phyto-
plankton population, in relation to the grazing envi-
ronment and the related trophic interactions.

In conclusion, microbial parameters under study
varied considerably over a short-term period in Lake
Bourget. Circadian variations noted for DOC and
chlorophyll @ concentrations were found to match the
day night cycle to some extent. However, despite the
external abiotic forcing (light, water movements), the
fluctuations in biological variables in most cases were
apparently forced by trophic interactions. However, we
think that a much tighter vertical and temporal sampling
programme than ours would be required to better ob-
serve general patterns of diel changes in Lake Bourget.
Clearly, our study could not distinguish all of the factors
relating to short-term variations in the microbial com-
ponents under study. Tt, therefore, left unresolved the
question of the impact of micro- and mesozooplankton
(such as ciliates and rotifers), the role of a variety of
sources of food and predation, and possibly chaotic
population fluctuations. Nevertheless, we believe that,
short-term, in-situ models to study microbial compo-
nents constitute a rather promising approach to under-
standing the overall functioning of the planktonic food
web in natural lakes such as Lake Bourget.
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RESUME

Les objectifs de ce travail visaient a détermiriendortance qualitative, quantitative et
fonctionnelle des virus dans le Lac Pavin, en tenampte des gradients liés a la profondeur.
Il s’agissait, plus spécifiqguement, d’examinerl@)dynamique saisonniére et spatiale de la
biodiversité des virus, (ii) I'importance des geus liés a la profondeur dans les variations
saisonnieres de I'abondance et de I'activité lyigies virus, et (iii) 'importance du mode de
vie lysogene. Grace a la mise au point d’'un prdeoamiginal de concentration, nous
montrons que la dynamique de la diversité du viaongton du lac est étroitement associée a
celle des communautés microbiennes. Il en est daenrgour les variations d’abondance et
d’'activité lytigue. La prise en compte de I'enseenlole la colonne d’eau indique que la
structure des réseaux trophiques microbiens eialzemes virus dans ces réseaux dépendent
de la profondeur, avec une simplification des mddgshiques, et des niveaux d’organisation
biologique des communautés, et des interactionqhioes potentielles, avec la profondeur.
Ainsi le fonctionnement trophique des couches prdés, réduites aux virus et procaryotes,
serait essentiellement régi par la boucle virBlealement, jusqu'a 16 % du bacterioplancton
serait lysogene. Ce mode de vie, antagoniste a lggiigue, dépend de la disponibilité de
I'héte et serait plus un mécanisme de survie quprdifération virale, pouvant par ailleurs
avoir une incidence sur I'’évolution adaptative Hétes. Les résultats acquis montrent que les
virus seraient essentiels dans la diversificatiohéeologie des communautés microbiennes,
et dans les flux de matiére et d’énergie circuthants la colonne d’eau.

Mots clés :Lac Pavin - Virioplancton - Réseaux trophiques ofigens - Gradients verticaux -
Lyse virale — Lysogénie

ABSTRACT

The main goal of this thesis was to assess quadéitatjuantitative and functional
significance of viruses in Lake Pavin, by takintpiaccount the depth-related gradients in the
water column. Specifically, we have examined thesfiatio temporal dynamics of viral
community diversity, (ii) significance of depth-a&d gradients in seasonal variations of viral
abundance and lytic activity and (iii) relative mifgcance of lysogenic ‘life style’. From an
original concentration protocol, we have shown thatdynamics of viral diversity in the lake
was strongly linked to those of microbial commuasti Similar for variations in viral seasonal
abundance and lytic activity. Through the entiredewaolumn, microbial trophic network
structure and the role of viruses in this netwodpehded strongly on depth, with a
simplification of trophic modes, of biological orgaation levels of communities, and of
trophic interactions with depth. Biological limnglp of the deep layers is reducte to viruses
and prokaryotes, and is thus governed by the Vo@b processes. Finally, up to 16 % of
bacterioplankton could be lysogens. This way &, ldntagonist with Iytic one, depended on
host availability and could be more a mechanisnttiermaintenance of viral traits, than can
further have significant incidences on the evohaity ecology of host communities. Overall,
our results show that viruses are essential indikiersification and ecology of microbial
communities, and in the matter and energy flowthénlake water column.

Key Words Lake Pavin - Virioplankton - Microbial loop - Déptelated gradients- Viral
lysis- Lysogeny
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