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A. Introduction – la méthanisation 
 

Dans ce manuscrit, je présente les principaux travaux de recherche auxquels j’ai contribué depuis le 

début de mon doctorat en 2005, jusqu’à aujourd’hui. J’expose tout d’abord des recherches en écologie 

microbienne de la méthanisation, en particulier sur la bioconversion de substrats cellulosiques. Il s’agit 

de travaux que j’ai menés pendant les années qui ont suivi mon arrivée en poste au Cemagref (devenu 

Irstea, puis INRAE). Dans un second temps, je décris brièvement un projet de développement d’un 

système d’information, que je coordonne, et qui a vocation à permettre une meilleure valorisation des 

données méta-omiques de procédés de biotechnologies environnementales. Par la suite, je synthétise 

mes recherches en lien avec la virologie microbienne : d’une part, mes travaux de thèse sur les virus 

d’archées acidothermophiles, et d’autre part, les recherches que j’ai développées plus récemment, en 

écologie virale de la méthanisation. Enfin, je présente des perspectives de recherche. Le manuscrit 

s’achève avec mon CV, et une sélection de publications en annexe. Certains des travaux décrits dans 

ce manuscrit ne sont pas encore publiés : j’ai choisi de les inclure en raison de la place importante 

qu’ils ont occupée dans mon activité, et également pour la cohérence qu’ils apportaient au manuscrit. 

La majorité de mes travaux de recherche porte sur la caractérisation des communautés microbiennes 

de la méthanisation. Dans cette section d’introduction, j’apporte donc quelques informations clés sur 

le processus et procédé de méthanisation. 

La méthanisation, encore appelée digestion anaérobie, est un processus naturel de conversion de la 

matière organique qui se produit en conditions anaérobies et réductrices. Une synthèse des 

connaissances sur la méthanisation est disponible dans le livre « La méthanisation » (Moletta, 2015). 

Cette conversion est catalysée par des communautés microbiennes complexes et aboutit à la 

production de biogaz, riche en dioxyde de carbone (CO2) et en méthane (CH4). Le biogaz contient 

d’autres composés en faibles quantités, tels que du dihydrogène (H2) ou du sulfure d’hydrogène (H2S). 

La méthanisation est décomposée en 4 étapes successives : l’hydrolyse, la fermentation (ou 

acidogenèse), l’acétogenèse et la méthanogenèse (Figure 1). La méthanogenèse est le fait d’archées 

uniquement, et elle est considérée comme l’un des plus anciens métabolismes impliqués dans le cycle 

du carbone (Sauterey et al., 2020). La méthanisation est active dans une grande variété 

d’environnements compatibles avec la vie, telles que rizières, marais, tourbières, sédiments marins et 

lacustres, ou encore tractus digestif de divers animaux (ruminants, termites, humain, …). 

De nombreux facteurs abiotiques sont susceptibles d’affecter la méthanisation, comme le pH, la 

température et le potentiel d’oxydoréduction. Un pH proche de la neutralité est optimal. Une large 

gamme de température est compatible avec la méthanisation, sous l’action de communautés 

microbiennes psychrophiles, mésophiles ou thermophiles. Cependant, les dynamiques peuvent 

différer selon la température, avec généralement des cinétiques plus lentes à basse température. 

Concernant le potentiel d’oxydoréduction, on notera qu’en présence de certains accepteurs 

d’électrons, un phénomène de compétition peut se produire pour la consommation d’acétate ou 

d’H2/CO2. Ceci est illustré sur la Figure 1, dans le cas des ions sulfate (SO4
2-) et de consommation 

d’H2/CO2 par les bactéries sulfato-réductrices. Ce phénomène est tout simplement lié à la position des 

différents accepteurs d’électron sur l’échelle des potentiel redox, le CO2 étant l’un des plus « piètres » 

oxydants. 
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Figure 1. Les étapes du processus de méthanisation. 

 

Le processus de méthanisation est exploité par l’homme dans des procédés de traitement et 

valorisation de déchets et effluents organiques (Figure 2). En effet, le biogaz obtenu est une énergie 

renouvelable, dont le pouvoir combustible dépend de sa teneur en méthane, qui est typiquement de 

l’ordre de 55%. Le pouvoir calorifique inférieur (PCI) du méthane est d’environ 9,94 kWh/normo m3 

dans les conditions normales de température et de pression (0°C, 1 atm). Différents modes de 

valorisation du biogaz sont possibles après son épuration. Celui-ci peut être injecté dans les réseaux 

de gaz de ville, il peut alternativement permettre la production de chaleur et d’électricité par 

cogénération, ou encore être utilisé comme carburant pour véhicule. Par ailleurs, les boues de 

digestion, si elles respectent certaines normes, peuvent être valorisées par épandage. 

 

Figure 2. La méthanisation : sources d'intrants et valorisation du biogaz et du digestat produit. 
IAA : industrie agroalimentaire  – STEP : station d’épuration – ISDND : installation de stockage de déchets non-dangereux. 

Source : ATEE (Association Technique Energie Environnement) 
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Le déploiement de la méthanisation à l’échelle industrielle a débuté à la fin du 19ème siècle, avec la 

construction d’une station de méthanisation à Bombay, en Inde, en 1859. Cela survient moins d’un 

siècle après la découverte, par Alessandro Volta, de gaz inflammable émis par des fonds boueux du lac 

Majeur en Italie (1776). Ainsi, les procédés de méthanisation ont été développés et améliorés 

progressivement, sans connaissance fine sur les communautés microbiennes impliquées, qui ont 

constitué pendant longtemps une boîte noire. En France, c’est d’abord la méthanisation en voie 

liquide, des boues de station d’épuration urbaine, qui s’est établie. Depuis les années 2000, la 

méthanisation connaît un développement rapide, soutenu par des politiques incitatives. En 2020, on 

comptait en France environ un millier d’installations de production de méthane, dont la majorité 

étaient des méthaniseurs à la ferme. La production d’énergie de l’ensemble de ces installations 

s’élevait à environ 12 TWh, soit 4% de la production primaire d’énergie renouvelable en France. 

Améliorer l’opération des méthaniseurs demeure un enjeu important, notamment dans les cas 

d’hétérogénéité spatiale et temporelle des substrats d’alimentation, comme cela peut fréquemment 

être le cas à la ferme ou en méthanisation territoriale. En particulier, des inhibiteurs, présents dans le 

substrat ou se formant au sein des méthaniseurs, sont susceptibles de perturber l’activité des 

communautés microbiennes et par conséquent d’affecter les performances du procédé. La recherche 

en écologie microbienne de la méthanisation a un rôle à jouer, car le développement de ce type de 

connaissances peut permettre d’augmenter le niveau de compréhension du processus et ainsi 

apporter des bases scientifiques pour améliorer les performances et la robustesse de ces procédés. 

Le développement des approches isotopiques et des techniques d’écologie moléculaire reposant sur 

l’ARNr16S, dans les années 90, a permis de déchiffrer le fonctionnement des communautés 

microbiennes de la méthanisation. Ces recherches se sont renforcées à partir des années 2000, avec 

l’arrivée du séquençage nouvelle génération et d’autres méthodes analytiques à haut-débit. 

Actuellement, les connaissances descriptives sur l’écologie microbienne des méthaniseurs sont bien 

développées, et leur acquisition se poursuit. De façon surprenante, les recherches en écologie virale 

des méthaniseurs ont émergé seulement très récemment (Calusinska et al., 2016), alors que le rôle 

important des virus dans d’autres environnements est déjà bien établi : dans les océans, il est estimé 

que la lyse cellulaire liée aux infections virales aboutirait à un turn-over d’au moins 20% de la biomasse 

photosynthétique (Suttle, 2005). Concernant la méthanisation, les recherches en écologie virale 

mériteraient donc d’être encore développées. Un autre enjeu est de mobiliser les connaissances sur 

les communautés microbiennes pour développer des outils opérationnels, tels que des biomarqueurs, 

afin de mettre en place un management microbien des méthaniseurs (Carballa et al., 2015) et ainsi 

améliorer leurs performances globales. Cela rejoint plus généralement des enjeux clés bien identifiés 

en écologie microbienne, en particulier de parvenir à développer une écologie plus prédictive (Widder 

et al., 2016). 

B. Synthèse des travaux de recherche 
 

I. Déchiffrer les communautés microbiennes impliquées dans la 

méthanisation de la cellulose par des méthodes méta-

omiques : de l’exploration aux approches comparatives 
 

La lignocellulose, composant de la paroi végétale, est le biopolymère le plus abondant sur Terre. Elle 

représente une source majeure de matériaux et d’énergie biochimique renouvelable. Sa bioconversion 

est donc étudiée depuis plusieurs décennies (Lynd Lee et al., 2002). Lorsque j’ai rejoint le Cemagref en 
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2008, la vitesse d’hydrolyse de la cellulose était déjà identifiée comme limitante dans les procédés de 

méthanisation (ex : (Noike et al., 1985)). Les liens entre dynamique de colonisation microbienne de la 

cellulose, vitesse d’hydrolyse, et identité des microorganismes cellulolytiques avaient notamment été 

caractérisés sur un substrat modèle, la cellulose cristalline (O'Sullivan et al., 2005, Song et al., 2005, 

Jensen et al., 2008), en combinant par exemple de l’hybridation in situ (FISH, Fluorescent In Situ 

Hybridization) et des mesures de vitesse d’hydrolyse de la cellulose. Au sein de notre unité, Tianlun Li 

et Olivier Chapleur, avaient décrypté, lors de leur doctorat, le fonctionnement de communautés 

microbiennes de la méthanisation de cellulose modèle, par des techniques isotopiques (Li et al., 2009, 

Chapleur et al., 2014). 

Comprendre le déterminisme des performances de la méthanisation des déchets lignocellulosiques, 

en lien avec l’activité des communautés microbiennes, demeurait un sujet de fort intérêt. Les 

approches méta-omiques commençaient à percer dans nos domaines appliqués (Schlüter et al., 2008, 

Hanreich et al., 2012) et apportaient la possibilité d’identifier sans a priori les fonctions biologiques 

des communautés microbiennes de la méthanisation. Aussi, ai-je participé pendant plusieurs années 

au développement et à la mise en œuvre d’approches méta-omiques au sein de l’unité. Pour leur 

application, je me suis intéressée plus particulièrement à la méthanisation de matériaux cellulosiques 

manufacturés (de type papier, mouchoirs en papier) qui était moins étudiée que celle des fibres 

végétales natives ou des substrats modèles tels que la cellulose cristalline. Ces substrats manufacturés 

étaient en outre en bonne adéquation avec une thématique majeure de l’unité à cette période, la 

méthanisation des déchets ménagers. Ces derniers contiennent en effet une fraction importante de 

papiers, cartons, textiles et textiles sanitaires, tous riches en cellulose (campagnes MODECOM de 

caractérisation des déchets ménagers menées par l’Ademe en 1993, 2007 et 2017). Dans un premier 

temps, j’ai participé à une analyse métaprotéomique exploratoire de la méthanisation de papier en 

conditions thermophiles, en co-encadrant un post-doctorat. Dans un second temps, j’ai co-encadré un 

doctorat visant à étudier les liens entre structure de la lignocellulose, colonisation microbienne, et 

performances de méthanisation. Ces recherches sont présentées ci-dessous. 
 

I.I Analyse métaprotéomique des communautés microbiennes lors de la digestion 

anaérobie thermophile de déchets lignocellulosique 

La méthanisation de papier blanc a été étudiée en conditions thermophiles, dans le cadre du post-

doctorat de Lü Fan (Université de Tongji, Chine), que j’ai co-encadré avec Théodore Bouchez. Les 

analyses métaprotéomiques ont été réalisées en collaboration avec la plate-forme INRA PAPPSO. Ces 

travaux ont fait l’objet d’une publication (Lü et al., 2014). 
 

Le papier de bureau a été sélectionné comme substrat cellulosique, dans la mesure où il est abondant 

dans les déchets ménagers et a une composition relativement stable, de 70% d’hemicellulose et 30% 

de cellulose. Les incubations ont été menées à 55°C, en microcosmes de méthanisation discontinus 

(batch) de 1 litre, en 5 réplicas. Dans ces 5 microcosmes, des dynamiques similaires et classiques ont 

été obtenues en termes de production de méthane et de concentrations en acides gras volatils, 

composés intermédiaires formés lors de la méthanisation (Figure 1). L’un des réplicas a été sacrifié 

après 60 jours d’incubation, en phase production de méthane, afin de réaliser l’analyse 

métaprotéomique : 62% du carbone initialement introduit avait alors été dégradé. Les quatre autres 

réplicas ont été incubés pendant un total de 120 jours, afin que la production cumulée de méthane 

atteigne un plateau et que l’ensemble de la dynamique puisse ainsi être observé. 

Une analyse métaprotéomique de type bottom-up a été menée. Elle consiste à digérer les protéines 

en fragments polypeptidiques, à identifier ces fragments par spectrométrie de masse MS/MS, après 
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séparation par chromatographie liquide, par comparaison à des bases de données de protéines de 

références. Enfin, les protéines sont identifiées in silico à partir de leurs composants peptidiques. Le 

développement du protocole a constitué une partie importante du projet et a été réalisé en 

collaboration avec INRA PAPPSO. L’enjeu était de parvenir à exploiter ces échantillons complexes 

malgré la présence probable de composés susceptibles de perturber l’analyse. Les cellules 

microbiennes présentes dans les échantillons ont été lysées mécaniquement et chimiquement, et les 

protéines du surnageant ont été purifiées par précipitation à l’acide trichloroacétique. Nous avons 

testé trois stratégies différentes de séparation des protéines. La première consistait à séparer 

classiquement les protéines selon leur poids moléculaire, par électrophorèse en gel précoulé à 

gradient d’acrylamide. Dans le second cas, les protéines étaient séparées selon le point isoélectrique 

avec un système hors-gel (Agilent OFFGEL Fractionator), et chacune des fractions collectées était 

migrée très brièvement dans un gel précoulé à gradient d’acrylamide, dans le but d’éliminer les 

impuretés, sans toutefois viser à séparer davantage les protéines. Enfin, la troisième stratégie a 

consisté à ne pas séparer les protéines, en se contentant de l’étape de migration très courte dans un 

gel. La deuxième et la troisième stratégie ont été réalisées en 3 réplicas techniques, si bien qu’un total 

de 65 fractions de protéines a été produit : 26 (stratégie 1) + 3x12 (stratégie 2) + 3 (stratégie 3). 

Pour ces échantillons complexes, la meilleure sensibilité a été obtenue avec la deuxième stratégie, 

c’est-à-dire la séparation OFFGEL, suivie de la migration courte sur gel. Pour la présente étude, nous 

avons combiné les résultats obtenus avec l’ensemble des 65 fractions. Leur analyse par spectrométrie 

de masse a été conduite par nanoLC-MS/MS (LTQ-Orbitrap, Thermo Fisher, Waltham, MA, USA, INRA 

PAPPSO, Jouy-en-Josas), après digestion trypsique des protéines. Pour l’identification des protéines, 

nous avons fait le pari d’utiliser uniquement les bases de données de protéines publiques, en 

l’occurrence UniprotKB. Un total de 717 065 spectres a été obtenu, dont 40 818 (~6%) ont pu être 

assignés à des protéines. In fine, ce sont 13 090 peptides correspondant à 2 541 protéines, soit 514 

groupes de protéines non redondantes, qui ont été retenus, en prenant en compte le taux d’erreur 

(False Discovery Rate, FDR) pour filtrer les résultats d’identification. 

Parmi les microorganismes auxquels ces 514 groupes non-redondants ont pu être attribués, 4 taxons 

ou groupes fonctionnels dominants sont ressortis (Figure 3), parmi lesquels deux microorganismes 

cellulolytiques, Acetivibrio thermocellus (alors nommé Clostridium thermocellum) et 

Caldicellulosiruptor spp. Des archées méthanogènes hydrogénotrophes étaient également actives, 

dominées par Methanothermobacter. Enfin, de façon surprenante, l’un des groupes les plus actifs 

correspondait à des microorganismes protéolytiques de l’espèce Coprothermobacter proteolyticus. 

L’examen détaillé des fonctions biologiques putatives de ces protéines a montré la complémentarité 

des deux microorganismes cellulolytiques pour la déconstruction du papier. A. thermocellus, qui 

synthétise des cellulosomes, semblait plutôt impliqué dans l’hydrolyse de la cellulose, en particulier de 

de ses parties cristallines. Les membres du genre Caldicellulosiruptor sont des microorganismes 

cellulolytiques non producteurs de cellulosomes, qui secrètent des enzymes multifonctionnelles et 

utilisent une large gamme de composants végétaux, incluant cellulose, cellulose cristalline, 

hémicellulose, amidon et pectine. Dans le cas présent, les protéines détectées pour ce genre 

suggéraient un rôle actif dans la dégradation de l’hémicellulose. L’abondance et l’activité de ces deux 

groupes microbiens a été confirmée par FISH. De façon cohérente, des proportions significatives du 

genre Caldicellulosiruptor et de la famille Ruminococcaceae ont été observées par séquençage 

métabarcoding ADNr 16S réalisé sur les mêmes réacteurs, au même point de temps. Notons que la 

famille Ruminococcaceae incluait à l’époque A. thermocellus, qui est désormais classé dans la famille 

Oscillospiraceae. 
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Figure 3 Distribution taxonomique des groupes non-redondants de protéines identifiées. 
Les nombres en caractères gras représentent les nombres de groupes non-redondants de protéines. Les nombres entre 

parenthèses indiquent le nombre de clusters UniRef50 spécifiques au groupe taxonomique ou fonctionnel considéré. 

Clostridium thermocellum correspond désormais à Acetivibrio thermocellus. 

En ce qui concerne la méthanogenèse, la nature des protéines identifiées était cohérente avec le 

caractère hydrogénotrophe, déjà connu, des espèces microbiennes les produisant. En particulier, des 

protéines spécifiques de la voie hydrogénotrophe ont été identifiées, codées par hdrA, hdrC et mvhD, 

catalysant la réduction de CoM–S–S–CoB par H2. L’activation exclusive de la voie hydrogénotrophe a 

été confirmée par des analyses de composition isotopique du biogaz, en mesurant le facteur de 

fractionnement apparent du méthane (Conrad, 2005). Les résultats de métabarcoding ADNr16S ont 

confirmé que Methanobacter était extrêmement dominant parmi les archées méthanogènes 

détectées. 

Le fait d’une part que la méthanogenèse soit exclusivement hydrogénotrophe, et d’autre part que de 

l’acétate soit présent dans le milieu (concentrations maximales de l’ordre de 300-400 mg-C/L) indiquait 

que l’oxydation syntrophique de l’acétate devait se produire (Figure 1). En accord avec cette 

hypothèse, des protéines bactériennes de la voie de l’Acétyl-CoA ont été identifiées. Cependant, les 

assignations taxonomiques de ces protéines pointaient vers des microorganismes variés, et il n’a pas 

été possible d’identifier avec certitude l’espèce majoritaire catalysant l’oxydation syntrophique de 

l’acétate. D’après les analyses de métabarcoding ADNr16S, le genre Gelria faisait partie des groupes 

dominants dans l’échantillon considéré, et il pourrait avoir joué ce rôle. Peu de protéines issues de ce 

genre ont été détectées, vraisemblablement en raison de l’absence de représentant suffisamment 

proche dans les bases de données publiques de protéines. En effet, l’identification des peptides est 

très sensible aux différences de séquences, puisqu’on recherche une égalité parfaite des masses des 

peptides correspondants. 

Enfin, le rôle protéolytique de C. proteolyticus a été confirmé par l’identification d’une protéase 

putative, extracellulaire et attachée à la paroi cellulaire (13 peptides identifiés) et de 3 groupes de 

protéines issus de transporteurs ABC liés au transport de peptides. L’abondance et l’activité de 

membres de Coprothermobacter ont été confirmées par FISH. La forte activité protéolytique peut 

paraître surprenante sachant que le seul substrat introduit était carboné. D’après les analyses de 

métabarcoding ADNr16S, la composition des communautés microbiennes avait grandement évolué 

entre le jour initial et le jour 60, reflétant l’adaptation de l’inoculum aux conditions précises du 

microcosme. On peut penser que cela est associé à une certaine mortalité des microorganismes non-

sélectionnés, dont les constituants protéiques alors libérés permettent la croissance de 

microorganismes protéolytiques. Cette évolution des communautés microbiennes entre le début de 
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l’incubation et les jours suivants est un phénomène que nous observons très fréquemment en 

microcosmes batch. De façon très intéressante, trois des peptidases putatives identifiées pendant 

l’étude, provenant de C. proteolyticus pourraient être impliquées dans la synthèse de microcines. Il 

s’agit de toxines bactériennes composées de quelques peptides. Cela suggère que C. proteolyticus 

pourrait avoir été un prédateur actif, et ne pas seulement utiliser pour sa croissance du matériel 

protéique extracellulaire disponible. Cette hypothèse resterait à prouver. 

 

Figure 4. Modèle fonctionnel de la digestion anaérobie de lignocellulose par des communautés microbiennes thermophiles. 

 

La Figure 4 présente le modèle fonctionnel établi à partir des résultats de l’étude. Ainsi, par une 

approche polyphasique et en s’appuyant uniquement sur les bases de données publiques de protéines, 

nous avons pu proposer un modèle fonctionnel qui n’était pas complet mais constituait une avancée 

très significative, suggérant en particulier la nécessité de reconsidérer certains schémas fonctionnels. 
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I.II Effet du substrat cellulosique sur la dynamique d’hydrolyse et de fermentation 

par une souche bactérienne ou par une communauté microbienne anaérobie 

Forte de cette première expérience, j’ai souhaité employer la métaprotéomique dans un but 

comparatif, dans le cadre du co-encadrement de la thèse de Nelly Badalato, qui visait à élucider les 

liens entre colonisation de la lignocellulose, activité des communautés microbiennes et performances 

de méthanisation. Trois substrats manufacturés distincts ont été choisis, contenant majoritairement 

de la cellulose : du papier filtre Whatman, des mouchoirs en papier, et des disques de coton. Des 

conditions mésophiles ont été retenues (35°C), car elles représentent la majorité des installations 

industrielles de méthanisation. Pour l’analyse métaprotéomique, nous avons globalement conservé le 

même protocole que précédemment, toujours en collaboration avec INRA PAPPSO, avec quelques 

évolutions. Par simplicité, nous avons opté pour une séparation des protéines sur gel SDS-PAGE, selon 

le poids moléculaire : dans la précédente étude, cette méthode avait abouti à une sensibilité, qui, sans 

être la meilleure, était satisfaisante. Pour l’identification des protéines, nous avons combiné les 

séquences protéiques issues de bases de données publiques, et de quelques jeux de données de 

métagénomique shotgun acquis spécifiquement à partir de nos échantillons, afin de couvrir de façon 

plus homogène les différents groupes fonctionnels microbiens actifs. Enfin, nous avons décidé de 

travailler à plusieurs niveaux de diversité : outre les microcosmes de méthanisation, nous avons 

également réalisé des incubations anaérobies de fermentation avec une souche cellulolytique 

bactérienne pure, en utilisant les mêmes substrats cellulosiques. Ce système de moindre complexité 

pouvait faciliter la compréhension mécanistique. A nouveau, une approche polyphasique a été 

adoptée, combinant notamment des observations de la colonisation de la cellulose par microscopie, 

du métabarcoding ADNr16S et de la PCR quantitative, en plus de l’analyse des protéines. Les résultats 

obtenus en culture de souche pure ont été publiés (Badalato et al., 2017), ce qui n’est pas encore le 

cas de l’étude des communautés complexes. Les résultats sont présentés ici de façon croisée, en se 

focalisant sur quelques points clés. 

Concernant les incubations en présence d’une souche bactérienne pure, c’est Ruminiclostridium 

cellulolyticum (famille Oscillospiraceae) qui a été retenue. Elle était à l’époque nommée Clostridium 

cellulolyticum et classée dans la famille Ruminococcaceae. Il s’agit d’une bactérie cellulolytique 

mésophile modèle, productrice de cellulosomes, qui est notamment très étudiée par une équipe du 

Laboratoire de Biochimie Bactérienne, dirigée par Chantal Tardif, à Marseille. Cette équipe a en 

particulier caractérisé finement la composition du cellulosome de R. cellulolyticum et sa modulation 

(ex : (Gal et al., 1997, Parsiegla et al., 1998)). Une série d’études sur le métabolisme R. cellulolyticum 

avait par ailleurs été menée par Michael Desvaux et d’autres chercheurs du Laboratoire de Biochimie 

des Bactéries Gram + près de Nancy, en conditions continues (ex : (Desvaux et al., 2001)) ou 

discontinues (batch) (ex : (Desvaux et al., 2000)). Nous avons retenu des conditions d’incubation batch. 

Le premier point marquant était la similarité des cinétiques de dégradation de chaque substrat, d’un 

point de vue qualitatif, lorsque l’on comparait la fermentation par la souche pure à la méthanisation 

par des communautés microbiennes complexes. L’hydrolyse du mouchoir en papier était la plus rapide, 

puis celle du papier filtre Whatman, suivie de près pas celle du coton. En présence de R. cellulolyticum, 

la dynamique est illustrée ci-dessus par l’évolution des concentrations en carbone organique dissous 

et des produits solubles majoritaires de la fermentation, dont on peut estimer qu’ils s’accumulent 

d’autant plus rapidement que la cellulose a une vitesse d’hydrolyse élevée (Figure 5). Pour les 

communautés complexes, nous nous sommes basés sur le même type d’analyses, ainsi que sur le suivi 

de la production de biogaz, permettant d’établir le bilan carbone à chaque point de temps (Figure 6). 

Ainsi, la diversité microbienne élevée, dans le cas de l’inoculum complexe, n’a pas permis de surmonter 

le caractère relativement récalcitrant des disques de coton et du papier filtre Whatman, par rapport 
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au mouchoirs en papier. Les caractéristiques propres des substrats cellulosiques semblent donc 

constituer un déterminant très fort de la cinétique d’hydrolyse. On peut supposer que la densité et 

l’accessibilité des sites d’ancrages pour les enzymes cellulolytiques jouent un rôle prépondérant. 
 

 

Figure 5. Dynamique des concentrations de composés organiques carbonés solubles dans les réacteurs contenant 
R. cellulolyticum. 

DOC, Dissolved Organic Carbon (Carbone Organique Dissous) – La moyenne et l’écart-type obtenus pour les 3 réplicas de 

chaque condition sont montrés. Les lignes verticales indiquent les points de temps retenus pour les analyses protéomiques. 

 

 

 

Figure 6. Bilan carbone pour les différents microcosmes de méthanisation, au cours de l'incubation. 
COD: carbone organique dissous, CID : carbone inorganique dissous. La moyenne et l’écart-type obtenus pour les 3 réplicas 

de chaque condition sont montrés. 

Afin de mieux comprendre l’origine des différences de vitesse d’hydrolyse, nous avons caractérisé 

finement les 3 substrats cellulosiques (Tableau 1, Figure 7), en collaboration scientifique avec Gérard 

Mortha (INP-Pagora, Laboratoire de Génie des Procédés pour la Bioraffinerie, les Matériaux Bio-

sourcés et l'Impression Fonctionnelle, LGP2, Grenoble) et Alain Buléon (INRA Biopolymères 

Interactions Assemblages, BIA, Nantes). 

Les principales différences entre les substrats concernaient l’indice de cristallinité, la distribution des 

masses molaires et le contenu en hémicellulose. L’indice de cristallinité est communément mesuré 

pour estimer les quantités de régions cristallines dans la cellulose, moins aisément dégradables que 

les régions amorphes. Le mouchoir en papier présentait à la fois l’indice de cristallinité et le degré 

moyen de polymérisation les plus faibles, ce qui pouvait expliquer sa biodégradation plus rapide. De 

plus, il était le seul substrat à contenir des proportions significatives d’hémicelluloses (contenu en 
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pentoses et xylose, Tableau 1), ce qui pouvait contribuer à améliorer l’accessibilité aux enzymes et/ou 

l’hydrophilie au niveau supramoléculaire. En effet, les réseaux de cellulose et hémicellulose sont moins 

ordonnés et cristallins que les réseaux de cellulose pure, ce qui pourrait donc conduire à une 

biodégradation plus rapide. De manière cohérente, les disques de cotons avaient le plus haut degré de 

polymérisation, et un indice de cristallinité élevé (pas le plus élevé toutefois). 
 

Tableau 1. Caractéristiques détaillées du mouchoir papier, du papier filtre Whatman, et des disques de coton. 

 Mouchoir papier Filtre Whatman Disques de coton 

Matières sèches / matières volatiles (%/%) 94,9/94,2 96,0/95,8 96,5/96,4 

Carbone/Azote (%/%) 41,9/0,07 43,1/0,03 41,1/0,05 

Demande Chimique en Oxygène (g/g) 1,06 1,14 1,11 

Index de cristallinité (%) 50 94 74 

Degré de polymérisation* 970 1300 2730 

Contenu total en sucres (% matières sèches) 97,23 99,22 99,47 

Hexoses (% matières sèches) 83,35 98,67 98,94 

dont glucose (% matières sèches) 81,54 98,58 98,69 

Pentoses (% matières sèches) 13,87 0,55 0,54 

dont xylose (% matières sèches) 13,72 0,51 0,45 

Fractionnement Van Soest  

fraction soluble dans un détergent neutre (%) 0,05 0,01 5,3 

fraction soluble dans un détergent acide (%) 14,89 4,01 43,6 

fraction soluble dans l’acide sulfurique (%) 85,06 84,84 49,8 

matières volatiles insolubles (%) 0 11,13 1,2 

* Les degrés de polymérisation moyens sont calculés à partir des distributions des masses molaires montrées en Figure 7. 

 

 

Figure 7. Distribution des masses molaires des chaînes de cellulose et d'hémicellolose dans les trois substrats employés. 
Lignes noires : mouchoir en papier – Lignes grises : papier filtre Whatman – Lignes gris clair : disques de coton. M : masse 

molaire. Les lignes verticales indiquent les pics de masse molaire pour les chaines de cellulose individuelles. Aire grise A1 : pic 

observé pour l’hémicellulose dans le mouchoir en papier (fabriqué à partir de pulpe de bois blanchie). Aire grise A2 : pic 

correspondant à des polymères de très haut poids moléculaire, vraisemblablement des agrégats de chaînes de celluloses. 

 

Les observations en microscopie en état frais effectuées pour les incubations avec R. cellulolyticum ont 

mis en évidence, pour les 3 substrats, un développement progressif de la colonisation des fibres au 

cours du temps, et les niveaux de colonisation atteints étaient bien plus élevés dans le cas du mouchoir 

en papier, suivi par le papier filtre Whatman et enfin, par les disques de coton. Ces derniers 

présentaient une colonisation bien plus éparse. Les images peuvent être visualisées dans l’article 

correspondant en annexe. Ces résultats étaient très cohérents avec l’hypothèse de forte limitation de 

l’hydrolyse par les propriétés d’accessibilité du substrat. 
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L’effet des différents substrats sur l’expression des fonctions biologiques microbiennes a par la suite 

été examiné dans les deux cas considérés : lors de la fermentation anaérobie par R. cellulolyticum, et 

lors de la méthanisation par des communautés microbiennes complexes. Les protéomes de R. 

cellulolyticum ont été comparés en présence de mouchoir en papier et de papier filtre Whatman, par 

une approche quantitative sans marquage (label-free, pas de marquage des protéines) et ascendante 

(bottom-up), c’est-à-dire qu’une digestion trypsique était appliquée préalablement à l’analyse de 

spectrométrie de masse MS/MS. La quantification relative a été basée sur le calcul des courants 

ioniques extraits (eXtracted Ion Chromatogram, XIC). Le papier filtre Whatman a été inclus en tant que 

substrat de référence, dans la mesure où il avait déjà été employé auparavant dans différentes études 

(ex : (Gehin et al., 1996)). Le mouchoir papier a été quant à lui sélectionné car il était associé à la 

bioconversion la plus rapide. Un total de 151 protéines présentant des niveaux significativement 

différents a été identifié. Ces protéines incluaient 20 des 65 sous-unités du cellulosome de R. 

cellulolyticum. Huit CAZYmes (carbohydrate active enzymes, http://www.cazy.org/, (Drula et al., 2022)) 

n’appartenant pas au cellulosome, ainsi que 44 groupes protéiques extracytoplasmiques distincts, 

étaient également différentiellement abondants. 

La proportion élevée de composants du cellulosome différentiellement abondants démontre la large 

modulation de sa composition. Parmi les CAZYmes et les composants du cellulosomes, 10 

endoglucanases avaient des niveaux plus faibles en présence de mouchoir en papier. La plupart d’entre 

elles appartenaient à la famille GH9. Cette dernière comprend principalement des cellulases (EC 

3.2.1.4), avec majoritairement des endoglucanases (clivant les liaisons glycosidiques internes aux 

polymères de glucose) et quelques exoglucanases processives (agissant aux extrémités des polymères 

de glucose). Le profil quantitatif observé pour les composants du cellulosome et les CAZYmes semblait 

donc bien cohérent avec les plus faibles degrés de cristallinité du mouchoir en papier. Notons qu’en 

revanche, malgré le fort taux d’hémicellulose du mouchoir en papier, nous n’avons pas détecté de 

niveaux plus élevés d’enzymes xylanases. 

Outre la modulation de composition du cellulosome et de CAZymes, le second résultat marquant était 

une hausse des niveaux d’enzymes liées au catabolisme du carbone en présence de mouchoir en 

papier. Cette hausse s’explique certainement par un débit entrant de glucides plus élevé. Plus en détail, 

18 enzymes des voies cataboliques du xylose et du glucose de R. cellulolyticum ont pu être quantifiées 

et évaluées par les modèles statistiques. Parmi elles, 8 présentaient des niveaux ou évolutions 

significativement différents, dont 7 à la hausse en présence de mouchoir papier. 

Si l’on considère ensuite le cas des communautés microbiennes complexes, une première observation 

globale était l’adaptation de la composition des communautés aux substrats, de manière différenciée 

(Figure 8). Nous avons tout d’abord observé une évolution importante entre le jour initial et les jours 

suivants, avec par exemple la diminution de la part du phylum Cloacimonetes. Les 4 phylums 

majoritaires étaient par la suite Bacteroidetes, Firmicutes, Spirochaetae et Synergystetes. L’abondance 

de Firmicutes et Spirochaetae étant bien plus importante en présence des disques de coton, et dans 

une certaine mesure, des papiers filtres Whatman, on peut supposer le rôle important de certains de 

leurs membres dans l’hydrolyse de régions récalcitrantes de la cellulose. 

Des analyses multivariées (Figure 9) ont confirmé ces différences de composition, avec un premier axe 

séparant les échantillons prélevés au point de temps initial et aux points de temps suivants, et un 

second axe séparant les échantillons associés au mouchoir en papier d’une part, et ceux associés aux 

disques de coton ou au papier filtre Whatman, d’autre part. Les échantillons associés au coton et aux 

filtres Whatman formaient des nuages de points très proches mais néanmoins distincts, suggérant des 

différences fines de composition entre les communautés sélectionnées par ces deux substrats. De 

manière plus quantitative, des analyses de type PERMANOVA (analyse de variance multivariée par 

http://www.cazy.org/
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permutation) ont montré que la nature du substrat expliquait, de manière statistiquement 

significative, 37% de la variance des données de composition microbienne, et la durée d’incubation 

24%, des proportions élevées. 

 

Figure 8. Composition des communautés microbiennes dans les microcosmes de méthanisation. 
Il s’agit ici de la composition en bactéries, sur la base des analyses de métabarcoding ADNr16S réalisées avec des amorces 

ciblant archées + bactéries. Les échantillons du jour 0 sont montrés séparément, pour mettre en évidence l’adaptation des 

communautés entre le jour initial et les suivants. Pour chaque substrat, les échantillons sont classés de gauche à droite par 

par réplicas puis par point de temps. Les derniers prélèvements ont été effectués au jour 50. 

 

 
Figure 9. Analyse en coordonnées principales de la composition des communautés microbiennes, pour les échantillons issus 

des 3 conditions différentes.  
La distance de Bray-Curtis a été utilisée. Mouchoir : mouchoirs en papier – Coton : disques de coton – Whatman : papier 

filtre Whatman – Jour 0 : jour 0 de l’incubation. 

Jour 0 Disques coton Mouchoirs Whatman 
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Afin d’identifier plus systématiquement, et à un niveau taxonomique fin, les microorganismes dont les 

abondances étaient affectées par le substrat, nous avons réalisé une analyse statistique avec DESeq2 

(package R). Le modèle prenait en compte deux variables qualitatives : la nature du substrat (3 valeurs 

possibles) et le point de temps (5 valeurs possibles, le temps 0 ayant été retiré pour l’analyse). Un total 

de 595 clusters d’archées et de bactéries avaient été obtenus avec swarm (Mahé et al., 2014), au sein 

d’un pipeline FROGs (Escudié et al., 2018)). Parmi eux, 134 présentaient des niveaux significativement 

différents selon le substrat ou le point de temps. Certains d’entre eux étaient abondants et 

présentaient des niveaux très contrastés selon le substrat (Figure 10). On peut citer un cluster de la 

famille Marinilabiaceae (phylum Bacteroidetes, Cluster 1) qui représentait de l’ordre de 40% des 

bactéries et archées en présence de mouchoir en papier, et moins de 10% en présence des autres 

substrats. Un autre cluster, de l’ordre Clostridiales (phylum Firmicutes à l’époque, Cluster 3), était 

abondant uniquement en présence de disques de coton, représentant de l’ordre de 30% de la 

communauté microbienne à des points de temps précoces, puis déclinant au cours du temps : cette 

dynamique suggère un rôle clé dans l’hydrolyse de la cellulose ou son initiation. Un troisième cluster, 

de la famille Rikenellaceae (phylum Bacteroidetes, Cluster 7), présentait une abondance décroissante 

au cours de l’incubation, et était plus abondant en présence de mouchoirs en papier, puis de papier 

filtre Whatman, et enfin de disques de coton. Enfin, un cluster du genre Treponema (phylum 

Spirochaetae, Cluster 8), atteignait des niveaux de l’ordre de 10% dans les incubations de disques de 

coton ou de papier filtre Whatman, et beaucoup plus faibles avec le mouchoir en papier, d’environ 1%. 

 

Figure 10. Dynamique de quelques clusters abondants et présentant des différences significatives de niveaux selon le 
substrat.  

Les traits fins représentent chacun de 4 réplicas. Les traits épais représentent la moyenne obtenue pour les 4 réplicas. 

Disques coton

 

Mouchoirs Whatman Disques coton

 

Mouchoirs Whatman 

Disques coton

 

Mouchoirs Whatman Disques coton
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Ainsi, des variations quantitatives de composition des communautés microbiennes ont été observées 

selon les substrats. Notons que ces variations peuvent provenir aussi bien d’effets directs, typiquement 

liés aux propriétés des substrats, aboutissant la sélection de microorganismes cellulolytiques 

spécifiques, que d’effets indirects : l’hydrolyse plus rapide du mouchoir en papier a conduit, de façon 

transitoire, à de plus fortes concentrations en acides gras volatils, et ces derniers peuvent 

certainement constituer un facteur important de sélection de microorganismes. On peut également 

imaginer une sélection de microorganismes fermentatifs selon leur compatibilité avec les 

microorganismes cellulolytiques premièrement sélectionnés. 
 

La sélection observée au niveau de la composition des communautés microbiennes s’accompagnait-

elle de différences au niveau fonctionnel ? Nous avons réalisé des analyses de PCR quantitatives ciblant 

la famille de CAZYmes GH48. Celle-ci comprend des cellulases qui sont généralement les sous-unités 

les plus abondantes des cellulosomes bactériens. Elles dégradent préférentiellement la cellulose 

cristalline et amorphe et jouent un rôle clé pour la synergie du système de cellulases. Les résultats ont 

mis en évidence des niveaux de CAZYmes GH48 plus élevés lors de la méthanisation de disques de 

coton (jusqu’à 108 copies/mL de culture), puis de papier filtre Whatman (˜107 copies/mL), les niveaux 

les plus bas étant observés en présence de mouchoir en papier (~106 copies/mL). Ainsi, l’utilisation de 

disques de coton aboutissait à la sélection la plus forte de microorganismes possédant un gène clé 

dans l’hydrolyse de cellulose cristalline, ce qui était cohérent avec sa plus forte récalcitrance. 

Comme évoqué en introduction de cette section, nous avons également mené des analyses 

métaprotéogénomiques, qui ont mis en évidence des tendances intéressantes, mais dont les résultats 

restent à examiner de manière plus approfondie. Elles ont tout d’abord montré une grande cohérence 

avec les analyses de métabarcoding ADNr16S. En effet, les 3 classes les plus abondantes, d’après 

l’assignation taxonomique des protéines identifiées, étaient Bacteroidia, Clostridia et Spirochaetes 

(Figure 11), avec les mêmes tendances que lors de l’analyse de métabarcoding : Bacteroidia plus 

représenté lors de la méthanisation de mouchoir en papier ; Clostridia et Spirochaetes a contrario 

moins présents dans les microcosmes contenant du mouchoir en papier. Ainsi, les conclusions 

concernant l’abondance de ces grands groupes dominants étaient a priori également valables en 

termes d’activité biologique. 

 

Figure 11. Assignation taxonomique des protéines identifiées par métaprotéomique shotgun 

 

Un second résultat d’intérêt est issu de l’analyse de gènes de cellulosome dans les séquences 

métagénomiques. Pour en faciliter la compréhension, nous présentons d’abord un schéma de la 

structure générale des cellulosomes (Figure 12). Sur cette figure, on remarque en particulier les 

domaines de liaison au substrat cellulosique (CBM, Carbohydrate Binding Modules), qui permettent au 
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cellulosome de s’ancrer au substrat. Les cohésines sont des unités participant à la structure basale du 

cellulosome. Les dockérines sont des protéines qui assurent le lien structural entre les cohésines d’une 

part et les sous-unité enzymatiques. Ces sous-unités enzymatiques incluent des glycosides hydrolases 

(GH). Enfin, le domaine d’homologie à la couche S (SLH, S-layer homology) participe à l’ancrage du 

cellulosome dans la paroi bactérienne. 

 

Figure 12. Structure générale des cellulosomes. 
Adapté de (Shoham et al., 1999). 

 

Ces différents gènes de composants cellulosomiques ont été recherchés dans les métagénomes qui 

avaient été séquencés dans le but d’enrichir l’analyse métaprotéomique. Les résultats sont présentés 

dans le Tableau 2, et de manière plus visuelle dans la Figure 13. Bien que préliminaires, ils suggèrent 

des différences de profil en présence du mouchoir en papier et du papier filtre Whatman. 
 

Tableau 2. Nombre de gènes de CAZymes détectés dans les métagénomes issus des microcosmes de méthanisation. 

Module Famille Total Mouchoirs Whatman 

CBM 

3 7 0 7 

30 2 0 2 

4 2 0 2 

50 6 0 6 

54 4 2 2 

67 7 3 4 

9 1 0 1 

cohésine   20 2 18 

dockérine   3 2 1 

GH 

109 2 1 1 

3 4 4 0 

43 7 7 0 

SLH   12 1 11 

Total   77 22 55 

 

Les résultats demeurent difficiles à interpréter à ce stade, car certaines familles clés, comme GH9 ou 

GH48, n’ont pas été détectées ici, alors que GH48 avait été détectée par PCR quantitative. Il peut être 

supposé que ces données de métagénomiques, générées avec un séquenceur « de paillasse » à débit 

moyen (Ion torrent PGM), ont une profondeur limitée, qui ne permet pas d’atteindre une vision 

exhaustive des gènes de cellulosome présents dans les échantillons. 
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Figure 13. Nuage de point représentant le nombre de gènes de cellulosome détectés dans les séquences métagénomiques. 
Les données correspondent à celles du Tableau 2. 

 

En conclusion de cette étude comparative de l’effet du substrat cellulosique sur les dynamiques 

physico-chimiques et biologiques de la fermentation et de la méthanisation, on pourra retenir que des 

substrats en apparence relativement similaires (produits manufacturés, absence de lignine, cellulose 

majoritaire), aboutissent à des différences significatives de dynamique de bioconversion. Ils sont 

également associés à des différences significatives de composition du cellulosome, dans le cas de la 

fermentation par une souche bactérienne pure, et de composition des communautés microbiennes 

dans le cas de la méthanisation par des communautés microbiennes complexes. Les aspects 

fonctionnels restent à approfondir dans ce dernier cas. Cela montre l’adaptation fine des 

microorganismes aux propriétés des substrats cellulosiques. Cette adaptation semble plus 

précisément liée aux différences d’accessibilité des fibres de cellulose aux enzymes microbiennes. On 

notera également que la diversité microbienne élevée, dans le cas de la méthanisation, ne suffit pas à 

gommer les différences de cinétique de bioconversion observées entre les 3 substrats. On aurait pu 

imaginer que la sélection de microorganismes plus performants ou plus adaptés, en présence des 

substrats les plus récalcitrants, masque cet effet substrat. Ainsi, les caractéristiques d’accessibilité des 

substrats semblent être des déterminants très forts de la cinétique d’hydrolyse, ce qui est en accord 

avec la littérature (O’Sullivan et al., 2006). Cette étude constitue un exemple spécifique de couple 

inoculum – substrats, et ne peut être généralisée directement. Néanmoins, ils inciteraient, pour 

améliorer les performances de méthanisation de déchets cellulosiques, à jouer en priorité sur les 

propriétés des substrats cellulosiques, par exemple par des prétraitements. 
 

I.III Analyses de séquençage haut-débit de fermentation de la celllulose dans un 

contexte finalisé 

En parallèle de ces études situées à un niveau très amont par rapport à l’application, j’ai à cœur de 

participer à des projets plus directement tournés vers des questions opérationnelles. Ces activités me 

semblent très complémentaires, et essentielles dans une unité de recherche finalisée, afin de 

conserver une vision relativement réaliste des enjeux opérationnels et d’être conscient du 

positionnement de nos recherches par rapport à ce contexte. En lien avec la valorisation de déchets 

cellulosiques, j’ai contribué à une analyse métagénomique des communautés microbiennes dans le 
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cadre d’une étude visant à optimiser les conditions de production d’hydrogène à partir de déchets 

d’écorces d’agrumes, qui sont riches en cellulose. J’ai pour cela encadré Franciele Camargo, doctorante 

de l’université brésilienne de São Paulo, pour l’analyse de ses données métagénomiques, lors de son 

séjour de quelques mois dans notre unité (Camargo et al., 2021). Concernant les communautés 

microbiennes, ces travaux ont notamment mis en évidence, en conditions optimales, la sélection 

reproductible de quelques genres bactériens dominants, tels que Clostridium, Paraclostridium, 

Coprothermobacter et Defluvitoga. Cette étude constitue ainsi un bel exemple d’ingénierie écologique. 

Depuis plusieurs années, je travaille par ailleurs en collaboration avec ECOBIO (UMR 6553 CNRS – 

Université de Rennes) et le SIAAP (Syndicat Interdépartemental pour l'Assainissement de 

l'Agglomération Parisienne), dans le cadre d’un projet d’optimisation de la co-digestion, en voie sèche, 

de la fraction organique d’ordures ménagères et de fumier équin très riche en paille. Ce projet s’inscrit 

dans un contexte de développement de la méthanisation territoriale. L’effet de différents paramètres 

a été évalué en pilotes de 60 litres opérés au SIAAP, en particulier la proportion des différents co-

substrats. Une inhibition acide transitoire a été observée aux fortes proportions d’ordures ménagères, 

liée à une accumulation d’acides gras volatils qui s’explique certainement par une vitesse de 

fermentation des ordures ménagères plus élevée que celle du fumier, très riche en lignocellulose. Par 

des analyses de métabarcoding ADNr 16S, nous avons montré que la composition des communautés 

microbiennes s’adaptait, dans une large mesure, aux conditions acides, permettant alors la résorption 

du pic d’acides gras volatils, et ainsi, la levée de l’inhibition. Outre des perspectives en terme de 

bioindication, ces recherches suggèrent également la possibilité d’adapter progressivement un 

inoculum à des proportions élevées d’ordures ménagères lors de la co-digestion. Un manuscrit d’article 

présentant ces résultats a été soumis récemment. 

J’ai également contribué à plusieurs autres travaux impliquant la caractérisation des communautés 

microbiennes de la méthanisation par des approches méta-omiques, sans nécessairement me limiter 

aux substrats lignocellulosiques (Bize et al., 2015, Delforno et al., 2019). Dans un autre registre, j’ai 

apporté mon expertise au SIAAP, pendant la pandémie de Covid-19, pour étudier le devenir de SARS-

CoV-2 dans les boues de digestion au cours de leur stockage ou de leur méthanisation thermophile 

(Guérin-Rechdaoui et al., 2022). 

Ces différentes activités représentent une partie significative, mais non majoritaire, de mon temps de 

travail et m’aident à développer une vision plus transversale de l’écologie microbienne appliquée aux 

procédés de biotechnologies environnementales. 
 

II. Développement d’un système d’information pour capitaliser 

sur les données méta-omiques de procédés de biotechnologies 

environnementales 
 

Observant que les données méta-omiques issues de bioprocédés environnementaux s’accumulaient 

au sein de notre unité, et plus généralement au sein de la communauté, sans réelle possibilité de les 

exploiter au-delà des projets individuels, j’ai souhaité coordonner le développement d’un outil qui 

permettrait de capitaliser sur ces données et en favoriserait notamment le partage et la ré-utilisation. 

Bien que ce projet soit présenté ici de manière très synthétique, il constitue une partie importante de 

mon activité. Il peut avoir des retombées intéressantes d’un point de vue scientifique, en particulier 

dans l’optique de développer des biomarqueurs microbiens pour la conduite des méthaniseurs. 
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Le système d’information est nommé DeepOmics (Digital Environmental Engineering Platform for 

Omics data), et il permet à l’heure actuelle d’entreposer des données de séquençage d’amplicon 

(données brutes au format fastq, données traitées au format biom), et leurs métadonnées basées sur 

le standard MIxS (https://github.com/GenomicsStandardsConsortium/mixs) (Figure 14). Dans 

DeepOmics, ces données « omiques » peuvent être accompagnées de données « métier » très riches : 

design du procédé, conditions opératoires, et mesures physico-chimiques. Ce système d’information 

est de plus adapté aux données de laboratoire et de terrain. 

Actuellement au stade de pré-production, une instance de DeepOmics est accessible sur demande à 

différents utilisateurs et est hébergée sur le data center INRAE de Toulouse (https://deepomics-

test.solapp.inrae.fr/). Les utilisateurs, principalement internes à INRAE dans cette première phase, 

peuvent depuis plus d’un an entrer des données qui seront conservées lors du passage en production. 
 

 

Figure 14. Aperçu de l'interface de DeepOmics. 
Projet de démonstration pour les données de laboratoire, volet meta-omics analysis, biosample results. 

 

Le développement de DeepOmics bénéficiait d’une organisation pérenne au sein d’Irstea, la DSI 

assurant le développement informatique et la maintenance. Depuis la création d’INRAE, une nouvelle 

organisation pérenne est à mettre en place, car la DSI, de plus grande échelle dans le nouvel institut, 

ne prend pas en charge ce type de développements. Ce projet relève désormais de l’échelle du 

département. Cependant, la DSI a accepté d’accompagner encore le projet pendant cette période de 

transition. De plus, DeepOmics a bénéficié récemment de différents financements sur projets, mais 

cela ne garantit pas encore sa stabilité. Il serait nécessaire pour cela de disposer de moyens humains 

pérennes et continus en informatique, afin d’assurer l’exploitation de l’instance de production. Cette 

expérience met en lumière la question (bien connue) des moyens nécessaires à assurer la pérennité 

des logiciels informatiques : nombre d’outils bioinformatiques ont été développés par le passé mais 

n’ont plus été maintenus faute de moyens. En ce sens, des outils génériques, développés par des 

grands acteurs du domaine, ont certainement plus de facilité à perdurer. 

La question du degré de spécialisation des entrepôts de données mérite d’être abordée. Il est 

incontournable aujourd’hui de déposer les séquences dans les grands entrepôts généralistes que sont 

INSDC (International Nucleotide Sequence Database Collaboration), DDBJ (DNA Data Bank of Japan) 

ou ENA (European Nucleotide Archive). Néanmoins, des entrepôts complémentaires spécialisés 

https://github.com/GenomicsStandardsConsortium/mixs
https://deepomics-test.solapp.inrae.fr/
https://deepomics-test.solapp.inrae.fr/
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peuvent être nécessaires. Nous en avons fait l’expérience dans notre domaine. Sleheddine Kastalli, 

stagiaire de M2 à INRAE PROSE en 2021, que j’ai co-encadré, a réalisé une méta-analyse statistique sur 

les communautés microbiennes des systèmes bio-électrochimiques. Parmi 276 articles sur cette 

thématique, et mentionnant le séquençage, seuls 24 ont in fine pu être exploités. Le plus souvent, cela 

s’expliquait par l’absence de séquences déposées dans les bases de données. Mais dans plusieurs cas, 

il n’était pas possible de faire le lien entre les séquences déposées et les résultats de l’article, ce qui 

empêchait de constituer des méta-données, et donc d’exploiter les données. Lors de ce travail de M2, 

des pistes intéressantes ont été identifiées grâce à cette méta-analyse, comme l’influence de la 

géométrie de l’électrode sur la composition des communautés microbiennes et sur les performances. 

Mais la puissance statistique aurait été bien plus élevée, et les conclusions plus robustes, si la totalité 

des 276 études avait pu être intégrée à la méta-analyse. 

Ainsi, il me semble que les entrepôts spécialisés ont un rôle à jouer pour fournir des données 

homogènes, bien renseignées du point de vue du domaine considéré, aisément identifiables et 

réutilisables, ce qui n’empêche pas de prévoir une interopérabilité avec les grandes bases de données 

plus généralistes. 
 

III. Diversité des virus d’archées : des environnements 

acidothermophiles aux procédés de méthanisation 
 

Après une première phase d’activité centrée principalement sur la méthanisation de substrats 

lignocellulosiques, j’ai souhaité faire évoluer ma ligne de recherche vers des nouvelles thématiques. 

S’il est vrai que les méthodes méta-omiques avaient été encore peu employées à cette époque dans 

le domaine des biotechnologies environnementales, et constituaient donc en elles-mêmes un point 

d’originalité, la méthanisation de la cellulose était une thématique déjà très largement étudiée au sein 

de la communauté scientifique (Noike et al., 1985, Adney et al., 1991, Lai et al., 2001, O'Sullivan et al., 

2005, Song et al., 2005, Jensen et al., 2009). Dans notre unité, ce sujet était également abordé depuis 

plusieurs années (Li et al., 2009, Qu et al., 2009, Chapleur et al., 2014). 

Ayant étudié des virus d’archées au cours de ma thèse, j’ai naturellement pensé à l’écologie virale des 

écosystèmes de méthanisation, et j’ai pu constater, au début des années 2010, que très peu d’études 

avaient été publiées sur ses aspects. Concernant les méthaniseurs, ce sont principalement l’abondance 

des particules virales et la diversité de leurs morphotypes qui avaient été rapportées, avec une 

dominance de caudovirus (Park et al., 2007, Wu & Liu, 2009, Chien et al., 2013). En revanche, le 

procédé de boues activées avait déjà été relativement bien étudié sous l’angle de l’écologie virale 

(Withey et al., 2005), montrant que les virus de bactéries y infectaient des hôtes divers (Parsley Larissa 

et al., 2010), qu’ils étaient abondants et/ou actifs (Hantula et al., 1991, Wu & Liu, 2009), qu’ils 

présentaient dans une certaine mesure des variations temporelles (Lee et al., 2007, Otawa et al., 

2007), et qu’ils étaient susceptibles d’affecter les dynamiques hôtes-virus (Lee et al., 2007, Kunin et 

al., 2008, Shapiro et al., 2010). Ceci confirmait le potentiel scientifique des recherches en écologie 

virale des procédés de biotechnologie environnementale, et m’a encouragé à poursuivre dans cette 

direction. De plus, dans des environnements naturels, il était déjà bien établi que les virus étaient des 

entités biologiques très abondantes et qu’ils pouvaient avoir une grande influence sur les cycles 

biogéochimiques (Fuhrman, 1999, Weinbauer, 2004, Brussaard et al., 2008, Kimura et al., 2008), un 

aspect qui semblait tout-à-fait pertinent du point de vue du fonctionnement et de la performance de 

procédés. J’ai donc construit un premier projet de recherche (ANR JCJC VIRAME, 2017-2023), dont 

l’objectif était de caractériser in situ la diversité de virus d’archées méthanogènes, au sein de 

méthaniseurs. 
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Dans ce chapitre, je commence par donner des éléments d’information sur les virus d’archées, puis je 

présente une sélection de mes travaux de thèse qui concerne les interactions hôtes-virus chez des 

archées acidothermophiles. Enfin, je synthétise les résultats obtenus dans le cadre du projet VIRAME, 

sur la composition en k-mers des élément mobiles d’archées et sur la diversité des virus d’archées 

méthanogènes. 

Les virus d’archées ont été étudiés en tant que tels à partir des années 1990, alors que le domaine 

Archaea défini par Carl Woese devenait bien établi (Woese et al., 1978, Woese et al., 1990). Wolfram 

Zillig a été pionnier dans ces recherches, isolant des plasmides et des virus d’archées 

acidothermophiles, provenant de sources géothermales terrestres, dans des zones de solfatares 

(Yellowstone, Pozzuoli, Kamchatka, Islande, …) (Martin et al., 1984, Schleper et al., 1992, Zillig et al., 

1993). L’idée première était de favoriser l’obtention d’outils de génétique pour les archées de l’ordre 

Sulfolobales. En effet, dans le cas des bactéries, les virus (bactériophages) ont joué un grand rôle dans 

le développement de la biologie moléculaire et de la génétique bactérienne, en lien avec les travaux 

de Max Delbrück et du groupe Phage (Stent, 1966). Les virus d’archées découverts par Wolfram Zillig 

ont intrigué par la diversité de leurs morphotypes et de leur contenu génétique, et sont devenus un 

sujet d’étude à part entière. Par la suite, David Prangishvili, après avoir travaillé avec Wolfram Zillig 

pendant plusieurs années, a tout particulièrement contribué à caractériser ces virus et à explorer leur 

diversité. Ses travaux ont abouti à la définition et la caractérisation de nombreuses familles de virus 

d’archées hyperthermophiles et acidothermophiles (Prangishvili et al., 1999, Bettstetter et al., 2003, 

Häring et al., 2004, Prangishvili et al., 2006). Depuis une dizaine d’années, Mart Krupovic a notamment 

poursuivi le développement de ce domaine de recherche, s’intéressant aux archées et à leurs virus 

(Krupovic et al., 2014, Iranzo et al., 2016, Krupovic et al., 2018, Liu et al., 2021, Medvedeva et al., 2022), 

et plus largement à l’évolution des virus (Koonin et al., 2015, Krupovic et al., 2019). Les travaux de Mart 

Krupovic ont remarquablement contribué à faire évoluer les connaissances sur la diversité et 

l’évolution des virus, et à structurer ces connaissances (Koonin Eugene et al., 2020). Mart Krupovic a 

par exemple mis en œuvre des approches de réseaux de gènes partagés pour représenter le caractère 

mosaïque et modulaire de virus et de plasmides, et ainsi mieux appréhender leurs liens évolutifs 

(Iranzo et al., 2016, Iranzo et al., 2016). 

En 2020, 20 familles de virus d’archées étaient décrites (Figure 15), et les hôtes associés recouvraient 

3 phylums. Des changements de taxonomie importants sont déjà survenus depuis lors, En particulier, 

les divisions Siphoviridae, Myoviridae et Podoviridae, fondées sur des caractères morphotypiques et 

qui ont été pendant de nombreuses années les 3 seules familles de l’ordre Caudovirales, n’existent 

plus. Les virus d’archées que l’on aurait auparavant affilié à ces trois familles sont désormais répartis 

en 14 familles distinctes, reflétant plus justement la diversité génétique de ces virus tête-queue. Par 

ailleurs, trois familles de virus d’archées Asgard ont été identifiées dans des MAGs (metagenome-

assembled genomes) (Medvedeva et al., 2022). 

Parmi ces familles virales, plusieurs sont associées à des capsides icosaédriques, qui comportent soit 

des protéines avec un repliement de type HK97, soit avec un repliement double jelly-roll. Ces virus 

peuvent être qualifiés de cosmopolites, dans la mesure ou des structures de capsides similaires 

existent chez des virus d’eucaryotes ou de bactéries. En revanche, les autres familles virales sont 

spécifiques aux archées. 
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Figure 15: Représentation des morphotypes des virus d’archées infectant des membres de phylums Euryarchaeota, 
Crenarchaeota and Thaumarchaeota. 

Les noms des familles virales sont indiqués sous les schémas des particules virales. D’après (Baquero et al., 2020). 

 

IV.I Découverte d’un nouveau mécanisme de sortie des virions, chez l’archée 

acidothermophile Sulfolobus 

Mon doctorat s’est déroulé à l’Institut Pasteur, dans l’unité de Biologie moléculaire du gène chez les 

extrêmophiles (BMGE), sous la co-direction de David Prangishvili (BMGE) et Olivier Tenaillon (INSERM). 

Le cœur de mes travaux de thèse a consisté à déchiffrer les interactions hôte-virus dans le cas de 

Sulfolobus islandicus rod-shaped virus 2 (SIRV2), un virus en forme de baguette (famille Rudiviridae), 

et son hôte acidothermophile Sulfolobus islandicus LAL14/1, isolé à partir d’échantillons de sources 

chaudes terrestres d’Islande (Zillig et al., 1998). L’hôte croît de manière optimale en conditions 

aérobies, à un pH de 3.0 et à une température de l’ordre de 78°C. Comme pour la plupart des virus 

d’archées acidothermophiles alors caractérisés, SIRV2 était décrit comme un virus chronique, c’est-à-

dire que des particules virales sont produites en continu au cours du cycle infectieux du virus, sans que 

cela ne provoque la mort de la cellule hôte. Appelé carrier state en Anglais, ce mode de vie des virus 

rappelle celui de M13 (famille Inoviridae) chez les bactéries. 

Je devais étudier la co-évolution de SIRV2 et d’autres virus appartenant à différentes familles virales, 

avec un hôte commun. Lors des premières étapes du projet, plusieurs observations ont cependant 

soulevé des questions quant au caractère chronique de l’infection par SIRV2. Il est apparu que la nature 

du cycle infectieux de SIRV2 n’était pas encore clairement identifiée, et ma thèse s’est finalement 

centrée sur cette question. Ces travaux ont été publiés à l’issue de mon doctorat (Bize et al., 2009). 

Tout d’abord, je n’ai pas pu maintenir la co-évolution hôte-virus sur de longues périodes : des variants 

de l’hôte résistant au virus étaient rapidement sélectionnés. Cela suggérait que l’infection par le virus 

exerçait une très forte pression de sélection sur l’hôte, ce qui pouvait sembler contradictoire avec un 

cas d’infection chronique, que l’on pourrait supposer exercer une pression plus modérée sur l’hôte par 

rapport à un virus purement virulent. De plus, lors de l’étalement des virions de SIRV2 sur tapis 
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cellulaire, des plages étaient très clairement visibles, rappelant des plages de lyse (Figure 16 A). 

Pourtant, lorsque l’on mesurait la densité optique de cultures cellulaires en milieu liquide, après 

infection, cette dernière stagnait, mais ne chutait pas (Figure 16 B).  

 

 

Figure 16: Observations de l’effet de l’infection par SIRV2 sur son hôte. 
A. Plages de « lyse » de SIRV2 observées sur un tapis de cellules de S. islandicus LAL14/1 (photo issue de (Alfastsen et al., 

2021)). B. Effet de l’infection par SIRV2 sur la cinétique de croissance de cultures de S. islandicus. Les cultures, infectées avec 

une multiplicité d’infection de l’ordre de 7, ou non-infectées, ont été réalisées en triplicats. Les moyennes, +/- 1 écart-type, 

sont montrées. En cas d’infection, les virus ont été ajoutés après 4,5 heures d’incubation. DO : densité optique. 

 

Afin de mieux cerner la nature du cycle infectieux de SIRV2, j’ai réalisé des observations en microscopie 

électronique de cellules infectées par ce virus (Figure 17). Dix heures après infection, des agrégats de 

virions en formation étaient visibles à l’intérieur des cellules (Figure 17 B2, B4, B6). De plus, ces 

observations ont montré que l’infection virale provoquait la mort des cellules hôtes, et que la densité 

optique résiduelle s’expliquait par le fait que les enveloppes cellulaires, vidées de leur contenu et 

adoptant une forme relaxée, demeuraient dans le milieu de culture après la sortie des virions (Figure 

17 C1, C2). Enfin, elles ont mis en évidence un mécanisme de sortie des virions encore inconnu : des 

structures pyramidales à base heptagonale, distinctes des virions eux-mêmes, se forment au niveau 

de l’enveloppe cellulaire (Figure 17 B1-B5), et s’ouvrent par leur sommet en fin de cycle infectieux, 

permettant alors la sortie des virions dans le milieu extracellulaire (Figure 17 C2-C4). Ces structures 

ont été nommées VAPS (Virus-Associated Pyramids). 

Les observations en microscopie électronique ont été complétées par des analyses de cytométrie en 

flux, en collaboration avec le laboratoire de Rolf Bernander (Suède), afin de quantifier les évolutions 

d’ADN total intracellulaire au cours du cycle infectieux, à l’échelle de cellules individuelles. Le détail 

des résultats se trouve dans l’article correspondant (Bize et al., 2009). Les quantités d’ADN 

intracellulaire augmentaient dans un premier temps, ce que l’on pouvait supposer être lié à la 

réplication de l’ADN viral, puis elles chutaient brutalement, lors de la lyse cellulaire, en cohérence avec 

les observations de microscopie. Des expériences d’hybridation d’ADN (Southern), également visibles 

dans l’article, ont permis d’évaluer les quantités moyennes d’ADN intracellulaire, sur un grand nombre 

de cellules, tout en discriminant entre l’ADN de SIRV2 et l’ADN cellulaire, grâce à l’emploi de sondes 

radioactives spécifiques. Ces analyses ont conforté les conclusions concernant la nature lytique de 

SIRV2, et la durée du cycle infectieux. Elles ont montré que la dégradation d’ADN cellulaire débutait 

en partie avant la lyse, suggérant un possible recyclage de l’ADN cellulaire par le virus, comme cela est 

le cas pour les bacteriophages T chez E. coli (ex : (Hershey et al., 1953)). 

A 
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Figure 17. Observation par microscopie électronique de cellules infectées par SIRV2. 
A1, B1, C1 : images obtenues par microscopie à balayage. Les autres images ont été obtenues par microscopie électronique 

en transmission (coupes) A. Cellules non infectées. B. Cellules 10 heures après infection. Les flèches indiquent des VAPs. On 

note la présence d’agrégats de particules virales en formation, à l’intérieur des cellules. En B5, la section perpendiculaire à la 

base d’une VAP met en évidence sa base heptagonale. C. Cellules 26 heures après infection. On note la présence de VAPs 

partiellement détruites. Barres : 200 nm. 

Notons qu’un mécanisme similaire de sortie des virions, impliquant des structures pyramidales, a été 

découvert par une autre équipe à la même période, de manière indépendante, pour le virus 

icosédrique Sulfolobus islandicus turreted icosahedral virus 1 (STIV1) (Brumfield Susan et al., 2009). 

SIRV2 et STIV1 partagent peu de gènes similaires, en particulier du fait qu’ils appartiennent à des 

familles différentes, Rudiviridae pour le premier et Turriviridae pour le second. Cela a permis de limiter 

à 3 le nombre de gènes candidats que l’on pouvait dans un premier temps supposer être impliqués 

dans ce mécanisme de sortie : SIRV2gp49 (ORF98), similaire à C92 chez STIV1, SIRV2gp35 (ORF121), 

similaire à A58 chez STIV1, et enfin SIRV2gp27 (ORF114), similaire à B116 chez STIV1. A la suite de mes 
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travaux de thèse, Tessa Quax a réalisé son doctorat dans le même laboratoire à l’Institut Pasteur, et 

elle a notamment poursuivi la caractérisation de ces structures pyramidales, identifiant P98 

(SIRV2gp49, ORF98) comme leur principal constituant (Quax et al., 2010, Quax et al., 2011). SIRV2 s’est 

de plus développé comme virus modèle pour les archées, avec en particulier la mise au point d’une 

méthode d’édition de son génome basée sur CRISPR Cas, par l’équipe de Xu Peng (Mayo-Muñoz et al., 

2018, Alfastsen et al., 2021), et le séquençage du génome de son hôte cellulaire (Jaubert et al., 2013).  

En conclusion, ma thèse s’est déroulée à une période où la recherche sur les virus d’archées était 

encore relativement jeune. Depuis, ces recherches se sont bien développées, bénéficiant 

particulièrement des nouvelles technologies telles que l’édition de génome avec CRISPR-Cas et le RNA-

seq. Lorsque j’ai débuté ma thèse, les communautés scientifiques étudiant respectivement les virus 

d’archées et ceux de bactéries interagissaient relativement peu, ce qui se reflétait en particulier dans 

des différences terminologiques : carrier state / chronique, virus / bactériophage (…), mais également 

des différences de méthodes d’isolation des virus. Les liens ont depuis été renforcés, avec la création 

en 2010 de la conférence Viruses of microbes, qui rapproche les communautés scientifiques étudiant 

les virus d’archées, de bactéries, et d’eucaryotes unicellulaires. De tels échanges me semblent 

essentiels pour enrichir les points de vue et les approches. 
 

IV.II Identification des facteurs qui influencent la composition en k-mers des 

plasmides, virus et leurs hôtes, chez les archées 

Quelques années après mon arrivée au Cemagref (devenu Irstea en 2012 puis INRAE en 2020), j’ai 

souhaité, comme évoqué précédemment, développer des recherches en écologie virale, avec l’analyse 

de métaviromes. Ce dernier aspect était nouveau pour moi. Certains outils d’analyse de métaviromes 

reposent sur les compositions en k-mers des génomes, en particulier pour la prédiction d’hôtes (Galiez 

et al., 2017). Ayant prévu d’utiliser de tels outils, j’ai décidé de mettre à jour et de publier une analyse 

que j’avais débutée lors de ma thèse, qui consistait à explorer les compositions en k-mer au sein des 

archées, leurs virus et leurs plasmides. Cela me permettrait d’avoir une meilleure vision des facteurs 

modelant les profils de composition en k-mers, et donc de mieux percevoir le potentiel et les limites 

des outils de métagénomiques exploitant ce type information. A l’époque, j’avais observé pour l’ordre 

Sulfolobales que chaque famille d’élément extrachromosomique avait sa propre signature k-mer. 

Pour mettre à jour cette étude, j’ai travaillé en collaboration avec Patrick Forterre (Institut Pasteur) et 

Violette Da Cunha (désormais au Genoscope). J’ai rassemblé la plupart des séquences de génomes de 

virus et plasmides d’archées disponibles dans les bases de données publiques, puis j’ai inclus les 

séquences des génomes d’archées appartenant aux mêmes ordres que leurs hôtes. Par exemple, si un 

virus infectant une archée de l’ordre Sulfolobales était présent dans le jeu de données, tous les 

génomes cellulaires de l’ordre Sulfolobales étaient intégrés à l’étude, qu’il s’agisse ou non de la souche 

hôte précise de ce virus. Cette étude est assez systématique et descriptive, j’ai donc choisi de l’illustrer 

par une sélection de résultats représentatifs, plutôt que par une présentation exhaustive. L’ensemble 

des résultats est visible dans la publication issue de ces travaux (Bize et al., 2021). 

L’étude portait sur un total de 589 séquences de cellules, plasmides, virus et provirus d’archées, 

associés à 11 ordres taxonomiques d’archées différents. Il s’agissait principalement d’halophiles, 

d’acidothermophiles, d’hyperthermophiles et de méthanogènes, avec également quelques génomes 

de Marine Group II, le groupe d’archées planctoniques le plus abondant à la surface des océans (Rinke 

et al., 2019). A l’époque, toutes les archées incluses dans l’étude appartenaient aux phylums 

Crenarchaeota ou Euryarchaeota, ce qui reste encore vrai, à l’exception éventuelle de Marine Group II 
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(Tableau 3). Il s’agit pour l’essentiel d’archées cultivées, qui sont loin de représenter la totalité de la 

diversité des archées. 
 

Tableau 3. Ordres et phylums d’appartenance des archées incluses dans l’étude. 

Ordre Phylum 

Desulfurococcales Crenarchaeaota (TACK group) 

Halobacteriales Euryarchaeota 

Haloferacales Euryarchaeota 

Natrialbales Euryarchaeota 

Marine Group II (Candidatus Poseidoniales) Euryarchaeaota / Candidatus Thermoplasmatota 

Methanobacteriales Euryarchaeota 

Methanoccoccales Euryarchaeota 

Methanosarcinales Euryarchaeota 

Sulfolobales Crenarchaeaota (TACK group) 

Thermococcales Euryarchaeota 

Thermoproteales Crenarchaeaota (TACK group) 

 

Les profils ont été établis à partir des 1 024 mots de taille 5 (5-mers, 1 024 = 45), correspondant à un 

compromis entre spécificité et représentativité : les plasmides et virus ayant des génomes de petite 

taille, il est préférable d’utiliser des k-mers courts pour éviter d’avoir trop de zéros dans les matrices 

de comptage, ce qui introduirait des biais. Le dendrogramme de regroupement hiérarchique 

(clustering) présenté en Figure 18 rassemble un sous-jeu de donné sélectionné aléatoirement, pour 

assurer la lisibilité de l’illustration. On observe tout d’abord un fort lien entre le contenu en GC des 

génomes et le pattern de clustering. En effet, le dendrogramme comporte 2 clusters principaux, l’un 

avec essentiellement des séquences riches en GC, et l’autre pauvres en GC. Concernant les génomes 

cellulaires, ce dendrogramme ne reflète pas fidèlement la phylogénie. Par exemple, les génomes des 

ordres Methanoccales et Methanosarcinales (phylum Euryarchaeaota), ne sont pas dans le même 

grand cluster que les génomes d’haloarchées (phylum Euryarchaeaota également, cluster a). En 

revanche, ils sont dans le même grand cluster que l’essentiel des génomes de Sulfolobales, qui 

appartiennent pourtant à un autre phylum, Crenarchaeaota (clusters b et d). 

A l’échelle globale, il apparaît de plus que les virus et plasmides ne forment pas de cluster distinct des 

cellules. Ils ont tendance à être groupés avec des archées de même taxonomie que leurs hôtes. 

Cependant, le rang taxonomique varie selon les cas. Pour les archées halophiles, c’est au niveau de la 

classe, Halobacteria, qui rassemble ici les ordres Halobacteriales (orange), Haloferacales (jaune) et 

Natrialbales (vert), qu’on observait une bonne cohérence : cellules, plasmides et virus étaient 

rassemblés au sein du cluster a (Figure 18), à quelques exceptions près. Le même type de pattern était 

retrouvé, au rang taxonomique de l’ordre, pour Sulfolobales (rouge, principalement dans le cluster b), 

Thermococcales (vert foncé, principalement dans le cluster c) et Methanococcales (bleu vert, 

principalement dans le cluster d). Cela était moins clair pour les ordres Methanobacteriales, 

Thermoproteales, Desulfurococcales, et Marine Group II, dont les génomes étaient plus dispersés en 

diverses positions du dendrogramme. Certaines associations entre hôtes et éléments 

extrachromosomiques étaient néanmoins visibles au sein de petits clusters isolés, par exemple pour 

les ordres Methanobacteriales (gris clair) au sein du cluster e et Desulfurococcales (rose) au sein du 

cluster f. 

Bien qu’imparfaite, cette association entre les éléments mobiles et leurs hôtes reflète l’effet de la co-

évolution sur leur composition génomique en k-mers courts. On peut supposer que cet effet provient 

en grande partie d’une adaptation des éléments extrachromosomiques à l’usage des codons de l’hôte. 
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Cet effet semble dans la plupart des cas être cloisonné au rang taxonomique de l’ordre. Dans le cas de 

archées halophiles, cela se produit au niveau de la classe, comme déjà évoqué. Ceci peut certainement 

s’expliquer par une évolution convergente des compositions en k-mer de l’ADN, due à la forte pression 

de sélection exercée par la haute salinité (Paul et al., 2008). 

Au sein des 4 groupes pour lesquels le pattern d’association entre hôte et éléments 

extrachromosomiques était le plus cohérent (classe Halobacteria, ordres Sulfolobales, Thermococcales 

et Methanococcales), les positions des cellules, et celles des éléments extrachromosomiques dans le 

dendrogramme, n’étaient pas totalement entremêlées. Il était au contraire possible d’observer des 

clusters riches soit en cellules, soit en éléments extrachromosomiques. Cela indique qu’à un niveau 

plus fin, au-delà de la forte influence de la co-évolution avec leur hôte, les éléments 

extrachromosomiques conservent une composante spécifique en termes de composition en k-mers 

courts, probablement liée à leur nature différente. 

 

Figure 18. Dendrogramme basé sur les fréquences en 5-mers pour un sous-ensemble de archées et leurs éléments mobiles. 
Les comptages de 5-mers ont été obtenus avec Jellyfish 2.2.6 en utilisant de cluster de calcul de la plateforme bioinformatique 

INRAE MIGALE (https://migale.inrae.fr/) puis convertis en fréquences. Le clustering hiérarchique a été réalisé avec la fonction 

hclust de R, appliquée à la matrice de distances euclidiennes, avec la méthode Ward.D2. La visualisation a été générée avec 

iTOL (Letunic & Bork, 2007). 

Cela était particulièrement bien illustré par le cas de Sulfolobales (Figure 18, lettre b), que j’ai examiné 

plus en profondeur, car il comporte une variété importante de familles virales et plasmidiques (Figure 

19). Sans trop entrer dans les détails, on peut observer un pattern de clustering très cohérent pour les 

cellules, regroupées en 2 clusters distincts (couleur noir, Figure 19) : genres Sulfolobus et Acidianus 

d’une part (codes débutant par s et a), genre Methallosphaera d’autre part (codes débutant par m). 

Les génomes de ce dernier genre sont plus riches en GC, ce qui pourrait expliquer cette partition. De 

https://migale.inrae.fr/
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façon similaire, le résultat du clustering était globalement très cohérent pour les familles virales 

Rudiviridae (turquoise), Fuselloviridae (rouge), Lipothrixviridae (vert clair), Ampullaviridae (vert foncé) 

et Turriviridae (beige clair), ainsi que pour les plasmides conjugatifs de la famille pNOB8 (orange) et les 

plasmides cryptiques de la famille pRN (magenta). De manière intéressante, les plasmides pRN étaient 

beaucoup plus distants du principal cluster d’hôte que les plasmides pNOB8, ces derniers formant le 

cluster le plus proche des hôtes. Ceci suggère que les plasmides de grande taille ont des compositions 

en k-mers courts similaires à celles des cellules, ce qui est moins le cas des plasmides courts et des 

virus. Cela pourrait s’expliquer par des fréquences d’échanges génétiques avec les hôtes plus faibles 

chez ces derniers. 

Un réseau de gènes partagés, construit avec le même ensemble de génomes liés à l’ordre Sulfolobales, 

était en accord avec les principales conclusions observées sur la base des profils de composition en 5-

mers (Figure 19 B). En particulier, la cohérence par familles, ainsi que la proximité entre les plasmides 

conjugatifs pNOB8 et leurs hôtes ont été retrouvées. Une exception notable est la proximité entre 

Lipothrixviridae et Rudiviridae : ces 2 familles ont des liens évolutifs, formant l’ordre Ligamenvirales. 

Si ces liens étaient bien visibles dans le réseau de gènes partagés, ce n’était pas le cas dans le 

dendrogramme basé sur les signatures génomiques, ce qui pourrait en partie s’expliquer par le très 

bas contenu en GC des membres de Rudiviridae (28,25% ± 6,17 en moyenne). 

En utilisant ce réseau de gènes partagés, le nombre de liaisons entre différents types d’éléments a été 

calculé, en le pondérant par le nombre d’éléments présents dans les groupes considérés (Figure 19 C). 

Il apparaît un nombre plus élevé de liaisons entre cellules et plasmides qu’entre cellules et virus. De 

plus, en distinguant les deux familles de plasmides distinctes, pNOB8 et pRN, il apparaît que c’est avec 

la famille plasmide pNOB8 que le nombre de liaison est très élevé, tandis qu’il est très faible avec la 

famille de pRN. Ces observations sont tout-à-fait cohérentes avec les hypothèses formulées à partir 

des analyses de composition en 5-mers, à savoir une fréquence d’échanges génétiques plus élevée 

entre cellules et plasmides conjugatifs. 

Cette étude conforte la possibilité d’utiliser les signatures génomiques pour prédire les hôtes des 

éléments mobiles, tel que le permettent certains outils, comme WiSH (Galiez et al., 2017) ou PlasFlow 

(Krawczyk et al., 2018). Il existe cependant des limites importantes. Typiquement, prédire un hôte 

précis pour un élément mobile halophile peut sembler hors de portée en utilisant des approches 

basées sur les k-mers. De plus, en dépit du pattern global de co-évolution observé, de nombreux 

éléments mobiles ont des compositions en 5-mer atypiques. Cela pourrait s’expliquer par la présence 

de gènes codants pour des ARN de transferts, comme évoqué par d’autres auteurs (Galiez et al., 2017). 

Dans notre étude, nous n’avons pas noté de lien particulier entre composition atypique et présence 

de gènes d’ARNt, mais il est à noter que nous avons utilisé uniquement les annotations disponibles 

dans les bases de données publiques, et qu’il aurait pu être intéressant de mener spécifiquement une 

détection de ces gènes, car certains génomes n’avaient peut-être pas encore été analysés sous cet 

angle. Ainsi, la prédiction d’hôte à partir des signatures génomiques semble possible mais à considérer 

avec prudence, et son degré de précision peut varier selon les taxons d’hôtes. L’incohérence du 

dendrogramme avec la phylogénie des archées, et d’autres observations de détails que je n’expose 

pas ici, conduisent de plus à penser que la composition en k-mer des génomes évolue relativement 

rapidement, et qu’il peut donc être risqué d’utiliser les signatures k-mers pour effectuer de la 

reconstruction phylogénétique, tout particulièrement pour des événements ancestraux. 
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Figure 19. Aperçu des éléments mobiles de l’ordre Sulfolobales. 
A. Dendrogramme basé sur les fréquences de 5-mers pour les membres de l’ordre Sulfolobales et leurs plasmides et virus. 

B. Réseau de gènes partagés basé sur le nombre normalisé de gènes partagés. Pour chaque paire d’éléments, le nombre de 

gènes partagé a été divisé par la longueur du génome le plus court des deux. De plus, les liaisons (edges) dont les valeurs 

normalisées était inférieures à 0.1 ne sont pas montrées, afin d’éliminer les interactions faibles. C. Graphique en barres du 

nombre de liaisons au sein du réseau, selon différentes catégories d’éléments. Les valeurs ont été normalisées pour prendre 

en compte le nombre d’éléments dans les catégories considérées. ICEmse correspond à un plasmide conjugatif de 

Metallosphaera identifié au cours de l’étude. 
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IV.III Diversité génomique des virus infectant les archées méthanogènes au sein de 

microcosmes de méthanisation du formate 

Pour mon premier projet de recherche sur les virus de microorganismes présents dans les 

méthaniseurs, j’ai choisi de me concentrer sur les virus d’archées méthanogènes, à la croisée de 

différents questionnements fondamentaux et appliqués. En effet, les archées méthanogènes 

représentent un groupe fonctionnel clé du processus méthanisation, en catalysant l’ultime étape, qui 

génère le méthane : la méthanogenèse. Il est donc pertinent de mieux connaître leurs virus et les effets 

qu’ils peuvent avoir au sein des digesteurs. Par ailleurs, le méthane est un gaz à effet de serre puissant, 

émis dans différents environnements (sédiments, rizières, ruminants, fonte du permafrost…). Mieux 

connaître les virus d’archées et les fonctions biologiques qu’ils encodent revêt donc un intérêt pour la 

compréhension des écosystèmes environnementaux, et pour la mitigation des émissions de méthane. 

Enfin, parmi les virus d’archées, ceux infectant les méthanogènes sont encore relativement peu 

caractérisés. Une dizaine d’entre eux a été isolée jusqu’à présent (Tableau 4), ce qui reste limité 

considérant la grande diversité phylogénétique des archées méthanogènes. Ces virus ont été isolés en 

deux vagues successives. Une première a eu lieu vers les années 1990, alors que le domaine du vivant 

Archaea devenait bien établi (Woese et al., 1990). La seconde a débuté en 2017, après une interruption 

de plus de 10 ans dont l’origine n’est pas claire. Elle pourrait s’expliquer par la moindre diversité 

apparente des virus d’archées méthanogènes, dominés par les caudovirus, qui aurait pu susciter moins 

d’intérêt dans un premier temps. La relative difficulté de cultivation des méthanogènes, par rapport 

aux modèles aérobies que sont les archées halophiles ou acidothermophiles, aurait pu renforcer ce 

désintérêt passager. Revenant aux virus de méthanogènes, on notera qu’à l’exception d’un virus issu 

d’une cheminée hydrothermale, tous les autres ont été isolés à partir de boues de méthaniseurs 

mésophiles ou thermophiles (Tableau 4), qui doivent relativement accessibles aux prélèvements. 

Outre ces 10 virus isolés, plusieurs provirus ont également été identifiés au sein de génomes d’archées 

méthanogènes. Ils ne seront pas décrits en détail ici. 

Dans le cadre du projet ANR JCJC VIRAME (2017-2023), nous nous sommes concentrés sur la diversité 

des virus infectant des archées méthanogènes mésophiles, au sein de méthaniseurs. Ces travaux ont 

été réalisés essentiellement par Hoang Ngo, doctorant dont j’ai été l’encadrante principale (directeur 

de thèse : Théodore Bouchez), de janvier 2019 à juin 2022. Une collaboration a de plus été établie avec 

Mart Krupovic (Institut Pasteur), pour son expertise sur les virus d’archées, ainsi que François Enault 

(Université Clermont-Auvergne, LMGE), bioinformaticien dont les recherches portent spécifiquement 

les métaviromes. L’objectif était de caractériser cette diversité in situ, au sein de microcosmes de 

méthanisation mésophiles alimentés avec des substrats de méthanogenèse, en combinant marquage 

isotopique (Stable Isotope Probing, SIP) et séquençage métagénomique shotgun. Connaissant les 

limites des approches métagénomiques, j’ai souhaité utiliser le SIP en complément, pour pouvoir 

établir un lien direct plus direct avec l’activité des microorganismes. 
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Tableau 4. Virus d’archées méthanogènes (et pseudovirus) isolés jusqu’à présent. 

Nom Morphologie et famille Genre de l’hôte Origine Génome à ADN Référence 

ΨM1 Tête-queue 

Leisingerviridae 

Methanothermobacter DA thermophile 30,4 kb - linéaire (Meile et al., 1989) 

ΨM2* Tête-queue 

Leisingerviridae 

Methanothermobacter DA thermophile 26,1 kb - linéaire (Pfister et al., 1998) 

ΦF1 Tête-queue Methanobacterium DA thermophile 85 kb - linéaire (Nölling et al., 1993) 

ΦF3 Tête-queue 

Anaeroviridae 

Methanobacterium DA thermophile 36 kb – linéaire ou circulaire (Nölling et al., 1993) 

Drs3 Tête-queue 

Anaeroviridae 

Methanobacterium DA mésophile 37 kb - linéaire (Wolf et al., 2019) 

Blf4 Tête-queue 

Pungoviridae ? 

Methanoculleus DA mésophile 37 kb - potentiellement circulaire (Weidenbach et al., 2021) 

MetSV Sphérique Methanosarcina DA mésophile 11 kb - linéaire (Weidenbach et al., 2017) 

A3-VLP Oblat Methanococcus DA mésophile 23 kb - circulaire (Wood et al., 1989) 

MFTV1* Tête-queue 

Fervensviridae ? 

Methanocaldococcus cheminée hydrothermale 31 kb -linéaire (Thiroux et al., 2021) 

* : indique que le génome viral contient un gène d’intégrase – DA : digestion anaérobie. 
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Les archées méthanogènes sont généralement sous-dominantes dans les procédés de méthanisation, 

représentant de l’ordre de 5 à 15% de la communauté microbienne catalytique (Nelson et al., 2011). 

Afin de pouvoir en étudier les virus plus aisément, nous avons utilisé du formate, l’un des substrats 

possibles de la méthanogenèse (Figure 20), pour enrichir la communauté microbienne en archées 

méthanogènes. De plus, nous avons employé du formate marqué au carbone 13 pour pouvoir séparer 

les ADN enrichis en 13C, et ainsi différencier les archées méthanogènes actives, ayant assimilé le 

substrat marqué, des archées méthanogènes inactives. Il est à noter que le formate n’est pas un 

substrat spécifique aux archées méthanogènes. Il peut également être utilisé comme source de 

carbone par des bactéries formatotrophes, selon différentes voies métaboliques. La voie réductrice de 

l’acétyl-CoA est par exemple montrée en Figure 20. Des bactéries formatotrophes pouvaient donc 

également être sélectionnées par le substrat formate, et devenir abondantes. 

 

Figure 20. Voies réductrices de l'acétyl-CoA chez les bactéries et les archées méthanogènes. 
Illustration d’après (Lemaire et al., 2020). La voie réductrice de l’acétyl-CoA est également appelée voie de Wood-Ljungdahl. 

A gauche : branche du méthyl – Au milieu : branche du carbonyle – A droite : méthanogenèse hydrogénotrophe. Les flèches 

vertes indiquent des réactions couplées à la conservation d’énergie, et les oranges à l’hydrolyse d’ATP. 

Nous avons établi 6 microcosmes mésophiles et discontinus (batch) de méthanisation du formate, 3 

contenant du formate 13C et les 3 autres contenant du formate non-marqué. Nous avons employé un 

ratio inoculum/substrat relativement bas pour limiter l’apport en carbone sous une autre forme que 

le formate. La quantité et la composition de biogaz produit ont été mesurées, ainsi que les valeurs de 

pH et les concentrations en acides gras volatils. Ceci a permis de vérifier la consommation du formate 

et la bonne mise en place de production de biogaz riche en méthane. A trois points de temps différents 

(8, 13 et 17 jours d’incubation), des paires de microcosmes, l’un alimenté au 13C-formate, l’autre 

alimenté au formate non-marqué et constituant un contrôle, ont été sacrifiées afin de collecter les 

particules virales et d’analyser les ADN cellulaires et viraux. Ces points de temps correspondaient aux 

début, milieu et fin de la phase active de méthanogenèse. 

Les ADN cellulaires ont été séparés selon leur densité, dans un gradient de Chlorure de Cesium, et les 

fractions collectées (fraction lourde, légère et intermédiaire) ont été séquencées par métabarcoding 

ADNr 16S. Ces premières analyses ont confirmé l’enrichissement de la communauté microbienne en 

archées méthanogènes au cours du temps, leur abondance relative passant de 1-3% au jour 0, à 26-
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30% au jour 17. Il est de plus apparu que les archées étaient suffisamment enrichies en 13C uniquement 

au jour 17, lorsque la production de biogaz s‘achevait. Leur abondance relative atteignait alors 56% 

dans la fraction lourde. Ces archées étaient dominées par des méthanogènes hydrogénotrophes, 

Methanobacterium et dans une moindre mesure, Methanobrevibacter (Berghuis et al., 2019), ce qui 

était cohérent avec l’emploi de formate. Ces tendances ont été confirmées par les résultats de 

séquençage métagénomique shotgun. Ainsi, la stratégie expérimentale choisie pour pouvoir étudier 

les virus d’archées méthanogènes consommant le formate fonctionnait à ce stade, nous avons donc 

poursuivi l’étude avec l’analyse des virus. 

Les observations en microscopie électronique en transmission, réalisées à la plateforme INRAE MIMA2 

de Jouy-en-Josas, ont suggéré une abondance relativement élevée de particules virales, et ont mis en 

évidence leur grande diversité (Figure 21). En particulier, des virions fusiformes, d’abondance 

modérée, ont été observés de manière répétée. Il s’agit d’un morphotype spécifique aux virus 

d’archées. Des virus en forme de baguette étaient également présents mais en abondance moindre : 

ils pourraient provenir d’archées ou de plantes, et seraient dans ce dernier cas vraisemblablement 

apportés par l’inoculum, contenant des résidus de biodéchets. 
 

 

Figure 21. Aperçu de la diversité des particules virales dans les microcosmes. 
Observations en microscopie électronique à transmission (plate-forme INRAE MIMA2, Jouy-en-Josas). 

 

 

Une diversité intéressante de morphotypes viraux ayant notamment été observée aux jours 13 et 17, 

les métaviromes de ces deux points de temps ont été séquencés avec la technologie Illumina, soit 2 

métaviromes. En complément, les métagénomes cellulaires des jours 13 et 17, ainsi que les 3 fractions 

de différentes densités du jour 17, ont également été séquencés, soit 5 métagénomes cellulaires. Ces 

métagénomes cellulaires ont été exploités pour améliorer la prédiction d’hôte des contigs viraux, par 

deux approches complémentaires. La première approche était basée sur la détection de protospacers 

dans les contigs viraux, en utilisant une base de données de spacers publique et, également, une base 

de donnée issue de la détection de spacers dans nos contigs cellulaires. La seconde approche reposait 

sur les signatures génomiques, grâce à l’outil WIsH (Galiez et al., 2017), en employant, pour base de 

donnée d’hôtes potentiels, 81 metagenomes assembled genomes (MAGs) obtenus à partir de nos 

contigs cellulaires. Ces derniers incluaient 17 MAGs d’archées. 

Ces informations ont été combinées aux annotations taxonomiques et fonctionnelles des gènes des 

métaviromes, ainsi qu’à l’annotation taxonomique des contigs viraux, pour prédire au mieux les hôtes 

des contigs viraux. Par ailleurs, trois outils de prédiction de génomes viraux, VirSorter2 (Guo et al., 
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2021), CheckV (Nayfach et al., 2021) et VIBRANT (Kieft et al., 2020) ont été employés pour valider la 

nature virale des contigs étudiés. En intégrant l’ensemble de ces résultats d’analyses, des filtres 

automatiques et une validation experte ont permis de retenir 39 contigs viraux susceptibles de 

provenir de virus d’archées méthanogènes, sur un total de 5 571 contigs de plus de 3 kb obtenus par 

le co-assemblage des séquences de métaviromes. 

 

Afin d’accéder à un aperçu global de la diversité de ces 39 contigs viraux, un réseau bipartite a été 

construit, permettant de visualiser les protéines partagées entre ces contigs ainsi qu’avec les génomes 

des virus d’archées déjà connus (Figure 22). Deux zones distinctes étaient visibles. La partie supérieure 

du réseau était dominée par des virus de la classe Caudoviricetes, c’est-à-dire de morphotype tête-

queue (magrovirus, siphovirus, myovirus). La partie inférieure du réseau était riche en virus spécifiques 

aux archées (virus pléiomorphes Pleolipoviridae, virus en forme de filaments ou de baguettes 

Tokiviricetes, virus fusiformes, etc). Cette topologie est cohérente avec un réseau bipartite de virus 

d’archées précédemment publié (Iranzo et al., 2016). Les 39 contigs viraux de l’étude étaient 

principalement situés dans la zone des caudovirus, tout en étant pour certains très distants, c’est-à-

dire avec un nombre limité de connexions. Une minorité de contigs viraux, de l’ordre de 5, étaient 

situés dans la zone des familles virales spécifiques aux archées. 

Cet aperçu est conforme avec la vision actuelle basée que nous avons de la diversité des virus d’archées 

méthanogènes, basée sur les quelques virus d’archées méthanogènes isolés jusqu’à présent : ces 

derniers sont dominés par les caudovirus (Tableau 4). Cela montre aussi qu’une fraction sous-

dominante des virus d’archées méthanogènes pourrait appartenir à des familles spécifiques aux virus 

d’archées, moins cosmopolites que les caudovirus. Enfin, cela suggère que l’essentiel de cette diversité 

reste à découvrir. En effet, un seul virus d’archée méthanogène isolé jusqu’à présent n’est pas un 

caudovirus. Il s’agit de MetSV, virus sphérique de Methanosarcina (Tableau 4). De plus, considérant le 

faible nombre total de virus de méthanogènes isolés, il est certain que de nombreux caudovirus sont 

encore inconnus, en cohérence avec le nombre important de contigs viraux qui apparaissent 

faiblement connectés aux caudovirus, dans notre étude. Cette dernière observation est à nuancer du 

fait que la plupart de ces contigs viraux représentent des génomes incomplets, ce qui pourrait 

introduire un biais, à la baisse, sur le nombre de connexions détectées entre 2 contigs/génomes viraux. 

Par la suite, nous nous sommes focalisés sur 4 contigs viraux présentant un intérêt particulier, soit 

parce qu’il s’agissait de génomes complets, soit parce qu’il pourrait s’agir de nouvelles familles virales 

spécifiques au archées (indiqués par une étoile rouge dans la Figure 22). Je présente ici deux d’entre 

eux (Figure 23), qui illustrent bien le potentiel de l’approche combinant SIP et métagénomique pour 

différencier les virus infectant des archées actives ou inactives. 
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Figure 22. Réseau bipartite des virus d'archées connus et des 39 contigs d'intérêt. 
Les contigs viraux sont connectés via les groupes de protéines orthologues qu’ils partagent. Les génomes et les contigs sont 

représentés par des ronds colorés, et les groupes de protéines par les intersections des arêtes. Certaines annotations 

fonctionnelles de protéines sont indiquées. TerL: grande sous-unité de la terminase, MCP : protéine majeure de capside, 

mCP : protéine mineure de capside, Exo : exonucléase, TP : protéine de queue, PP : protéine portal, Lig : ligase, DNApol : ADN 

polymérase, BH : protéine de plaque basale, Heli : hélicase, Trans : transposase, TR : régulateur transcriptionnel. 

 

Le premier, C158 (Figure 23 A), illustre bien le potentiel notre approche pour identifier des virus 

infectant un hôte actif. En effet, sur la base de son affiliation taxonomique et de sa signature 

génomique, son hôte prédit est Methanobacterium, qui était l’archée la plus abondante à la fois au 

cours de l’incubation, et dans la fraction lourde d’ADN cellulaire. De façon cohérente, C158 était le plus 

abondant parmi les 39 contigs viraux sélectionnés : son abondance normalisée atteignait 468 et 229 

aux jours 13 et 17, respectivement, en RPKM (Reads per Kilobase per Million Reads, nombre de lectures 

par kilobase de séquence et par million de lectures). C158 est le génome complet d’un virus de la classe 

Caudoviricetes, dont la morphologie est probablement de type siphovirus, c’est-à-dire qu’il possède 

une longue queue non contractile. La présence d’une intégrase dans le génome de C158 suggère un 

mode de vie tempéré. Considérant la faible similarité de C158 avec des virus déjà connu, nous avons 

proposé la création d’une nouvelle famille virale dont il serait le premier représentant, Speroviridae. 
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Figure 23. Carte des gènes pour une sélection de contigs viraux d'intérêt. 
(A) Contigs d’un cluster viral (CV10) affilié à la classe Caudoviricetes, incluant C158 (nouvelle famille proposée : Speroviridae). 

(B) Contigs viraux de morphologie prédite comme fusiforme. Abbréviations pour les principales protéines virales : Ad, 

protéine adaptateur ; BP, protéine de plaque basale ; BH, protéine basale (hub) ; BS : protéine basale de spicules (spike) ; BW : 

protéine basale (wedge) ; DNA pol : ADN polymérase ; DNA prim : ADN primase ; DNA prim/helic : ADN primase/helicase ; 

Endo : endonucléase ; His1 prot 16 : similaire à la protéine 16 du virus 1 d’Haloarcula hispanica (His1) ; His1 SP : protéine 

majeure de capside de His1 ; holin : holine ; Int : intégrase ; Lys : endolysine ; mCP : protéine mineure de capside ; MCP : 

protéine majeure de capside ; MT : méthyltransférase ; MTP : protéine majeure de queue ; NP : protéines d’appendice du 

collier ; NT : ARNt nucléotidyltransférase ; PP : protéine portale ; Prot : protéase de maturation de la capside ; SSV1 SP : 

similaire à la protéine majeure de capside de SSV1 (Sulfolobus spindle-shaped virus 1) ; TCP : protéine de complétion de la 

queue ; TerL : grande sous-unité de la terminase ; TerS : petite sous-unité de la terminase ; TMP : protéine « mètre ruban » 

de la queue (tail tape measure) ; TP : protéine de queue ; Tube : protéine de tube. 

 

Le second, C1697, représente un génome incomplet issu d’un virus minoritaire, et infectant une archée 

méthanogène n’ayant pas assimilé de formate marqué (Figure 23 B). Son hôte prédit, sur la base de 

son affiliation taxonomique et de sa composition en k-mer, est l’archée méthanogène 

Methanosarcina, dont l’abondance relative était très faible à l’ensemble des points de temps étudiés. 

Elle n’a en particulier pas été détectée dans les fractions intermédiaire et lourde de l’ADN cellulaire. A 

nouveau, les abondances de C1697 étaient cohérentes avec celle de l’hôte prédit, atteignant 

seulement 4 et 8 RPKM aux jours 13 et 17, respectivement. De façon intéressante, ce contig viral codait 

pour une protéine présentant une forte similarité avec la protéine majeure de capside de SSV1 

(Sulfolobus Spindle-Shaped Virus 1), un virus fusiforme de la famille Fuselloviridae qui infecte des 

archées acidothermophiles (Pina et al., 2011) : cela indiquait un morphotype fusiforme. C1697 codait 

par ailleurs pour une ADN polymérase de la famille B (à amorce protéine), ce qui suggérait un génome 

linéaire. Ce type de polymérase est présent chez deux autres virus fusiformes déjà connus, His1 

(Halspiviridae) (Bath & Dyall-Smith Michael, 1998) et NSV1 (Thaspiviridae) (Kim et al., 2019). 
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L’identification d’un virus fusiforme dans nos réacteurs était cohérente avec les observations en 

microscopie électronique, bien qu’il ne soit pas possible d’établir de lien précis entre un morphotype 

observé au microscope et le contig obtenu. Un autre génome incomplet de virus fusiforme infectant 

une archée méthanogène a été identifié pendant l’étude, C1359 (Figure 23). Son hôte précis n’a pas 

pu être prédit et il ne présentait pas de similarité avec C1697. Aussi, nos résultats suggèrent que les 

virus fusiformes pourraient être assez courants chez certaines archées méthanogènes mésophiles, 

bien qu’aucun d’entre eux n’ait été isolé à ce jour. Ceci est en particulier cohérent avec l’étude de 

(Calusinska et al., 2016), qui rapporte l’observation de particules virales fusiformes au sein de 

méthaniseurs pleine échelle. Des virions fusiformes ont également été observés dans des sédiments 

profonds anoxiques du lac Pavin (France) et il a été suggéré qu’ils pourraient infecter des archées du 

genre Methanosaeta (Borrel et al., 2012). Enfin, des virus fusiformes infectant des archées mésophiles, 

bien que non méthanogènes, ont déjà été isolés par le passé (Kim et al., 2019). Il s’agit des virus NSVs, 

infectant des thaumarchées du genre Nitrosopumilus, oxydant l’ammoniac. 

Cette étude représente à ce jour la preuve la plus solide de l’existence de virus fusiformes infectant 

des archées méthanogènes, et renforce, pour les virus fusiformes, la notion de large distribution 

géographique et de grande diversité phylogénétique de leurs hôtes archéens. Elle a également montré 

l’intérêt du marquage isotopique pour étudier spécifiquement les virus infectant des hôtes impliqués 

dans un métabolisme particulier. Une approche similaire a été employée avec succès par d’autres 

auteurs pour étudier les virus de méthanotrophes du sol (Lee et al., 2021), et ceux des archées oxydant 

l’ammoniac (Lee et al., 2022). 

 

Suite à notre première utilisation du SIP combiné à l’analyse de métaviromes, nous sommes 

actuellement en train de préparer une publication basée sur une approche très similaire, où nous nous 

intéressons à la fois aux virus d’archées et de bactéries ayant assimilé le carbone du formate, puisque 

nous avons constaté que des bactéries enrichies en 13C étaient également abondantes au cours de ce 

type d’incubation. Plusieurs dizaines de contigs viraux de bactéries et archées sont actuellement en 

cours d’analyse. Nous nous concentrerons tout particulièrement sur la présence possible de gènes 

métaboliques auxiliaires. 

Une direction assez naturelle à l’issue de ces résultats serait d’isoler les virus d’archées méthanogènes 

identifiés. En effet, cela pourrait permettre d’isoler un premier virus fusiforme d’archée méthanogène, 

et d’étudier son cycle infectieux, sa biologie. Des premières tentatives en ce sens ont été effectuées 

en collaboration avec Diana P. Baquero et Mart Krupovic (Institut Pasteur), mais elles ont 

malheureusement été infructueuses. Il me semblerait important de persévérer dans cette voie, car 

l’interprétation biologique et écologique sur la seule base de séquences de contigs viraux peut être 

fortement limitée, et sujette à caution. 
 

C. Bilan et perspectives de recherche 
 

Arrivée au Cemagref à une période où les méthodes méta-omiques perçaient tout juste dans le 

domaine des biotechnologies environnementales, j’ai été heureuse de participer à l’élan de 

développement, appropriation et mise en œuvre, de ces méthodes à haut-débit. En biologie 

environnementale d’une manière générale, ces dernières ont permis d’accéder à une vision bien plus 

approfondie de la diversité et des fonctions associées aux communautés microbiennes. Sur le plan 

fondamental, cette exploration a permis la découverte de nombreux groupes microbiens, notamment 
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chez les archées, et a abouti à un retour en force du débat sur l’origine des eucaryotes et la place des 

archées dans l’histoire évolutive, suite à la découverte du groupe Asgard : les archées sont-elles sœurs 

ou mères des eucaryotes ? Aujourd’hui, c’est cette seconde hypothèse qui semble convaincre le plus 

de scientifiques. Ce débat a percolé auprès du grand public, avec par exemple la publication d’un article 

le 3 janvier 2023 dans Le Monde : « Un chaînon manquant éclaire l’origine des cellules nucléées », Eva-

Desvigne-Hansch. Ces dernières décennies d’exploration des communautés microbiennes 

environnementales ont également indiscutablement mis en lumière leur rôle majeur dans les cycles 

biogéochimiques de la planète, aspect tout aussi primordial et peut-être moins médiatisé. 

Cependant, des verrous demeurent encore pour aller d’une écologie principalement descriptive vers 

une écologie plus prédictive, nécessitant non-seulement des connaissances mais également une 

compréhension approfondie des phénomènes (Widder et al., 2016, Prosser, 2020). C’est typiquement 

le cas dans le domaine des biotechnologies environnementales, où les études méta-omiques 

s’accumulent sans pour l’instant déboucher sur des outils opérationnels concrets de management 

microbien. Des projets de recherche ont actuellement lieu dans différents laboratoires pour lever ce 

verrou. A PROSE, Olivier Chapleur et Laurent Mazéas mènent des études en ce sens. Des retombées 

concrètes pourraient commencer à émerger dans quelques années. 

Ainsi, les approches méta-omiques ont beaucoup apporté, mais leurs limites sont aujourd’hui aussi 

bien identifiées : les fonctions prédites sont généralement seulement hypothétiques, et de nombreux 

gènes n’ont pas fonction connue. La qualité des annotations dépend fortement du contenu des bases 

de données. Enfin, il s’agit de données complexes, dont l’interprétation connaît inévitablement des 

limites. Mettre en œuvre des approches complémentaires est indispensable, tel qu’employer d’autres 

outils d’écologie moléculaire, ou encore isoler et caractériser des souches pures, ce qui peut passer 

par la culturomique. 

A l’avenir, je souhaite que l’écologie virale et les approches méta-omiques continuent à occuper une 

place importante dans mes activités de recherches. Je perçois ces méthodes haut-débit comme un 

outil désormais incontournable. Je pense à court et moyen terme travailler dans la continuité de ce 

que j’ai développé ces quelques dernières années, en m’attachant à mieux cerner l’importance et les 

effets des virus microbiens au sein des bioprocédés anaérobies. Je mène en parallèle une réflexion sur 

la possibilité de m’orienter, à plus long terme, vers des bioprocédés dont les communautés 

microbiennes ont une diversité moins élevée, et sont moins caractérisées, que celles de la 

méthanisation. Il me semble en effet que le potentiel d’amélioration de tels procédés moins matures, 

sur la base de connaissance générées en écologie microbienne, y est peut-être plus élevé. De plus, un 

modèle avec une diversité microbienne plus limitée pourrait faciliter la démarche de compréhension 

des interactions écologiques et de la structuration des communautés. 
 

C.I Comprendre la structuration et les effets des populations de virus au sein des 

digesteurs anaérobies, en étudiant l’effet de facteurs abiotiques 

L’écologie virale des méthaniseurs émerge actuellement comme un sujet de fort intérêt. Plusieurs 

études ont été dédiées à l’exploration de la diversité des métaviromes dans les installations de 

méthanisations (Park et al., 2007, Wu & Liu, 2009, Chien et al., 2013, Calusinska et al., 2016, 

Willenbücher et al., 2022), mais encore relativement peu cherchent à comprendre les dynamiques 

(Zhang et al., 2017) et à identifier les facteurs susceptibles de les affecter, ou encore à déterminer 

l’impact des virus sur le fonctionnement des procédés de méthanisation (Rossi et al., 2022). Or il est 

établi pour d’autres écosystèmes que les virus peuvent avoir des effets divers et nombreux, comme 

cela est illustré ici pour le cas des bactériophages, les virus de bactéries (Figure 24). 
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Figure 24. Schéma conceptuel des effets des virus de bactéries à différents niveaux d’organisation du vivant. 
D’après (Allen & Abedon, 2013). 

 

Mon premier projet, tourné vers l’exploration de la diversité des virus d’archées méthanogènes, a mis 

en évidence la diversité et la relative abondance des virus infectant les archées méthanogènes dans le 

cas de la digestion de formate, renforçant l’idée que les virus pourraient avoir des effets importants 

au sein des digesteurs. Nous avons en particulier identifié certains virus qui semblent tempérés 

(présence de gène d’intégrase) et d’autres virulents (absence de gènes caractéristiques de virus 

tempérés). Cela suggère que les virus d’archées méthanogènes, et plus largement les virus de 

bactéries, pourraient avoir des effets sur les digesteurs par différents mécanismes : mortalité des 

hôtes, mais aussi transfert ou régulation de gènes, effets sur la valeur sélective des hôtes (fitness), etc. 

Par la suite, je souhaiterais donc mettre en œuvre des projets visant à étudier les effets possibles des 

virus au sein des communautés microbiennes, et à en décrypter les mécanismes. Je pense me focaliser 

sur l’effet de certains facteurs abiotiques susceptibles d’affecter la composition des métaviromes, afin 

de mieux cerner le rôle des virus au sein des méthaniseurs. 

Une bourse de thèse de l’école doctorale ABIES a été obtenue pour Marion Covès, qui a débuté ses 

travaux en octobre 2020 (co-encadrement : Laurent Mazéas). Son projet est encore en cours et 

s’intitule : « Effet d’inhibitions abiotiques de la digestion anaérobie sur les virus des écosystèmes de 

méthanisation ». L’objectif est d’évaluer, en microcosmes de digestion anaérobie mésophiles 

discontinus (batch), l’effet de différents composés chimiques connus pour inhiber la méthanisation, 

sur la composition des métaviromes. L’hypothèse sous-jacente est que parmi ces facteurs abiotiques, 

certains pourraient activer le cycle lytique de provirus. Trois inhibiteurs de la méthanisation déjà 

étudiés au sein de l’unité INRAE PROSE ont été retenus, afin de capitaliser sur l’expérience déjà 

acquise : le phénol, l’ammonium (sous la forme NH4Cl) et le sel (NaCl). En outre, la mytomicine C a été 

employée comme agent bien connu d’induction des provirus. 

Ce questionnement est très proche de celui de (Rossi et al., 2022), dont les travaux ont été initiés de 

manière indépendante et publiés très récemment. En microcosmes de méthanisation, les auteurs ont 

étudié l’effet de différents facteurs de stress connus pour stimuler l’induction de prophages : oxygène, 
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température, pH, salinité, et surcharge organique. La mitomycine C y a également été employée 

comme contrôle. Dans le cas de (Rossi et al., 2022), comme dans le nôtre, les éléments disponibles ne 

suggèrent pas de phénomène d’induction massive de provirus. Ainsi, la composition des métaviromes 

des méthaniseurs semble être dans ces deux études principalement pilotée par la dynamique des 

hôtes cellulaires. Les virus ne semblent pas causer d’aggravation significative des dysfonctionnements 

des méthaniseurs. Dans un autre type d’environnement, les cheminées hydrothermales en eaux peu 

profondes, il a été considéré que les virus tempérés pourraient être des acteurs majeurs du cycle du 

carbone (Rastelli et al., 2017). Dans le cas de la méthanisation, les hôtes présentent une grande 

diversité et une certaine redondance fonctionnelle ; il semble donc plausible que les virus, étant 

abondants, aient un effet sur les flux élémentaires, sans toutefois causer de dysfonctionnement. 

Concernant la méthanisation, ce sont les toutes premières études sur le sujet et il n’existe pas de 

certitude à ce jour. 

La force ionique m’est apparue comme un autre paramètre d’intérêt en lien avec les dynamiques 

hôtes-virus dans les méthaniseurs. Il est en effet rapporté dans la littérature que les particules virales 

sont plus abondantes dans les environnements salins, et que la force ionique a une influence sur 

l’adsorption des particules virales aux cellules hôtes (Kukkaro & Bamford, 2009) ou au sol (Kimura et 

al., 2008). Au sein des méthaniseurs, la force ionique est susceptible de varier selon la nature de 

l’alimentation et le mode d’opération (voie humide ou voie sèche). Il pourrait donc être intéressant 

d’évaluer, en microcosmes de méthanisation, si la force ionique a un effet sur les dynamiques hôtes-

virus et l’abondance des particules virales. Pour cela, je déposerai en 2023 une lettre d’intention à 

l’ANR (projet VIRALSONG), sous la forme d’un projet collaboratif. PROSE étudierait donc, en 

microcosmes, l’effet de la force ionique. Les partenaires du projet aborderaient des questions 

complémentaires : INRAE LBE et INRAE MICALIS examineraient l’effet du taux de siccité sur 

l’abondance et la dynamique des virus, tandis que l’Institut Pasteur (Archaeal virology) isolerait des 

virus d’archées méthanogènes. L’université de Padova, partenaire non-financé, renforcerait les 

compétences en analyses métagénomiques. Ce cadre collaboratif permettrait d’avancer sur plusieurs 

fronts complémentaires, pour développer de manière significative les connaissances en écologie virale 

des méthaniseurs. 
 

C.II Travailler à l’échelle de virus isolés, pour mieux comprendre leur biologie 

La démarche d’isolation et caractérisation de virus me paraît indispensable en complément des 

approches métagénomiques. Comme évoqué précédemment, la métagénomique employée seule ne 

permet pas d’obtenir des conclusions très solides concernant la biologie des virus présents. De plus, 

dans ces approches shotgun, de nombreuses séquences de génomes viraux demeurent incomplètes, 

lorsque l’on utilise la technologie Illumina seule. 

D’après les résultats obtenus lors des projets récents (VIRAME, doctorat Marion Covès), de nombreux 

virus identifiés n’ont pas de lien de parenté significatif avec les familles virales connues, bien 

qu’appartenant à la classe Caudoviricetes (virus tête-queue). D’autres présentent des similarités avec 

des virus du microbiote intestinal, ce qui semble cohérent (environnement de fermentation 

anaérobie). Cependant, ces similarités restent limitées, il s’agit dans la plupart des cas de familles 

virales différentes. La diversité virale des méthaniseurs semble donc spécifique, et ceci confirme 

l’intérêt d’étudier leurs virus de manière plus approfondie. 

Dans le cadre du projet VIRALSONG qui sera déposé à l’automne prochain, il est prévu comme évoqué 

ci-dessus que des virus d’archées méthanogènes soient isolés à l’Institut Pasteur. Les virus d’archées 

méthanogènes constituent une cible de choix car très peu sont encore caractérisés (Tableau 4), alors 

que les archées méthanogènes sont elles-mêmes très diverses, couvrant au moins 7 ordres 
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phylogénétiques distincts. De plus, les archées méthanogènes représentent un groupe fonctionnel clé 

des procédés de méthanisation, catalysant l’étape ultime de méthanogenèse. Enfin, le contrôle des 

archées méthanogènes représente un enjeu plus large en lien avec la problématique du réchauffement 

climatique, le méthane étant un puissant gaz à effet de serre : la caractérisation de virus d’archées 

méthanogènes pourrait contribuer à l’établissement de bases scientifiques pour la mise en place de 

(bio)contrôle des archées méthanogènes, par exemple dans le cas des tubes digestifs des ruminants. 

INRAE PROSE n’est pas spécialisée dans la culture de souches pures. Fonctionner par collaboration est 

donc intéressant, au moins dans un premier temps. A terme, je n’exclus pas la possibilité d’isoler des 

virus à PROSE, dans la mesure où cette activité est très complémentaire des analyses de métaviromes 

et qu’elle est souvent menée de pair (exemples : INRAE MICALIS, INRAE SAYFOOD, et CAU Institute for 

General Microbiology à Kiel en Allemagne). Cela permet de tirer tout le bénéfice de cette 

complémentarité métagénomique/cultures de souches pures. 
 

C.III Explorer d’autres types de procédés, avec des approches d’écologie synthétique 

J’ai débuté très récemment une réflexion pour m’orienter, à plus long terme, vers des approches 

d’écologie synthétique. Ce volet de l’écologie microbienne est en plein essor et apparaît comme une 

piste prometteuse pour lever des verrous bien identifiés dans le domaine, tels qu’atteindre une 

meilleure compréhension des mécanismes de structuration des communautés microbiennes, et ainsi 

développer une écologie microbienne plus prédictive (Großkopf & Soyer, 2014, Widder et al., 2016). 

Etant consciente des limites des méthodes méta-omiques et de leur insuffisance, je suis désireuse de 

pouvoir mettre en œuvre des approches complémentaires et favorisant la compréhension du 

fonctionnement des communautés microbiennes. 

Les systèmes de biocathodes, qui permettent la biosynthèse de composés d’intérêt par réduction de 

substrats comme le CO2, pourraient constituer un modèle intéressant d’un point de vue fondamental 

et appliqué, mais mes réflexions sont encore à approfondir à ce stade. Tout d’abord, les procédés de 

biotechnologies environnementales reposant sur des systèmes bioélectrochimiques ne sont, pour la 

plupart, pas encore matures : les recherches en écologie microbienne sur ces systèmes ont peut-être 

un plus fort potentiel de retombées opérationnelles que pour des technologies plus matures. D’un 

point de vue scientifique, la diversité microbienne aux biocathodes, alimentées par des substrats 

simples, peut être supposée plus faible que dans les méthaniseurs, traitant des biodéchets complexes. 

Ceci pourrait être un avantage pour décrypter plus aisément les interactions et favoriser la 

compréhension de la communauté microbienne, au-delà de la description. Il pourrait en particulier 

être intéressant de s’y intéresser aux interactions hôtes-virus, en lien avec mes précédentes 

recherches. 

Une approche dite top-down (simplifier les communautés microbiennes par dilution) semblerait 

adaptée dans un premier temps, permettant de traiter des questions pertinentes d’un point de vue 

opérationnel et écologique, et s’intégrant bien au cadre de l’unité INRAE PROSE. Nous y menons en 

premier lieu des recherches sur les communautés microbiennes et ne sommes pas spécialiste de la 

caractérisation et la manipulation de souches pures. Il serait en particulier pertinent de déterminer s’il 

existe un niveau optimal de diversité microbienne pour la stabilité et les performances du procédé. 

Une autre question à considérer avant cela est l’intérêt, d’un point de vue opérationnel, d’utiliser un 

consortium microbien ou un cocktail de souches, plutôt qu’une souche unique optimisée, étant donné 

la simplicité du substrat utilisé. On peut imaginer que l’utilisation d’un consortium performant pourrait 

permettre de travailler en conditions non-stériles, ce qui autoriserait des procédés moins coûteux. Du 

point de vue de la performance, l’étude de (Pande et al., 2014) est particulièrement intéressante. Elle 

a montré que deux souches d’Escherichia coli modifiées génétiquement et dépendantes l’une de 
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l’autres par cross-feeding étaient généralement plus performantes qu’une souche non-déficiente sans 

partenaire. Ceci pourrait s’expliquer par une division de la charge métabolique : le coût de valeur 

sélective (fitness) lié à la surproduction de certains acides aminés était inférieur au bénéfice de ne pas 

avoir à en produire d’autres, lorsqu’ils étaient fournis par le partenaire. Cela suggère que même pour 

la bioconversion d’un substrat simple, un certain niveau de diversité pourrait présenter des avantages. 

D’un point de vue pratique, il y a peu de croissance de biomasse aux cathodes, et ces systèmes peuvent 

difficilement être opérés en conditions stériles, ce qui peut poser des questions de faisabilité. Il est 

donc nécessaire d’évaluer de manière plus approfondie la pertinence d’un tel projet. Un stage co-

encadré par Théodore Bouchez et moi-même est en cours à INRAE PROSE, pour la mise en place de 

biocathodes : cela pourrait être l’occasion d’évaluer la faisabilité et le potentiel de cette approche. 

D. Conclusions 
 

Ces 3 années passées en thèse à l’Institut Pasteur sur l’étude de virus d’archées acidothermophiles, 

puis ces 14 années en poste à INRAE (ex-Irstea, ex-Cemagref) dédiées à la caractérisation des 

communautés microbiennes de la méthanisation, m’ont permis d’aborder différentes questions de 

recherche liées aux aspects de diversité microbienne et virale, et de déterminisme de la structuration 

des communautés microbiennes. Mon intégration au sein d’une unité multidisciplinaire, sur des 

questions d’écologie microbienne et de développement d’approches méta-omiques représentait pour 

moi un défi, bien que très stimulant. Dans cette situation, je me suis d’abord orientée vers des 

thématiques relativement bien établies au sein de l’unité (méthanisation de la cellulose), tout en y 

apportant de nouveaux éléments, avec le développement de nouvelles collaborations, par exemple 

pour caractériser des substrats cellulosiques manufacturés. J’ai employé une démarche que je 

qualifierais de principalement exploratoire et descriptive, ce qui était plus aisé dans cette phase de 

développement et d’appropriation des méthodes métaprotéomiques et métagénomiques au sein de 

l’unité, à laquelle j’ai contribué de façon substantielle. Ces approches constituent aujourd’hui l’un des 

éléments forts de l’identité de notre unité. J’ai par la suite pu développer une thématique de recherche 

plus personnelle, en écologie virale de la méthanisation, et j’ai en parallèle établi des collaborations 

pour développer des recherches plus directement liées à des questions opérationnelles. 

En cohérence avec mon parcours professionnel récent, je souhaiterais aujourd’hui approfondir les 

aspects d’écologie virale des procédés de biotechnologies environnementales anaérobies, afin 

notamment de pouvoir aller au-delà des aspects purement descriptifs et de contribuer à développer 

une meilleure compréhension des effets des virus au sein de ce type d’écosystèmes. Ces questions 

sont encore très peu abordées au sein de notre communauté scientifique, bien qu’une tendance à 

l’augmentation soit perceptible. L’écologie virale est déjà bien développée pour d’autres types 

d’écosystèmes, ce qui devrait faciliter et inspirer ce type de recherches dans le domaine des 

biotechnologies environnementales. 

Toujours dans l’optique d’aller vers plus de compréhension des écosystèmes, je souhaiterais à moyen 

et long terme m’orienter vers des communautés microbiennes de procédés de moindre diversité, et 

également moins connues, en employant potentiellement des approches d’écologie synthétique. Le 

recours à des modèles réductionnistes est une tendance actuelle forte en écologie microbienne, 

considérant que des systèmes plus simples peuvent favoriser une meilleure compréhension et que 

travailler à différentes échelles de diversité apporte des complémentarités bénéfiques pour avancer 

vers une écologie plus prédictive.  
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Curriculum vitae 
 

 

Expérience professionnelle 
Depuis 2008, j’occupe une poste de chercheuse en écologie microbienne à Antony (92), avec un statut 

d’IPEF en position normale d’activité. J’ai rejoint ce poste en 2008. Cependant les contours de l’unité, 

le nom de l’institut et son périmètre ont changé à plusieurs reprises. Mes principaux sujets d’intérêt 

sont les suivants : 

 Ecologie microbienne des procédés de biotechnologie environnementale 

 Diversité et dynamique des virus dans les écosystèmes de digestion anaérobie (depuis 2017) 

 Hydrolyse et digestion anaérobie des déchets lignocellulosiques (depuis 2010) 

 Mise en œuvre de méthodes méta-omiques pour comprendre la structuration et le 

fonctionnement des écosystèmes microbiens 

 Développement d’un système d’information pour les données méta-omiques issues de 

procédés de biotechnologie environnementale (DeepOmics) 

 

Depuis 2020 Université Paris-Saclay, INRAE PROSE (1461, Procédés biotechnologiques au service 

de l’environnement), Centre Île-de-France - Jouy-en-Josas-Antony, Université Paris-Saclay, chercheuse 

en écologie microbienne.  

2019-2020 Irstea PROSE, chercheuse en écologie microbienne 

2012-2019 Irstea HBAN, chercheuse en écologie microbienne 

2008-2012 Cemagref HBAN, chercheuse en écologie microbienne 

2005-2008 Doctorat en microbiologie sur les virus d’archées acidothermophiles, sous la direction 

de David Prangishvili. Institut Pasteur, BMGE (Biologie Moléculaire du Gène chez les Extrêmophiles), 

Paris. Ecole doctorale Ville et Environnement, Ecole Nationale des Ponts et Chaussées, Université Paris-

Est. 

 

Formation 
2004-2005 Master 2 Approches interdisciplinaires du vivant (AIV), Ecole Normale Supérieure 

Paris et Université Paris 7 

2002-2004 Ecole Nationale des Ponts et Chaussées, Champs-sur-Marne - Corps des Ponts et 

Chaussées, Voie Ville, Environnement, Transport 

1999-2002 Ecole Polytechnique, Palaiseau - Majeures Biologie et Economie 

 

Enseignement 
Depuis 2017 Ecole des Ponts ParisTech, enseignement pour les élèves de 1ère année 

Cours d’Introduction aux Sciences du Vivant, ~ 6 h/an 

Encadrement d’un projet d’initiation à la recherche en écologie microbienne, ~ 10 h/an, 6 élèves 

Depuis 2012 AgroParisTech, UE Biotechnologie Microbienne pour l’Environnement, approches 

méta-omiques pour les procédés de biotechnologie environnementale, ~ 3 h/an 

Depuis 2018 Ecole Polytechnique, Environmental Engineering and Sustainability Management 

Master, Approches méta-omiques pour les procédés de biotechnologie environnementale, ~ 2 h/an 
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Depuis 2022 Sorbonne université, Master 1 de Biologie, UE Diversité et fonctions des 

microorganismes : du microbiote humain et animal aux écosystèmes naturels, écologie microbienne 

de la méthanisation, ~ 1h30/an 

 

Encadrement 
 

Stagiaires de Master ou d’école d’ingénieur 
11 stagiaires en tant qu’encadrante ou co-encadrante principale 

2023 Baptiste Rousseau, 6 mois, Université de Paris Cité, Master 2 de Bioinformatique, 

Développement d’un connecteur et d’une interface logicielle entre DeepOmics, un système 

d’information de données biologiques de la méthanisation, et les outils de soumission des données de 

séquençage à l’European Nucleotide Archive (ENA) de l’Institut Français de Bioinformatique (IFB) 

2022 Caroline Talleu, 6 mois, co-accréditation Université Bretagne Occidentale (UBO) et Université 

de Rennes 1 (UR1), Master 2 Microbiologie Fondamentale et Appliquée (MFA), A la recherche de 

nouveaux virus d’archées grâce à des approches combinant isotopie et analyses bioinformatiques de 

métaviromes 

2021 Sleheddine Kastalli, 6 mois, Université Paris Diderot, Master 2 Biologie Informatique, Analyse 

statistique des communautés microbiennes dans les systèmes bioélectrochimiques 

2021 Lucia Ripol Malo, 6 mois, Université de Pau (UPPA), Master 2 Biologie Moléculaire et 

Microbiologie de l'Environnement (BME). University of Pau et University of Oviedo (Espagne), 

Biotechnology of Environment and Health, Diversité des communautés microbiennes et des particules 

virales au sein de méthaniseurs de déchets organiques en Ile-de-France 

2020 Ferran Colomies, 6 mois, Sorbonne Université, Master 2 de Microbiologie Environnement 

Santé, Etudier les virus d’archées méthanogènes au sein des communautés microbiennes complexes de 

méthaniseurs : exploration d’approches in silico et expérimentales 

2019 Maximilien Sotomski, 6 mois, Sorbonne Université, Master 2 Microbiologie-Environnement-

Santé, Vers une nouvelle méthode moléculaire pour établir le lien entre les virus d’archées et leur hôte 

au sein d’écosystèmes de digestion anaérobie 

2019 Oumar Telly Diallo, 2 mois Université Paris-Saclay, Master 1 Biodiversité et Génome, 

Démonstration de fouille de données de biotechnologies environnementales - Effets de l’inhibition par 

le phénol ou l’ammoniac sur les communautés microbiennes de réacteurs de méthanisation 

2018 Maxime Allioux, 6 mois, Université Paris-Saclay, Master 2 Génomique et Environnement, Vers 

une nouvelle approche basée sur le Stable Isotope Probing pour mettre en évidence les associations 

entre les virus et leur hôte 

2017 Lilia Ahmed Zaid, 6 mois, Université de Bordeaux, Master 2 Bioinformatique, Analyse du lien 

entre puissance métabolique et entropie du génome chez les micro-organismes 

2013 Elodie Perrin, 6 mois, Université Pierre et Marie Curie, Master 2 Microbiologie Appliquée à 

l’Environnement et à la Santé, Diversité de virus présents dans les bioprocédés de méthanisation 

2010 Amandine Barket, 6 mois, Université Paris-Sud 11, Master 2 Microbiologie Appliquée et Génie 

Biologique, Colonisation de la cellulose et performances de sa dégradation anaérobie : comparaison 

d'inoculums issus de différentes installations de traitements des déchets 
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6 autres stagiaires co-encadrés 

2023 Julien Gordonnat, 5 mois, Université Bretagne Sud, Master 1 en Biotechnologies, Etude des 

dynamiques microbiennes au sein d’un microméthaniseur en vue de l’identification de nouvelles 

stratégies opératoires 

2023 Louise Rigaud, 6 mois, Université Technologique de Compiègne (5ème année), Préparation et 

caractérisation de consortia microbiens électrotrophes 

2020 Chloé Soulard, 6 mois, Université Technologique de Compiègne (2ème année), Etude de 

l’inhibition de la digestion anaérobie des boues urbaines par l’acide propionique 

2013 Mathilde Lagesse, 6 mois, Chimie ParisTech (2ème année), Mise en place d’un protocole de 

détection in situ des gènes impliqués dans l’hydrolyse de la cellulose. Application à l’observation et au 

suivi de la colonisation de déchets lignocellulosiques modèles lors de leur méthanisation. 

2012 Romain Guyonnet, 6 mois, Université Paris Diderot, Master 2 Microbiologie Fondamentale, 

Etude du prétraitement mécanique par broyage de déchets lignocellulosiques modèles : Influence sur 

les dynamiques de colonisation et de dégradation de Clostridium cellulolyticum 

2010 Carolina Hoyos, 6 mois, Université Paris-Est Créteil (UPEC), Master 2 Ingénierie biologique 

pour l'environnement (IBE), Potentiel de dégradation du S-métolachlore dans les zones humides 

artificielles : une évaluation en microcosmes. 
 

Doctorants 
3 doctorants en tant que co-encadrante principale 

2020-2022 Marion Covès, Ecole doctorale ABIES, Université Paris-Saclay, Effet d’inhibitions 

abiotiques de la digestion anaérobie sur les virus des écosystèmes de méthanisation. Direction de 

thèse : Ariane Bize (INRAE PROSE, ADR). 

2019-2021 Hoang Ngo, Ecole doctorale ABIES, Université Paris-Saclay. Caractérisation génomique 

de virus d’archées et de bactéries au sein de procédés de digestion anaérobie par le couplage 

d’approches isotopiques et métagénomiques. Direction de thèse : Théodore Bouchez (INRAE PROSE). 

2010-2014 Nelly Badalato, Ecole doctorale ABIES, AgroParisTech, Structure de déchets 

lignocellulosiques : effets sur la colonisation, les communautés microbiennes et les performances de 

méthanisation, caractérisés par des approches fonctionnelles et haut-débit. Direction de thèse : Jean-

Jacques Pernelle (Irstea HBAN). 
 

4 autres doctorants en co-encadrement 

2017-2021 Franciele P Camargo, Université de São Paulo, Brésil, Obtention de biogaz et d’autres 

composes d’intérêt biotechnologique à partir du traitement de résidus d’agrumes. 

2017-2020 Lays P Leonel, Université de Campinas, Brésil, Effets de la réutilisation d’eaux usées 

traitées en agriculture. 

2009-2013 Andreia F Salvador, Université de Minho, Portugal, Analyse fonctionnelle 

d’écosystèmes microbiens dégradant les acides gras à longue chaîne par syntrophie. 

2009-2013 Liping Hao, Université de Tongji, Chine, Irstea, France, Structure microbienne dans des 

granules anaérobies thermophiles, à différentes concentrations d’azote ammoniacal. 
 

Post-doctorants 
En co-encadrement 

2017-2018 Tiago P Delforno, Université de Campinas, Brésil – Irstea, France, Fouille de données 

méta-omiques pour les procédés biotechnologiques de digestion anaérobies 
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2014-2015 Sabine Podmirseg, Université d’Innsbruk, Autriche – Irstea, France, 

Métatranscriptomique et métagénomiques des champignons anaérobies. 

2013-2015 Liping Hao, Déploiement des approches omiques afin de diagnostiquer les causes de 

dysfonctionnement de digesteurs et proposer de nouveaux modes de gestion. 

2009-2013 Lü Fan, Université de Tongji, Chine – Irstea, France, Protéogénomique de l’hydrolyse 

de la cellulose dans des écosystèmes microbiens anaérobies naturels et de procédés 
 

Projets de recherche 
(Sauf indication contraire, le budget total de chaque projet est mentionné). 

2023  programme EC2CO INSU-CNRS, projet DEPICTO, 7,8 k€, Déchiffrer par epicPCR des 

interactions cellules-virus au sein de méthaniseurs de déchets organiques – Coordinatrice scientifique. 

2023-(2027) action du programme MOCOPEE, 10 k€/an, Etudier les relations entre la diversité 

microbienne et le fonctionnement des systèmes industriels, pour une application opérationnelle des 

outils de biologie moléculaire dans la conduite des procédés de traitement anaérobie- Coordinatrice 

scientifique 

2023-2026 HORIZON-INFRA-2022-TECH-01, BIOINDUSTRY 4.0, total de 10 M€, (101094287, 

Research and Innovations Actions), RI services to promote deep digitalization of Industrial 

Biotechnology - towards smart biomanufacturing - Partenaire scientifique 

2022-2023 INRAE, Département MICA, 30 k€, MISTRAL, Compréhension du déterminisme de la 

dynamique taxonomique au sein des niches écologiques d’un microméthaniseur, en vue de 

l’identification de nouvelles stratégies opératoires de pilotage de la digestion anaérobie - Partenaire 

scientifique 

2022-2025 3BCAR projet de ressourcement MEMOS, total de 197 k€, Entrepôts facilitant la fouille 

de données méta-omiques dans le domaine des biotechnologies environnementales, afin de favoriser 

la maîtrise des systèmes microbiens complexes, Coordinatrice scientifique 

2020-2021 INRAE, Département MICA, 30 k€, financement pour la poursuite du développement 

de DeepOmics (Digital Environmental Engineering Platform for Omics data) - Coordinatrice scientifique 

2018-2022 action du programme MOCOPEE, 50 k€, Systèmes de traitement anaérobies des boues 

d’épuration urbaines : mieux comprendre le lien entre communautés microbiennes et fonctionnement 

– Partenaire scientifique (projet coordonné par l’Université de Rennes I, ECOBIO, France). 

2017-2021 ANR JCJC VIRAME, 248 k€ (ANR-17-CE05-0011-01) incluant le financement d’une thèse 

sur “Caractérisation in situ du contenu génomique de virus d’archées méthanogènes au sein de 

bioprocédés de fermentation de déchets organiques” (https://virame.inrae.fr/) – Coordinatrice 

scientifique 

2014-2019 Irstea, ~50 personnes.mois d’ingénieur en informatique (appel d’offre interne 

compétitif), projet en informatique scientifique concernant le développement d’un entrepôt pour les 

données méta-omiques de procédés de biotechnologies environnementales (DeepOmics, Digital 

Environmental Engineering Platform for Omics data) – Chef fonctionnel de projet 

2010-2013 Région Île-de-France, 177 k€ (R2DS 2010-08) incluant une bourse de doctorat sur la 

co-digestion de déchets organiques – Coordinatrice scientifique 

2010-2013 Irstea, demi-bourse de doctorat (appel d’offre interne compétitif) sur les liens entre 

la colonisation microbienne de la lignocellulose et les performances de sa dégradation en conditions 

anaérobies – Encadrante de la doctorante 
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Jury et comité de thèse 
2022-2024 membre du comité de thèse de Julia Gendre, Université Paris Saclay, ED ABIES, 

Caractérisation de l’impact des bactériophages sur la conduite de fermentations alimentaires, (INRAE 

SayFood, Palaiseau, co-encadrants : Claire Le-Hénaff-Le-Marrec (INRAE Oenologie) et Eric Dugat-Bony, 

directrice de thèse : Sophie Landaud) 

2019  membre externe du jury de thèse de Sarah Thiroux, Université de Bretagne 

Occidentale, EDSM, Etudes des interactions entre virus et hôtes archéens hydrothermaux 

hyperthermophiles (UBO LM2E, Brest – directeurs de thèse : Claire Geslin and Anne Godfroy) 

2018  membre externe du jury de thèse de Jeffrey Cornuault, Université Paris-Saclay, ED 

ABIES, Impact des phages tempérés sur la stabilité du microbiote intestinal : la lysogénie n'est pas un 

long fleuve tranquille (équipe Phage, INRAE MICALIS, Jouy-en-Josas – encadrante : Marianne de Paepe, 

directrice de thèse : Marie-Agnès Petit) 

2010-2013 membre du comité de thèse de Charles Motte, Université de Montpellier II, ED SPSA, 

Digestion anaérobie par voie sèche de résidus lignocellulosiques : Etude dynamique des relations entre 

paramètres de procédés, caractéristiques du substrat et écosystème microbien (INRAE LBE, Narbonne 

– encadrante : Claire Dumas, directeurs de thèse : Jean-Philippe Delgenes, Nicolas Bernet) 
 

Autres comités, expertise 
2022  Présidente du jury pour le concours externe INRAE de recrutement de techniciens de 

recherche en génomique (n°TRA09) 

2021-2024 Membre élue du Conseil Scientifique du Département MICA d’INRAE (Microbiologie 

de la chaîne alimentaire) 

2018  Membre du comité de sélection pour le recrutement d’un maître de conférences en 

microbiologie/bactériologie à Paris Sorbonne Université (n°65MCFl054 (0017) 

2014-2016 Participation à l’analyse stratégique collective (Asco) « Biologie de synthèse pour la 

chimie, l’énergie et l’environnement » pour AllEnvi, alliance nationale de recherche pour 

l'environnement 

 

Publications 
24 publications dans des revues internationales à comité de lecture 
 

Articles de recherche 

1. Viveros ML, Azimi S, Pichon E, Roose-Amsaleg C, Bize A, Durandet F, Rocher V. 2022. Wild type 

and variants of SARS-COV-2 in Parisian sewage: presence in raw water and through processes in 

wastewater treatment plants. Environmental Science and Pollution Research, 29:67442-67449, 

https://doi.org/10.1007/s11356-022-22665-x. 

2. Ngo VQH, Enault F, Midoux C, Mariadassou M, Chapleur O, Mazéas L, Loux V, Bouchez T, 

Krupovic M, Bize A. 2022. Diversity of novel archaeal viruses infecting methanogens discovered 
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Metaproteomics of cellulose methanisation under
thermophilic conditions reveals a surprisingly high
proteolytic activity
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Olivier Chapleur1, Laurent Mazéas1, Pinjing He2 and Théodore Bouchez1
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Cellulose is the most abundant biopolymer on Earth. Optimising energy recovery from this
renewable but recalcitrant material is a key issue. The metaproteome expressed by thermophilic
communities during cellulose anaerobic digestion was investigated in microcosms. By multiplying
the analytical replicates (65 protein fractions analysed by MS/MS) and relying solely on public
protein databases, more than 500 non-redundant protein functions were identified. The taxonomic
community structure as inferred from the metaproteomic data set was in good overall agreement
with 16S rRNA gene tag pyrosequencing and fluorescent in situ hybridisation analyses. Numerous
functions related to cellulose and hemicellulose hydrolysis and fermentation catalysed by bacteria
related to Caldicellulosiruptor spp. and Clostridium thermocellum were retrieved, indicating their
key role in the cellulose-degradation process and also suggesting their complementary action.
Despite the abundance of acetate as a major fermentation product, key methanogenesis enzymes
from the acetoclastic pathway were not detected. In contrast, enzymes from the hydrogenotrophic
pathway affiliated to Methanothermobacter were almost exclusively identified for methanogenesis,
suggesting a syntrophic acetate oxidation process coupled to hydrogenotrophic methanogenesis.
Isotopic analyses confirmed the high dominance of the hydrogenotrophic methanogenesis. Very
surprising was the identification of an abundant proteolytic activity from Coprothermobacter
proteolyticus strains, probably acting as scavenger and/or predator performing proteolysis and
fermentation. Metaproteomics thus appeared as an efficient tool to unravel and characterise
metabolic networks as well as ecological interactions during methanisation bioprocesses. More
generally, metaproteomics provides direct functional insights at a limited cost, and its attractiveness
should increase in the future as sequence databases are growing exponentially.
The ISME Journal advance online publication, 8 August 2013; doi:10.1038/ismej.2013.120
Subject Category: Integrated genomics and post-genomics approaches in microbial ecology
Keywords: anaerobic digestion; Caldicellulosiruptor; cellulosome; Clostridium thermocellum;
Coprothermobacter proteolyticus; metaproteomics

Introduction

Lignocellulosic materials including paper, textile,
wood, yard trimmings and crop straws are dominant
in municipal solid waste (MSW), agricultural waste
and energy crops. Lignocellulose is the most
abundant biochemical renewable energy source on
Earth, because the bioenergy it contains can be
recovered by cost-effective and robust anaerobic
digestion technologies that are now widely applied.
These processes involve sophisticated self-assembled
and largely uncultured microbial communities

comprising tens to hundreds of operational taxon-
omy units (Chouari et al., 2005; Krause et al., 2008;
Kröber et al., 2009; Riviere et al., 2009). However,
various biotechnological barriers still hinder a fully
optimised process operation. Major issues include
the polysaccharide hydrolysis efficiency, the metha-
nogenesis stability and the sensitivity to inhibitions
and disturbances (Chen et al., 2008; Ward et al.,
2008; Ganidi et al., 2009; Holm-Nielsen et al., 2009).
To better pilot anaerobic bioprocesses, additional
functional insight into the catalysis of complex
organic substrate digestion by the anaerobic
microbial communities is required.

Significant progress has been achieved over the
last few years. Fluorescent in situ hybridisation
(FISH) approaches contributed to the identification
of cellulolytic bacteria in various anaerobic environ-
ments (O’Sullivan et al., 2007). Isotopic labelled
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substrates were exploited to identify the functional
microbial groups catalysing the methanisation of
cellulose using stable isotope probing (Li et al.,
2009). Several metagenomic studies shed light on
the identity of the functional groups and provided
an extended catalogue of the catalytic potential
(Krause et al., 2008; Schlüter et al., 2008;
Jaenicke et al., 2011; Rademacher et al., 2012).
However, these approaches do not generate direct
information on the expressed genes and associated
metabolic processes. Recently, metatranscriptome
sequencing provided insight into the metabolically
active communities of a mesophilic biogas
plant (Zakrzewski et al., 2012). Two metaproteomic
approaches were implemented on similar anaerobic
systems, and the feasibility of such approaches
was proved (Abram et al., 2011; Hanreich et al.,
2012), and more specifically on the complex
matrix of anaerobic lignocellulose-degrading com-
munities (Hanreich et al., 2012). Both based
on a two-dimensional gel separation, they enabled
the identification of a few dozen functions in the
case of psychrophilic anaerobic digestion of
glucose-fed wastewater (Abram et al., 2011) and of
a dozen functions for methanisation of agricultural
biomass in thermophilic conditions (Hanreich et al.,
2012).

As thermophilic methanisation is currently
emerging as a promising process (van Lier et al.,
2001), we investigated the metaproteome obtained
from a microcosm containing office paper and
inoculated with stabilised digestate from a thermo-
philic MSW anaerobic digester, with the objective of
achieving a comprehensive view. To increase the
identification depth, a combination of various
separation techniques was employed, and a high
number of protein fractions were analysed. The
possibility of obtaining valuable information based
solely on public protein databases was questioned.
For this, identification results using the UniprotKB
database were compared with analyses of the
microcosm generated independently by a polypha-
sic approach (16S rRNA gene pyrosequencing, FISH,
stable isotopic fractioning signatures of methano-
genesis processes). Encouragingly, more than 500
non-redundant protein functions were identified, and
the complementary approaches were in overall good
agreement.

After presenting an overview of the metapro-
teomic data set and assessing its validity, functional
insights are presented with a focus on each
methanisation step (hydrolysis, fermentation, aceto-
genesis and methanogenesis) and on unexpectedly
high proteolytic activities.

Materials and methods

Anaerobic incubations
Sludge was sampled from a 21-m3 thermophilic
anaerobic industrial pilot digester located in France,

fed with the organic fraction of MSW. The sample
was sieved, stabilised at 55 1C, centrifuged at
13 100 g at 4 1C, aliquoted and stored at � 80 1C to
serve as inoculum. In each of five 1-l bottle
(replicates A–E), 5 g unprinted office paper, 10 g
inoculum (wet mass) and 500 g Biochemical
Methane Potential buffer (EN-ISO-11734, 1998) were
added (see also Supplementary Materials Section S0).
Three similar microcosms without paper were set
up as control. The bottles were rubber-sealed, the
headspace was purged with N2 and all microcosms
were incubated in anaerobic and thermophilic
conditions (55±0.5 1C).

Chemical analyses
The degradation dynamics was assessed by measur-
ing the biogas production and composition, pH,
concentrations of total organic carbon, total inor-
ganic carbon and volatile fatty acids in the liquid
phase. The biogas isotopic composition was
analysed by determining d13CH4 and d13CO2 values
and calculating the apparent fractionation factor aC

(Qu et al., 2009). Biogas production and composi-
tion were assessed as described in Qu et al. (2009).
The detected gas included CO2, CH4, H2S, N2, H2

and O2. The liquid samples were recovered with a
syringe and needle through the rubber septum.
They were centrifuged briefly at maximum speed
in a bench centrifuge to separate the liquid phase
from the cell-containing pellet. The pH was
measured on the liquid phase just after sampling.
The supernatants and pellets were stored separately
at � 80 1C for further chemical and biological
analyses.

Protein preparation and mass spectrometry analyses
Proteins were extracted and purified from 50 ml
samples of the paper anaerobic incubation (replicate
A, day 60) using a protocol from Wilmes and Bond
(2004), modified to handle samples from a MSW
digester containing much debris. Briefly, cells were
disrupted by bead-beating in the lysis buffer, and the
proteins were purified from the obtained super-
natant by trichloroacetic acid–acetone precipitation.
Protein concentrations were assessed using the 2-D
Quant Kit (GE Healthcare, Aulnay sous Bois, France)
and the High Sensitivity Protein 250 Kit (Agilent,
Les Ulis, France). The purified proteins were further
processed for subsequent MS/MS analyses accord-
ing to three different strategies detailed below. For
every strategy, fixation of each fraction in SDS-PAGE
gel (NuPAGE Novex 4–12% Bis-Tris Gel 1.0 mm;
Invitrogen, Saint Aubin, France) was the last step,
with or without prior separation. Strategy 1 was the
separation according to the molecular weight,
resulting in 26 fractions: a protein aliquot was
migrated by SDS-PAGE and the gel lane was cut
into 26 sections. Strategy 2, performed in three
technical replicates, was the separation into 12
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fractions according to the pI, resulting in a total of 36
fractions: for each protein aliquot, 12 liquid frac-
tions were generated by off-gel isoelectric
focusing (OFFGEL-IEF, Agilent 3100 OFFGEL
Fractionator, low-resolution kit, pH 3–10, 12 cm
Immobilised pH Gradient strip), and each obtained
fraction was fixed into SDS-PAGE gel by a very
short-duration migration and gel excision. Strategy
3, performed in three technical replicates, was the
absence of separation and generated 3 fractions: the
protein aliquot was simply fixed in an SDS-PAGE
gel fragment by a very short-duration migration
followed by gel excision. As a result, a total of
65 fractions (26þ 36þ 3) fixed in SDS-PAGE gel
fragments were separately submitted to in-gel
tryptic digestion followed by shotgun analyses by
nanoLC-MS/MS (LTQ-Orbitrap, Thermo Fisher,
Waltham, MA, USA; PAPPSO proteomic platform,
INRA, Jouy-en-Josas). The detailed procedures
are supplied in the Supplementary Section S1.

Peptide identification and data processing
The mass spectrometry data set produced for each
fraction was analysed for peptide and protein
identification using X!Tandem software (http://
www.thegpm.org/tandem/) and the UniProtKB data-
base with nearly 20 million entries (version January
2012, http://uniprot.org). The 65 X!Tandem result
sets were imported into the software Scaffold 2.0
(Proteome Software, Inc., Portland, OR, USA) to
combine, compare and validate identified proteins
based on peptide and protein probability. The
filtering thresholds were the protein probability
495%, at least two unique peptides per protein,
and the peptide probability of at least one unique
peptide 490%. The potential contaminant proteins,
such as keratin and trypsin, were excluded from the
analysis.

The obtained identified redundant proteins were
grouped according to two different methods: first,
non-redundant protein groups were obtained in
Scaffold 2.0 based on the presence of shared
identified peptides; second, and independently,
another grouping was performed based on belonging
to shared UniRef clusters with various identity
thresholds (for example, 50%, 90% and 100%).
The latter methods provided a simple and conve-
nient insight into the taxonomic specificity of the
identified redundant proteins. For instance, the case
where an identified protein belonged to a UniRef50
cluster containing solely this protein was a strong
indication that the taxonomic assignment and the
inferred function were very specific because no
other closely related protein sequence was present
in the database. The possible presence of a signal
peptide within protein sequences was analysed with
SignalP (Petersen et al., 2011). The detailed proce-
dures are supplied in the Supplementary Materials
(Supplementary Section S1).

DNA analyses
DNA was extracted using the PowerSoil DNA
Isolation Kit (MO BIO Laboratories, Inc., Carlsbad,
CA, USA) according to the manufacturer’s instruc-
tions. A series of 16S rRNA-based techniques were
conducted to describe the microbial community,
including automated ribosomal intergenic spacer
analyses (ARISA, Supplementary Figure S12), 16S
rRNA gene pyrosequencing and FISH. Pyrosequences
were obtained for the raw digestate directly sampled
from the industrial facility, the inoculum (sieved and
stabilised digestate, see section Anaerobic incuba-
tions), the replicate A (day 0 and 60) and the replicate
B (day 60 and 73). They were deposited in the
National Center for Biotechnology Information Short
Read Archive as BioProject PRJNA182049. More
detailed procedures are supplied in the
Supplementary Section S2.

Results and Discussion

Office paper degradation dynamics and general
overview of the metaproteome data set
Office paper was selected as a model cellulosic
substance, because it is a major component in MSW
and has a relatively fixed composition of 70%
cellulose and 30% hemicellulose. Batch anaerobic
incubations of office paper were conducted at
55 1C in five replicated microcosms labelled from
A to E. At day 60, the replicate A was used
for metaproteomic analyses, whereas replicates
B–E were further incubated until day 120
(Supplementary Materials Section S0). The repli-
cates exhibited a good level of reproducibility, and
classical degradation trends were observed
(Supplementary Figure S2). The rapid onset of a
hydrolytic and acidogenic activity led to the
accumulation of volatile fatty acid, reaching a
concentration of 360 mg carbon per liter at day 18
and mainly corresponding to acetate. This induced a
pH decrease from 7.5 to 5.8. After a phase of slow
methane production, the methanogenic activity
increased gradually from day 20 onwards until it
reached a plateau around day 60. At this stage, 62%
of the carbon initially introduced as paper had been
degraded, and volatile fatty acid concentrations in
the liquid phase were low and mainly corresponded
to acetate, propionate and lactate.

All metaproteomic analyses were performed on
samples from replicate A, day 60: 65 protein sample
fractions were prepared by three different separation
strategies and analysed by MS/MS (Materials and
methods) to favour a sufficient analysis depth
(Figure 1a). Strategy 2 based on OFFGEL-IEF
generated the highest number of identified
non-redundant protein groups (266, 358 and 360
for each technical replicate, respectively), followed
by strategy 1 based on SDS-PAGE (212 protein
groups) and by strategy 3 (no separation, 54, 90
and 120 protein groups for each technical
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replicate, respectively) (Supplementary Table S4,
Supplementary Figure S5). Both the separation step
and the amount of starting protein material
appeared as important factors to favour identifica-
tion (Supplementary Table S3). All the data sets
were then combined and analysed together.
A significant number of proteins were identified
using the UniprotKB database (full content). Among
the 7 17 065 spectra obtained, 40 818 (E6%) were
assigned to peptides by X!Tandem search. As a
reference, 25% of the spectra are typically assigned
when studying 10 mg proteins from a pure culture of
Lactococcus lactis (Beganovic et al., 2010). After
filtering with Scaffold software, 13 090 peptides
corresponding to 2541 potentially redundant
proteins were retained. The latter corresponded to
514 non-redundant protein groups and also to 497
distinct UniRef50 clusters (Materials and method).
Except for a few protein groups that were highly
redundant (for example actin, pyridoxine, RNA

polymerase sigma factor and some oxidoreductases),
the redundancy was overall limited and distributed
throughout the various protein groups.

According to the classification into the 25 Clusters
of Orthologous Groups (Figure 1b), the category
amino acids [E] seemed unexpectedly abundant,
given that the initial substrate was only composed of
carbohydrate. Indeed, the dominant categories were
related to energy [C], carbohydrate [G] and amino
acids [E], together accounting for 46.6% of the 514
non-redundant protein groups. Post-translation [O],
translation [J] and coenzyme [H] were the next
dominant functional categories, representing 14.6%
of the total. Most proteins related to coenzyme [H]
were assigned to archaea.

The taxonomic distribution of the identified
proteins based on the non-redundant protein groups
(Figure 1c, Supplementary Table S17) suggested the
presence of a few dominant groups, possibly linked
to the thermophilic conditions and the presence of

Figure 1 Overview of the metaproteomics results. (a) Rarefaction curve. Number of identified non-redundant protein groups in function
of the number of protein sample fractions included in the analyses. The fractions were generated by several technical replicates and
various separation procedures (Materials and methods). A total of 65 protein fractions were included. (b) Distribution of the identified
non-redundant protein groups into Clusters of Orthologous Groups. [S] Function unknown, [R] General function prediction only, [Q]
Secondary metabolites biosynthesis, transport and catabolism, [P] Inorganic ion transport and metabolism, [I] Lipid transport and
metabolism, [H] Coenzyme transport and metabolism, [F] Nucleotide transport and metabolism, [E] Amino acid transport and
metabolism, [G] Carbohydrate transport and metabolism, [C] Energy production and conversion, [O] Post-translational modification,
protein turnover and chaperon functions, [U] Intracellular trafficking, secretion and vesicular transport, [W] Extracellular structures, [Z]
Cytoskeleton, [N] Cell motility, [M] Cell wall/membrane/envelope biogenesis, [T] Signal transduction mechanisms, [V] Defense
mechanisms and [Y] Nuclear structure. (c) Taxonomic distribution of the identified non-redundant protein groups. Bold number: number
of non-redundant protein groups. Number in parenthesis: number of non-redundant protein groups belonging to UniRef50
clusters specific for the considered taxonomic or functional group (C. proteolyticus species, C. thermocellum species, Caldicellulosir-
uptor genus, Methanothermobacter genus and other methanogens, respectively) (see Materials and methods for more details about
UniRef50). *Putative uncharacterised protein A4XIB5_CALS8 from Caldicellulosiruptor, and/or A7I471_METB6 from Methanogens
**RNA polymerase sigma factor A4XHW4_CALS8 from Caldicellulosiruptor and/or A3DDV0_CLOTH from C. thermocellum
***Phenylacetate-CoA ligase A3DD21_CLOTH from C. thermocellum and/or A6VIF0_METM7 from Methanogens.
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one major substrate for growth (office paper). The
retrieved taxa were consistent with the anaerobic
thermophilic conditions. Caldicellulosiruptor spe-
cies (E41%), Coprothermobacter proteolyticus
(E20%) and Clostridium thermocellum strains
(E16%) were the most represented, suggesting the
dominance of members of the order Thermoanaer-
obacterales followed by Clostridiales. Methanother-
mobacter thermoautotrophicus was the dominant
archaea (E5%).

Validity and representativeness of the identified
proteins
Polyphasic experiments and in silico approaches
were implemented to evaluate the validity of the
metaproteomic data before developing more detailed
biological interpretation. This approach suggested
that invaluable functional insight could be gained for
most of the dominant microbial groups.

The accuracy of the taxonomic distribution resulting
from the metaproteomic data set was evaluated by
16S rRNA gene tag pyrosequencing (Figure 2,
Supplementary Figure S13). On the same sample
(Figure 2, A60) and on samples from replicate B
at similar time points (Figure 2, B60 and B73),
the most dominant genera were consistently
retrieved (Caldicellulosiruptor, Coprothermobacter
and Methanothermobacter), and the dominance of
members of the orders Thermoanaerobacterales
followed by Clostridiales was confirmed. These
dominant strains were not abundant in the inocu-
lum (Figure 2, Inoc, A0; Supplementary Figure S12),
and they thus developed in the course of the
incubation, which further supports their active role
during the office paper digestion. FISH analyses,
reflecting the abundance of rRNAs in the specifi-
cally targeted cells, were performed for the replicate
A at day 60. They provided additional elements of
proof for the activity and abundance of the three
above-mentioned bacterial genera (Supplementary
Figure S11). The genera Gelria (Firmicutes phylum)
and Tta-b61 (Firmicutes phylum) were poorly
represented in the metaproteomic data set, although
they appeared to be of significant importance based
on the pyrosequencing results (Figure 2b, opera-
tional taxonomic units 489 and 356–383, respec-
tively). These observations were probably mainly
linked to the absence of closely related sequenced
genomes in the database (Table 1). In addition,
in contrast to the metaproteomic analyses, a low
proportion of sequences were attributed to
C. thermocellum and other Ruminococcaceae
cellulolytic strains including Clostridium cellulosi
(Figure 2b, A60). One possible reason could be that
the classification of Firmicutes is very complex and
that the taxonomic assignment results obtained on
partial 16S rDNA sequences must be interpreted
cautiously (average read lengths B300–400 bp). PCR
bias on the sample from microcosm A, day 60, could
also be an explanation for this discrepancy because

Figure 2 Taxonomic distributions obtained by 16S rRNA gene
pyrosequencing: (a) with the archaeal primer set and (b) with the
bacterial primer set. Dig: collected raw thermophilic digestion
sludge; Inoc: thermophilic inoculum (sieved and stabilised
digestion sludge); A0, A60, B60 and B73: microcosm and
incubation day; * sample also analysed by metaproteomics
(A60). For the most abundant groups, the arbitrary operational
taxonomic unit (OTU) number is indicated. The cladogram is
based on genus frequencies for archaea (a) and on OTU
frequencies for bacteria (b). See Supplementary Section S2 and
Supplementary Table S1 for more details about the procedures.
Rarefaction curves are shown in Supplementary Figure S13.
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abundant related strains were observed in the sample
by FISH with probe UCL284 (Supplementary Table S1,
Supplementary Figure S11).

The identification of peptides and proteins using
the full UniprotKB database was highly specific. As
pointed out in a study by Denef et al., 2007, similar
procedures enable cross-strain identification and
avoid most cross-species false-positive hits. Indeed
in the present case, the overlap between the
dominant microbial groups after protein identifica-
tion was limited to three non-redundant protein
groups (Figure 1c). In addition, 24% of the 427
UniRef50 clusters affiliated to the dominant micro-
bial groups were specific for the concerned group,
respectively, Caldicellulosiruptor species, C. proteo-
lyticus, C. thermocellum and methanogenic archaea
of various orders (Figure 1c, Supplementary Figure
S10). All this confirmed the specificity of the
identification procedure, and thus strengthens the
validity of the identified functions.

In conclusion, the presence in the database of
proteomes from fully sequenced genomes closely
related to the sample’s strains together with the
specificity of the identification procedure suggested
that interesting functional insights could be
gained for most abundant groups (C. proteolyticus,
C. thermocellum-related strains, Caldicellulosiruptor
species, Methanothermobacter species). More limited
information was expected for Gelria and Tta-b61
groups, which could have been significantly present
in the sample.

Ruminococcaceae strains and Caldicellulosiruptor
species are complementary key actors for
polysaccharide hydrolysis
Consistent with paper being the main substrate
for the incubations, a large number of proteins
potentially involved in cellulose and hemicellulose

binding and hydrolysis or in oligosaccharide meta-
bolism were identified (Table 2). Ruminococcaceae
strains including C. thermocellum, and Caldicellu-
losiruptor members, appeared as key actors for
paper hydrolysis. Moreover, the details of the
identified functions suggested a synergetic action
of both actors. The former could have been hydro-
lysing the cellulosic part of the substrate, including
the crystalline part, whereas the latter could have
been specifically involved in hemicellulose hydro-
lysis in addition to cellulose hydrolysis.

More specifically, 11 non-redundant protein
groups related to polysaccharide hydrolysis were
attributed to C. thermocellum. This widely studied
thermophilic cellulolytic species is known for
efficiently hydrolysing the cellulose, including in
its crystalline shape (reviewed in Maki et al., 2009).
Its cellulosome has been extensively characterised
(reviewed in Bayer et al., 2008), and the presence of
dockerin/cohesin domains within a protein is a
strong indication that they are cellulosomal subunits.
The identified proteins included some major
cellulosomal structural and catalytic components.
In particular, CelS and CelJ proteins are among the
most upregulated enzymes for C. thermocellum
Avicel-grown cells compared with cellobiose-grown
cells (Gold and Martin, 2007). Hence, even if a
limited number of the over 30 cellulosomal proteins
from C. thermocellum (Gold and Martin, 2007) were
detected, the information was sufficient to confirm
the cellulolytic activity of strains closely related to
C. thermocellum.

Seven non-redundant protein groups related to
polysaccharide hydrolysis were affiliated to the
Caldicellulosiruptor genus (Table 2). This taxon
contains cellulolytic members, such as C. obsidiansis
or C. bescii (formerly Anaerocellum thermophilum).
These do not possess cellulosomes, their cellulolytic
system being based on secreted multifunctional

Table 1 Overview of protein detection for some of the abundant bacterial taxonomic groups

C. proteolyticus C. thermocellum
and Ruminoccaceae

Caldicellulosiruptor
species

Gelria Tta-b61

% in sample from microcosm A, day 60a 43–65 1–2 10–16 20–25 7–12
Closest fully sequenced microbial
genome(s) (number of putative proteins
encoded in the genomes)

C. proteolyticus
(1482)

C. thermocellum
(2911–3173)

Caldicellulosiruptor
species (2147–2682)

Natranaerobius
thermophilus, Desulfo-
tomaculum kuznetsovii,
Pelotomaculum thermo-

propionicum (2882,
3398, 2919)

Thermoanaerobacter
pseudethanolicus

(2239)

% 16S IDb 97–100 87–100 95–97 88 88
% NAIc 60–100 43–100 50–60 45 45
% AAId 95–100 52–100 70–100 53 53
Protein identification probabilitye 0.62–1.00 0.02–1.00 0.21–1.00 0.02 0.02
% of the total number (514) of identified
non-redundant proteins

20%
(104 proteins)

16%
(82 proteins)

37%
(192 proteins)

3%
(13 proteins)

1%
(6 proteins)

aRough estimate based on the 16S rRNA gene pyrosequencing data values from the bacterial primer set ±20%, and neglecting the archaeal
population.
bPercentage of sequence identity between the sample-related sequences and the 16S rRNA gene sequences from the most closely related fully
sequenced microbial genome represented in UniprotKB.
cNucleic acid identity. Estimation based on Zaneveld et al. (2010).
dAmino acid identity. Estimation based on Konstantinidis and Tiedje (2007).
eEstimation based on Denef et al. (2007).
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enzymes; they usually utilise a broad range of plant
materials, including crystalline cellulose, cellulose,
hemicelllose, starch and pectin, with a very high
hydrogen yield (van de Werken et al., 2008;
VanFossen et al., 2009; Yang et al., 2009;
Hamilton-Brehm et al., 2010; Lochner et al., 2011).
Among the non-redundant protein groups identified
for Caldicellulosiruptor, four were probably related
to hemicellulose degradation (two beta-mannanases
UniRef50_Q9KWY5, one acetyl xylan esterase
UniRef50_F8F4V8 and one endoxylanase UniRef50_
E4Q5G9). This suggested that Caldicellulosiruptor
members were also present in the incubations and
partly specialised in hemicellulose degradation.

To the best of our knowledge, results on cellulo-
lytic species functions and interactions have
not been reported in such detail for cellulose
methanisation by complex microbial communities.

Identified proteins related to central carbon
metabolism
The identified proteins related to central carbon
metabolism (Supplementary Tables S6–S8,
Supplementary Figures S7–S9) reinforced the
conclusions concerning the major contribution of
Caldicellulosiruptor species (see also Supplementary
Table S20) and C. thermocellum (see also
Supplementary Table S19) to saccharification and
fermentation during the incubation, with the former
more oriented towards hemicellulolysis compared
with the latter, which is more specialised for
cellulolysis. In addition, these results highlighted
the important contribution of C. proteolyticus as
fermenting microorganism (see also Supplementary
Table S18) and indicated the possible activity of
other non-dominant species. Finally, they suggested
that each of these groups produced a distinct
combination of metabolic end products and that
acetate was produced by most of the identified
fermentative bacterial groups.

More specifically, after polysaccharide and
oligosaccharide hydrolysis, monosaccharides are
channelled to the central catabolic pathways to
generate pyruvate. None of the enzymes from the
Entner-Doudoroff pathway were detected. In
contrast, proteins from the Embden–Meyerhof
pathway (glycolysis) corresponding to 24 distinct
UniRef50 clusters were identified (Supplementary
Table S6, Supplementary Figure S7). Mainly
attributed to strains from the C. thermocellum,
C. proteolyticus and Caldicellulosiruptor genera,
they confirmed the importance of these Gram-
positive members of the class Clostridia in the
studied community. Remarkably, considering
together the identified proteins affiliated to the
Caldicellulosiruptor genus, only the phosphofructo-
kinase was not detected; all other nine enzymes
from the Embden–Meyerhof pathway were retrieved
for this genus. Proteins from the non-oxidative arm
of the pentose phosphate pathway were present as

well (Supplementary Table S6, Supplementary
Figure S7, 10 distinct UniRef50 clusters) and overall
attributed to the same three Clostridia taxa. In
particular, enzymes processing the xylose—a major
building block from hemicellulose—to the pentose
phosphate pathway non-oxidative branch were
identified and attributed to Caldicellulosiruptor
species (Supplementary Table S6, Supplementary
Figure S7, for example, xylose isomerase, step 28,
and xylulokinase, step 29). This was consistent with
the above-mentioned role of Caldicellulosiruptor
species in hemicellulolyse.

Proteins associated with pyruvate metabolism and
corresponding to 23 distinct UniRef50 clusters
were also identified (Supplementary Table S7,
Supplementary Figure S8), pyruvate being the
glycolytic pathway end product. They were,
however, distributed among various taxa, mainly
C. thermocellum, C. proteolyticus and Caldicellulo-
siruptor species (as above), as well as Pelotomaculum
thermopropionicum (Clostridia class). The latter
is a known anaerobic thermophilic, syntrophic,
propionate-oxidising bacterium (Imachi et al., 2002).

Acetyl-CoA and other tricarboxylic acid cycle
intermediates are further catalysed into different
fermentation products. The identified proteins
(Supplementary Table S8, Supplementary Figure
S9) corresponded to 21 distinct UniRef50 clusters
and were mainly affiliated to Caldicellulosiruptor
species and C. proteolyticus, followed by
C. thermocellum and Thermosinus carboxydivorans.
The latter is an anaerobic thermophilic hydrogen-
producing bacterium (Sokolova et al., 2004).
According to the identified enzymes, a variety of
fermentation products could have been generated.
C. thermocellum strains could have been mainly
generating lactate, ethanol and acetate as metabolic
end products (Supplementary Table S8, (11), (13),
(17)). Caldicellulosiruptor species could have been
producing mainly lactate, propanoate and acetate
(Supplementary Table S8, (11), (13), (15), (16)).
C. proteolyticus strains could have been producing
formate, butanol, butanoate and acetate
(Supplementary Table S8, (1), (7), (11), (12)).

However, it is difficult to draw definite conclu-
sions concerning the nature and number of the
fermentation products because of incomplete
information.

Syntrophic acetate oxidation and hydrogenotropic
methanogenesis are the dominant pathways for
methane production
At the metabolic level, most methanogens (including
representatives of the Methanothermobacter genus)
perform hydrogenotrophic methanogenesis exclu-
sively; only members of the order Methanosarci-
nales perform acetoclastic methanogenesis or both
methanogenesis pathways (Thauer et al., 2008). The
data generated by pyrosequencing, metaproteomic
approaches and isotopic analyses together strongly
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supported the production of methane through the
hydrogenotrophic pathway by strains of the
genus Methanothermobacter. Consistent with these
results, thermophilic conditions are known to
favour the hydrogenotrophic methanogenesis path-
way (Schink, 1997; Hattori, 2008), but this is not
systematically the case (for example, Hanreich et al.,
2012). More precisely, among the 21 non-redundant
protein groups identified as enzyme subunits
required for hydrogenotrophic methanogenesis
(Figure 3, Methanogens, steps 1–10 framed by a
rectangle; Supplementary Table S9), three were
specific for the hydrogenotrophic pathway,
catalysing the reduction of CoM–S–S–CoB by H2

(Figure 3, Methanogens, hdrA, hdrC and mvhD
genes, step 10, red). Moreover, none of the enzymes
specific for acetoclastic methanogenesis were
identified (Figure 3, Methanogens, steps 12, 13 and

15, blue). The identified proteins related to
methanogenesis were mainly affiliated to
Methanothermobacter members (Supplementary
Table S9), consistent with a hydrogenotrophic
pathway and with the pyrosequencing analyses
(see above). Finally, the dominance of the hydro-
genotrophic pathway was also supported by the
apparent isotopic fractionation aC values deter-
mined over time (Figure 4, Supplementary Figure S3)
(Conrad, 2005).

As acetate first accumulated during the degrada-
tion (Supplementary Figure S2) and was then
consumed during the phase of biogas isotopic
enrichment, it was reasonable to assume that acetate
was transformed into H2 and CO2 by syntrophic
acetate oxidation (SAO). The presence of syntrophic
hydrogen suppliers in the community was there-
fore questioned (reviewed in Schink, 1997).

Figure 3 Identified enzymes involved in the methanogenesis and Acetyl-CoA pathways mapped over generic pathways. : proteins
identified during the study. Red: hydrogenotrophic methanogenesis. Blue: acetoclastic methanogenesis. Green: methylotrophic
methanogenesis. Purple: Eastern branch of the acetyl-CoA pathway. Orange: Western branch of the acetyl-CoA pathway. : membrane
proteins. (Cofactors): key enzymes for the biosynthesis of cofactor. (1) Formylmethanofuran dehydrogenase, FwdA-F or FmdA-F;
(2) Formylmethanofuran—tetrahydromethanopterin N-formyltransferase, Ftr; (3) Methenyltetrahydromethanopterin cyclohydrolase, Mch;
(4) Methylenetetrahydromethanopterin dehydrogenase, Hmd/mtd; (5) Coenzyme F420-dependent N5,N10-methenyltetrahydrometha-
nopterin reductase, Mer; (6) Tetrahydromethanopterin S-methyltransferase, Mtr; (7) Methyl-coenzyme M reductase, MrtABG or McrABG;
(8) Membrane hydrogenase, Ech, Eha or Ehb, Rnf, Fpo; (9) Coenzyme F420 hydrogenase, Frh, Fru, Frc; (10) F420 non-reducing
hydrogenase/heterodisulfide reductase complex, MvhADG-HdrABC or VhoACG-HdrDE; (11) ATPase, AhaA-K; (12) Acetate kinase, Ack;
(13) Phosphotransacetylase, Pta; (14) Carbon monoxide dehydrogenase/acetyl-coA synthase complex, CODH/ACS; (15) Carbon monoxide
dehydrogenase/acetyl-coA synthase/decarbonlyase (CODH/ACDS) complex; (16) Methylcobamide:CoM metyltransferase, MtaABC, Mtb,
Mtm, Mtq, Mts or Mtt; (17) Formate dehydrogenase, Fdh; (18) Naþ /Hþ antiporter; (19) Coenzyme F390; (20) Formyltetrahydrofolate
(CHO-THF) synthetase, Fhs or FTHFS; (21) Biofunctional protein—Methenyltetrahydrofolate (CH-THF) cyclohydrolase and
methylenetetrahydrofolate (CH2-THF) dehydrogenase complex, FolD; (22) Methylenetetrahydrofolate (CH2-THF) reductase, MetF or
MTHFR; (23) THF:Fe-S-Co Methyltransferase, MeTr. See also Supplementary Table S7.
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Metaproteomic together with the pyrosequencing
data brought some interesting insights, but defini-
tive conclusions could not be drawn owing to the
lack of known protein specific for the SAO path-
ways and to the still limited knowledge about
thermophilic SAO microorganisms compared with
mesophilic ones (reviewed in Hattori, 2008;
Westerholm et al., 2011; and other publications
from Schnürer’s group).

In the present case, the majority of the key
bacterial enzymes involved in the Acetyl-CoA
pathway were identified (Figure 3, Acetogens, steps
12–14), suggesting the presence of acetogenic
bacteria. They represented eight non-redundant
protein groups with an average of four
peptides per group and 12% protein coverage
(Supplementary Table S9). They included subunits
from the carbon monoxide dehydrogenase/acetyl-coA
synthase/decarbonlyase complex (Supplementary
Table S9, step 14) assigned to Moorella thermoacetica
(acsC gene), Carboxydothermus hydrogenoformans
and Thermodesulfatator indicus (cooSI gene). Four
formyltetrahydrofolate synthetase proteins (regarded
as the key and specific enzymes for the oxidative
Acetyl-CoA pathway, also named Eastern branch of
the Wood-Ljungdahl pathway) were retrieved and
assigned to Caldicellulosiruptor lactoaceticus (two
of them), Desulfatibacillum alkenivorans and
C. proteolyticus, respectively. Finally, a serine hydro-
xymethyltransferase was assigned to C. proteolyticus
(Supplementary Table S9, step 22).

Comparing these results to the pyrosequencing
data, C. proteolyticus and Gelria bacteria can be
proposed as important H2 producers in the system
and might have established efficient syntrophy with
Methanothermobacter archaea (Plugge et al., 2002;
Sasaki et al., 2011). However, according to the

literature (Plugge et al., 2002; Sasaki et al., 2011)
and to their protein expression profile, they corre-
sponded to typical fermenting microorganisms
rather than to obligate SAO. Based on the pyro-
sequencing data, other good candidates for SAO could
be other members of the order Thermoanaerobacter-
ales (Figure 2b). For instance, the family Thermo-
anaerobacteraceae comprises thermophilic and
strictly anaerobic acetogenic species such as
Thermoacetogenium phaeum (SAO, Hattori, 2008),
M. thermoacetica (homoacetogen, Pierce et al., 2008)
and C. hydrogenoformans (hydrogenogenic bacter-
ium producing the carbon monoxide dehydrogen-
ase/acetyl-coA synthase/decarbonlyase complex
with the corresponding acs operon closely related
to that of M. thermoacetica; Wu et al., 2005). The
moderate proportion of pyrosequencing sequences
attributed to the Thermoanaerobacterales order
(B0.4% without Gelria) seems similar to propor-
tions observed for SAO bacteria in other systems (for
example, Wersterholm et al., 2011). Strains belong-
ing to the Clostridiales order may also have been
performing SAO.

In conclusion, the microorganisms acting as SAO
in syntrophy with the hydrogenotrophic methano-
gens could not be clearly identified, but the data
indicated the presence of several strains closely
related to known homoacetogens or SAO micro-
organisms. As presented above, the limited number
of identified proteins related to SAO candidates was
probably linked to the lack of closely related entries
in the protein database.

Nitrogen metabolism and recycling: the abundance of
proteolytic strains from the species C. proteolyticus
Among the numerous identified proteins putatively
involved in ammonia assimilation and amino acid
biosynthesis (Supplementary Table S10) and in
peptidase activities (Supplementary Table S11), 22
were surprisingly affiliated to C. proteolyticus (11 in
each of Supplementary Tables S10 and S11),
indicating that C. proteolyticus strains could have
been exerting an intensive proteolytic activity
during the methanisation (Cai et al., 2011).

The extracellular protease activity from C. proteo-
lyticus strains was first supported by the identifica-
tion of a putative extracellular cell wall-attached
protease (B5Y6Q5, MEROPS S8A). Based on
MEROPS information (Rawlings et al., 2012), this
protease could have a role in nutrition and it could
have been abundantly produced because 13 pep-
tides were detected by MS/MS analyses, the highest
level among identified peptidases (Supplementary
Table S10). In addition, a putative peptidase T from
C. proteolyticus was possibly involved in general
protein turnover (B5Y9V8, MEROPS M20). Very
interestingly, three of the putative peptidases
identified from C. proteolyticus were potentially
involved in microcin synthesis (bacterial toxin
composed of few peptides) (Duquesne et al., 2007;

Figure 4 Temporal evolution of the apparent fractionation factor
aC calculated from the 13C isotopic signal of methane (dCH4) and
CO2 (dCO2) in the biogas. For substrates of natural isotopic
composition, such as office paper in the present case, aC values
41.065 are associated with hydrogenotrophic methanogenesis
(Conrad, 2005). Measures were performed on the five replicates
and on two controls. The mean values and s.d. are shown.
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Cai et al., 2011). Indeed, they belonged to the three
distinct UniRef50 clusters UniRef50_B5Y6N5 Tltd/
PmbA, UniRef50_B5Y6N6 LmbIH and UniRef50_
B5Y9Y2 TldD, and to the MEROPS family U62. This
suggested that C. proteolyticus could have been
actively predating other microorganisms in addition
to simply scavenging extracellular proteinaceous
material.

This proteolytic activity was further supported by
other retrieved protein functions. In particular,
seven ABC transporter clusters were attributed to
C. proteolyticus including three related to peptide
transport (B5Y898, B56YV2-B5Y6V3 and B5Y897),
suggesting an important peptide import/export
activity (Supplementary Table S12). Several
proteins from C. proteolyticus related to oxidative
stress response or to virulence factor were also
identified, but their role remains unclear.

Finally, the important activity of C. proteolyticus
members in the present anaerobic system was
generally supported by the present body of data.
One-hundred and four non-redundant protein
groups were affiliated to C. proteolyticus

(Figure 1c, Supplementary Table S18), among which
53 belonged to UniRef50 clusters specific to the
species. About 30% of the 16S rRNA gene pyrotags
were attributed to the species (Figure 2b), and a
significant fraction of the bacterial community was
hybridised with a probe targeting Corprothermobacter
species (Supplementary Figure S11).

The proteolytic activity of Coprothermobacter
members is clearly supported by the literature, and
such strains were detected a number of times
during anaerobic digestion of protein-rich waste
(for example, Ollivier et al., 1985; Kersters et al.,
1994; Etchebehere et al., 1998; Sasaki et al., 2007,
2011). It was furthermore reported that their ability
to ferment carbohydrates was far inferior compared
with that to ferment proteins (Ollivier et al., 1985;
Kersters et al., 1994; Etchebehere et al., 1998).
Their abundance in a system fed with paper as the
sole exogenous substrate is surprising and suggests
that extracellular proteinaceous material was
abundant. Several distinct and non-exclusive
protein sources can be suggested: the protein
constituents of the EPS (up to 40% based on Liu

Figure 5 Functional model for the anaerobic digestion of lignocellulose by complex thermophilic communities.
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and Fang, 2002); the abundant extracellular
enzymes, in particular cellulosomes/cellulases or
other proteins secreted by C. thermocellum (Ellis
et al., 2012) and other cellulolytic strains; dead cell
material present in the initial inoculum; and
finally dead cell material generated during the
incubation by the counter-selection of poorly
competitive strains, by various stresses or by
predation. Possible predators could be C. proteo-
lyticus members, as discussed above, as well as
viruses, whose presence is compatible with the
four identified CRISPR-associated protein groups
(Supplementary Table S15) (Bhaya et al., 2011).

Concluding remarks

Combining metaproteomic analyses and isotopic,
chemical and molecular approaches, the present
study provides one of the most comprehensive
views of expressed biological functions during
cellulosic waste methanisation, complementing the
information gained from previous metagenomic or
metatranscriptomic studies (for example, Krause
et al., 2008; Schluter et al., 2008; Jaenicke et al.,
2011; Rademacher et al., 2012; Zarkzewski et al.,
2012). Using the complete UniprotKB database, over
500 protein functions were identified. The novel
information gained on the microbial catalysts
highlights the importance of ecological interactions
between microbial groups, especially cooperation,
for efficient methanisation. Based on the results, a
model for the studied ecosystem is suggested
(Figure 5). Its main features are as follows: the
complementarity of distinct cellulolytic microbial
groups to hydrolyse the recalcitrant substrate; the
absence of acetoclastic methanogenesis despite the
abundance of acetate as fermentation product; the
dominance of hydrogenotrophic methanogenesis in
association with syntrophic microorganisms; and
finally the abundance of proteolytic fermentative
Coprothermobacter strains. For a given microbial
group, the identification level strongly relied on the
availability of genome sequences from closely
related strains. Consequently, the picture is still
incomplete, and additional information could
probably be gained concerning the function of Gelria
and Tta-b61 with a more specific database that could
typically be obtained by complementary metage-
nomic approaches.

To our knowledge, the abundant proteolytic
activity has never been reported for similar poly-
saccharide-fed bioprocesses. Further investigation
of proteolytic activity in large-scale methanisation
plants treating lignocellulosic waste could help to
better understand the carbon and nitrogen fluxes
during such processes. The probable complemen-
tarity of distinct cellulolytic strains is also an
important aspect, and whether it is a general
feature in similar systems remains an open
question.

Metaproteomics appears as an attractive tool for
providing direct and cost-limited access to func-
tional information (reviewed in Wilmes and
Bond, 2009; Schneider and Riedel, 2010). The
exponential increase in sequence database size
should reinforce the attractiveness of this
approach in the future.
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Abstract

Lignocellulosic materials from municipal solid waste emerge as attractive resources for

anaerobic digestion biorefinery. To increase the knowledge required for establishing

efficient bioprocesses, dynamics of batch fermentation by the cellulolytic bacterium Rumini-

clostridium cellulolyticum were compared using three cellulosic materials, paper handker-

chief, cotton discs and Whatman filter paper. Fermentation of paper handkerchief occurred

the fastest and resulted in a specific metabolic profile: it resulted in the lowest acetate-to-lac-

tate and acetate-to-ethanol ratios. By shotgun proteomic analyses of paper handkerchief

and Whatman paper incubations, 151 proteins with significantly different levels were

detected, including 20 of the 65 cellulosomal components, 8 non-cellulosomal CAZymes

and 44 distinct extracytoplasmic proteins. Consistent with the specific metabolic profile

observed, many enzymes from the central carbon catabolic pathways had higher levels in

paper handkerchief incubations. Among the quantified CAZymes and cellulosomal compo-

nents, 10 endoglucanases mainly from the GH9 families and 7 other cellulosomal subunits

had lower levels in paper handkerchief incubations. An in-depth characterization of the

materials used showed that the lower levels of endoglucanases in paper handkerchief incu-

bations could hypothetically result from its lower crystallinity index (50%) and degree of poly-

merization (970). By contrast, the higher hemicellulose rate in paper handkerchief (13.87%)

did not result in the enhanced expression of enzyme with xylanase as primary activity,

including enzymes from the “xyl-doc” cluster. It suggests the absence, in this material, of

molecular structures that specifically lead to xylanase induction. The integrated approach

developed in this work shows that subtle differences among cellulosic materials regarding
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chemical and structural characteristics have significant effects on expressed bacterial func-

tions, in particular the cellulolysis machinery, resulting in different metabolic patterns and

degradation dynamics.

Introduction

Conversion of cellulose during the degradation of biomass residues and agricultural waste and

products has been extensively studied in the context of biofuel production [1–3]. Other sources

of lignocellulosic materials, such as waste, are currently emerging as attractive options for bior-

efinery based on anaerobic digestion [4–6]. The cellulosic fraction in municipal solid waste

(MSW) accounts for up to 50% weight in developed countries. Using this resource for biofuel

or synthon production can potentially cuts down emissions of greenhouse gases while improv-

ing resource efficiency. In contrast with native biomass, this lignocellulosic fraction mainly

contains diverse manufactured products with heterogeneous properties such as sanitary tex-

tiles, papers, or cardboards.

The optimal strategies to efficiently recover energy or added-value molecules from these

specific waste materials are not fully established yet. Approaches relying on fermentation by

pure strain cultures, similar to current bioprocesses for bioethanol or biofuel production,

could be considered, such as various processes based on fermentation by yeasts [6] or consoli-

dated bioprocessing with various microorganisms such as the bacterium Lachnoclostridium
phytofermentans or the fungus Trichoderma reesei [7, 8]). Alternatively, bioprocesses based on

the action of complex microbial communities, such as those classically used for organic waste

treatment and valorization (e.g. methanization) could also be invaluable options [5, 9].

Characterization and understanding of the fermentation process of lignocellulosic manu-

factured materials are needed to establish the scientific bases required for the development of

bioprocesses efficiently exploiting their potential. In this respect, a limited number of such

studies have been published so far [9–12]. The present work focuses on three cellulosic materi-

als containing no lignin, cotton discs, paper handkerchief and Whatman filter paper, which

will be referred as “Cotton”, “Tissue” and “Whatman paper”, respectively. These substrates are

rather homogeneous compared to the variety of lignocellulosic waste materials and their bio-

conversion has been only little studied so far [9–12].

To characterize their anaerobic fermentation dynamics and mechanisms in simple model

conditions, Ruminiclostridium cellulolyticum, formerly known as Clostridium cellulolyticum,

was selected as model species. Although the wild-type strain does not produce high concentra-

tions of ethanol nor other biofuel or platform molecules (acetate being the main metabolic

end-product), the species is currently considered as a model organism for consolidated bio-

processing through metabolic engineering as exemplified by a recently engineered strain pro-

ducing isobutanol directly from cellulose [13]. Moreover, closely related members of R.

cellulolyticum have been detected in anaerobic digesters treating waste with high cellulose con-

tent [14] and the species has recently been shown to improve wheat straw methanization by

bioaugmentation [15]. Finally, the wild-type R. cellulolyticum bacterium is an important bio-

logical model of mesophilic anaerobic cellulolytic bacterium, so that a robust knowledge

framework is available for data interpretation including knowledge on the cellulolysis machin-

ery and on its metabolism upon growth on cellulose and its derivatives [16–18]. In particular,

detailed studies of its metabolism upon growth on cellobiose versus cellulose showed key meta-

bolic nodes in the central metabolic pathways [18, 19]. Its cellulolysis machinery relies both on
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cellulosomal proteins and non-cellulosomal secreted enzymes [20]. Cellulosomes are complex

extracellular muti-enzyme machineries produced by numerous cellulolytic microorganisms.

The modulation of R. cellulolyticum cellulosome composition at the protein level according to

the carbohydrate growth substrate has been described in details by targeted approaches [16,

17]. Recently, a transcriptomic and proteomic study of R. cellulolyticum grown on a variety of

substrates (glucose, xylose, cellobiose, cellulose, xylan or corn stover) showed that core cellu-

lases are regulated by carbon catabolite repression, while most of the accessory CAZymes and

their associated transporters are regulated by the Two-Component Systems [21].

To achieve a global insight into the bioconversion dynamics and mechanisms of the three

studied cellulosic materials by R. cellulolyticum, a combined approach was developed. The fer-

mentation dynamics was monitored in batch microcosms and the biodegradation mechanisms

were analyzed at the protein level for Tissue and Whatman Paper through label-free quantita-

tive shotgun proteomics. The in-depth characterization of the three materials was moreover

conducted to elaborate precise hypotheses regarding the origin of the differences in metabolic

end-product concentrations and in protein levels. The present work is, to our knowledge, the

first global shotgun proteomic study of R. cellulolyticum. The obtained data provide evidence

that Tissue is degraded the fastest by R. cellulolyticum and is associated to a distinct metabolic

pattern compared to both other materials. When comparing Tissue and Whatman Paper, the

data show a clear influence of the substrates, even though they are rather similar, on protein

levels from the cellulolysis machinery and the central carbon metabolism. Based on the mate-

rial characteristics, it is postulated that the crystallinity rate and the degree of polymerization

had a preponderant influence on the cellulosome composition here, compared to the hemicel-

lulose content.

Materials and Methods

Bacterial strain and culture conditions

R. cellulolyticum H10 ATCC 35319 (DSM 5812) was grown anaerobically at 37˚C, as indicated

on ATCC website (www.lgcstandards-atcc.org/Products/Cells_and_Microorganisms/Bacteria/

Alphanumeric_Genus__Species/35319.aspx#culturemethod). The basal medium (initial pH

7.1) contained, per liter: Na2HPO4, 0.4 g; KH2PO4, 0.4 g; NH4Cl, 0.3 g; NaCl, 0.3 g; MgCl2, 0.1

g; CaCl2, 0.1 g; NaHCO3, 4.0 g; Na2S.9H2O, 0.2 g. The medium was supplemented with 0.2

mL/L of vitamin solution and 1 mL/L of acid and alkaline trace element solutions (each) [22].

5 mg/L resazurin were added to the medium as a redox indicator. Inoculation was realized

with 10% (v/v) of a pre-adapted culture grown on 1 g/L Sigmacell microcrystalline cellulose in

125 mL flasks with 50 mL working volume. Three cellulosic materials were used separately as

sole carbon substrates: cotton pads (“Cotton”, Leader Price, Disques à Démaquiller—Simple-

ment, Duo face, 100% cotton), Whatman qualitative filter paper, Grade 1 (“Whatman Paper”,

1001–125, 11 μm, 125 mm diameter) and paper handkerchief (“Tissue”, Lotus Classic, large

handkerchiefs, made from pure cellulose fibers, pure virgin pulp). These substrates were cut in

bands (~1.5 cm x 5 cm) and added to each flask to a final concentration of 2.5 g/L. For each

cellulosic substrate separately, triplicate flasks were dedicated to physico-chemical monitoring

of the degradation dynamics. For Tissue and Whatman paper separately, six additional repli-

cate flasks by substrate were operated and sacrificed at 2 different time points for proteomic

analyses during the incubation.

Physico-chemical analyses of the incubation samples

At each sampling time, fresh samples (2 mL) were recovered from the 125 mL flasks and cen-

trifuged at 10 000g for 10 min at 4˚C. The obtained pellets and supernatants were stored
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separately at -80˚C. Volatile fatty acid concentrations (including lactate and acetate) were mea-

sured using a DX 120 Ion Chromatograph (Dionex) with an IonPAc ICE-AS1 column. Etha-

nol concentrations were quantified by headspace gas chromatography—mass spectrometry

(GC-MS) (Trace GC Ultra and DSQ II from Thermo with a TR-WAX column (30 m length,

0.25 mm intern diameter, 0.25 μm thick polyethylene glycol film).

DNA extraction and quantification

DNA was extracted from the pellets with the PowerSoil DNA Isolation Kit (MO BIO Laborato-

ries, Inc., Carlsbad, CA, USA) according to the manufacturer’s instructions and was quantified

with the fluorescence-based Qubit dsDNA HS assay (Life Technologies). The obtained values

were multiplied by a constant factor specific of each DNA extraction series to take into account

the extraction yields. Based on R. cellulolyticum genome size, it was estimated that 1 ng of

DNA corresponded to 227,703 genome copies.

Physico-chemical characterization of the substrates

The total solids and volatile solids in each substrate were calculated from the moisture and ash

content, determined by oven-drying, following instructions described in EN ISO 12879 and

EN ISO 12880. Material elemental composition was analyzed using a Vario EL III (Elementar

Analysensysteme GmbH, Hanau, Germany). Chemical oxygen demand was measured on

solid substrates with the LCK 514 kit (Hach Lange) according to the manufacturer’s

instructions.

To determine the crystallinity index, diffraction diagrams were monitored by recording X-

ray diffraction diagrams every 10 min on a Bruker D8 Discover diffractometer. Cu Kα1 radia-

tion (Cu Kα1 = 1.5405 Å), produced in a sealed tube at 40 kV and 40 mA, was selected and

parallelized using a Gobël mirror parallel optics system and collimated to produce a 500 μm

beam diameter. Crystallinity index was calculated based on [23], as follows:

Crystallinity index ð%Þ ¼
P

2y
jU � Aj2yP

2y
jC � Aj2y

� 100

With A the value obtained for the amorphous standard, C the value obtained for crystalline

standard and U the value obtained for the sample.

To determine the molar mass distribution of the cellulosic substrates, the latter were dis-

solved in N,N-dimethylacetamide (DMAc) and derivatized by tri-carbanilation using phenyli-

socyanate as reactant (reaction time 5 days at 40˚C)[24]. The reaction was quenched with

methanol and direct samples from the obtained solutions were analyzed after dilution in tetra-

hydrofurane (THF) in a size-exclusion chromatographic system (Viscotek TDA-302 appara-

tus) equipped with 3 Varian PLGel Mixed B columns (7.8×300) with a guard column. The

coupled detection was UV at 260 nm, DRI, RALS/LALS/RI at 670 nm (laser 3 mW, 670 nm)

and viscometer detector. DRI was used as concentration detector and UV as control. The chro-

matographic solvent was THF, injected concentrations were 1 mg/mL (injection volume 100

microliter), and the dn/dC of cellulose tricarbanilate in THF was taken at a predetermined

value of 0.165. Data were treated by the OmniSec™ (4.5.6. version) program (Malvern Co.).

The lignocellulose sugar content of the samples was determined by the commercial facility

of Celignis Analytical (http://www.celignis.com, Analysis Package P7, substrate hydrolysis fol-

lowed by ion chromatography). Van Soest fractionation of the substrates was performed by

the commercial facility of INRA Transfert Environnement as in [25] (https://www6.

montpellier.inra.fr/it-e).
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Proteomic analyses

Total proteome and exoproteome extraction and shotgun MS/MS analyses. After 46 h

and 70 h of incubation, 3 flasks for each substrate were sacrificed at each time point and sam-

pled for proteomic analyses. The total volume, except 2 mL used for chemical analyses, was

supplemented with 1 mM Phenylmethylsulfonyl Fluoride to inhibit protease activity and cen-

trifuged at 6 000g for 20 min. The collected supernatant was further centrifuged at 13 000g for

15 min. Pellets from the first centrifugation round and supernatants from the second one were

frozen in liquid nitrogen immediately and stored at -80˚C. Proteins from the pellets were

extracted as described in [26] with minor modifications. Briefly, cell disruption was performed

by bead-beating of the pellets resuspended in 1X PBS using 0.1 mm silica and glass beads, and

by a subsequent ultrasonication step. Proteins were extracted using liquid phenol and precipi-

tated with ammonium acetate in methanol. After several washing steps, the protein pellets

were resuspended in buffer (7 M urea, 2 M thiourea, 4% (w/v) CHAPS) as described in [9] and

stored at -80˚C. Culture supernatants were filtered through 0.22 μm PVDF membrane filters

and proteins were precipitated and resuspended as described above. Protein concentrations

were measured using an Agilent 2100 Bioanalyzer with the High Sensitivity Protein 250 kit fol-

lowing the manufacturer’s instructions.

For each sample, 5μg of each whole proteome were classically purified by SDS-PAGE,

digested by trypsin in gel and analyzed by LC-MS/MS on a LTQ-Orbitrap Discovery mass

spectrometer (Thermo Fisher, USA). Peptide separation was realized with an Ultimate 3000

RSLCnano system (Dionex, Voisins le Bretonneux, France) using a long gradient and a C18

column (Pepmap100, 0.075 x 50 cm, 100 Å, 2 μm, Thermo) during 188 min to enhance the res-

olution and the sensitivity of peptide detection by mass spectrometry. A detailed protocol is

provided S1 File.

Protein database search and label free quantification. The data processing pipeline was

designed using the TOPPAS software [27], part of the OpenMS project [28]. X!Tandem

(directly provided in the OpenMS archive) was used to perform database searches in batch

mode. Peak lists were created by an OpenMS dedicated tool with an additional processing

step. Indeed, a precursor recalculation was computed for each tandem spectrum to improve

the number of matches between a spectrum and a peptide sequence. While proteins were

digested with trypsin, the analysis program allowed for 2 missed trypsin cleavage sites. Cyste-

ine carbamidomethylation was set as a fixed modification; methionine oxidation and protein

N-terminal acetylation were set as variable modifications for all X!Tandem searches. The mass

tolerances in MS and MS/MS were set to 10 ppm and 0.6 Da respectively. Data were searched

against a target/decoy concatenated database to obtain a false discovery rate (FDR) value at the

peptide level. All identifications were validated with a final peptide FDR of 5% and a calculated

protein FDR of 1%.

For the relative quantification based on eXtracted Ion Chromatogram (XIC), peaks were

detected in each sample using the « PeakPickerCentroid » algorithm (OpenMS software). Vali-

dated identification data were matched with detected peaks. Peaks which were assigned to the

same peptide sequence in different samples were used as anchors for retention time alignment

between those samples. A Protein Abundance Index (PAI) was calculated and defined as the

average of XIC area values from the three most intense peptides identified for a given protein.

Statistical analyses of the label-free quantification proteome datasets. All statistical

analyses were performed using the programming language R on log10-transformed and quan-

tile normalized PAI. The substrate, incubation time and substrate-by-incubation time interac-

tion effects were assessed by Tobit models with a censoring threshold equal to the minimum

non-zero value for a given protein. With y�ijkl the normalized log10 PAI of protein l, for the
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substrate Si, incubation time Tj and replicate k, the model used for each protein is the follow-

ing:

yijkl ¼

min
i0j0k0 : y�

i0 j0k0 l
>0
ðy�i0j0k0 lÞ if y�ijkl ¼ 0 and 9k0 : y�ijk0 l 6¼ 0

y�ijkl otherwise

*

with y�ijkl ¼ ml þ ailSi þ bjlTj þ gijlðS;TÞij þ εijkl

and εijkl � N ð0; s2

l Þ

Tobit regressions were computed using the Markov chain Monte Carlo algorithm from the

R package MCMCpack [29]. Runs that did not pass the Heidelberger and Welch’s convergence

diagnostic [30, 31] were discarded. Substrate (αil) and interaction (γijl) effect coefficients as

well as p-values were determined from the posterior distributions. P-values were adjusted for

multiple comparisons using Benjamini and Hochberg’s false discovery rate [32]. The signifi-

cance threshold used corresponds to a false discovery rate of 1%.

For the supernatants, the proteins with at least one statistically significant effect were fil-

tered to select only proteins likely to be released in the extracellular milieu, cellulosomal pro-

teins and secreted CAZYmes (see next section). The other proteins from the supernatants

(cytoplasm/cell wall) were considered as originating from cell lysis.

In silico predictions of protein sub-cellular localization

Prediction of sub-cellular localization was obtained from LocateP database (www.cmbi.ru.nl/

locatep-db/cgi-bin/locatepdb.py) and by analyzing R. cellulolyticum protein sequences with the

SurfG+ program 1.02 [33] with default parameter values with a local Galaxy instance (migale.

jouy.inra.fr/galaxy/). The protein sequences were moreover analyzed with the last available

version of specific tools: SignalP 4.1 server (www.cbs.dtu.dk/services/SignalP/), LipoP 1.0

server (www.cbs.dtu.dk/services/LipoP/), SecretomeP 2.0 server (www.cbs.dtu.dk/services/

SecretomeP/), TMHMM server v. 2.0 (www.cbs.dtu.dk/services/TMHMM/), selecting the

“Gram-positive” option whenever available. The results were manually examined and con-

fronted to the knowledge on R. cellulolyticum proteins, in particular on cellulosomal proteins

and cellulases [16, 21]. For ABC transporters, the subfamily name was retrieved from the

Archaeal and Bacterial ABC Systems database (ABCdb database www-abcdb.biotoul.fr/) and

for peptidases, the Peptidase database identity (MEROPS ID) was indicated (merops.sanger.ac.

uk/).

The mass spectrometry proteomic data are available via ProteomeXchange, identifier

PXD001051 and DOI 10.6019/PXD001051.

Results and Discussion

Growth and fermentation patterns

Fermentation dynamics of the three studied materials by R. cellulolyticum was characterized by

incubating them separately in anaerobic, mesophilic conditions. For all incubations and as was

expected [18, 20], acetate was the major end-product, followed by ethanol and lactate (Fig 1A–

1C). Degradation occurred at a faster rate for Tissue than for both other substrates during the

94 first hours of incubation, as shown by the faster accumulation of acetate, ethanol and lactate

in Tissue incubations over this time period (Fig 1A–1C, S1 Fig, panel A for the total dissolved

organic carbon). A distinct metabolic profile was moreover observed for Tissue incubations,
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with lower acetate-to-lactate concentration ratios (Fig 1D) as well as lower acetate-to-ethanol

concentration ratios compared to both other substrates (Fig 1E). This specific metabolic profile

likely results from the higher sugar influx in the cells and the faster pH decrease in the milieu

over time, from pH 7.1 to pH ~6.3 (S1 Fig, panel B). Indeed, it has previously been shown for

R. cellulolyticum that the carbon flux partition between acetate, lactate and ethanol is greatly

influenced by pH and entering carbon flows [20, 34, 35].

At the end of the 190 hours of incubation, the substrates were only partly degraded, as

shown by the degradation yields estimated from carbon mass distributions (S1 File, S2 Fig and

S1 Table), but significantly altered, disrupting easily during sample handling. Such a partial

degradation is expected in batch microcosms where suboptimal growth conditions emerge

over time, typically with the accumulation of H2 (values at the final time point shown in S1

Fig, panel C) or other fermentation products. Independently, colonization of the cellulosic

substrates by the bacterial cells was qualitatively followed in microplate incubations over the

incubation period, by wet mount microscopy and scanning electron microscopy (S1 File and

S3 Fig). The observations were in good agreement with the degradation dynamics, since

Fig 1. Growth and fermentation dynamics of R. cellulolyticum on Tissue (black symbols), Whatman Paper (grey symbols) and Cotton (light grey

symbols). Acetate (A), ethanol (B) and lactate (C) are the three most abundant fermentation products and their concentration ratios are shown in (D-E).

Genome copy numbers estimated from the amount of total extracted DNA are shown in (F). Error bars indicate standard deviations calculated from

triplicate samples, except in F (duplicate samples). Light grey areas indicate the time points selected for subsequent proteomic analyses.

doi:10.1371/journal.pone.0170524.g001
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colonization occurred the fastest for Tissue and the slowest for Cotton. Scanning electron

microscopy provided insight into the cell aggregate structure and suggested the absence of

thick biofilm (S1 File and S3 Fig).

Substrate characterization

To identify substrate’s properties likely to explain the differences observed during their fer-

mentation by R. cellulolyticum, the three cellulosic substrates were characterized in details

(Table 1). Measurement values of total solids, volatile solids, carbon, nitrogen and organic con-

tents (Table 1) were each highly similar among the three substrates and consistent with cellu-

lose being their major component. Moreover, the dominant chemical functional groups were

the same in all substrates and typical of cellulosic materials since primary and secondary alco-

hols and glycosidic bonds were identified by Fourier transform infrared spectroscopy (FTIR,

S1 File, S4 Fig).

Important differences between the substrates concerned the crystallinity index (CI)

(Table 1), the molar mass distributions (Table 1, S1 File and S5 Fig) and the hemicellulose con-

tent (Table 1). CI is commonly measured to estimate the amount of crystalline regions in cellu-

lose, less easily degradable compared to amorphous regions. Based on the calculated CI,

cellulose was the most amorphous in Tissue and the most crystalline in Whatman Paper

(Table 1). The average degree of polymerization (DP) (Table 1, S1 File and S5 Fig) was the low-

est for Tissue and the highest for Cotton. Both Whatman Paper and Cotton were composed

almost exclusively of glucose (98.58% and 98.69% respectively, Table 1), whereas Tissue con-

tained a significant proportion (13.87%) of pentoses (mainly xylose, 13.72%) in addition to the

Table 1. Detailed characteristics of Tissue, Whatman Paper and Cotton.

Tissue W. Paper Cotton

Total Solids/Volatil Solids (%/%) 94.9/94.2 96.0/95.8 96.5/96.4

Carbon/Nitrogen (%/%) 41.9/0.07 43.1/0.03 41.1/0.05

Chemical Oxygen Demand (g/g) 1.06 1.14 1.11

Crystallinity Index (%) 50 94 74

Degree of Polymerization* ~970 ~1300 ~2730

Total sugar content (% Dry Matter) 97.23 99.22 99.47

Hexoses (% Dry Matter) 83.35 98.67 98.94

Glucose 81.54 98.58 98.69

Galactose 0.14 0.03 0.14

Mannose 1.66 0.05 0.07

Rhamnose 0.02 0.01 0.03

Pentoses (% Dry Matter) 13.87 0.55 0.54

Xylose 13.72 0.51 0.45

Arabinose 0.15 0.04 0.09

Van Soest fractionation

Neutral Detergent Soluble fraction (%) 0.05 0.01 5.3

Acid Detergent Soluble fraction (%) 14.89 4.01 43.6

Sulfuric Acid Soluble fraction (%) 85.06 84.84 49.8

Insoluble Volatile Solids fraction (%) 0 11.13 1.2

W. Paper: Whatman Paper.

*The DP values correspond to the MW values of the peak of individual (i.e. non-aggregated) cellulose chains from the molar mass distribution plots (S5 Fig)

divided by the mass of the tricarbanilated anhydroglucose unit (519 Da) (see Materials and Methods).

doi:10.1371/journal.pone.0170524.t001
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dominant glucose (81.54%) (Table 1). The composition data were consistent with the molecu-

lar weight distribution analyses (S1 File and S5 Fig).

Material characterization highlighted differences among the substrates both in terms of

composition and structure. Based on these characteristics, the faster bioconversion observed

for Tissue compared to both other substrates could arise from its low CI and its low average

DP. Moreover, the presence of hemicelluloses in Tissue is likely to increase its enzyme accessi-

bility and/or its hydrophilicity at the supramolecular level since networks of hemicelluloses

and cellulose are less ordered and crystalline than networks of pure cellulose, which is thus

likely to favor a faster degradation [36].

By contrast, Van Soest fractionation indicated that Whatman Paper is overall the substrate

the less readily solubilized by chemical solutions (total of 4.02% solubilization by the first two

detergents), followed by Tissue (total of 14.94% solubilization by the first two detergents) and

Cotton (total of 48.9% solubilization by the first two detergents) (Table 1). These results high-

light that great differences exist between chemical and biological reactivity for the studied cel-

lulosic substrates.

Comparative proteome-wide label-free quantification

To investigate which biological functions could predominantly be influenced by the substrate

during fermentation, a sensitive shotgun proteomic approach based on XIC was implemented

and served as basis for comparative quantitative analyses. Two substrates were selected for this

approach, Tissue due to its specific metabolic profile and Whatman Paper as a reference since

cellulose colonization by R. cellulolyticum has previously been studied on this substrate [37,

38]. Two time points were selected to be able to discriminate between the effect of the sole sub-

strate and the effect of time and substrate interaction. Illustrative examples of such effects are

provided in S6 Fig. Proteins were extracted from the pellets and supernatants separately at

incubation times 46h and 70h (S7 Fig, panel A) and analyzed by LC-MS/MS. At the selected

time points, fermentation products were just starting to significantly accumulate (Fig 1A–1C)

and the biomass was actively growing (Fig 1F), limiting the possible effects of inhibitors accu-

mulating in batch microcosms.

A total of 1194 proteins were quantified by the XIC approach (S1 Dataset). A good repro-

ducibility was obtained (S7 Fig, panel B) and the identified functions were consistent with cel-

lulose fermentation (S8 Fig, S2 Table). Comparative statistical analyses were conducted for

each protein by adjusting models accounting for the influence of substrate, of time and of the

interaction of substrate and time. In total, 151 proteins showing significantly different levels

(Q-value < = 0.01) were identified and validated (S1 Dataset), including 132 with an effect in

the pellets exclusively, 16 with an effect in the supernatants exclusively and 3 with an effect in

both. They besides included 20 cellulosomal components (providing information about sub-

strate hydrolysis mechanisms), 8 enzymes from the central carbon catabolism (providing

information about the response to intracellular carbon fluxes) and 44 extracytoplasmic pro-

teins (providing information about substrate transport and other specific functions).

Carbohydrate-active enzymes (CAZymes) and cellulosomal proteins. Considering

their essential role in substrate deconstruction and catabolism, proteins related to cellulolysis

and CAZymes were specifically examined. R. cellulolyticum cellulosomes include structural

subunits and numerous different catalytic subunits [16, 17, 20] encoded by 65 distinct genes

[21]. Their average protein composition is highly modulated according to the nature of the

carbohydrate growth substrate [16, 21]. R. cellulolyticum genome encodes up to 149 CAZymes

according to [21] and only a subset of them are extracellular components involved in lignocel-

lulose deconstruction since CAZymes participate to a variety of other biological processes. For

Proteome Analyses of R. cellulolyticum Fermenting Cellulosic Materials
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the present study, a total of 153 proteins from R. cellulolyticum were considered (S1 Dataset)

corresponding to its CAZymes and to its known non-CAZyme cellulosomal structural sub-

units. Among these 153 proteins, 103 were quantified in at least one sample and 28 showed sig-

nificantly different levels when comparing growth on Tissue and Whatman Paper (Tables 2–

4). The present approach appears as complementary to specific proteomic approaches target-

ing cellulosomal components (such as in [16]) since the sensitivity is comparable and addi-

tional functions can also be detected. Indeed, out of the 52 cellulosomal components and

CAZymes detected in [16], 47 were quantified in the present study and, for instance, 7 addi-

tional proteins with a dockerin-module (cellulosomal components), not detected in [16], were

quantified here.

As expected, the 28 proteins with significantly different levels were dominated by celluloso-

mal subunits (Tables 2 and 3, total of 20 proteins). The levels of an important proportion of

the 65 cellulosomal proteins were thus significantly influenced although both cellulosic sub-

strates are rather similar, highlighting the sensitivity of cellulosome composition to subtle sub-

strate differences. Among the 20 cellulosomal proteins with significant effects, 17 had lower

levels or levels that decreased faster when comparing growth on Tissue and on Whatman

Paper (Tables 2 and 3, at least one negative log fold change), encompassing 6 glycoside hydro-

lase (GH) families and 2 other CAzyme families (Tables 2 and 3). This observation is at first

sight unexpected: minor sugar components being more abundant in Tissue compared to

Whatman, especially hemicelluloses (Table 1), it could have been anticipated that a variety of

cellusome enzymes could have higher levels in the Tissue incubations. In the model proposed

by [21], core cellulosomal genes are activated, or not repressed, when intracellular levels of gly-

colytic intermediates are low (carbon catabolite repression) [21]. Since less carbon flowed

through glycolysis during growth on Whatman paper compared to Tissue, results obtained

here reflect that hydrolysis of the most recalcitrant substrate requires more diverse celluloso-

mal enzymes during a longer time.

Hemicelluloses from Tissue were very likely at least partly fermented during the incuba-

tions since 3 intracellular proteins involved in xylose or xylose oligomer catabolism (encoded

by Ccel_0203, Ccel_3438, Table 4, and Ccel_3429) had higher levels in Tissue incubations, sug-

gesting a higher xylodextrin intracellular influx therein. It is however unclear whether the

higher abundance of xylose in Tissue specifically induced the higher expression of certain xyla-

nases. Indeed, cellulosomal proteins encoded by the “xyl-doc” cluster (14 genes more specifi-

cally oriented towards hemicellulolysis [16]) did not show any significant differences, although

8 of them were quantified in the whole dataset (S1 Dataset). The cellulosomal endoglucanase

Ccel_0429, presenting higher levels in Tissue incubations, could have participated to hemicel-

lulose deconstruction since it exerts xyloglucan depolymerization as a secondary activity [39];

however its regulation mechanisms are unknown. Finally, the other cellulosomal subunits

with a known xylanase activity and statistically significant differences had lower levels in Tis-

sue incubations (Ccel_0755 in Table 2, Ccel_0931 in Table 3).

The lack of specific activation of the “xyl-doc” cluster has previously been reported [16, 21]

during growth of R. cellulolyticum on oat spelt xylan, as well as its activation during growth

on wheat straw [16] or corn stover [21]. Together with the present work, these observations

suggest that natural lignocellulosic substrates, in which hemicellulose is associated to lignin

within complex entangled structures, are more likely to induce the expression of the “xyl-doc”
cluster than more simple or engineered materials where the growth substrates are more readily

available.

The subset of cellulosomal proteins with significantly different levels was enriched in endo-

glucanases (12 out of 20 cellulosomal proteins with different levels, Table 2, compared to 17

endoglucanases in total among the 65 cellulosomal proteins annotated in R. cellulolyticum

Proteome Analyses of R. cellulolyticum Fermenting Cellulosic Materials
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genome). Among these endoglucanases, 10 had significantly lower levels in the Tissue incuba-

tions, particularly enzymes from the GH5 and GH9 families (Table 2). This result is consistent

with the presence of shorter cellulose chains in this Tissue as well as its lower CI. In the closely

related Ruminiclostridium thermocellum [40] and Ruminiclostridium clariflavum [41], it has

indeed been shown that the levels GH9 endoglucanases, which are also very common in their

cellulosomes, are influenced by the substrate’s nature, with increased levels in the presence of

crystalline cellulose.

Overall, CAZyme expression appears to be influenced here more by substrate structure

than by its carbohydrate composition, although the present experiments do not provide a fully

formal proof.

Central carbon metabolism. To determine whether the level of sugar influx affected the

expression of enzymes from the central carbon metabolism, enzymes from the glucose and

Table 4. Non-cellulosomal CAZymes with at least one statistically significant effect when comparing incubations on Tissue and Whatman Paper.

Pellet Supernatant

Gene ID Protein/

Gene name

Substrate Interaction Substrate Interaction Modular structure Localization Protein function or name

Ccel_0428 Cel5I -3.85 +3.83 S-GH5-CBM17-CBM28-

(SLH)3

cell wall Endoglucanase Cel5I

Ccel_2417 +3.86 +3.86 GT39 cell wall Glycosyl transferase family 39

Ccel_0881 -0.60 S-CBM16-UNK secreted Unknown (Carbohydrate-

binding, CenC-like protein)

Ccel_1036 -0.27 GH51-UNK secreted α-Arabinofuranosidase

Ccel_2893 -3.64 +3.64 S-GH18-UNK secreted β-Glycosidase

Ccel_1139 +0.30 UNK-GH3-UNK intracellular β-Glucosidase

Ccel_0203 +0.31 GH3-UNK intracellular β-Xylosidase

Ccel_3438 +0.34 GH43-UNK intracellular β-Xylosidase/a-

arabinofuranosidase

The column titles are identical to those from Table 2.

doi:10.1371/journal.pone.0170524.t004

Table 3. Other cellulosomal proteins with significantly different levels when comparing Tissue and Whatman Paper incubations.

Pellet Supernatant

Gene ID Protein/

Gene name

Substrate Interaction Substrate Interaction Modular structure Localization Protein function or name

Ccel_0931 P41a,

xyn10A

-0.31 S-GH10-DOC1 cellulosome Xylanase Xyn10A

Ccel_2162 P42 -0.27 S-DOC1-CE2 cellulosome Acetyl-xylan esterase

Ccel_1655 -0.22 S-DOC1-UNK cellulosome Unknown (cellulosome

protein dockerin type I)

Ccel_1060 -4.09 -3.78 S-COG2755 /

COG2845-DOC1

cellulosome SGNH-hydrolase

Ccel_2243 -0.23 -0.22 S-PL1-UNK-DOC1-UNK cellulosome Pectate lyase

Ccel_0379 P76 -0.20 S-GH5-LNK-CBM32-DOC1 cellulosome Mannanase

Ccel_1597 P50 -0.15 S-GH27-UNK-DOC1 cellulosome α-Galactosidase

Ccel_1543 +0.60 S-TSP_C–(fn3)4-CBM cellulosome Cellulosome anchoring

protein cohesin region

The column titles are identical to those from Table 2.

doi:10.1371/journal.pone.0170524.t003
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xylose catabolic pathways of R. cellulolyticum (Fig 2 and S1 Dataset) were specifically exam-

ined. Among them, 23 were successfully quantified in at least one of the pellet samples and

statistical models could be adjusted for 18 of them. Finally, 8 proteins showed statistically sig-

nificant effects: the glucose-6-phosphate isomerase (product from Ccel_1445, pgi), the ATP-

dependent 6-phosphofructokinase (Ccel_2612, pfkA), the xylose isomerase (Ccel_3429, xylA),

the glyceraldehyde-3-phosphate dehydrogenase (Ccel_2275), the phosphoglycerate kinase

(Ccel_2260), the phosphoglycerate mutase (Ccel_0619), the 2,3-bisphosphoglycerate-indepen-

dent phosphoglycerate mutase (Ccel_2259, gpmI) and the phosphopyruvate hydratase, also

known as enolase (Ccel_2254, eno). All 8 of them are enzymes from upstream of the pyruvate

node and they are distributed over the Embden-Meyerhof-Parnas (EMP) and xylose-utiliza-

tion pathways (Fig 2). Except for the enolase, they all showed only positive effects, indicating

higher protein levels and/or lower protein level decreases in Tissue incubations compared to

Whatman Paper incubations.

This result shows that the higher sugar influx during Tissue fermentation leads to an overall

enhanced expression of enzymes from the carbon catabolic pathways, which is shown for the

first time here for R. cellulolyticum and contrasts to a previous report on the closely related

Ruminiclostridium termitidis [42].

Other extracytoplasmic proteins. The nature of the cellulosic substrate most certainly

directly or indirectly influences the expression levels of numerous extracytoplasmic proteins

since the latter are involved in a variety of biological processes in bacteria, including substrate

colonization, substrate uptake, or cell-cell interactions, which are all relevant for the present

study. Predicting the subcellular localization of proteins is a complex issue [43]. To identify

extracytoplasmic proteins in the present dataset, the 115 proteins showing at least one statisti-

cally significant effect when comparing growth on Tissue and Whatman Paper (other than

those already described in the result section on CAZymes and cellulosomal proteins) were spe-

cifically analyzed in silico. Among the 115 manually examined proteins, 44 had a predicted

extracytoplasmic localization and the detailed results are shown in S3 Table. For 36 of these 44

proteins, the prediction can be considered as very robust since at least both SurfG+ and Loca-

teP indicate an extracytoplasmic localization (with however sometimes distinct predicted sub-

cellular localizations).

Noticeably, the 44 selected proteins include 8 components of ATP-binding Cassette (ABC)

transporters (Table 5) and 4 of them, encoded by Ccel_1987, Ccel_2997, Ccel_0998 and

Ccel_1133, are likely involved in sugar transport based on blastp analyses against the manually

curated part of ABCdb (www-abcdb.biotoul.fr, CleanDb). They indeed show significant simi-

larity (e-value < 10−5) with the sequence of several proteins annotated as sugar binding pro-

teins and with at least one experimentally well-characterized sugar-transporter component

such as the D-xylose transporter subunit encoded by the xylF gene from Escherichia coli
(Ccel_1987) or the multiple sugar-binding ABC transporter, sugar-binding protein precursor

MsmE encoded by msmE gene from Streptococcus mutans (Ccel_2997, Ccel_0998, Ccel_1133).

The trends regarding their expression are contrasted, since higher or lower levels are observed

in Tissue incubations according to the protein (Table 5). These results show the modulation of

the sugar ABC transporter profile according to the nature of the cellulosic substrate and con-

sistently, genes Ccel_1987, Ccel_0998 and Ccel_1133 belong to genomic regions regulated by

Two-Components Systems responding to the availability of specific extracellular soluble sug-

ars, as described in [21].

Interestingly, a Fibronectin type III domain protein (encoded by Ccel_0648) predicted to

be released in the extracellular milieu by both SurfG+ and LocateP was associated to significant

negative effects in the pellets, indicating higher levels in the Whatman paper incubations

(S3 Table). A Fibronectin type III-like repeat from the Ruminiclostridium thermocellum

Proteome Analyses of R. cellulolyticum Fermenting Cellulosic Materials
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Fig 2. Proteins with significant effects when comparing growth on Tissue and Whatman Paper

mapped over R. cellulolyticum glucose and xylose catabolic pathways. Statistically significant substrate

and substrate-by-time interaction effects were considered. The green color indicates positive effects while the

red color indicates negative effects. Positive effects correspond to quantified protein levels higher in Tissue

incubations than in Whatman Paper incubations (substrate effect) and to quantified protein levels increasing

Proteome Analyses of R. cellulolyticum Fermenting Cellulosic Materials
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cellobiohydrolase CbhA was previously shown to promote hydrolysis of cellulose by modifying

its surface [44]. If the protein encoded by Ccel_0648 participates to a similar function, its

higher concentration levels in Whatman Paper incubations could favor the hydrolysis of this

more recalcitrant substrate compared to Tissue.

Other extracytoplasmic proteins with significantly different levels could be interesting, such

as those containing SLH domains; however, a fine interpretation is overall hindered by the cur-

rently limited knowledge on non-cellulolytic extracytoplasmic proteins in R. cellulolyticum.

For instance, the ABC transporter specificities are poorly described for this species. Strikingly,

among the 16 proteins of unknown function present in the dataset of the 151 significant pro-

teins, 13 correspond to predicted extracytoplasmic proteins (S3 Table). Better characterizing

transporters and other extracytoplasmic proteins from R. cellulolyticum thus appears of great

more or decreasing less in Tissue incubations than in Whatman Paper incubations (substrate-by-time

interaction effect). The statistical models (see Materials and Methods) take into account the replicates and

their variability. Protein names and EC numbers are indicated in grey. * indicate effects not significant when

adjusting for multiple comparisons (Q-values > 0.01) but still supporting the overall trend (p-values < = 0.05).

** indicate a significant negative substrate effect (q-value� 0.01) and a positive interaction effect (q-

value > 0.01 but p-value� 0.05). Pathways were adapted from the Biocyc website (http://biocyc.org/).

doi:10.1371/journal.pone.0170524.g002

Table 5. ABC transporter proteins with significantly different levels when comparing Tissue and

Whatman Paper incubations.

Pellets Supernatants

Gene ID Protein name Sub. a) Inter. b) Sub. a) Inter. b) SurfG+c) LocatePd)

Ccel_1987 Putative solute-binding

component of ABC transporter

(S_1ab)

+0.37 PSE Lipid

anch.

Ccel_1133 Extracellular solute-binding

protein family 1 (S_5ab)

+0.55 PSE Lipid

anch.

Ccel_1768 Extracellular solute-binding

protein family 5 (S_2a)

+0.27 PSE Lipid

anch.

Ccel_2997 Extracellular solute-binding

protein family 1 (S_5ab)

-7.65 NA NA PSE N-ter

anch.

Ccel_0967 Transport permease protein

(M_7a)

-0.15 NA NA MB Memb.

Ccel_0998 Extracellular solute-binding

protein family 1 (S_5ab)

-3.66 +3.66 NA NA PSE Lipid

anch.

Ccel_1156 Periplasmic solute binding

protein (S_8b)

-3.68 +3.68 NA NA PSE Lipid

anch.

The proteins are listed according to the observed effects and to the subcellular localization predicted by

SurfG+.
a) The log10 fold change values are indicated for proteins with statistically significant substrate effects

(“Sub., Q-value < = 0.01). Tissue incubations are used as a reference (positive values when the protein

levels are higher in the Tissue incubations). The statistical models take into account the replicates and their

variability.
b) The log10 fold change values are indicated for proteins with statistically significant substrate-by-time

interaction effects (“Inter.”, Q-value < = 0.01). Tissue incubations are used as a reference (positive values

when the protein levels increase faster or decrease slower in the Tissue incubations). The statistical models

take into account the replicates and their variability.
c) Subcellular localization predicted by SurfG+. PSE: potentially surface exposed; MB: membrane.
d) Subcellular localization from LocateP database. Lipid anch.: Lipid anchored; Memb: Multi-

transmembrane;. N-ter anch.: N-terminally anchored (No cleavage site).

doi:10.1371/journal.pone.0170524.t005
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importance to better understand its physiology during cellulose degradation and to be able to

implement global approaches such as systems metabolic engineering.

Conclusions

Fermentation by model cellulolytic bacteria of engineered materials has been little studied so

far. In this study, fermentation by R. cellulolyticum of three cellulosic substrates containing no

lignin, paper handkerchief, cotton discs and Whatman filter paper was considered. Paper

handkerchief was fermented the fastest and 151 proteins had significantly different levels when

comparing paper handkerchief and Whatman filter paper incubations, including 8 enzymes

from the central carbon metabolic pathways and 44 distinct extracytoplasmic proteins. They

moreover comprised 20 out of the 65 cellulosomal components and 4 non-cellulosomal extra-

cytoplasmic CAZymes potentially involved in cellulolysis, highlighting the sensitivity of the

cellulolysis machinery to subtle differences in substrate properties. In particular, ten celluloso-

mal endoglucanases, mainly from GH5 and GH9 families, had lower levels during fermenta-

tion of paper handkerchief when comparing with fermentation of Whatman paper. This

observation hypothetically results from the lower crystallinity rate and degree of polymeriza-

tion of cellulose in paper handkerchief. Paper handkerchief exhibited higher hemicellulose

content and the enhanced level of intracellular xylose isomerase suggested that the hemicellu-

lose was at least partly metabolized. However, regarding hemicellulose hydrolysis, none of the

known extracytoplasmic enzymes with xylanolysis as primary activity had significantly higher

levels in the Tissue incubations. It appears that natural lignocellulosic substrates, in which

hemicellulose is associated to lignin within complex entangled structures, could be more likely

to induce the expression of the “xyl-doc” cluster or other specialized xylanases than more sim-

ple or engineered materials where the growth substrates are more readily available. Similar to

differences occurring among Tissue and Whatman paper incubations, there could be signifi-

cant differences on protein levels among Whatman paper and Cotton incubations, especially

regarding the cellulolysis machinery, since these substrates have different crystallinity index

and degrees of polymerization. Addressing this question would require further proteomic

analyses. The present study provides, to our knowledge, the first whole-proteome analysis on

the model cellulolytic bacterium R. cellulolyticum and expands the knowledge on the proteome

response of this bacterium to cellulosic substrates.

Supporting Information

S1 Fig. Data on fermentation of Tissue (black symbols), Whatman Paper (grey symbols)

and Cotton (light grey symbols) by R. cellulolyticum. (A) Evolution over time of the total

Dissolved Organic Content (DOC). (B) Evolution over time of pH. (C) Cumulated gas produc-

tion at the final incubation time point. Error bars indicate standard deviations calculated from

triplicate samples. Light grey areas in (A) and (B) indicate the time points selected for subse-

quent proteomic analyses. R. cellulolyticum was grown in 50 mL batch fermentation micro-

cosms on 2.5 g/L cellulosic substrate.

(TIF)

S2 Fig. Average carbon mass distributions in the microcosms at the initial and final incu-

bation time points. The carbon masses are in mg. Sampled: carbon mass removed from the

microcosms through sampling of the liquid phase—CO2 gas: carbon mass in CO2 in the head-

space—DIC: inorganic carbon mass in the liquid phase (Dissolved Inorganic Carbon)–DOC:

organic carbon mass in the liquid phase (Dissolved Organic Carbon)–Cellulosic material: esti-

mated carbon mass in the substrate (contained either in Tissue, Whatman Paper or Cotton).
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The percent values next to each substrate name indicate the estimated average degradation

yield (percentage of carbon from the substrate that was degraded). Details on the calculation

method are available in S1 File.

(TIF)

S3 Fig. Illustrative microscopy images of substrate colonization by R. cellulolyticum during

growth in microplates on Tissue (left column), Whatman Paper (middle column) and Cot-

ton (right column) at a final concentration of 5 g/l. Confocal Laser Scanning Microscopy

images were acquired from Tissue (A-D), Whatman Paper (F-I) and Cotton (K-N) incuba-

tions, on wet mount samples stained with a cellular esterase activity marker (green) after

removal of the planktonic cells. Scale bars are 200 μm. A total of 75 representative images were

acquired. Scanning Electron Microscopy images were acquired from Tissue (E), Whatman

Paper (J) and Cotton (O) incubations, on samples collected after 48 h of incubation. Scale bars

are 3 μm. A total of 137 images of scanning electron microscopic were acquired. Details on the

methods are available in S1 File.

(TIF)

S4 Fig. Mid-infrared absorption spectra obtained for Tissue, Whatman Paper and Cotton.

W. Paper: Whatman Paper. The 5 peaks annotated with arrows on the spectra are related to

the presence of cellulose. Details on the method are available in S1 File.

(TIFF)

S5 Fig. Molar mass distribution curves of the cellulose and hemicellulose chains from Tis-

sue (black lines), Whatman Paper (grey lines) and Cotton (light grey lines). M stands for

Molar Mass. Vertical colored lines indicate the positions of the M values corresponding to the

peak of individual (i.e. non-aggregated) cellulose chains (see Table 1). Grey area A1: hemicellu-

lose distribution peak observed for Tissue, originating from bleached wood pulp. Grey area

A2: peaks corresponding to very high molecular weight polymers and, more likely, to cellulose

chain aggregates. Details on the method are available in S1 File.

(TIFF)

S6 Fig. Illustrative examples of statistically significant substrate and substrate-by-time

interaction effects on the protein levels. The illustrative examples are selected from the data-

set of the pellet proteins. On each dot plot, the values are shown for the incubation times 46h,

70h and for the blank. The shown values correspond to the log-transformed and normalized

data. The red color corresponds to Tissue incubations and the green color to Whatman Paper

incubations. The “+” and “-”signs indicate the sign of the considered effect (substrate or sub-

strate-by-time interaction). From left to right and from top to bottom: Ccel_1139 encodes a β-

Glucosidase (see also Table 4); Ccel_0734 encodes the endoglucanase Cel9H (see also Table 2);

Ccel_0203 codes for a β-Xylosidase (see also Table 4); Ccel_2392 codes for the endoglucanase/

cellobiohydrolase Cel9V (see also Table 2); Ccel_1570 encodes a putative uncharacterized pro-

tein; Ccel_0735 encodes the endoglucanase Cel9J (see also Table 2); Ccel_3392 encodes a puta-

tive uncharacterized protein; Ccel_0428 encodes the endoglucanase Cel5I (see also Table 4).

(TIF)

S7 Fig. Quantification of total extracted proteins and principal component analyses of the

proteomes based on the individual protein quantification data. A) Total amounts of pro-

teins extracted from the Tissue (black) and Whatman Paper (grey) incubations, after 46h and

70h of incubation, from the pellets and supernatants respectively. B) Principal component

analysis of the samples based on the label-free quantitative proteomic data (XIC approach).

(TIF)
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S8 Fig. Functional profiles for all proteins encoded in R. cellulolyticum genome and for the

proteins showing significantly different levels in the presence of Tissue compared to What-

man Paper. A selection of 32 Gene Ontology (GO) terms is shown, corresponding to the cate-

gories with highest percentages of annotations and to the most enriched or depleted categories

when comparing the dataset of proteins with significantly different levels (after removal of cat-

egories with less than 3 proteins with significantly different levels) and all genome-encoded

proteins. The GO terms are shown from the most enriched to the most depleted, from top to

bottom. R. cellulolyticum genome encodes 3290 proteins, of which 2081 have GO annotations

in UniprotKB, corresponding to a total of 3674 GO annotations. 151 proteins showed signifi-

cantly different levels, of which 116 have GO annotations in UniprotKB, corresponding to a

total of 385 annotations. Numeric values and additional details are shown in S2 Table.

(TIF)

S1 Dataset. Summary of the quantitative results obtained for each protein of R. cellulolyti-
cum.

(XLSX)

S1 Table. Carbon mass distributions in the microcosms at the initial and final incubation

time points. The carbon masses are in mg. The average values (± one standard deviation

where relevant) are shown. Cellulosic material: carbon mass in the substrate (contained either

in Tissue, Whatman Paper or Cotton)–DOC: organic carbon mass in the liquid phase (Dis-

solved Organic Carbon)–DIC: inorganic carbon mass in the liquid phase (Dissolved Inorganic

Carbon)–CO2 gas: carbon mass in CO2 in the headspace—Sampled: carbon mass removed

from the microcosms through sampling of the liquid phase—Total: total carbon mass in the

microcosms at the initial incubation time point—Degradation yield: estimated percentage of

degraded carbon from the substrate. The carbon mass in the cellulosic material at the final

time point is calculated by considering that the total carbon mass is identical at time points 0h

and 190h in the system. To calculate the carbon mass removed through sampling of the liquid

phase, two options were considered: no substrate particles were sampled (option 1), substrate

particles at a concentration of 2.6 g/L (corresponding to the initial concentration) were sam-

pled (option 2). Consequently, two different values were obtained for the carbon mass in the

cellulosic material at time point 190h. More details on the method are available in S1 File.

(PDF)

S2 Table. Functional profiles for all proteins encoded in R. cellulolyticum genome and for

proteins showing significantly different levels in the presence of Tissue compared to What-

man Paper. a) BP: Biological Process—CC: Cellular Component—MF: Molecular Function.

b) For each GO term, percentage of the GO term annotations among the significant proteins.

c) For each GO term, percentage of the GO term annotations among all proteins encoded in

R. cellulolyticum genome. d) Ratios of both percentages. The GO terms are presented by

decreasing ratio values. See legend from S7 Fig for additional details.

(XLSX)

S3 Table. Extracytoplasmic proteins with at least one statistically significant effect when

comparing incubations on Tissue and Whatman Paper. The proteins are listed according to

the observed effects, to the subcellular localization predicted by SurfG+ and according to their

function. a) The Gene IDs (Ccel_) are given according to UniprotKB database. b) The Protein

names are given according to UniprotKB database. c)—d) Statistically significant effects for

proteins quantified in Pellets and Supernatants respectively. Substrate effects (Q-value < =

0.01) are indicated with + for positive effects (quantified protein levels higher in Tissue incuba-

tions than in Whatman Paper incubations) and—for negative effects (quantified protein levels
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lower in Tissue incubations than in Whatman Paper incubations). Substrate-by-time interac-

tion effects (Q-value < = 0.01) are indicated with + for positive effects (quantified protein lev-

els in Tissue incubations increase more or decrease less than in Whatman Paper incubations)

and—for negative effects (quantified protein levels in Tissue incubations increase less or

decrease more than in Whatman Paper incubations).The statistical models take into account

the replicates and their variability. e) Subcellular localization predicted by SurfG+. PSE: poten-

tially surface exposed; EXT: extracellular milieu; CYTO: cytoplasm; MB: membrane. f) Subcel-

lular localization from LocateP database. Lipid anch.: Lipid anchored; Released: Secretory

(released) (with cleavage site); Memb: Multi-transmembrane;. N-ter anch.: N-terminally

anchored (No cleavage site); Intracell.: Intracellular. g) SignalP predictions concerning the

presence of a signal peptide. Y: yes; N: no. h) SecretomeP predictions concerning the secretion

by a non-classical pathway (without signal peptide). Y: yes; N: no. i) LipoP predictions con-

cerning lipoproteins and signal peptides. SpII: lipoprotein signal peptide (signal peptidase II);

SpI: signal peptide (signal peptidase I); TMH: n-terminal transmembrane helix (this is gener-

ally not a very reliable prediction according to LipoP website); CYT: cytoplasmic (all others). j)

TMHMM predictions: number of predicted transmembrane helixes. k) TMHMM predictions:

possible presence of a signal peptide (as indicated on THMM server website, “predicted TM

segments in the N-terminal region sometime turn out to be signal peptides”).

(XLSX)

S1 File. Supplementary Materials and Methods and References.

(PDF)
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Little is known about the infection cycles of viruses infecting cells
from Archaea, the third domain of life. Here, we demonstrate that the
virions of the archaeal Sulfolobus islandicus rod-shaped virus 2
(SIRV2) are released from the host cell through a mechanism, involv-
ing the formation of specific cellular structures. Large pyramidal
virus-induced protrusions transect the cell envelope at several posi-
tions, rupturing the S-layer; they eventually open out, thus creating
large apertures through which virions escape the cell. We also
demonstrate that massive degradation of the host chromosomes
occurs because of virus infection, and that virion assembly occurs in
the cytoplasm. Furthermore, intracellular viral DNA is visualized by
flow cytometry. The results show that SIRV2 is a lytic virus, and that
the host cell dies as a consequence of elaborated mechanisms orches-
trated by the virus. The generation of specific cellular structures for a
distinct step of virus life cycle is known in eukaryal virus-host systems
but is unprecedented in cells from other domains.

lysis � virus factory � hyperthermophile � infection cycle

As for organisms belonging to the Bacteria and Eukarya,
members of the domain Archaea are infected by specific

viruses. The majority of archaeal viruses isolated so far contain
dsDNA as the genetic material and infect hyperthermophilic hosts
from the phylum Crenarchaeota (1). The diversity and uniqueness
of these viruses at both the morphological and genetic levels are
such that they have been classified into 7 viral families (2). The
knowledge on the biology of this exceptional group of viruses is still
limited, partly because of the unique genetic content: very few genes
have detectable functions or homologs in the databases (3).

In particular, little is known about relationships of crenarchaeal
viruses with their hosts. Except for a few isolated cases (4–6), it is
generally presumed that these viruses persist in the host cell in a
carrier state, a nonlytic relationship in which virions are continu-
ously secreted by the still-dividing cells (7). However, the classifi-
cation of crenarchaeal viruses as chronic is based on indirect
experimental evidence, such as a lack of optical density (OD)
decrease and absence of cellular debris in infected cultures (e.g., 8,
9). Detailed characterization of the infection cycle and the carrier
state has not been specifically addressed in the scarce reports on
crenarchaeal host-virus interactions (see e.g., 10).

To study the nature of host-virus relationships in crenarchaea, we
selected the nonenveloped, rod-shaped virus SIRV2 and its hyper-
thermophilic and acidophilic host, Sulfolobus islandicus. SIRV2,
originally described as a carrier state, nonlysogenic virus (11),
belongs to a common crenarchaeal virus family, the Rudiviridae (9,
11, 12, 13, 14), and contains a linear 35.5-kb dsDNA genome (15).
The host belongs to a well characterized crenarchaeal genus,
Sulfolobus (16, 17), from which also other viruses are known (2). We
describe detailed in vivo effects of the virus on its host and,
unexpectedly, demonstrate that SIRV2 is a cytocidal, lytic virus.
Remarkably, a unique virus release mechanism was encountered
during the characterization, involving the generation of pyramidal
structures that, by opening out, cause local disruption of the cell
envelope and allow virion escape. In addition, intracellular viral
DNA was visualized by flow cytometry, and the technique was also
used to demonstrate chromosome degradation in infected cells.

Results
Growth Kinetics of SIRV2-Infected Cultures. OD and CFU values
from uninfected and infected [multiplicity of infection (moi) �7]
cultures of S. islandicus were monitored over time. The effects of
the virus were visible already 1.5 h after infection (Fig. 1). Whereas
uninfected cultures pursued normal growth with a generation time
of �13 h, the OD in infected cultures remained constant for �60
h (Fig. 1 A and C), after which growth resumed (Fig. 1C). During
this time period, the CFU values of uninfected controls remained
constant or increased slightly. In contrast, the CFU values de-
creased dramatically in infected cultures, resulting in an �1,000-
fold reduction at 6 h after infection (Fig. 1B, 10.5 h). The CFU
values also revealed growth of a minor cell population in infected
cultures starting at early time points (Fig. 1D, from 15 h). This
growth was initially not detectable in the OD measurements (Fig.
1C), because of the low concentration of this cell population at early
time points. Thus, infection by SIRV2 has a pronounced effect on
the host cultures, preventing growth of a majority of the cells.

To exclude the possibility that the results were linked to the high
moi used, or to the specific growth conditions, similar experiments
were performed at low moi (�10�3), at different temperatures
(70 °C, 75 °C, and 78 °C), pHs (3.0 and 3.5), medium richnesses
(standard medium or 5-fold less rich medium), and with different
host strains (S. islandicus strains KVEM10H3, HVE10/4, and
LAL14/1). No significant differences were observed, indicating that
the effects occurred independently of these parameters.

The cell population growing in the presence of SIRV2 consisted
of cells completely resistant to SIRV2 infection, not producing any
detectable infectious virions nor carrying the SIRV2 genome (SI
Text and Fig. S1). This was consistent with the observation that the
SIRV2 genome does not integrate into the host chromosome (11),
and excluded the possibility that SIRV2 established a carrier state
relationship with its host. The high initial proportion of resistant
cells suggested that specific mechanisms could be involved in their
generation, in addition to random mutations, such as CRISPR-
related mechanisms (18).

Flow Cytometry Analysis of Infected Cells over Time. The cell size and
intracellular DNA content in uninfected and SIRV2-infected cul-
tures (moi �10) over time were monitored by flow cytometry (Fig.
2, Fig. S2, and Fig. S3).

The relative lengths of the S. islandicus cell cycle periods in the
control cultures were found to be similar to those of other Sulfolo-
bus species (16, 19), with the post-replicative phase occupying a
large fraction of the generation time (68%, Fig. S4). Based on
comparison of the flow cytometry fluorescence (DNA content)
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signals with those from the sequenced genomes of S. acidocaldarius
and S. solfataricus, the genome size was estimated to �2.6 Mb (Fig.
S5). The average cell size (Fig. 2A Left and Fig. S3) progressively
decreased when the cultures approached stationary phase. In the
infected cultures (Fig. 2B Left), a cell size increase initially occurred
in part of the cell population, evident as an extension of the
distribution toward the right (6–8 h). Subsequently, the average cell
size gradually decreased over time.

The DNA content distributions of the control cultures (Fig. 2A
Right and Fig. S2) were typical for exponentially growing Sulfolobus
cells (19), with a majority of the cells containing 2 chromosomes. In
the infected cultures (Fig. 2B Right), cells with a very low DNA
content (��1 genome equivalent) started to appear at 0.5 h after
infection and then increased in proportion over time whereas the
proportion of cells containing 1–2 genome equivalents decreased.
Thus, at 12 h, a large majority of the cell population contained no
detectable intracellular DNA. The SIRV2 latent period is 8–10 h
(below), and chromosome degradation, thus, occurred before virus
release in a significant fraction of the cell population. Interestingly,
the populations of chromosome-less cells and cells containing DNA
were clearly separated and well defined (Fig. 2B Right and Fig. S6).
Thus, for a given infected cell, chromosome degradation must have
occurred within a brief time interval.

In parallel to chromosome degradation, an increase in the total
DNA content occurred in part of the cell population, evident as an
extension of the 2-genome equivalents peak toward the right (Fig.
2B Right, 2 h and onwards). The increase was (Fig. 2C, arrow)
estimated to �0.5 genome equivalents per cell, or 1.3 Mb, on
average 3 h after infection, and it corresponded to newly synthesized
viral DNA (below).

The results demonstrate that infection by SIRV2 causes massive
degradation of the host chromosome in virtually all infected cells
during the first 12 h of infection, excluding the possibility that
SIRV2 genomes are vertically transmitted between cell generations.

Links Between the Virus Infection Cycle, the Kinetics of Host Chro-
mosome Degradation, and Cell Death. To discriminate between host
chromosome and viral DNA, uninfected and infected cultures (moi
�15) were monitored by dot blot hybridizations, in addition to flow
cytometry. In an uninfected control culture, the percentage of
chromosome-less cells did not exceed 5% (Fig. 3A) and tended to

decrease over time. In infected cultures, chromosome-less cells
began to accumulate in the first hours, and after 5 h, the percentage
was �40%, confirming that significant degradation occurred before
virion release (at �8–10 h, see below) and, at 11 h, �80% of the
cells were chromosome-less. Subsequent degradation occurred at a
lower rate and finally reached 97%, confirming that genome
degradation occurred in most cells.

The intracellular amount of SIRV2 DNA (Fig. 3 B and D)
increased gradually and reached a maximum after �8 h, followed
by a large decrease up until 14 h. The initial increase presumably
corresponded to viral DNA replication, and the decrease to virus
release, indicating a latent period of �8–10 h. Thus, a single round
of infection occurred in the cultures at the high moi used. To relate
viral DNA production to the dynamics of chromosome degrada-
tion, the percentage of DNA-less cells appearing between succes-
sive time points was superimposed (Fig. 3B). A small peak of
degradation, visible at 0.5 h after infection, was most likely an
artifact caused by the low signal-to-noise ratio for DNA-less cells in
the very early time points. The major peak occurred at 11 h, in the
middle of the virus release period. The use of a 16S rRNA gene
probe combined with similar data analysis confirmed the chromo-
some degradation observed by flow cytometry (Fig. 3 C and E).

To confirm the latent period of 8–10 h and to estimate the burst
size, a 1-step growth experiment was performed (SI Text and Fig.
S7). Virus release was shown to begin at �8–10 h after infection,
confirming that no infectious virions were released before this time
point, consistent with all other data. The burst size was estimated
to 30 � 10 viruses per cell. Finally, a membrane potential-sensitive
probe (SI Text and Fig. S8) was used to confirm that cell death
occurred in connection to virus release.

In conclusion, a single round of infection occurred when a high
moi was used, and the SIRV2 latent period was �8–10 h under the
conditions used. Massive host chromosome degradation occurred
throughout the infection cycle, starting from the early stage, and cell
death took place concomitantly with virus release. Thus, SIRV2 is
a lytic virus that kills the host cell during the process of virus
production and release.

Identification of Cellular Ultrastructures Induced by SIRV2 Infection.
To obtain insights into the details of the virus-host interaction,
infected cells were analyzed by SEM and TEM. The cells were fixed

Fig. 1. Impact of SIRV2 infection on the
growth kinetics of S. islandicus cultures. Cul-
tures infected at a moi of �7 (filled circles,
continuous line) and uninfected cultures
(empty circles, dotted lines), were launched in
triplicates.Averagesofthereplicates�1SDare
shown. The vertical arrows in A and B corre-
spond to virus addition (4.5 h). (A) OD595 nm,
detail of the first hours. (B) Log transformation
of the CFU titres, detail of the first hours. (C)
OD595 nm over the entire time course. (D) Log
transformation of the CFU titers over the entire
time course.
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at 10 h (just before virion release), 13 h (middle of release period),
and 26 h (after release) after infection. Uninfected cells in midex-
ponential growth phase were used as control. For analysis with
TEM, ultrathin sections of samples were prepared.

The irregular coccoid morphology of uninfected cells was typical
for Sulfolobales species, with the cell envelope consisting of a lipid
membrane and an S-layer (Fig. 4 A1 and A2). At 10 h after infection,

multiple pyramidal protrusions were observed on the cell surface by
SEM (Fig. 4B1, arrows), which were absent in uninfected control
cells. In thin sections analyzed by TEM, these structures appeared
as large angular protrusions associated with a local absence of
S-layer on the cell envelope (Fig. 4 B2–B4). Both with SEM and
TEM, several such virus-associated pyramids (VAPs) were usually
visible per cell (Fig. 4 B1 and B2). The pyramidal structure of the
VAPs, suggested by SEM, was confirmed by TEM, showing a
polygonal base in a plane parallel to the cell envelope (Fig. 4B5). In
thin sections, the VAPs often contained regions producing a denser
staining (Fig. 4B2, arrows), localized at the tip of the pyramidal
structure.

Dense aggregates of virions were visible by TEM within numer-
ous cells from the infected culture (examples in Fig. 4 B4 and B6),
showing that virion assembly occurred in the cytoplasm. Up to 3
densely packed aggregates, together containing up to �150 virions,
were detected in the cell sections, and occupied a high fraction of
the intracellular volume. The higher number of virions compared
with the estimates from the 1-step growth experiment (above) could
be due to that virions may still be aggregated after release.

At 13 h after infection, together with cells resembling the
examples shown in Fig. 4 B1 and B2, cells lacking VAPs and
displaying numerous perforations on the cell surface were observed
(similar to Fig. 4 C1 and C2), and 26 h after infection almost all cells
were perforated and empty (Fig. 4 C1 and C2). The perforated cells
exhibited spherical morphotype, different from the native pheno-
type, suggesting an alterated intracellular organization. Thin section
analysis of perforated cells displayed virion remains (Fig. 4C2 Inset)
and disappearance of most of the cytoplasmic content (Fig. 4C2).
The cell perforations were heterogeneous in size, and their majority
visible in thin sections had a diameter in the range of 200 nm. TEM
analysis revealed that the perforations were delimited by C-shaped
structures (Fig. 4 C2 and C3), and it is likely that these represented
VAP remains. Apart from the perforations, the cell envelope
appeared to be intact, with both the S-layer and the membrane
visible (Fig. 4 C2 and C3). Notably, the characteristic structures at
the boundary of the perforations of the lysed cells were sometimes
observed detached from the cell envelope (Fig. 4 C4–C6). The
resemblance of polygonal shapes in Fig. 4 B5, C5, and C6, as well
as the similarity of the structures in Fig. 4 B3 and C3, supports the
hypothesis that the structures in Fig. 4C represented remains of the
VAPs shown in Fig. 4B. Thus, the VAPs were apparently involved
in perforation of the cell envelope. Because ongoing virus release
could not be detected, this must have occurred within a brief time
interval.

Discussion
We report a detailed cellular study of the infection cycle of a
crenarchaeal virus and demonstrate that SIRV2 is a lytic virus. The
virions are assembled in the cytoplasm of the host cell and, 8–10 h
after infection, start to be released through well defined apertures
in the cell envelope. Remarkably, formation of these openings is
preceded and facilitated by the generation of virus-induced cellular
structures of pyramidal shape, VAPs, located at the cell envelope
and pointing outwards. The VAPs perforate the membrane and
S-layer, and after disruption leave behind apertures delimited by a
ring structure of polygonal shape. After virion release, the cell
envelope remains as a stable empty shell. Intracellular viral DNA
was visualized by flow cytometry, and the same technique was used
to show that host chromosome is completely degraded during the
viral infection cycle. The combination of the data from 1-step
growth experiment, flow cytometry, and TEM showed that chro-
mosome degradation most likely occurred before virion release, in
the majority of the cell population. Together, all of our results
demonstrate that the host cells die as a consequence of specific and
unique mechanisms orchestrated by the virus, rather than from
general deleterious effects of the infection. The deduced viral life
cycle is schematically illustrated in Fig. 5.

Fig. 2. Flow cytometry time-course analysis of S. islandicus cells infected by
SIRV2. (A) Representative cell size and DNA content distributions from an unin-
fected culture. (B) Cell size and DNA content distributions from a culture infected
with SIRV2 (moi �10). The virus was added just after time point 0 h. (C) Visual-
ization of intracellular SIRV2 DNA by flow cytometry at 3 h after infection. The
DNA content distribution from an infected S. islandicus culture is shown against
the distribution from an uninfected culture (translucent gray). The arrow indi-
cates additional DNA in infected cells.
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It is likely that a set of viral genes must control the formation of
the VAPs and the generation of the apertures through which the
virions are released. The genes might either directly code for the
proteins involved or modulate host-encoded mechanisms. The
timing of VAP disruption and virus release must also be controlled
by virus-encoded functions, such that cell lysis does not occur until
the virions have been assembled, as for any lytic virus. Further, host
chromosome degradation could also be an active mechanism,
encoded by viral genes.

To our knowledge, the virus release mechanism identified here
is unprecedented in virus biology. In lytic bacteriophages, the 2
main lysis strategies rely on the direct degradation of peptidogycan,
for example, with the holin-endolysin system (20), or on the
inhibition of cell wall synthesis (21). Both strategies result in
complete cell disruption, and do not involve a modification of the
cell envelope in several localized regions, as reported here. Also for
eukaryotes there are no reports, to our knowledge, on generation
of distinct structures for cell perforation and viral release. Modi-
fication of intracellular membranes (endoplasmic reticulum, Golgi
complex) does occur as a result of infection with certain eukaryotic

RNA and DNA viruses, but this appears to be linked to viral
replication rather than release (22). Recently, alteration of the
Sulfolobus S-layer as a result of infection with the lytic icosahedral
STIV virus was reported (23). It would be highly interesting if
viruses that display little similarity in morphology and gene content
would share a related mechanism for extrusion from the host cell.

The number and extent of elaborate modifications caused by
SIRV2 on the host cell result in a radically transformed cell that can
hardly be contemplated as the archaeon Sulfolobus. The whole
infected cell rather appears to be converted into a complex viral
factory, conceptually identical to those built by some eukaryotic
viruses inside infected cells. In such cases, the structures of the
factory are enclosed by a membrane to exclude cellular organelles.
Ribosomes are, however, present, and the factory is dedicated to
viral genome replication and virion assembly (24, 25). The eukary-
otic viral factories were suggested to constitute the genuine identity
of viruses (26), which thus might be considered as a specific type of
living organisms (26, 27). A weakness of this concept was the failure
to observe viral factories in cells from other domains. SIRV2, as
described above, constitutes an example of archaeal virus producing

Fig. 3. Links between the kinetics of host chromosome degradation and the SIRV2 infection cycle. Infected cultures and uninfected cultures were launched in
triplicates. SIRV2 was added (moi �15) just after time point 0 h. Averages of 3 infection replicates � 1 SD are shown in A–C. (A) Percentage of DNA-less cells in uninfected
and infected cultures. The values were obtained by flow cytometry analysis, using data from 2-parameter distributions, gating them as illustrated in Fig. S6B. (B)
Radioactivity/cell (filledtriangles,discontinuous line, leftaxis), indicativeofSIRV2 intracellularDNAin infectedcultures,overatimecourse.Values inarbitraryunitswere
obtained by quantifying the hybridization signal from each spot in the image shown in D. The percentage of DNA-less cells appearing between 2 successive time points
(empty circles, dotted line, right axis) was also plotted, using the data from A. (C) Radioactivity/cell indicative of intracellular 16S rDNA amounts in uninfected cultures
(empty circles, dotted line) or infected cultures (filled circles, discontinuous line). Values in arbitrary units were obtained by quantifying the hybridization signal from
eachspot intheimageshowninE. (D)Autoradiogramofhybridizationofspotsofcells sampledfrominfectedcultureswithaSIRV2-specificprobe.Eachspotcorresponds
to the same approximate number of cells, based on OD measurements. The time course corresponds to horizontal lines, with the 3 replicates shown vertically for each
timepoint. (E)Autoradiogramofhybridizationof spotsof cells sampledfromuninfectedand infectedcultureswitha16SrRNAgene-specificprobe.SeeD foradditional
explanations.
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a transient viral factory, consisting of the whole transformed
infected cell.

Our results show that lytic cycles may be more common for
crenarchaeal viruses than previously assumed (7) and that lytic

properties may have been overlooked in other crenarchaeal viruses.
The original notion that the carrier state host-virus relationship is
dominant in crenarchaea was consistent with the suggestion that
this lifestyle would provide a durable intracellular refuge for the
virus population in the harsh physico-chemical conditions at which
cultured representatives of the Crenarchaeota thrive (T �60–90 °C,
pH �3.0–6.0). In contrast, our findings imply that virus particles
can persist in such extreme ecosystems long enough to encounter
a new host cell. The SIRV2 virions are well adapted to harsh
environments, being extremely stable in various solvents and other
inhospitable conditions (14, 28), and almost as stable at 80 °C as
phages of mesophilic bacteria are at 37 °C (29). Geothermal
environments are extremely heterogeneous, due to a variety of
gradients, dynamic movements and changes over time, and viruses
may be trapped and preserved for long time periods in different
environmental refuges in the absence of potential hosts. Finally, the
fact that virus particles are apparently able to travel across the globe
(30–32) also suggests that they are robust to variable environmental
conditions and display stability over very extended time periods in
a variety of biotopes.

Materials and Methods
Virus, Host Strains, and Cultures. Virus stocks were prepared by PEG precipitation
of the virions from the culture supernatants, followed by concentration and
purification on Cesium chloride density gradients, as described in ref. 33.

The cells of S. islandicus LAL14/1 were grown in shaken 50-mL flasks at 78 °C,
pH 3.0, in rich medium as described in ref. 14. Colonies were obtained on Gelrite
plates as described in ref. 14. To infect cultures, the appropriate volume of virus
solution was dialyzed against medium or water on 0.025- or 0.05-�m MF mem-
brane filters (Millipore) and directly added to the liquid cultures during the early
exponential phase (OD600 nm between 0.09 and 0.25). For the time-course exper-
iments [growth kinetics, flow cytometry, dot blot hybridization, and DiBac4 (3)
staining], all conditions were tested in triplicates. Six identical 50-mL cultures
were launched by dilution of a same preculture. After overnight growth, SIRV2
was added to 3 of them at the appropriate m.o.i.

Titrations, OD, and Fluorescence Measurements. To determine CFU values,
culture samples were submitted to serial dilutions and 5 �L of each dilution were
spotted on plates. After incubation, the colonies were counted in the last or last
2 positive spots.

To determine the PFU values, the same method was used, except that 5 �L of
each dilution were spotted on a fresh cell lawn. When required, the cells were
removed by centrifugation before spotting. The cell lawns were prepared as
described in ref. 11, using a soft Gelrite overlay. After incubation, single plaques
were counted in the last or last 2 positive spots.

ODs were measured in 96-well round-bottomed culture microplates (TPP) in a

Fig. 4. VAPs, detected by SEM and TEM on SIRV2 infected Sulfolobus cells. A1,
B1, and C1 micrographs were obtained by SEM, all other micrographs are TEM
images from thin sections. (A) Uninfected cells. (B) Cells 10 h after infection. (B2,
B3, B4, and B6) Thin sections in a plane perpendicular to the cell envelope. (B5)
Thin section in a plane parallel to the cell envelope. (B1 and B2) arrows indicate
VAPs. (B6 Insets) Details of intracellular virion aggregates, sectioned according to
aparallel (up)orperpendicular (down)plane. (C)Cells26hafter infection. (C2,C3,
and C5) Thin sections in planes perpendicular to the cell envelope. (C5) Disrupted
VAP partly detached from cell envelope. (C4 and C6) Thin sections of disrupted
detached VAPs in different section planes. (C2 Inset) Virion remains inside a lysed
cell. (Scale bars, 200 nm.)

Fig. 5. Schematic representation of the major stages of SIRV2 infection cycle in
the Sulfolobus host cell. Times after infection are indicated in hours. At 0 h, 2
chromosomes of Sulfolobus are shown in blue. Later between 0 and 8 h, they
degrade concomitantly with viral DNA synthesis (gray helices). At 10 h, the VAPs
(shown in red) and the intracellular clusters of assembled virions are shown.
Finally, at time points between 10 and 14 h, the VAPs open (remains of VAPs
shown in red), the cell lyses, and the virions are extruded. The gradual opening
outofVAPs (at timepointsbetween10and14h) is illustrated inmoredetailswith
fragments from the TEM of thin sections.
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Multiskan Ascent microplate photometer (Thermo LabSystems) at 595 nm, using
200 �L of the culture.

Flow Cytometry. Sampling and flow cytometry were performed as described in
ref. 19; the cells were fixed in 70% (vol/vol) ethanol and the intracellular DNA was
stained with mithramycin A and Etd bromide. Samples were analyzed in a A40
Analyzer (Apogee, 25 mW solid-state laser, 405 nm wavelength). S. islandicus cell
cycle was characterized preliminarily to the study of infected cultures (Fig. S4 and
Fig. S5).

For the study of infected cultures, a high moi was used (�10–15) to obtain as
synchronous an infection as possible. At each time point, OD595 nm was measured
and CFU titers were determined to control that the usual growth pattern was
obtained.

The distinct cell populations were identified based on the cell size distribu-
tions, DNA content distributions and 2D diagrams of cell size and DNA content.
The data were gated, and several contours tested, to ensure the robustness of the
analysis and of the identified cell populations. The proportion of empty cells over
time was computed by gating the 2-D diagrams, similar to what is shown in Fig.
S6. In Fig. 3A, the total percentage of chromosome-less cells in the culture is
shown. In Fig. 3B, for the curve related to chromosome-less cells, the difference
between the values at time points T and T-1 is plotted, reflecting the production
of empty cells between 2 successive time points.

Dot Blot Hybridization. Cells were washed once in cold medium, pelleted by
low-speedcentrifugation,andstoredat�20 °Cuntil furtheruse.Cellpelletswere
resuspended in Tris-acetate pH 6.0 precooled at 4 °C. The suspension volume was
adjusted for cell concentration to be roughly constant in all samples, on the basis
of OD measurements. Four microliters of each sample were spotted on Hybond-n
� nylon membranes (Amersham Biosciences). The membranes were further
prepared as for colony hybridization (34).

The probes were generated by PCR. An �240bp SIRV2 DNA fragment was
generated using primer combination [5�-ACATGAAAAGTTAGAGAGATA-
CAAACG(3872) 5�-TGGTTACCACTAGCTTCGCTAC(4086)] and a 1,300-bp frag-
ment of the 16S rDNA of S. islandicus LAL14/1 was generated by using primers 8aF
and 1512uR (35). The probes were [32P]-end-labeled with EasyTide [�-32P]-dATP
(PerkinElmer) using a random-primed DNA labeling Kit (Roche Applied Science),
according to the manufacturer’s instructions.

All hybridization steps were performed at 65 °C in prewarmed solutions. After
a minimum of 2 h prehybridization followed by overnight hybridization, both
performed in Church Buffer [7% SDS (wt/vol), 0.5 M sodium phosphate, pH 7.2,
and 1 mM EDTA], membranes were washed 2 times for 15 min in a solution of 2�
SSC and 0.1% SDS, and 2 times for 15 min in a solution of 0.5� SSC and 0.1% SDS.

Membranes were exposed on a GP Phosphor Screen (Amersham Biosciences).
The screen was scanned in a Molecular Dynamics Storm 860 (Amersham Bio-
sciences). The images were analyzed with the ImageQuantTL software (Amer-
sham Biosciences). After contrast and brightness adjustment, the radioactivity of
each spot on the membranes was quantified, using the background removal
option (local average). The images of Fig. 3 D and E were processed with Image-
QuantTL for contrast and brightness adjustment and with ImageJ software
(http://rsbweb.nih.gov/ij/) for background removal, using the ‘‘sliding parabo-
loid’’ function.

Transmission Electron Microscopy. Cells were pelleted by low speed centrifuga-
tion. The cell pellet was fixed overnight at 4 °C with 2.5% (wt/vol) glutaraldehyde
in 20 mM Tris-acetate, pH 6, buffer, postfixed for 1 h in 1% (wt/vol) OsO4, and
dehydrated in a graded series of ethanol dilutions (25% (v/v) to 100% (v/v)). The
cells were embedded in an epoxy resin which was polymerized at 60 °C for 48 h.
Ultrathin sections (�60 nm) were cut on a Leica Ultratuc UCT microtome and
deposited on carbon-coated copper grids. They were stained for 30 min with 2%
(wt/vol) uranyl acetate and for 5 min with 2.5% (wt/vol) lead citrate.

The grids were examined under a JEOL JEM-1010 transmission electron mi-
croscope operated at 80 kV. Images were recorded using an Eloise Keen View
camera and the Analysis Pro software version 3.1 (Eloïse SARL).

Scanning Electron Microscopy. Cells were pelleted by low-speed centrifugation
andfixedovernightat4 °Cwith2.5%(wt/vol)glutaraldehyde in0,1MTrisbuffer,
pH 6. Cells were adsorbed to polylysine-coated coverslips and postfixed 1 h in 1%
(w/v)OsO4 solution.Samplesweredehydratedthroughagradedseriesofethanol
dilutions (25%(v/v) to100%(v/v))andcriticalpointdriedusingaLeicaEMCPD030
device. The dried coverslips were sputtered with 15-nm gold palladium in a
GATAN Ion Beam Coater before examination with a JEOL JSM-6700F field emis-
sion scanning electron microscope operated at 5 kV. Images were acquired from
the upper SE detector (SEI).

Note Added in Proof. At the final stage of preparation of the present
publication, a detailed description of the findings reported in ref. 23 was
published (36).
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Abstract

Background: K-mer-based methods have greatly advanced in recent years, largely driven by the realization of their
biological significance and by the advent of next-generation sequencing. Their speed and their independence from
the annotation process are major advantages. Their utility in the study of the mobilome has recently emerged and
they seem a priori adapted to the patchy gene distribution and the lack of universal marker genes of viruses and
plasmids.
To provide a framework for the interpretation of results from k-mer based methods applied to archaea or their
mobilome, we analyzed the 5-mer DNA profiles of close to 600 archaeal cells, viruses and plasmids. Archaea is one
of the three domains of life. Archaea seem enriched in extremophiles and are associated with a high diversity of
viral and plasmid families, many of which are specific to this domain. We explored the dataset structure by
multivariate and statistical analyses, seeking to identify the underlying factors.

Results: For cells, the 5-mer profiles were inconsistent with the phylogeny of archaea. At a finer taxonomic level,
the influence of the taxonomy and the environmental constraints on 5-mer profiles was very strong. These two
factors were interdependent to a significant extent, and the respective weights of their contributions varied
according to the clade. A convergent adaptation was observed for the class Halobacteria, for which a strong 5-mer
signature was identified. For mobile elements, coevolution with the host had a clear influence on their 5-mer
profile. This enabled us to identify one previously known and one new case of recent host transfer based on the
atypical composition of the mobile elements involved. Beyond the effect of coevolution, extrachromosomal
elements strikingly retain the specific imprint of their own viral or plasmid taxonomic family in their 5-mer profile.
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Conclusion: This specific imprint confirms that the evolution of extrachromosomal elements is driven by multiple
parameters and is not restricted to host adaptation. In addition, we detected only recent host transfer events,
suggesting the fast evolution of short k-mer profiles. This calls for caution when using k-mers for host prediction,
metagenomic binning or phylogenetic reconstruction.

Keywords: Extrachromosomal element, Virus, Plasmid, 5-mer, Codon composition, Multivariate analysis, Signature,
Halophily, Hyperthermophily, Host transfer

Background
In the field of nucleic acid sequence analysis, k-mer based
methods have greatly advanced in recent years, supported
by the advent of next-generation sequencing (reviewed in
[1]). As the main advantages, they usually provide reason-
able computation durations compared to most traditional
alignment-based tools; they are also annotation-
independent, and they enable the comparison of incom-
plete or nonhomologous sequences on a common basis.
While they first emerged for practical purposes, their bio-
logical significance was subsequently established (reviewed
in [2]). In particular, it appeared that the composition of
short k-mers is conserved throughout the genome se-
quence, giving rise to the concept of a k-mer signature,
originally based on dinucleotide composition [3]. This
finding raised questions regarding the evolutionary signifi-
cance of this concept and of the underlying mechanisms
[4]. Meanwhile, a variety of k-mer-based applications
started to proliferate. In the field of environmental micro-
biology, many k-mer-based tools are dedicated to metage-
nomic analysis. The k-mer composition of contigs can be
used for binning, an important step in the reconstruction
of metagenome-assembled genomes (MAGs) (e.g. [5, 6]).
It is also used for the taxonomic assignation of sequences
(e.g. [7–9]) and to compare different metagenomes by
examining distances between k-mer profiles (e.g. [10, 11]).
Quite recently, tools specifically dedicated to mobile ele-
ments have been developed, that seem a priori adapted to
the patchy gene distribution and to the lack of universal
marker genes of viruses and plasmids. They enable, for in-
stance, the prediction of viral [12] or plasmid [13] se-
quences from metagenomes, the assignment of hosts to
viruses [14] or plasmids [13], or the classification of vi-
ruses [15]. For the study of microbial diversity and evolu-
tion, the possibility of using k-mers for phylogenetic [16–
19] or evolutionary network [20, 21] reconstruction is also
being explored; its application to the detection of horizon-
tal gene transfer (HGT) was proposed more than 10 years
ago [22], and a tool for HGT detection within metage-
nomic data has been recently published [23].
Since these tools are generally based on statistical

methods, the results may inevitably contain false or true
positives. It is thus necessary to continue exploring k-
mer signatures across the genomosphere to establish a

framework for interpretation of results obtained with k-
mer-based tools. In the present work, we focused specif-
ically on the cells and mobile elements from Archaea,
one of the three domains of life.
The diversity of viruses and plasmids in Archaea is

high, with a great number of approved families com-
pared to the relatively low number of isolated elements
[24–26]. This provides an interesting case for comparing
k-mer composition among hosts and viruses. In particu-
lar, viruses of extreme thermophilic crenarchaea are
highly diverse. They often belong to Archaea-specific
viral families, with unusual morphotypes. In the class
Halobacteria, head-and-tail viruses belonging to Caudo-
virales are abundant and are predominant in hypersaline
environments, which are dominated by haloarchaea [27].
While Caudovirales is a cosmopolitan order of viruses
(the most abundant order infecting Bacteria [28]), Halo-
bacteria members are also infected by Archaea-specific
viral families, such as Pleioipoviridae. Many archaeal
plasmids have not yet been classified into well-defined
families; however, several families of plasmids have been
defined according to plasmid size, replication mode, and
genomic content (reviewed in [25]).
Among archaea, there are no known pathogens for

humans, plants or animals, so there is no overrepresen-
tation bias linked to pathogens in the databases. Other
biases are, however, present: the mobile elements from
several archaeal taxonomic groups (orders or even phyla,
) are very poorly represented in public databases, so the
view on global diversity remains incomplete. In addition
to the diversity of their mobile elements, archaea consti-
tute an interesting case in terms of adaptation or loss of
adaptation to extreme environments, which has played
an important role in their evolutionary history [29].
Several studies on k-mer signatures previously in-

cluded archaeal genomes. For instance, in 1999, Camp-
bell et al. [30] studied genome signatures across a wide
phylogenetic range, encompassing bacteria, archaea,
plasmids and mitochondrial DNA. This work highlighted
the similarity of signatures between hosts and plasmids,
the lack of consistent signatures among thermophiles
and, finally, the high signature divergence among five ar-
chaeal genomes available at that time. In 2006, van Pas-
sel et al. [31] showed the difference in dinucleotide
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composition between hosts and plasmids in Archaea and
Bacteria. In 2008, Bohlin et al. [32] obtained a similar
trend by using 4-mers and zero-order Markov models.
The same authors studied the composition of bacterial
and archaeal genomes in 2- to 8-mers, with 44 archaeal
genomes among the 581 analyzed genomes. They ob-
served a higher variability in AT-rich and host-
associated genomes compared to GC rich or free-living
archaea and bacteria [33].
Currently, the number of publicly available genomes

has greatly increased, warranting a new study of signa-
tures across the domain Archaea. Selecting close to 600
cellular, viral and plasmid genomes, we applied metrics
based on short k-mer profiles to understand how mobile
elements are distributed with respect to their hosts in
the profile landscape. We used multivariate and statis-
tical analyses to explore the dataset structure and iden-
tify some key structuring factors, namely, the taxonomic
classification, the genomic GC content, the ecological
niche and, for mobile elements, the taxonomy of the
host. Moreover, we examined whether 5-mer profiles en-
able the detection of singular evolutionary trajectories,
such as host transfers, among mobile elements. We also
searched for 5-mer signatures for halophily and
hyperthermophily in Archaea.

Results
The 5-mer profiles of archaeal genomes are influenced by
the taxonomy and GC content
Before focusing on extrachromosomal elements, we first
analyzed the 5-mer profile distribution of archaeal cellu-
lar genomes. We selected 239 archaeal genomes, focus-
ing mainly on taxonomic groups for which many
plasmids and/or viruses have already been classified into
distinct families: Halobacteria, Sulfolobales, Thermococ-
cales and a few other groups of Euryarchaeota and
Crenarchaeota.
We first noticed from the dendrogram obtained by hier-

archical clustering that the sequences were distributed
into two main clusters according to GC content values,
suggesting a major influence of the GC content on the k-
mer distribution (Fig. 1a). The most GC-rich cluster (Fig.
1a, letter c) exclusively included Halobacteria members,
consistent with the fact that Halobacteria have a high gen-
omic GC-content, 63.28% ± 4.29 SD on average in our
dataset. At the other extreme, the less GC-rich cluster
(Fig. 1a, letter b) comprised only Group I methanogens
(Methanococcales and Methanobacteriales), except for
one Group II Methanosarcinales genome.
We also identified taxonomy as an important factor,

and many clusters were dominated by a single taxo-
nomic group (Fig. 1a). In particular, all members of the
class Halobacteria were located in a single cluster (Fig.
1a, letters c) with only two exceptions, corresponding to

the two Haloquadratum walsbyi genomes (order Halo-
feracales). Similarly, 33 out of 37 members of the order
Methanosarcinales were gathered in a single cluster (Fig.
1a, letter d). Members of the order Sulfolobales were di-
vided into a major cluster (31 genomes out of 39) and a
minor cluster (8 genomes out of 39) (Fig. 1a, letters e
and f, respectively). The latter corresponded to the
Metallosphaera genomes, which have a higher GC con-
tent than the other Sulfolobales genomes. The 17 mem-
bers of the order Methanococcales were divided into two
neighboingr clusters (Fig. 1a, within cluster b), which
also included several Methanobacteriales members,
which are Group I methanogens, similar to Methanococ-
cales members.
We did not observe similar clustering for Methanobac-

teriales, Thermococcales, Thermoproteales and Desulfur-
ococcales. In such cases, archaea belonging to the same
order were distributed into several clusters, sometimes
distant across the dendrogram. However, at the local
scale, small- to medium-sized clusters enriched in one of
these orders were still visible, such as a medium-sized
cluster comprising exclusively Thermococcales members
(23 genomes out of 39) (Fig. 1a, letter g).
To quantify the relative contribution of the tax-

onomy and of the GC content to the 5-mer compos-
ition, we performed a permutational multivariate
analysis of variance (PERMANOVA) (Additional file 1).
We applied PERMANOVA to the pairwise Euclidian
distance matrix computed from the 5-mer profiles,
which we will denote as D5_cells hereafter. Among the
three considered taxonomic levels (phylum, order,
genus), order had the strongest influence; it alone ex-
plained 75.94% of the cell profile dissimilarity vari-
ance (model: D5_cells ~ Genus), compared to 7.06% for
phylum (D5_cells ~ Phylum) and 17.74% for genus,
when the effect of the phylum and order was first re-
moved (D5_cells ~ Phylum*Order*Genus).
Notably, the GC content alone contributed almost as

much to the variance (69.10%, D5_cells ~ GC%) as the
taxonomic rank of the order (D5_cells ~ order). These last
two factors appeared to be highly dependent, explaining
56.71% of the cell dissimilarity variance (D5_cells ~
order*GC%) in an indistinguishable manner.
Despite the strong influence of the taxonomy, the glo-

bal topology of the dendrogram obtained by hierarchical
clustering was inconsistent with the phylogeny of ar-
chaea. While Sulfolobales belongs to the Crenarchaeota
phylum, its main cluster grouped with a cluster domi-
nated by Group I methanogens from the Euryarchaeota
phylum. Moreover, within the major Halobacteria clus-
ter, archaea from the three orders Haloferacales, Halo-
bacteriales and Natrialbales were interconnected
(especially due to Halobacteriales), showing the blurring
of phylogenetic information.
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Fig. 1 Dendrograms based on 5-mer frequencies for archaeal cells and mobile elements. a. Archaeal cells. b. Archaeal viruses and plasmids
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A strong link between the ecological niche and the 5-mer
composition of archaeal cellular genomes
Many archaea thrive in extreme conditions, and adapta-
tion to such specific environments has played an import-
ant role in their evolution [34, 35]. We therefore
assumed that major properties of the environmental
niches could be another important factor underlying the
5-mer composition among archaea. We focused on sal-
inity and temperature and defined 8 “Niche” categories.
All Halobacteria members were categorized as “halo-
phile”. The remaining archaea were labeled according to
7 qualitative growth temperature categories, ranging
from “weak mesophile” to “extreme hyperthermophile”
(Additional File 2), based on the BacDive database [36]
and on the literature, e.g. [37].
The clustering pattern was clearly influenced by the

“Niche” categories (Fig. 2 a). Among the 6 main clusters
of the dendrogram for cells (Fig. 2 a, clusters a to f),
cluster b was largely dominated by thermophiles to ex-
treme hyperthermophiles. Cluster c was dominated by
extreme thermophiles, corresponding mostly to Sulfolo-
bales members. Cluster d comprised exclusively thermo-
philes to extreme hyperthermophiles. Finally, clusters e
and f were dominated by weak mesophiles and meso-
philes, although a small patch of hyperthermophiles was
visible in cluster e. Sulfolobales comprises exclusively
acidophilic members, which could explain their specific
signature compared to other thermophilic/hyperthermo-
philic extrachromosomal elements. Indeed, cytoplasmic
pH regulation does not fully compensate for the de-
crease in intracellular pH in acidic environments: the
intracellular pH in acidophiles is higher by approxi-
mately 3 to 4 points than that of the surrounding acidic
environment, but on the whole, it is still lower than that
in neutrophiles [38]. It has previously been suggested
that acidophilic archaea and bacteria have purine-poor
codons in their long genes [39]; however, the effects of
acidophily on compositional features seem to have been
studied less than the adaptation to high temperatures.
Based on PERMANOVA, the “Niche” categories ex-

plained 64.17% of the dataset variance (D5_cells ~ Niche).
Although this percentage is lower than that explained by
the taxonomic rank of order (namely, 75.94%), it is still
very high. As anticipated, the GC content, taxonomic
rank and “Niche” had a high level of dependency (Add-
itional file 1, D5_cells ~ Niche*Order*GC%). In particular,
the last two factors explained 60.56% of the cell profile
dissimilarity variance in an indistinguishable manner
(D5_cells ~ Order*Niche), consistent with the strong links
between the ecological niche and the evolutionary his-
tory in Archaea. Finally, we noticed that a model com-
bining the genomic GC content, ecological niche and
taxonomy (order rank) explained almost all the cell data-
set variance, namely, 95.48% (Additional file 1, D5_cells ~

Niche*Order*GC%). Overall, a limited number of factors
are therefore sufficient to explain the differences in 5-
mer composition of the archaeal cell genomes included
in our study.

The extrachromosomal element profiles are also
influenced by the GC content and host taxonomy, with
higher profile dispersion
We analyzed the 5-mer composition of archaeal plas-
mids and viruses (extrachromosomal elements) with a
similar approach. The obtained dendrogram was divided
into two major clusters. One of them (Fig. 1b, letter a),
corresponded to elements with the highest GC contents,
including nearly all 154 Halobacteria mobile elements,
except for 9. The second cluster, with the lowest GC
content, was divided into two subclusters (Fig. 1b, letters
b and c). Subcluster b was dominated by Sulfolobales
extrachromosomal elements but also included a signifi-
cant number of extrachromosomal elements from
Methanococcales, Methanosarcinales and Marine Group
II. Subcluster c was dominated by Thermococcales extra-
chromosomal elements but also comprised significant
numbers of extrachromosomal elements from Marine
Group II, Desulfurococcales, Thermoproteales and
Methanobacteriales.
Compared to the pattern obtained for cells, visual in-

spection showed that the extrachromosomal elements,
categorized according to the taxonomy of their host, had
a more intertwined distribution, except for viruses and
plasmids of Halobacteria. Consistent with this observa-
tion, the taxonomy of the host at the order level ex-
plained only 57.36% of the extrachromosomal element
dissimilarity variance (Additional File 3, D5_mobile ~ Host
order), compared to 75.94% for the cells. As in the case
of cellular genomes, the rank of their hosts appeared
more informative at the order level than at the phylum
or genus level (Additional File 3, D5_mobile ~ Host Phy-
lum*Host Order*Host Genus).
The less consistent pattern obtained for extrachromo-

somal elements compared to cells could theoretically re-
flect more frequent genetic exchanges between
extrachromosomal elements present in hosts belonging to
different taxonomic groups. However, this does not seem
to be the case. For instance, while several cases of host
transfers between Thermococcales and Methanococccales
plasmids have been previously documented [25], Metha-
nococcales extrachromosomal elements clustered mostly
with those of Sulfolobales rather than with those of Ther-
mococcales in our analysis. Another hypothesis to explain
such a complex pattern for extrachromosomal elements
could be the influence of their GC content. Indeed, extra-
chromosomal element genomes harbor, in many cases, a
distinct average GC content compared to their hosts
(Additional File 4). We noticed that the extent and even
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Fig. 2 Mapping of temperature and salinity-related growth conditions on the archaeal cell and mobile element dendrograms. a. Archaeal cells. b.
Archaeal viruses and plasmids
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the direction of these shifts in GC content varied greatly
according to the host’s taxonomy (at the order level) and
to the type of extrachromosomal element (Add-
itional File 4). Since the GC content had a strong global
influence on the obtained pattern (45.13% of the variance,
Additional File 3, D5_mobile ~ GC%), these shifts in GC
content could greatly contribute to the more complex pat-
tern obtained for archaeal extrachromosomal elements
compared to that obtained for archaeal cells.
Similar to cells, the host taxonomy (at the order level)

and the genomic GC-content were highly interdepend-
ent factors for extrachromosomal elements (Add-
itional File 3): 39.71% of the dissimilarity variance was
explained indistinguishably by these two factors (D5_mo-

bile ~ Host Order*GC% and D5_mobile ~ GC% * Host
Order). Interestingly, the taxonomic classification of vi-
ruses and plasmids was by far the most influential factor,
alone explaining 68.30% of the extrachromosomal elem-
ent dissimilarity variance (Additional File 3, D5_mobile ~
Family). This could be due partly to the high number of
viral and plasmid families in the dataset (60 compared to
only 11 different host orders), which must support a bet-
ter fit of the model. However, this finding also suggests
that individual viral and plasmid families could have a
specific 5-mer composition.
The extrachromosomal element family and the tax-

onomy of their hosts at the order level were strongly
dependent, since 51.90% of the extrachromosomal elem-
ent dissimilarity variance was explained indistinguishably
by one of the factors (Additional File 3, D5_mobile ~ Host
Order*Family and D5_mobile ~ Family*Host Order). This
could reflect the fact that the host range of a given plas-
mid or viral family is limited. The fact that viruses and
plasmids coevolved with their hosts and that they were
not frequently transferred to new hosts from other or-
ders could explain this limitation.

A significant but weaker influence of the ecological niche
on the 5-mer composition of archaeal extrachromosomal
elements
We used the same “Niche” categories and method to
analyze plasmids and viruses of archaea (Fig. 2 b). As
already identified above (Fig. 2 b), extrachromosomal el-
ements from halophiles grouped together (cluster a),
with a very limited number of exceptions. The viruses
and plasmids from extreme thermophiles, corresponding
mostly to Sulfolobales, tended to group with mesophilic
extrachromosomal elements, in cluster b. By contrast,
most other thermophilic to extremely hyperthermophilic
extrachromosomal elements were in a separate group
(cluster c).
The consistency of the 5-mer profile distribution with

the “Niche” was lower than that for cells: the “Niche” ex-
plained 50.12% of the dissimilarity variance from the

extrachromosomal element profiles (Additional File 3,
D5_mobile ~ Niche). As we observed for cells, the infor-
mation about the “Niche” was almost fully included in
the host taxonomic classification, since the “Niche” ex-
plained only 1.16% of the extrachromosomal element
dataset variance when the influence of host taxonomy
was first removed (Additional File 3, D5_mobile ~ Host
Order*Niche). A statistical model combining the gen-
omic GC content, the ecological niche and the taxonomy
of the host explained 70.85% of the profile dissimilarity
variance (Additional File 3, D5_mobile ~ Niche*Host
Order*GC%); adding the extrachromosomal element
family as a variable to the model enabled us to reach
89.29% of explained variance (Additional File 3, D5_mo-

bile ~ Niche*Host Order*GC% and D5_mobile ~ Niche*-
Host Order*Family*GC%).

A clear 5-mer signature for halophily and a weaker
signature for hyperthermophily
Considering the strong association between the eco-
logical niche and the 5-mer profile distribution, we de-
cided to identify some of the most discriminant 5-mers
between halophilic and nonhalophilic entities on the one
hand, and between hyperthermophilic versus nonhy-
perthermophilic entities on the other. For this purpose,
in each case, we applied partial least square discriminant
analysis (PLS-DA) to archaeal cells and extrachromo-
somal element profiles separately. In each situation, we
retained the ten most discriminant 5-mers (Table 1,
Additional file 5).
For both cells and extrachromosomal elements, the

separation according to the salinity-related growth prop-
erties was very strong, consistent with the hierarchical
clustering results (principal component analysis (PCA)
and PLS-DA, Additional files 6, 7, 8, 9). Consistent with
this, the average frequency of the ten most discriminant
5-mers was significantly different between halophiles
and nonhalophiles (Mann-Whitney-Wilcoxon test, p <
0.01, Additional files 10 and 11). Considering the
marked separation between halophilic and nonhalophilic
entities (Fig. 3, Additional Files 6, 7, 8, 9), many add-
itional 5-mers likely have significantly different frequen-
cies between both groups. The ten most discriminant 5-
mers were more abundant in halophilic archaea or in
their extrachromosomal elements, except for one 5-mer,
which was more abundant in nonhalophilic archaea.
The signatures of halophilic cells and extrachromo-

somal elements were expected to be similar, since most
Halobacteria extrachromosomal elements grouped with
Halobacteria cells in a joint dendrogram (Fig. 3). Indeed,
each of the ten discriminant 5-mers identified for the
cells also had significantly different frequencies within
extrachromosomal elements (Mann-Whitney-Wilcoxon
test, p < 0.01). However, only 4 out of the 10 most
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discriminant 5-mers identified for halophiles were com-
mon between cells and mobile elements (Table 1, Add-
itional file 5). The 10 most discriminant preferred 5-
mers in haloarchaea were GC-rich, as expected (Table 1,
Additional file 4).
To identify discriminant 5-mers according to the growth

temperature, we removed all Halobacteria representatives
from the dataset and classified the remaining elements
into two categories: elements with growth temperatures
below 80 °C (weak mesophiles to extreme thermophiles)
and those with growth temperatures above 80 °C
(hyperthermophiles to extreme hyperthermophiles).

For archaeal cells, hyperthermophiles and nonhy-
perthermophiles separated quite well based on PCA and
PLS-DA (Additional files 12 and 13). The 10 most dis-
criminant 5-mers identified by PLS-DA all had signifi-
cantly different frequencies between the two groups
(Mann-Whitney-Wilcoxon test, p < 0.01, Add-
itional file 14). However, the differences were less pro-
nounced than those for halophiles.
For the extrachromosomal elements, with the same

defined categories, the separation between the two
temperature groups was less clear, as assessed by
PCA (Additional file 15); but the barycenters were

Table 1 Sets of 10 most discriminant 5-mers identified by PLS-DA

Archaeal cells Archaeal mobile elements

Halophiles
high frequency 5-
mers

CGAAC, GTTCG, ACCGA, GACCG, CGGTC, TCGGT, GTGAC,
GTCAC, TCGAC

GTTCG, ACCGA, TTCGA, CGAAC TCGAA, TCGGT, TCGGA, CGAG
T, TCCGA, ATCGA

Halophiles
low frequency 5-
mers

TGAAG –

Hyperthermophiles
high frequency 5-
mers

TCAAC, GTTGA, AGCTT, AAGCT TTTGG, GAGCT, AGCTC, AAGCT, AGCTT, TTGAG, (TTGGA),
GCCAA, (TCCAA)

Non-
hyperthermophiles
low frequency 5-
mers

TCAGA, TCTGA, TCAGT, ACTGA, CAGAT, ATCTG CGAAT

Bold characters: in each table line, most discriminant 5-mers shared between cells and mobile elements, for a considered niche category. In parenthesis:
statistically non-significant frequency differences based on a t-test (p ≥ 0.01), in a considered niche category

Fig. 3 Dendrogram based on 5-mer frequencies for a subset of archaeal cells and mobile elements
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still quite distant from each other. Eight of the 10
most discriminant 5-mers identified by PLS-DA (Add-
itional file 16) had significantly different frequencies
between the two groups (Mann-Whitney-Wilcoxon
test, p < 0.01, Additional File 17). Only two of them
were shared with those identified for cells, with
higher frequencies in hyperthermophiles than in the
lower growth temperature group. Seven of the 10
most discriminant 5-mers identified for the cells also
had significantly different levels in extrachromosomal
elements (Additional file 18), indicating that the sig-
natures of archaeal cells and extrachromosomal ele-
ments with respect to hyperthermophily are similar
without being strictly identical.
The signal for hyperthermophily was much weaker

overall than that for halophily. In addition, most
hyperthermophiles in our dataset were from the or-
ders Desulfurococcales, Thermoproteales and Thermo-
coccales. The few others (e.g., some Sulfolobales and
Methanococcales members) tended to be located
within the lower-temperature group, as assessed by
PCA. It is therefore not clear whether the identified
discriminant 5-mers constitute a general signature for
hyperthermophilic archaea.

Codon frequencies influence 3-mer and 5-mer profile
distributions
It has been previously shown that amino acid usage
and codon frequencies vary according to environmen-
tal conditions, particularly for archaea and extreme
environments [29, 35, 40, 41]. Since the proportion of
coding regions is high in archaeal genomes, it is likely
that their 5-mer composition is somehow correlated
with the codon frequencies. To evaluate this hypoth-
esis, we focused only on the genomes for which the
positions of coding regions were available in public
databases, namely 238 out of 239 archaea and 288
out of 345 archaeal viruses and plasmids, in our data-
set (Additional file 2).
We first compared, for halophiles and hyperthermo-

philes, the 10 most discriminant 3-mers of the whole-
genome sequences to their 10 most discriminant co-
dons (Table 2). In each case, several of the most dis-
criminant codons were also present among the most
discriminant 3-mers of the whole genome sequences
(Table 2, underlined words), which supported, as ex-
pected, the link between codon frequencies and 3-
mer composition in archaea and their extrachromo-
somal elements.

Table 2 Sets of 10 most discriminant codons and 3-mers identified by PLS-DA

Underlined: most discriminant words shared between codons and 3-mers in whole genomes, for a considered niche category. Bold characters: most discriminant
words shared between cells and mobile elements, for a considered niche category. In parenthesis: statistically non-significant frequency differences based on a t-
test (p ≥ 0.01), in a considered niche category
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The 10 most discriminant preferred codons in
haloarchaea were GC rich, as expected (Table 2, Add-
itional file 4). They encoded arginine (R) (through 4 dif-
ferent codons), aspartic acid (D), valine (V), histidine
(H), alanine (A), serine (S) and proline (P). Contrary to
previous results on amino acid composition [35, 41, 42],
we did not detect preferred codons for glutamic acid (E)
[35, 42, 43] and threonine (T) [35]. D and V have been
repeatedly identified as preferred amino acids in halo-
philes [35, 41, 42]. A higher abundance of R in halo-
philes has been reported when comparing halophiles to
thermophiles [42] or in specific cases [35, 43]; an in-
crease in H has also been documented [41]. The enrich-
ment in R probably compensates for the avoidance of K
[35, 41–43]: this latter amino acid is similar to R, a basic,
polar and positively charged amino acid; however, the
side chains of R can bind more water molecules than
those of K. In our study, the identification of 4 preferred
codons coding for R could therefore partly result from a
selection process operating at the protein level.
Our results on the most discriminant codons for hy-

perthermophilic archaea can be compared with those
from [44], for the identification of differentially abundant
codons between thermophilic and mesophilic archaea
and bacteria. A limited number of codons identified in
[44] were also retrieved in our analysis (Table 2): GAG
(E), AGA (R) and AGG (R), which were more frequent
in hyperthermophilic archaea or in their extrachromo-
somal elements; CAG (glutamine, Q), which was less fre-
quent in both hyperthermophilic archaea and their
extrachromosomal elements; and finally CAT (H), which
was less frequent in hyperthermophilic extrachromo-
somal elements. However, the majority of the most dis-
criminant codons for hyperthermophily that we
identified (Table 2) were not detected as differentially
abundant in [44]. In archaea and bacteria, the nature of
the discriminant codons is likely influenced by prote-
omic adaptation to temperature [45]. In 2007, the amino
acids isoleucine (I), V, tyrosine (Y), tryptophan (W), R, E
and leucine (L) were proposed as universal markers for
the optimal growth temperature in prokaryotes (IVYW
REL) [45]. These amino acids were already identified to
some extent prior to 2007 [44, 46, 47] . Although not
present in the IVYWREL set, K was identified by other
authors as a preferred amino acid [44, 47]. By contrast,
thermophiles tend to be impoverished in at least Q, T
and H [44, 46]. Our results on most discriminant codons
showed a certain consistency with these established
amino acid signatures, since 6 of them translated to one
of these amino acids (Table 2, preferred codons translat-
ing to E or L and avoided codons translating to Q or H).
In our analysis, some codons translating to S, R, and A
appeared to be preferred in both hyperthermophilic ar-
chaea and their extrachromosomal elements. Finally, 3

avoided codons corresponded to the preferred amino
acids I, L, and Y (Table 2), showing the difficulty of fully
reconciling the signature at the codon level from this
study to the amino acid signature from previous studies.
Examining the influence of codon frequency on the 5-

mer profiles is less straightforward, since each 5-mer in-
cludes three overlapping 3-mers. We thus implemented
a different approach to obtain a global estimate of this
influence. We first established another type of 5-mer-
based profile, taking into account the codon compos-
ition. For each element, this new profile was based on
the concatenated coding regions. For each 5-mer, the
profile value consisted of an exceptionality score, reflect-
ing how unexpectedly frequent or rare this 5-mer is,
considering the codon composition of the sequence.
This other type of profile therefore does not necessarily
highlight frequent 5-mers. Rather, it highlights 5-mers
that have an unexpected frequency in the studied se-
quence, given the codon frequencies. After obtaining the
profiles, we calculated the distance matrices (D5_cells_e

and D5_mobile_e) before applying PERMANOVA. The in-
fluence of the niche was much lower on this new type of
profile, decreasing from 64.22 to 41.75% for archaeal
cells (D5_cells ~ Niche and D5_cells_e ~ Niche) and from
51.35 to 17.81% for mobile elements (D5_mobile ~ Niche
and D5_mobile_e ~ Niche). The strong influence of the
ecological niche on the 5-mer profiles is thus signifi-
cantly but not exclusively explained by codon
frequencies.

Joint analysis of plasmid, viral and cellular genomes from
Archaea highlights the influence of coevolution and of
the extrachromosomal element families on 5-mer profiles
To visualize a dendrogram encompassing both archaeal
cells and their extrachromosomal elements, we created a
smaller subset by randomly selecting approximately half
of the sequences in each category (cell, virus and plas-
mid) and we jointly analyzed the corresponding 5-mer
profiles. This subset comprised a total of 296 genome se-
quences, of which 119 were from cells, 106 were from
plasmids and 71 were from viruses.
Based on hierarchical clustering (Fig. 3) and at the glo-

bal scale, viruses and plasmids did not form a separate
cluster. Rather, they tended to group with archaea shar-
ing the same taxonomy as their hosts. This was best evi-
denced by the class Halobacteria, for which most
members and their associated extrachromosomal ele-
ments were grouped in a single specific cluster (Fig. 3,
letter a). This trend was also visible for the orders Sulfo-
lobales, Thermococcales, and Methanococcales (Fig. 3,
clusters b, c, d, respectively). It was less clear for the or-
ders Methanobacteriales, Thermoproteales and Desulfur-
ococcales, as well as Marine Group II, which were more
dispersed at various locations of the dendrogram.
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However, several host-virus or host-plasmid associations
were still visible in some of these smaller isolated clus-
ters (e.g., for Methanobacteriales and Desulfurococcales,
Fig. 3, letters e and f, respectively). While this trend of
5-mer profile similarity between extrachromosomal ele-
ments and hosts has its exceptions, it still highlights the
influence of the coevolution between hosts and their
mobile elements on their short k-mer composition.
Within each of the 4 abovementioned groups for which

the association was the strongest (the class Halobacteria
and orders Sulfolobales, Thermococcales, and Methanococ-
cales), the cell and extrachromosomal element branches
were not fully intertwined. Rather, they tended to form
several aggregates rich in either cells or extrachromosomal
elements. This is particularly well illustrated by the case of
the Sulfolobales order (Fig. 3, letter b).
Importantly, although the 5-mer profiles of archaeal

extrachromosomal elements are strongly influenced by
the coevolution with the hosts, they also retain a specific
component, likely due to their different nature. To better
understand the nature of these interactions, we focused
on Halobacteria and Sulfolobales, for which many fam-
ilies of extrachromosomal elements, either plasmids or
viruses, have already been defined.

Megaplasmids and other mobile elements from
Halobacteria have 5-mer profiles distinct from those of
Halobacteria cells
The class Halobacteria comprises exclusively halophilic
archaea that thrive in high-salt environments. We fo-
cused specifically on the sequenced mobile elements of
Halobacteria members, which are numerous and diverse
[25, 26, 48, 49]. Our dataset comprised 53 cellular Halo-
bacteria genomes, as well as 118 plasmids and 36 viruses
of hosts from the orders Halobacteriales, Haloferacales,
and Natrialbales (Additional file 19). A particularity of
Halobacteria is the abundance of megaplasmids, consid-
ered here as plasmids longer than 150 kb (51 represented
in our dataset), and of large plasmids, with sizes ranging
from 100 to 150 kb (23 represented in our dataset). The
44 other plasmids had sizes ranging from 1.1 kb to 96
kb. There is currently a scientific debate on the nature
of megaplasmids. Indeed, some of them encode essential
genes and could hypothetically be currently evolving into
chromosomes [50]. In our dataset, 5 distinct elements
were classified as second chromosomes according to
public databases. Associated with the Haloarcula or
Halorubrum genus, these elements had sizes ranging
from 288 kb to 526 kb.
Using PERMANOVA, it appeared again that the gen-

omic GC content and the taxonomic family together ex-
plained an important proportion of the 5-mer profile
dissimilarity variance of extrachromosomal elements,
namely, 55.52% (Additional file 20, D5_mobile_halo ~

GC%*Family). By contrast, the taxonomy of the host ex-
plained only a very limited proportion of the variance,
5.28%, consistent with the loss of phylogenetic signal
from the hosts within the class Halobacteria (Add-
itional file 20, D5_mobile_halo ~ Host order*Host genus).
The pattern obtained by hierarchical clustering was

quite complex (Fig. 4a, Additional file 21). It still evi-
denced the presence of cell-rich clusters (Fig. 4a, clusters
a1 to a4), while other clusters were rich in megaplasmids
and large plasmids (Fig. 4a, clusters b1 to b3), in other
plasmids (Fig. 4a, cluster c), in viruses (Fig. 4a, clusters
d1 to d3), or in a mixture of other plasmids and viruses
(Fig. 4a, clusters e1 and e2). Some clusters were enriched
in plasmids or viruses belonging to well-defined families.
In particular, we noticed clusters rich in Caudovirales
(Fig. 4a, clusters d2), Sphaerolipoviridae (Fig. 4a, clusters
d3), or RC-Rep SF I elements (Fig. 4a, one subcluster of
e2). We also noticed that the Halobacterium halobium
plasmid ehsp was identical to the Halobacterium sali-
narum plasmid pHSB, a small rolling-circle replication
plasmid of 1.7 kb [25] (in cluster e2). For Caudovirales,
we observed a certain consistency between the viral
types and clustering patterns. Except for HHTV-1,
HGTV-1 and the Natrialba magadii provirus (Nmag-
Pro1), Caudovirales members were distributed among 3
main clusters (Fig. 4a, cluster d2, one subcluster of e1,
one subcluster of e2). The first one exclusively com-
prised 9 Caudovirales members (Fig. 4a, cluster d2), with
an average genome length of 83.3 kb. Within this cluster,
the 3 HCTV-type Siphoviridae members grouped to-
gether (HCTV-1, HCTV-5 and HVTV-1); in the Myovir-
idae family, similar results were observed for the 4 HF2-
type viruses (HF1, HF2, HRTV-8 and HRTV-5) and for
both HRTV-7-type viruses (HRTV-7 and HSTV-2).
Moreover, HF2-type and HRTV-7-type viruses that are
evolutionarily related [49] also clustered together. In
contrast, other Caudovirales-rich clusters also comprised
plasmids of limited size as well as Pleiolipoviridae and
Sphaerolipoviridae members. Caudovirales members in
these mixed clusters had a smaller average genome size,
of 43.5 kb. Finally, HHTV-1 (Caudovirales order) was
one of the outermost elements in the haloarchaea den-
drogram (Fig. 4a, in cluster d1), consistent with its de-
scription as the most divergent among sequenced
haloarchaeal tailed viruses [49].
A gene-sharing network based on protein similarity

was constructed (Fig. 4b) and supported the same obser-
vation when the weak edges were filtered out. This rein-
forces the conclusion since gene sharing networks
address a different type of information, depending on
the genome functional content.
The network (Fig. 4b) also showed that cells shared

few strong edges with plasmids of limited size (< 100 kb),
in contrast to large plasmids and megaplasmids. This
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was further confirmed by basic statistics on the number
of edges among these different types of elements (Fig.
4c). For the smaller plasmid category (< 100 kb), the level
of this indicator was actually similar to that of viruses
(Fig. 4c). Halobacteria plasmids therefore seem to have
heterogeneous properties with respect to genetic con-
nections with their hosts. Plasmid size appears to act as
a major influential factor, possibly by increasing the
probability of gene exchange.

Good congruence between mobile element families and
5-mer composition in Sulfolobales
Viruses and plasmids present in Sulfolobales (genera Sul-
folobus, Metallosphaera and Acidianus) are among the
best characterized archaeal mobile elements. Sulfolobales
members produce viruses with unique morphotypes (e.g.,
fusiform, bottle-shaped), which has aroused important sci-
entific interest during the last two decades [51]. Fusellovir-
idae, Lipothrixviridae, and Rudiviridae, reviewed in [24])
and 2 distinct plasmid families (cryptic pRN-like, conjuga-
tive pNOB8-like [52]) have been studied extensively. A
total of 119 Sulfolobales sequences of cells, plasmids and
viruses were studied here (Additional File 22).
The cellular genomes were distributed between 2 dis-

tant clusters, one corresponding to Metallosphaera and
the other to Sulfolobus and Acidianus (Fig. 5a, black
color, codes starting with m, s and a respectively). The
average genomic GC content in Metallosphaera was of
45.4% ± 1.6 SD, compared to 35.2% ± 1.6 SD in the other
Sulfolobales genomes, which possibly influenced this
partition. In the Sulfolobus-Acidianus cluster (Fig. 5a),
the subclusters were consistent with the distinct species,
namely, Sulfolobus islandicus (codes starting with si),
Sulfolobus solfataricus (codes starting with sso or so),
Sulfolobus acidocaldarius (codes starting with sac or sa)
and Acidianus species (codes starting with a). The only
exception was Sulfolobus tokkodai (code sto), which was
located in the Acidianus subcluster.
The Sulfolobales extrachromosomal elements were

grouped primarily according to their taxonomic family
rather than to the taxonomy of their hosts (Fig. 5a). This
general pattern appeared once more to be partly linked
to the GC content of the sequences (Fig. 5a, Add-
itional file 23). There were notable exceptions, such as
the Fuselloviridae proviruses previously described in [53]
(Fig. 5a, SSV-m1425, SSV-ls215 and SSV-yg5714): their
sequences were less GC rich than those of the other

Fuselloviridae members (19.6% ± 0.7 SD compared to
39.2% ± 2.3 SD) but they were still located in the main
Fuselloviridae cluster.
For viruses, 14 out of 16 Rudiviridae genomes, 12 out

of 13 Fuselloviridae genomes and 7 out of 8 Lipothrix-
viridae genomes clustered together (Fig. 5a). A similar
trend was observed for less represented families, with all
Ampullaviridae and Turriviridae members grouping
into consistent clusters. For the plasmids, all pRN-like
cryptic plasmids and 2 related phage-plasmid hybrid en-
tities (pSSVx and pSSVi) (Fig. 5a, magenta color) formed
a single cluster that also included Turriviridae. Finally,
12 out of the 13 pNOB8-like conjugative plasmids clus-
tered together (Fig. 5a, green color). Interestingly, the
main pNOB8-like plasmid cluster (with sizes ranging
from 20.4 to 42.2 kb) was located very close to the main
cell cluster, whereas the pRN-like cryptic plasmid cluster
(with sizes ranging from 5 to 13.6 kb) was much more
distant (Fig. 5A). Similar to our observations for Halo-
bacteria, this finding highlights that larger plasmids are
more similar to cells than shorter plasmids and viruses
in terms of 5-mer composition.
This could reflect the occurrence of frequent genetic

exchange between Sulfolobales cells and pNOB8-like
conjugative plasmids. Based on PERMANOVA, the viral
and plasmid families together with the genomic GC con-
tent explained 77.68% of the 5-mer profile dissimilarity
variance among Sulfolobales mobile elements (Add-
itional file 23, D5_mobile_sulfo ~ Family*GC%).
A gene sharing network also showed that Sulfolobales

mobile elements tended to group according to their fam-
ily. The proximity of pNOB8-like conjugative plasmids
and Sulfolobales cells was visible, whereas connections
between cells and pRN-like plasmids or viruses were less
striking (Fig. 5b, Fig. 5c). A noticeable difference be-
tween the dendrogram based on the 5-mer profiles and
the gene sharing network regarded the links between the
Lipothrixviridae and Rudiviridae families, which to-
gether form the Ligamenvirales order [54]. While this
evolutionary connection was clear in the gene sharing
network (Fig. 5b), it was not clear from the 5-mer-based
analysis (Fig. 5a), confirming the idea that sequence
composition changes more rapidly than gene content
and that similarity in sequence composition can identify
only close evolutionary relationships. The different 5-
mer compositions between Lipothrixviridae and Rudivir-
idae may be explained by the low genomic GC contents

(See figure on previous page.)
Fig. 4 Insight into the archaeal mobile elements from the class Halobacteria. a. Dendrogram based on 5-mer frequencies for Halobacteria
members and their plasmids and viruses. b. Gene-sharing network based on the normalized number of shared genes. For each pair of elements,
the number of shared gene was divided by the lowest genome length of the pair. Moreover, edges with normalized values lower than 0.1 are
not shown, to filter out the weak interactions. c. Barplot of edge counts from the network according to different categories of elements. The
counts were normalized by the number of elements in the considered categories
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of Rudiviridae (28.25% ± 6.17% SD on average). We also
noticed that Rudiviridae members seem to have an un-
usual 5-mer composition since their main cluster had a
long branch and they were isolated not only from Lipo-
thrixviridae but also from all other mobile elements (Fig.
5a). In addition to their very low GC content, several
factors could possibly explain the specific 5-mer com-
position of Rudiviridae, such as unusual DNA packaging
constraints or their DNA replication mode (hypothetic-
ally complex mechanisms, not yet fully identified [55],
reviewed in [24]).

Outliers and host transfers
Genomes with unexpected 5-mer composition (outliers)
could presumably reveal singular evolutionary trajectories.
We identified a total of 51 outlier plasmids and viruses
(Additional File 2) by combining a systematic approach
(see Materials and Methods) and visual examination of
the dendrograms. These elements had unexpected 5-mer
compositions compared to the average in their taxonomic
group or the 5-mer composition of their hosts.
For 4 of them, their very short length (< 4 kb) likely ex-

plains their atypical composition. The presence of tRNA
genes in viral genomes has previously been identified as
a possible factor explaining the divergence between host
and viral genome k-mer compositions, acting by redu-
cing the selective pressure on the viral genome for adap-
tation to host codon usage [14, 56]. Such a phenomenon
was not prevalent here, since only 3 out of 51 outliers
encoded tRNAs in their genomes (Additional File 2).
Assuming that recent host transfer could also explain

atypical 5-mer compositions, we specifically examined
Thermococcales and Methanococcales, which are
evolutionarily closely related and known to share
evolutionarily-related plasmids. One of the previously
described interorder host transfer events was indeed vis-
ible by PCA (Fig. 6a) or hierarchical clustering (Add-
itional File 24), suggesting that the Methanocaldococcus
plasmid pMETVU01 originated from a Thermococcales
host [25]. More ancient evolutionary connections de-
tected previously between some Methanococcales
plasmids, such as pMEFER01, and the pT26–2 Thermo-
coccales plasmid family [25] were not visible based on
the 5-mer profiles. This suggests that the 5-mer compos-
ition of newly transferred mobile elements must evolve
rapidly, so only recent transfers can be detected by this
approach.

We then considered more closely the 13 pNOB8-like
Sulfolobales conjugative plasmids because in a previous
version of the dataset, two pNOB8-like plasmids,
namely, pMGB1 and pTC, were located close to Metal-
losphaera genomes, far from the main pNOB8-like clus-
ter (Additional File 25). This suggested that pTC and
pMGB1 could replicate in Metallosphaera archaea, in
addition to Sulfolobus. Interestingly, we identified a
remnant plasmid very similar to pMGB1 in the genome
of Metallosphaera sedula (Fig. 6b), consistent with this
hypothesis. We named this new integrated conjugative
plasmid ICEmse, for “Integrative Conjugative Element of
M. sedula”, and we included it in the dataset. ICEmse
was consistently located in the same cluster as the pTC,
pMGB1 and Metallosphaera genomes in the previous
dataset version (Additional File 26). In our latest dataset
version, the trends were less clear, since Metallosphaera
formed a fully separate cluster. Moreover, only pTC
grouped with ICEmse (Fig. 5a) and was detected as an
outlier. By contrast, pMGB1 was located in the main
pNOB8-like plasmid cluster, but was the outermost
element. The PCA result was in good agreement with
the host transfer scenario, since pTC, pMGB1 and
ICEmse were located roughly at mid-distance between
Sulfolobus and Metallosphaera cells (Fig. 6c). Finally,
consistent with the high GC content of Metallosphaera
genomes, the pMGB1, pTC and ICEmse genomic GC
contents were 39.6, 41.4 and 41.5%, respectively, com-
pared to only 36.7% ± 0.6 SD for the other pNOB8-like
elements, again supporting the host transfer hypothesis.

Discussion
The influence of their phylogenetic position on the 5-
mer composition of archaeal cell genomes is clearly vis-
ible in our dataset, consistent with the genome-wide im-
portance of short k-mers, which could play a role in
speciation and be critical to recombination (reviewed
and defended in [2]). However, the global topology that
we obtained by hierarchical clustering was not fully con-
sistent with the phylogeny of archaea, as detailed in the
results section. It could be interesting to evaluate
whether more sophisticated methods [16–18] and the
use of various k-mer sizes would enable us to obtain a
global topology more consistent with the phylogeny of
archaea. Whether it could be achieved is, however, un-
certain. The fact that we could detect recent HGTs but
that several ancient evolutionary connections [54, 57]

(See figure on previous page.)
Fig. 5 Insight into the archaeal mobile elements from the order Sulfolobales. a. Dendrogram based on 5-mer frequencies for Sulfolobales members
and their plasmids and viruses. b. Gene-sharing network based on the normalized number of shared genes. For each pair of elements, the number of
shared gene was divided by the lowest genome length of the pair. Moreover, edges with normalized values lower than 0.1 are not shown, to filter out
the weak interactions. c. Barplot of edge counts from the network according to different categories of elements. The counts were normalized by the
number of elements in the considered categories

Bize et al. BMC Genomics          (2021) 22:186 Page 15 of 22



Fig. 6 (See legend on next page.)

Bize et al. BMC Genomics          (2021) 22:186 Page 16 of 22



were not detected in our analysis suggests that the gen-
ome composition in short k-mers must evolve rapidly.
The acquisition or loss of adaptation to extreme condi-
tions played a strong role in the evolution of archaea
(e.g. [29, 34]). It was proposed that the last archaeal
common ancestor was a hyperthermophile [29], and the
subsequent adaptation to other niche constraints may
likely have blurred the phylogenetic signal of k-mer pro-
files in Archaea. This must have resulted in certain cases
in convergent evolution of sequence composition, which
could also blur the phylogenetic signal.
Our results were mostly consistent with previous stud-

ies, but they provide a different view since most of the
latter focused on amino acid composition [35, 41, 42]
and codon usage (e.g., [35]), rather than k-mers and ab-
solute codon frequencies. Our analysis shows that the
ecological niche also has a strong link with the 5-mer
composition of archaeal extrachromosomal elements.
For virions in particular, it would be interesting to deter-
mine whether the composition results exclusively from
the coevolution with the hosts or whether other selective
pressures are exerted, for instance on the packaging
structure properties during the extracellular stage, corre-
sponding to a more direct effect of the extracellular
environment.
Halobacteria members and their extrachromosomal

elements showed a very strong signature at all studied
levels: GC content, 5-mer and 3-mer compositions of
the whole genome sequences and codon composition.
Halobacteria was clearly separated from the other clades
of archaea, most likely as a consequence of their evolu-
tion in high-salt environments. Halophiles have an ex-
ceptionally high GC content among archaea (~ 60%)
(Additional file 4), possibly to prevent the formation of
thymidine dimers following extensive exposure of these
archaea to UV at the surface of solar salterns [58]. H.
walsbyi genomes are notable exceptions, and their low
GC-content (48%) may be partly compensated by the
presence of 4 encoded photolyases in their genomes
[59]. In addition, proteins of halophiles have specific fea-
tures that enable them to be functional under the high
salt concentration in the cytoplasm (up to 4M KCl)
[35]. Their surface is typically enriched in acidic [42]
and negatively charged residues [43], while their core
has a moderate hydrophobicity [43].
Regarding the signature for hyperthermophily, many

differences in the methods and datasets could explain
the imperfect agreement with previous studies [44, 45].

Primarily, our information on amino acids is indirect,
based on absolute codon frequency analysis, while most
cited studies directly focused on amino acid compos-
ition. An additional explanation could be that several
previous analyses included both archaea and bacteria,
whereas we focused exclusively on archaea, mainly on
Desulfurococcales, Thermoproteales and Thermococcales.
In addition, our dataset includes more sequences, and fi-
nally, the statistical methods employed are slightly differ-
ent. In particular, Lambros et al. [60] considered the
optimal growth temperature as a quantitative variable,
pointing out that most changes in response to growth
temperature occur below 60 °C. We therefore may have
missed some of the compositional changes that start to
occur at lower temperatures. It is, however, interesting
that discriminant 5-mers could be identified from our
diverse dataset and when considering a high temperature
threshold to partition the dataset into two categories.
We observed that mobile elements of archaea harbor

some specificity in their 5-mer composition compared to
their hosts, with two major types of situations. The first
corresponds to major compositional differences between
the mobile elements and their hosts. Such mobile ele-
ments are outliers and do not represent the most fre-
quent cases. According to the literature, such differences
could be explained by the presence of tRNA genes in the
mobile element genome, enabling the uncoupling of
codon usage constraints of the hosts from those of the
mobile element [14, 48]; by a large genome size of the
mobile element, which is indicative of a more autono-
mous replication cycle [14]; or by a recent acquisition by
the host, such that the composition of the mobile elem-
ent has not yet undergone host adaptation [31]. In the
present study, we found a very limited presence of anno-
tated tRNA genes in mobile elements (Additional file 2).
We identified two recent host transfers, one previously
described (pMETVU01) [25] and a newly described one
(ICEmse). We hypothesize that the fact that the Halo-
bacteria viruses His1 and His2 encode their own family
B DNA polymerase [24] could possibly contribute to
their atypical 5-mer composition. Apart from these few
cases, no obvious factors could be identified at first
glance for most outliers.
A second type of case, the most frequent, corresponds

to a small 5-mer composition difference between the
mobile elements and their hosts. In the literature, the in-
fluence of the host range and mode of transmission have
been proposed, such as frequent changes of hosts [31] or

(See figure on previous page.)
Fig. 6 llustration of host transfer events. a. PCA highlighting the recent interorder transfer of a Methanococcales plasmid from the Thermococcales order.
b. Comparison of pMGB1, a Sulfolobus plasmid of the pNOB8-like conjugative family, with a selected region of Metallosphaera sedulla DSM 5348
genome, showing the intergenus transfer. c. PCA of Sulfolobales cells, viruses and plasmids, as well as the newly identified Integrative Conjugative
Element present in Metallosphaera sedulla DSM 5348 genome (iCEmse)
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a wide host range [19]. For horizontally transferred mo-
bile elements, occasional exposure to the extracellular
environment could also create particular selective pres-
sures [31]. Competition for metabolic resources has also
been suggested to explain differences in GC content
[61]. Beyond these general factors, we suggest that the
specific composition of mobile elements could primarily
result from the intrinsic properties of mobile element
families. This idea is best illustrated by Sulfolobales plas-
mids and viruses that cluster mainly according to their
own taxonomic family, rather than those of their host
strains. This suggests that each mobile element family
has its own specificity in terms of 5-mer composition
and indicates that their 5-mer composition does not
simply reflect their adaptation to their hosts or to the
extracellular environment. This notion is echoed by [15],
the authors of which could classify viruses based on their
tetramer composition. One could imagine other selective
forces shaping the k-mer composition of mobile ele-
ments. There could hypothetically be constraints related
to the replication mode or the functional content. For
plasmidions [62, 63] and viruses, additional constraints
linked to packaging or structure can be imagined, in re-
lation to but not limited to the properties of the extra-
cellular environment.
Interestingly, we observed a lower difference in sequence

composition between hosts and large plasmids or megaplas-
mids, than between hosts and smaller plasmids and viruses.
A similar trend was previously observed by several authors
who suggested that the low difference in the case of large
plasmids could be explained by a stronger adaptation to the
host for large plasmids [32] whereas the larger difference in
the case of small plasmids could result either from the lim-
ited compositional representativeness of short sequences [32]
or by their greater host range [19]. We hypothesize that the
lower difference in the case of large plasmids could also be
due to the fact that they exchange more genes with their
hosts and also lack the selective pressures related to pack-
aging or stability in the extracellular environment. Paul et al.
[35] mentioned that the difference in codon usage between
chromosomes I and II of Haloarcula marismortui must be
linked to the more recent acquisition of the second chromo-
some. Our study shows that second chromosomes in the
class Halobacteria have a 5-mer signature similar to that of
large or megaplasmids, and distinct from that of first chro-
mosomes. Therefore, the distinct nucleotide composition of
chromosome II of H. marismortui could also result from its
different origin from that of chromosome I, supporting the
idea that chromosome II belongs to the plasmid realm.
Our simple gene sharing network analyses yielded

consistent trends, again highlighting a stronger link be-
tween larger plasmids and cells than between short mo-
bile elements (plasmids or viruses) and cells. Similar
analyses have previously highlighted the important role

of mobile elements in gene dissemination, enabling the
identification of those more specifically involved in this
process [64, 65]. Halary et al. [65] in particular con-
trasted viruses and plasmids, the latter being, according
to their study, the major key players of HGT. Even if our
study covers a single domain of life, our observations
suggest that the size of the mobile elements (plasmid or
viruses) might be in fact the most important factor de-
termining its importance in the evolutionary relation-
ships with hosts. Moreover, the delineation between
plasmids, viruses and other types of mobile elements,
such as plasmidions, is becoming increasingly blurred
[62].

Conclusions
Our study provides a useful framework for the interpret-
ation of k-mer approaches applied to cell or extrachro-
mosomal elements of the domain Archaea. For cells, the
global topologies based either on 5-mer profiles or on
phylogeny are inconsistent. At a finer level, the results,
however, show the strong influence of phylogenetic rela-
tionships and of adaptation to environmental constraints
on 5-mer compositions. These two factors are inter-
dependent to a significant extent, and the respective
weight of their contribution varies according to the
clade. Our analysis highlighted the possibility of differen-
tial adaptation to the environmental niche between
chromosomal DNA and extrachromosomal element
DNA. In addition, we clearly observed different patterns
depending on the mobile element type and size. For mo-
bile elements, coevolution with the host has a clear in-
fluence on their 5-mer composition. However, strikingly,
viral and plasmid families also retain a specific imprint
in their 5-mer profile. Our analysis also enabled us to
detect two host transfer events, but exclusively recent
ones, which suggests the fast adaptation of short k-mer
profiles in a fluctuating environment. The genome com-
position difference observed here between mobile gen-
etic elements and their hosts suggests that using k-mer
based methods to analyze mobile elements in metage-
nomic data may lead to spurious results. Incorrect host
prediction could occur [66], as well as missed detection
of integrated elements during MAG reconstruction [67].
Our results thus call for caution when using k-mers

for the identification of mobile elements in metage-
nomics data, for host prediction of mobile elements, and
for phylogenetic reconstruction, especially for ancestral
events.

Methods
Presentation of the dataset and of the approach
Basic information about the genomes included in the
dataset is available in Additional file 2, such as the tax-
onomy, length and GC content of each element.
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Additional file 4 provides a synthetic view of GC% values
across the dataset, according to the taxonomic order of
the host and to the type of element; Additional file 27
shows the GC% values according to the Niche and type
of element; finally, an analysis of variance (ANOVA) of
these GC% values is presented in Additional file 28.
We selected 11 taxonomic groups (at the order level)

of the domain Archaea (Additional files 19 and 29) for
which a significant number of extrachromosomal elem-
ent sequences were available (plasmids or viruses). For
these 11 taxonomic orders, we gathered a total of 589
whole genome sequences of cells, plasmids, viruses and
proviruses. The dataset covered 3 and 8 orders of the
phyla Crenarchaeota and Euryarchaeota, respectively. It
comprised exclusively halophiles, acidothermophiles,
hyperthermophiles and methanogens.
For each genome, we established a profile consisting

of its 5-mer absolute frequencies. To select the k-mer
length, a compromise needed to be established: longer
k-mers are more informative; however, excessively long
k-mers result in data scarcity due to low average counts,
leading to artifacts during subsequent statistical analyses.
For plasmids and viruses, k-mer length of 5 was selected
as a good compromise. Indeed, their average genome
length in the dataset was 89,814 bases; since there are 4k

distinct possible k-mers, the average counts were 88 per
5-mer (89,814 divided by 45), which we considered suffi-
ciently representative, and slightly more specific than
tetramers. For cells, although they have a much higher
average genome length, we also used 5-mers to compare
their profiles with those of extrachromosomal elements.
The obtained 5-mer frequency profiles included 1024

proportions (45) and constituted a highly multidimen-
sional dataset. To gain insight into these complex data,
the landscape of these profiles across the dataset was ex-
plored with four methods: hierarchical clustering, PCA,
PERMANOVA and PLS-DA. PCA aims to project highly
multidimensional data on a set of orthogonal axes to
visualise them easily while preserving their variance as
best possible. PERMANOVA is a generalized form of
ANOVA used to analyze the variance of multidimen-
sional values, here the 5-mer profile distance matrix, and
relate them to potential structuring factors. Finally, PLS-
DA was used to identify the most discriminant k-mers
between several categories of genomes, such as genomes
from halophiles, versus nonhalophiles.

Genome sequences
We collected 534 publicly available whole genome se-
quences of cells, plasmids, viruses and proviruses (Add-
itional file 2) from the NCBI genome database. We
performed a final update on the 7th of August 2018. In
addition, we retrieved 28 provirus sequences directly
from cellular genome sequences based on literature

information [53, 68, 69]. Finally, we included 26 magro-
virus sequences [70] available on a specific website
(https://github.com/BejaLab/Magrovirus/tree/master/
Supp_files) and the assembly of a Marine Group II
archaeon (GCA_003324605). When the mobile elements
were not classified into well-defined families, we catego-
rized them according to the taxonomy of their host (e.g.
Halobacteriales megaplasmid).

Establishment of profiles based on the sequence 5-mer
composition
Two types of profiles were established for each sequence
based on its 5-mer composition, as described in more
detail below. The profiles of the different genomes were
then combined across the dataset to obtain two distinct
matrices, one for each type of profile.
The first type of profile was based on the 5-mer fre-

quencies of the whole genome sequences. The 5-mer
counts were calculated with Jellyfish 2.2.6 on the
INRAE-MIGALE cluster (URL https://migale.inrae.fr/).
The obtained count data were imported into R [71] (ver-
sion 3.4.2) and transformed into a frequency matrix to
obtain normalized data: for each genome, the sum of the
5-mer frequencies was equal to 1.
The second type of profile relied exclusively on the

coding regions; it reflected the exceptionality of the dif-
ferent 5-mers in the coding regions after correcting for
differences in codon composition in the studied genome.
The exceptionality scores were calculated with R’MES
software [72], with the following options: Gaussian
model, k-mer length of 5, second-order Markov chain
model, and 3 phases. Briefly, R’MES fits a Markov chain
on each genome’s concatenated coding regions to com-
pute the expected frequencies of 5-mers based on ob-
served codon frequencies. Exceptionality scores are then
computed as standardized deviations between observed
and expected 5-mer frequencies. The exceptionality
score values obtained for each 5-mer were directly used
to generate the second type of 5-mer profile of each gen-
ome. R’MES was run on the INRAE-MIGALE cluster.

Statistical analyses of the profiles based on 5-mer
composition
All statistical analyses were performed using R (version
3.4.2). PCA were performed with the dudi.pca function
of the ade4 package [73], on scaled and centered data.
We performed PLS-DA analyses with the caret package
[74], using a 10-times repeated 10-fold cross-validation
and the “accuracy” metrics to select the number of com-
ponents, again on centered and scaled data. Hierarchical
clustering was realized with the hclust function from R
applied to Euclidian distance matrices with the Ward.D2
method. PERMANOVA of Euclidian distance matrices
were conducted with the adonis function of the vegan
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package [75], with p-values computed on 9999 permuta-
tions. PERMANOVA assumes that 5-mer profiles re-
spond linearly to changes in the covariates and that the
variance of profiles is comparable across conditions of
the data. The p-values were computed by permutations:
this nonparametric approach is robust to model misspe-
cification. The wilcox.test function from R CRAN was
employed to test the equality of means through Mann-
Whitney-Wilcoxon statistical tests.
Most plots were prepared with ggplot2 package [76].

Dendrograms constructed with hclust were exported in
newick format and used in the online tool Interactive
Tree Of Life (iTOL) [77] to construct the tree figures.

Network analyses
Gene sharing network data were generated with EGN
1.0 software [78]. For this purpose, whole proteomes
were downloaded from the NCBI website; the resulting
multifasta file was formatted according to the EGN man-
ual’s instructions. Blastp [79] searches were computed
within EGN software, which acts as a wrapper. The EGN
parameters were set as follows: e-value threshold of 1e-
05, hit identity threshold of 30%, hit coverage of the
shortest sequence of 60%, hit coverage of both sequences
of at least 30%, minimal hit length of 20 amino acids,
best reciprocity threshold of 10%. The EGN results con-
sisted in the number of similar genes shared between
each pair of genomes. These values were subsequently
normalized by dividing them by the smallest genome
length of the concerned pair.
The obtained networks were visualized with Cytoscape

3.7.1 [80] by using the edge-weighted spring embedded
layout and by filtering out the weaker interactions (edge
values), as specifically indicated in each case.

Genome comparison
BLAST comparisons between selected genomes were vi-
sualized with Easyfig 2.2.2 [81].

Outlier identification
For each viral or plasmid family, the distance of each ele-
ment’s 5-mer profile to the profile barycenter of the con-
sidered family was calculated. A gamma distribution was
fitted to the histogram of all distances. A 0.95 confidence
threshold was selected to define outliers, corresponding to
a distance value of 1.654. With this approach, imple-
mented by a homemade R script, 18 outliers were identi-
fied, of which 3 were removed after visual examination of
the 5-mer frequency-based dendrograms. In addition to
this systematic method, 36 other outliers were identified
by visual examination of these dendrograms (e.g. genomes
not clustering with other genomes from the same family),
resulting in a total of 51 outlier elements.
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Abstract
Diversity of viruses infecting non-extremophilic archaea has been grossly
understudied. This is particularly the case for viruses infecting methano-
genic archaea, key players in the global carbon biogeochemical cycle. Only
a dozen of methanogenic archaeal viruses have been isolated so far. In the
present study, we implemented an original coupling between stable isotope
probing and complementary shotgun metagenomic analyses to identify
viruses of methanogens involved in the bioconversion of formate, which
was used as the sole carbon source in batch anaerobic digestion micro-
cosms. Under our experimental conditions, the microcosms were dominated
by methanogens belonging to the order Methanobacteriales (Methanobac-
terium and Methanobrevibacter genera). Metagenomic analyses yielded
several previously uncharacterized viral genomes, including a complete
genome of a head-tailed virus (class Caudoviricetes, proposed family Sper-
oviridae, Methanobacterium host) and several near-complete genomes of
spindle-shaped viruses. The two groups of viruses are predicted to infect
methanogens of the Methanobacterium and Methanosarcina genera and
represent two new virus families. The metagenomics results are in good
agreement with the electron microscopy observations, which revealed the
dominance of head-tailed virus-like particles and the presence of spindle-
shaped particles. The present study significantly expands the knowledge on
the viral diversity of viruses of methanogens.

INTRODUCTION

Viruses infecting archaea represent one of the most
unique parts of the global virosphere (Krupovic
et al., 2018). Despite the limited number of archaeal
viruses described so far compared to bacterial viruses,
archaeal viruses show a great diversity of gene content
and morphological properties. In particular, several mor-
photypes are specific to archaeal viruses, showing no

similarity to viruses infecting bacteria and eukaryotes,
such as bottle-shaped (Ampullaviridae), coil-shaped
(Spiraviridae), or spindle-shaped (Bicaudaviridae, Fusel-
loviridae, Halspiviridae, Thaspiviridae) ones. Archaeal
viruses are currently classified into 33 families (Baquero
et al., 2020; Liu et al., 2021), including cosmopolitan ico-
sahedral viruses and archaea-specific viruses.

Methanogenic archaea play a major role in carbon
cycling at the global scale, through methanogenesis.
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Known methanogenic archaea are currently grouped into
eight different orders in the phyla Euryarchaeota and
Halobacteriota, and a few candidatus taxa in the Eur-
yarchaeota, Halobacteriota, and in the TACK group
(Evans et al., 2019; Lyu et al., 2018) These were isolated
from very diverse natural ecosystems such as wetlands,
termite, human and livestock digestive tracts, rice fields,
and deep-sea hydrothermal vents, and also from anaero-
bic digesters (ADs) (Lyu et al., 2018). Indeed, their unique
metabolic features are exploited in AD processes
(Ahring, 2003) for valorization of organic waste and efflu-
ents into methane-rich biogas, a renewable energy
source. Among archaeal viruses, 10 have been reported
to infect methanogenic archaea (methanogens)
(Krupovič et al., 2010a; Meile et al., 1989; Moln�ar
et al., 2020; Nölling et al., 1993; Pfister et al., 1998;
Thiroux et al., 2021; Weidenbach et al., 2017;
Weidenbach et al., 2021; Wolf et al., 2019; Wood
et al., 1989). In addition, several proviruses integrated in
the genomes of diverse methanogens have been
described (Krupovič et al., 2010; Krupovič &
Bamford, 2008). Almost all of the viruses of methanogens
described so far have been isolated from AD samples
(Table S1). A total of five head-tailed viruses or provi-
ruses originate from thermophilic ADs, all infecting Metha-
nobacteriales hosts: ΨM1 and ΨM2 (family
Leisingerviridae; siphovirus morphology) (Liu et al., 2021;
Meile et al., 1989; Pfister et al., 1998) and related defec-
tive provirus ΨM100 (Luo et al., 2001) infect Metha-
nothermobacter strains, whereas ΦF1 (unclassified) and
ΦF3 (unclassified; siphovirus morphology) (Nölling
et al., 1993) infect Methanobacterium species. Moreover,
four viruses or virus-like particles (VLPs) have been iso-
lated from mesophilic ADs: Methanobacterium-infecting
virus Drs3 (family Anaerodiviridae; siphovirus morphol-
ogy) (Liu et al., 2021; Wolf et al., 2019), Blf4 (unclassified;
siphovirus morphology), infecting Methanoculleus strains
(Methanomicrobiales) (Weidenbach et al., 2021), MetSV
(unclassified) (Weidenbach et al., 2017), a spherical virus
infecting Methanosarcina strains (Methanosarcinales),
and finally the oblate or spindle-shaped Methanococcus
(Methanococcales)-infecting A3 VLPs (Wood
et al., 1989). MFTV1, an unclassified temperate head-
tailed virus (siphovirus morphology), has been induced
from a Methanocaldococcus fervens AG86 strain
(Methanococcales) isolated from deep-sea hydrothermal
vents (Thiroux et al., 2021); it is the first characterized
virus infecting hyperthermophilic methanogens. In addi-
tion, MetMV (unclassified) (Moln�ar et al., 2020) has been
suggested to infect mesophilic Methanosarcina strains,
but this still needs to be confirmed. For the other four
known orders of methanogens (Evans et al., 2019), no
viruses have been isolated so far. Thus, the diversity of
viruses infecting methanogenic archaea remains largely
unexplored.

Metagenomics can provide a less biased view on
the diversity of viruses infecting methanogens, by

circumventing the challenge of cultivating some of the
methanogenic archaeal strains, as well as biases asso-
ciated with virus isolation. In such context, AD ecosys-
tems prove to be particularly well suited as they are
relatively easy to access to, and to establish in labora-
tory reactors. Moreover, they encompass methano-
genic archaea from several orders, such as
Methanobacteriales, Methanomicrobiales and Metha-
nosarcinales (Evans et al., 2019; Lin et al., 2016). Yet,
identifying viruses infecting methanogens is challeng-
ing in AD metagenomes due to the complexity of the
catalytic microbial communities, dominated by diverse
bacteria, and due to usually low proportions of metha-
nogenic archaea in AD processes.

In the present study, an original experimental
approach was applied with the aim of favouring the
enrichment of AD microbial communities in methano-
gens, to help the discovery of their viruses in metagen-
omes. To this end, AD microcosms were fed with 13C-
labelled formate, one of the known substrates for
methanogenesis through the following equation (Sun
et al., 2021):

4HCOO�þHþþH2O!CH4þ3HCO3
� ΔG0 :�170:2kJ=mol
� �

In addition to favouring methanogens, such an
experimental approach has the advantage of preserv-
ing the AD process and a certain level of microbial
diversity. In particular, it can enable to reach higher pro-
portions of methanogens, and it is also compatible with
the presence of several methanogenic species or gen-
era, offering the possibility of a relatively broad view on
the diversity of viruses of methanogens. Another bene-
fit of this method is the possibility to identify DNA
viruses targeting microorganisms that actively assimi-
lated the substrate. Indeed, within complex microbial
communities, not all of the microorganisms are active
or involved in the degradation of a specific substrate.
Thus, identifying active microorganisms, and their
associated viruses, are key issues in linking viral diver-
sity with functional aspects. Hence, we coupled stable
isotope probing (SIP) (Radajewski et al., 2000), applied
to the total cellular DNA, to in silico host prediction of
the viral contigs. Host prediction was applied by using
the cellular metagenomes obtained from the heavy
(13C-enriched) and light (not enriched in 13C) DNA
sequences, which were used to build host databases.
Whenever the predicted host was identified in the
heavy cellular DNA fraction, we considered it as evi-
dence that the virus infected active microorganisms,
assimilating the 13C-formate.

This original coupling (SIP and bioinformatic ana-
lyses for host prediction) led to the discovery of several
previously uncharacterized genomes of DNA viruses of
methanogens. In particular, they included two contigs
likely representing new families of spindle-shaped
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viruses, thereby expanding the knowledge on the diver-
sity of viruses infecting methanogens. One of these
families was associated with the active hydrogeno-
trophic methanogenic archaea, while the other one
seemed to target methanogens that were not assimilat-
ing the formate in the studied microcosms, which could
only be evidenced thanks to the SIP analysis.

EXPERIMENTAL PROCEDURES

AD microcosm experiments and
monitoring procedure

AD batch microcosms consisted in glass plasma bot-
tles with a total volume of 500 ml. Either 13C-labelled-
formate or unlabelled formate was employed as the
sole carbon source. A mineral solution suitable for AD
(standard NF EN ISO 11734) was also added, as well
as an inoculum prepared from a lab-scale digester fed
with biowaste. To obtain the inoculum, the sampled
anaerobic sludge was incubated in anaerobic condi-
tions at 35�C for 20 days, for the majority of ferment-
able compounds to decompose. It was then centrifuged
(10,000g, 20 min, 15�C), aliquoted and stored at
�80�C until further use. The microcosms were hermeti-
cally sealed with an aluminium screw cap and a rubber
septum. The headspaces were flushed with nitrogen
gas (Linde). For each treatment (13C-labelled or unla-
belled formate), microcosms were prepared in tripli-
cates with a working volume of 300 ml, using the
mineral solution, 3 g of inoculum, and either 0.2 M 13C-
sodium formate (Cortecnet) or 0.2 M unlabelled sodium
formate (Sigma Aldrich) (equivalent to 4.08 g).

During incubation, the following physicochemical
parameters were monitored according to the protocols
described in Puig-Castellví et al. (2022): biogas produc-
tion, biogas composition, pH, isotopic composition of
the biogas, volatile fatty acids (VFAs), total inorganic
carbon (TIC), total organic carbon (TOC) and chemical
oxygen demand.

To characterize the dynamics of microbial communi-
ties (archaea, bacteria and in particular their viruses), a
pair of microcosms (one fed with 13C-formate, one with
unlabelled formate) was sacrificed at each of three differ-
ent time points (days 8, 13 and 17), for cellular and viral
DNA extraction. For each sacrificed microcosm, the liquid
phase was centrifuged (8000g, 20 min, 15�C). The pellet
was stored at �80�C for subsequent cellular DNA extrac-
tion, and the supernatant (containing VLPs) was collected
and stored at 4�C for virion preparation.

Preparation and observation of VLPs

The supernatant resulting from the previous step was
centrifuged once more (6000g, 20 min, 4�C) to further

remove cells. The newly obtained supernatant was
subjected to a three-step filtration with 1.2 and 0.8 μm
polyethersulfone filters (Sartorius), and finally with
0.2 μm acetate cellulose filters. The filtrations were real-
ized in 500 ml filtration units (Thermo Scientific) under
vacuum. The final filtrate was centrifuged (40,000g,
3 h, 4�C) to pellet VLPs. The final pellet was suspended
in 2 ml SM buffer (0.1 M NaCl, 0.1 M MgSO4, 0.05 M
Tris–HCl, pH 7.5) and stored at 4�C until subsequent
analysis.

VLPs were observed by transmission electron
microscopy (TEM) at MIMA2 MET - GABI, INRAE,
AgroParisTech (78352 Jouy-en-Josas, France). Virion-
containing solutions were adsorbed onto a carbon film
membrane on a 300-mesh copper grid, stained with 1%
uranyl acetate, dissolved in distilled water, and dried at
room temperature. Grids were examined with a Hitachi
HT7700 electron microscope operated at 80 kV
(Elexience – France), and images were acquired with a
charge-coupled device camera (AMT).

DNA extraction and quantification

Total cellular DNA was extracted with Qiagen DNeasy
PowerSoil Kit, according to the manufacturer’s
instructions.

For VLPs, 360 μl of virion solution were treated with
2 U of Turbo DNase (2 U μl�1, Ambion), and 22 μl of
RNaseA (1 mg/ml, Ambion) for 1 h at 37�C, to remove
contaminant non-encapsidated DNA. Inactivation buffer
from the Ambion kit was added to stop the DNase activ-
ity. DNA extraction was then based on a classical
phenol-chloroform method (Pickard, 2009), using
1.5 ml Phase lock gel light (VWR). The detailed proce-
dure for viral DNA extraction is provided in Supplemen-
tary information (Section 1.1).

Concentrations of viral DNA were determined with
Qubit dsDNA HS Assay Kit (Invitrogen), according to
the manufacturer’s instructions.

DNA ultracentrifugation

Ultracentrifugation on a CsCl gradient was applied to
the total cellular DNAs to separate them according to
their density, as described in Chapleur et al. (2016).
Around 1 μg of DNA was employed for each sample.
For each collected fraction, the DNA quantification was
performed with Qubit dsDNA HS Assay Kit (Invitrogen).
Based on DNA density profiles [Figure 1(D)], the frac-
tions were pooled into three main groups (referred to as
‘fraction pools’ thereafter) and DNA was purified by
glycogen-polyethylene glycol (PEG) 6000 precipitation,
according to Neufeld et al. (2007).

The DNA of each fraction pool was amplified with
RTG GenomiPhi™ V3 DNA Amplification Kit (illustra),
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according to the manufacturer’s instructions. It was
then purified by glycogen-PEG 6000 precipitation, and
the concentration of the collected DNA was determined
with Qubit dsDNA HS Assay Kit (Invitrogen).

16S rRNA gene metabarcoding

Archaeal and bacterial hypervariable regions V4–V5 of
the 16S rRNA gene were amplified and then
sequenced according to the protocol described in Poir-
ier et al. (2016) and Madigou et al. (2019), with some
modifications. The targeted region was amplified by
PCR with fusion primers 515F (50-Ion A adapter–Bar-
code–GTGYCAGCMGCCGCGGTA-30) (Wang
et al., 2007) and 928R (50-Ion trP1 adapter–CCCCGY-
CAATTCMTTTRAGT-30) (Wang & Qian, 2009). The
detailed protocol for library preparation is provided in
the Supplementary Information (Section 1.2). Sequenc-
ing was performed on an Ion Torrent Personal Genome
Machine using Ion 316 Chip V2 (Life Technologies)
and Ion PGM Hi-Q View Sequencing Kit (Life Technolo-
gies) according to the manufacturer’s instructions.
Sequencing data were processed with the Torrent Suite

Software. All diversity analyses were performed with
the R phyloseq package.

Shotgun metagenomic sequencing

Illumina sequencing was performed at the I2BC
sequencing platform (University of Paris-Saclay, Gif-
sur-Yvette, France). 250–500 ng of genomic DNA was
fragmented (400 bp mean size) on a Covaris S220
sonicator. DNA fragments were end-repaired and dA-
tailed (NEB#E7595), Illumina TruSeq adapters were
ligated (NEB#E6040), and the PCR-free library frag-
ments were purified using AMPure XP beads
(Beckman Coulter). Final library quality was assessed
on an Agilent Bioanalyzer 2100, using an Agilent High
Sensitivity DNA Kit. Libraries were pooled in equimolar
proportions and sequenced using paired-end
2 � 150 pb runs, on an Illumina NextSeq500 instru-
ment, using NextSeq 500 High Output 300 cycles kit.

Demultiplexing was performed with bcl2fastq2
v2.18.12. Adapters were trimmed with Cutadapt v1.15,
and only reads longer than 10 b were kept for further
analysis.

F I GURE 1 Microbial dynamics during AD incubation. (A) Microbial community composition of archaea and bacteria at the family level,
based on 16S rRNA gene metabarcoding. (B) Composition of archaea only, at the genus level, based on 16S rRNA gene metabarcoding.
(C) Taxonomic assignation (order level) of the microorganisms involved in methane metabolism, based on the functional analysis of the cellular
shotgun metagenomes. (D) Density profiles of the cellular DNAs obtained from microcosms fed with unlabelled formate (blue) or with 13C-
formate (red) at day 17. The arrows labelled as fr1, fr2 and fr3 indicate how the DNA fractions were pooled in the case of labelled formate. fr1
contained only unlabelled DNA, whereas fr3 contained only 13C-labelled DNA. fr2 likely contained a mix of 13C-labelled and unlabelled DNA
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Metagenomic pipe-line

The most generic steps of our pipeline were scripted as a
snakemake (Köster & Rahmann, 2012) workflow (https://
forgemia.inra.fr/cedric.midoux/workflow_metagenomics/-/
tree/v21.04), and applied to both cellular and viral meta-
genomes. After a pre-processing step (adapter removal,
and trimming according to quality scores and length with
fastp), reads were assembled with metaSPADES (Nurk
et al., 2016) (individual assembly by sample for cellular
metagenomes and coassembly for metaviromes). Coding
regions were predicted with Prodigal (Hyatt et al., 2010).
Taxonomic affiliations of contigs and their predicted
genes were respectively obtained with CAT (von
Meijenfeldt et al., 2019) and kaiju (Menzel et al., 2016),
against the NCBI nr database. Genes were annotated
using comparison to NCBI nr database with Diamond
(Buchfink et al., 2015). For each dataset, the cleaned
reads were mapped to the assembled contigs using Bow-
tie2 (Langmead & Salzberg, 2012) and counted with
samtools (Li et al., 2009). Details of versions and parame-
ters for the snakemake workflow are available in the
GitLab repository.

Several steps specifically dedicated to viral contig
analysis and to host prediction were performed using
homemade bash and python scripts. Metagenome-
assembled genomes (MAGs) were constructed from
assembled cellular metagenomic contigs with Metabat2
(Kang et al., 2019). MAG quality was improved with Refi-
neM (Parks et al., 2017) and controlled with CheckM
(Parks et al., 2015). Only MAGs with more than 60% com-
pleteness and less than 5% contamination were selected.
Functional annotations of the cellular predicted genes
were obtained with ghostKoala against KEGG database
(Kanehisa et al., 2016). Concerning the viral metagen-
omes, their quality was assessed with ViromeQC (Zolfo
et al., 2019) based on the trimmed reads. Viral genome
detection was performed with VIBRANT (Kieft et al., 2020)
and VirSorter2 (Guo et al., 2021), and the quality of viral
contigs was assessed with CheckV (Nayfach et al., 2021).
The predicted genes were further analysed by using HH-
suite (Steinegger et al., 2019) against PHROGs (Terzian
et al., 2021), a database dedicated to prokaryotic viruses.

To predict potential host for each viral contigs, two dif-
ferent methods were used. First, CRISPR spacers were
detected in cellular metagenome contigs with CRISPRde-
tect (Biswas et al., 2016) and CRISPRCasFinder (Couvin
et al., 2018). A non-redundant spacer database was built
from the obtained spacer sequences. The viral contigs
were subsequently aligned with BLASTn and Space-
PHARER (Zhang et al., 2021) against this homemade
database and a public spacer database (CRISPRCasdb
spacer: https://crisprcas.i2bc.paris-saclay.fr/Home/
DownloadFile?filename=spacer_34.zip), enabling host
prediction based on an alignment-dependent method.
Hosts were also predicted using the WIsH software
(Galiez et al., 2017) to compare the genomic signatures
of viral contigs to those of cellular MAGs.

After selecting viral contigs of interest as described in
the result section, gene annotation was refined on
HHpred server (Zimmermann et al., 2018) with default
parameters, against four structural/domain databases:
Pfam-A_v35, PDB_mmCIF70_12_Ot_2021, NCBI_Con-
served_Domains(CD)_v3.18 and UniProt-SwissProt-
viral70_3_Nov_2021.

The detailed parameters and versions for the
python and bash scripts are presented in Supplemen-
tary Tables S2 and S3.

Bipartite network of viral contigs and
protein orthologous groups

A bipartite network was built, where the two node clas-
ses were viral contigs or genomes on the one hand,
and protein orthologous groups (OGs) on the other.
Regarding ‘viral nodes’, most archaeal (pro)virus
genomes available in public databases (RefSeqVirus
and nr, 7th of October, 2021) or described in previous
studies (Krupovič et al., 2010a; Philosof et al., 2017)
were included, in addition to the viral contigs of interest.
The final dataset consisted of 172 viral sequences, in
total. All the proteins encoded in these sequences were
categorized into OGs by a two-step procedure as
described in Olo Ndela et al. (2021) and in the Supple-
mentary Information (Section 1.2.2).

These OGs were functionally annotated by compar-
ing their HMM profiles to those of the PHROGs data-
base (Terzian et al., 2021) (annotation release v2),
which contains well-annotated protein clusters of pro-
karyotic viruses. In addition, protein sequences were
compared to RefSeqVirus using MMseqs (bit score
≥50), retaining only the best hit for each protein of an
OG. These OGs were used as ‘protein nodes’ to con-
struct the bipartite networks. The shared OGs and their
functional prediction are listed in the Supplementary
Table S4. All networks were computed using the igraph
package of R (Csardi & Nepusz, 2005).

The data for this study have been deposited in the
European Nucleotide Archive (ENA) at EMBL-EBI
under accession number PRJEB46489 (https://www.
ebi.ac.uk/ena/browser/view/PRJEB46489) (16S meta-
barcoding raw reads, shotgun metagenomics raw
reads, annotated sequences of contigs C158, C889,
C1359 and C1697).

RESULTS AND DISCUSSION

A significant proportion of formate was
converted to methane through
hydrogenotrophic methanogenesis

A total of six batch AD microcosms were established
and monitored over time for a maximum of 17 days.
They contained, as sole carbon source, either
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unlabelled formate (three replicates) or 13C-formate
(three replicates). At each of days 8, 13 and 17, one
pair of microcosms was sacrificed for metavirome anal-
ysis, one with unlabelled formate and one with 13C-
formate.

Chemical analyses (VFA, TIC, TOC) showed that
both unlabelled and 13C-labelled formate were con-
sumed, and more than 85% of the initial quantity was
metabolized after 17 days of incubation (Supplementary
Figure S1). The bioconversion resulted in a pH increase
from �7.50 to �9.20 on average, consistent with the
methanogenesis equation mentioned above. Biogas was
produced after a lag phase of about 5 days
(Supplementary Figure S1) to reach final cumulated pro-
ductions of �100 normo-ml. Furthermore, reproducible
dynamics were observed in microcosms, irrespective of
the formate type. Methane (CH4) was by far the dominant
biogas component, followed by carbon dioxide (CO2) as
well as traces of hydrogen (H2) and hydrogen sulfide
(H2S). Collectively, these results support the successful
establishment of the AD process in the microcosms.
More precisely, the isotopic composition of the biogas
demonstrated the dominance of 13C in the methane
(>95%) produced by the methanogens in the microcosms
fed with 13C-formate and indicated the dominance of the
hydrogenotrophic methanogenesis pathway (Whiticar
et al., 1986) in the microcosms fed with 12C-formate. For
unlabelled substrates, this method relies on the abun-
dance of the stable isotope 13C in nature (1.1%) and on
the difference in reaction rate between 12C- and 13C-
containing substrate molecules. The results and detailed
calculation of isotopic signatures are provided in the Sup-
plementary Information (Section 2.1).

The proportion of methanogenic archaea
increased over time and they were
dominated by Methanobacterium species

To identify the methanogenic archaea and more
broadly the microbial community composition, we
applied 16S rRNA gene metabarcoding [Figure 1(A)].
The relative abundance of the dominant archaea
(Methanobacteriaceae, in green) increased from 1%–

3% at day 0 to 26%–30% at day 17. Consistently, a
functional analysis based on the cellular shotgun meta-
genomic data (Supplementary Figure S2) showed the
dominance of methane metabolism, in relative abun-
dance, at day 17. The KEGG category ‘methane
metabolism’ includes methanogenesis, methane oxida-
tion and metabolisms related to intermediate molecules
of both these pathways. Among the microbial groups
involved in methane metabolism [Figure 1(C)], archaea
were the main actors (Methanobacteriaceae in brown,
Methanosarcinacea in green and Methanotrichaceae in
cyan). Similar proportions of archaea were observed in
the metagenomic dataset (Supplementary Figure S3).

These results confirmed that the microbial communities
were enriched in methanogenic archaea during the
incubation.

The detected archaea were mostly methanogens [-
Figure 1(B)]. At day 0, Methanosarcina
(Methanosarcinales order) was dominant. However, at
the end of the incubation, at day 17, the genus Metha-
nobacterium became dominant, followed by Methano-
brevibacter (both from the order Methanobacteriales).
It can be assumed that Methanobacteriales members
were selected during the incubation since they are able
to grow on formate through the hydrogenotrophic path-
way, and since they likely outcompeted Methanosarci-
nales methanogens, due to their faster growth rate: the
doubling time is generally lower than 1 h in Methano-
bacteriales, compared to more than 10 h in Methano-
sarcinales (Thauer et al., 2008).

Concerning bacterial families present in these sys-
tems, a notable decrease in relative abundance was
observed over time for Synergistaceae (phylum Syner-
gistetes, from �15% down to �7%) and Syntrophomo-
nadaceae (phylum Firmicutes, from �24% down to
�7%) [Figure 1(A)]. Synergistaceae members gener-
ally consume amino acids to generate short-chain fatty
acid (He et al., 2018), whereas Syntrophomonadaceae
members are acetogens (Si et al., 2016). For both fami-
lies, the decrease is understandable due to the lack of
adequate substrate (proteins and short-chain fatty
acids). A notable increase in relative abundance was
observed at day 17 for members of Anaerolineaceae
(phylum Chloroflexi, from >1% up to �4%), which are
generally described as fermentatives or acetogens
(Liang et al., 2015; Si et al., 2016), and some of them
were previously shown to form syntrophic associations
with methanogens (Lei et al., 2018). In the present
experiment, Anaerolineaceae bacteria may degrade
formate and/or play a role in electron transfer (Wang
et al., 2021), in partnership with hydrogenotrophic
methanogens.

For the six microcosms, the profiles of cellular DNA
concentrations in function of their mass density were
established (Supplementary Figure S4). For micro-
cosms fed with 13C-formate at day 17 [Figure 1(D), red
line], a second peak, of denser DNA, was visible in the
profile, indicating that the labelled substrate was assim-
ilated by some of the microorganisms. The separation
of DNA in CsCl gradient depends not only on the mass
of the isotope but also on the GC content of the DNA
(Eason & Campbell, 1978). Hence, we pooled the DNA
into three distinct fractions, according to their density.
The first fraction (fr1, density <1.705) corresponded
exclusively to non-labelled DNA. The second fraction
(fr2, 1.705 < density <1.738) possibly contained a mix
of unlabelled and 13C-labelled DNA. Finally, the third
fraction (fr3, density >1.738) contained exclusively 13C-
labelled DNA. The 16S rRNA gene metabarcoding
applied to these fractions showed that archaea reached
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their highest proportions (56%) in fraction fr3 at day 17 [-
Figure 1(B)], whereas their proportions in fractions fr1
and fr2 were lower than 3%. Consistently, the highest
abundance of genes involved in methane metabolism
was in fraction fr3 at day 17, based on metabolic path-
way analysis from the shotgun metagenomics data [-
Figure 1(C)]. These observations confirmed that the
13C-formate incorporated into the microbial biomass
was consumed mostly by methanogenic archaea of the
genera Methanobacterium and Methanobrevibacter.

TEM evidenced the presence of
icosahedral and spindle-shaped VLPs

TEM observations revealed a great diversity of VLPs in
the microcosms (Figure 2), especially after 13 and
17 days of incubation [Figure 2(A,C)]. Besides cosmo-
politan morphotypes common to the domains Bacteria
and Archaea, uncommon and especially archaea-
specific morphotypes were also observed.

Cosmopolitan morphotypes included VLPs with a
head-tailed morphology, typical of the class Caudoviri-
cetes, as well as icosahedral tailless particles [Figure 2
(G)]. The latter could originate from tailless icosahedral
viruses or from head-tailed viruses with a broken tail. In
both samples, these VLPs were the most abundant and

presented a large diversity: myovirus-like [i.e. icosahedral
capsids with contractile tails; Figure 2(D)], siphovirus-like
[i.e. icosahedral capsids with long non-contractile tails;
Figure 2(E)] and also podovirus-like [i.e. icosahedral cap-
sids with short tails; Figure 2(F)] morphotypes were
observed, with capsid diameters ranging from 50 to
200 nm.

Less common viral morphotypes were detected in the
microcosms at days 13 and 17, such as rod-shaped [-
Figure 2(H)], spherical [Figure 2(I)] and spindle-shaped [-
Figure 2(K–L)]. Spindle-shaped morphotypes, which are
specific to archaeal viruses, have been commonly
observed in extreme geothermal and hypersaline envi-
ronments (Krupovic et al., 2014), but have also been
reported in moderate ones, such as freshwater and
marine habitats (Borrel et al., 2012; Kim et al., 2019).
Interestingly, the presence of spindle-shaped VLPs has
also been reported in AD plants (Calusinska et al., 2016),
suggesting that the hosts of these viruses could possibly
be involved in the AD process.

Particles with unique morphotypes were also identi-
fied [Figure 2(M–O)]. Some of them had a chain struc-
ture with multiple of two or three monomers and their
size ranged from 100 to 400 nm. Moreover, other parti-
cles appeared as round-shaped and less than 50 nm,
with a hollow star-like structure [Figure 2(M)]. The
nature of these particles is unclear.

F I GURE 2 Morphotypic diversity of VLPs in different microcosms, observed by TEM. One representative sample is shown for each
incubation time point (A: day 8, B: day 13, C: day 17)
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Overview of the shotgun metagenomics
datasets and of the host prediction
approaches

Shotgun metagenomic sequencing was applied to
seven selected DNA extracts. Four of the extracts were
from the total cellular DNA and total viral DNA from
samples collected at days 13 and 17 (D13cell, D13vir,
D17cell, D17vir), selected due to their enrichment in
methanogens observed in the metabarcoding analysis
(Figure 1) and the presence of interesting VLP morpho-
types (Figure 2). The three cellular DNA fractions
obtained after density gradient centrifugation at day
17 were also sequenced (D17SIPfr1, D17SIPfr2,
D17SIPfr3) [Figure 1(D)]. The purpose was primarily to
analyse the metaviromes, and to use the cellular meta-
genomes for building specific databases for host
prediction.

Based on classical metrics (Table 1), the sequenc-
ing data and the assemblies were of satisfactory qual-
ity. In the case of metaviromes, ViromeQC analysis
indicated moderate contamination rates of 7.6% and
8.8% for D13vir and D17vir, respectively. Among
23,016 assembled contigs longer than 1 kb, 1927 were
exclusively detected in D17vir, suggesting that most of
the corresponding viruses were selected during the late
stages of the incubation. Among the 87.59% of contigs
that obtained a taxonomic annotation, 98.43% were
affiliated to prokaryotes, which can be explained pri-
marily by database biases: prokaryotes were more
represented than their viruses in the NCBI nr database
used for the taxonomic assignment, and many viral
genes could therefore have their best match in prokary-
otic genomes, in particular in proviruses. Such bias is a
strong limitation for the identification of viruses and their
taxonomic classification. Yet, it can bring information
on the possible hosts of the viral contigs.

Viral genome detection was performed with
CheckV, VIBRANT and VirSorter2. All these tools rely
on protein similarity profiles and both latter detect pro-
tein profiles by machine learning. CheckV, VirSorter2
and VIBRANT identified 3898, 3968 and 3904 viral
genomes (6484 distinct genomes in total), respectively,
with most of the genomes being linear, double stranded
and predicted to belong to virulent viruses. These num-
bers were low compared to the number of contigs lon-
ger than 1 kb, likely reflecting the fact that shortest
contigs contain insufficient information for confident
virus identification.

For cellular metagenomes, a taxonomic affiliation
was obtained for more than 96% of the contigs, sug-
gesting that they would constitute a good-quality data-
base of host sequences. MAGs were reconstructed by
binning of the cellular contigs: in total, 81 MAGs (com-
pleteness >60% and contamination <5%) were
selected as reference hosts, including 17 assigned to
the domain Archaea.

For host prediction, two complementary methods
were used. The first one relied on matching of CRISPR
spacers to the viral contigs. Spacers are short
sequences (26–72 bp) (Makarova et al., 2011) of plas-
mid or viral origin, which are integrated into the host
genomes by CRISPR-Cas (Nasko et al., 2019), adap-
tive immunity systems identified in 85% of Archaea and
40% of Bacteria (Makarova et al., 2020). The second
approach relied on signatures, as most prokaryotic
viruses have a genome k-mer composition similar to
the one of their hosts, due to their co-evolution
(Edwards et al., 2016). Similar genomic signatures
were searched between viral contigs and the 81 micro-
bial MAGs as potential hosts, using WIsH (Galiez
et al., 2017). For contigs longer than 3 kb, the spacer-
based method revealed a total of 375 contigs with a
predicted host, whereas the signature-based method

TAB LE 1 Overview of the shotgun metagenome datasets

Cellular metagenomes (individual assemblies)

Viral
metagenomes
(co-assembly)

D13cell D17cell D17SIPfr1 D17SIPfr2 D17SIPfr3 D13vir D17vir

Number of raw reads (millions) 85.68 63.76 75.41 78.78 65.54 38.92 46.48

Reads obtained after trimming (%) 98.39 98.08 97.80 98.35 98.40 98.41 98.61

Number of contigs (≥1 kb) 77,032 68,382 58,308 33,123 21,159 23,016

Number of contigs (≥3 kb) 18,093 15,244 14,728 9432 5108 5571

Max contig length (b) 622,910 622,910 449,342 388,850 389,221 372,273

Contigs with taxonomic affiliation (%) 96.62 96.67 96.93 97.32 97.22 87.59

Reads mapped to contigs (%) 89.35 87.74 89.03 93.17 93.73 87.20 79.85

Number of MAGs 81 67 75 55 28 –

Number of archaeal MAGs 8 10 8 7 5 –

Number of selected MAGs (≥60% completeness and
≤5% contamination)

81 (including 17 from archaea)
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against our homemade MAG database predicted an
acceptable host (p-value ≤0.05) for 3239 contigs. Cou-
pling of these methods resulted in a total of 3466 con-
tigs with a predicted host, showing their
complementarity to improve the capability and accuracy
of in silico host prediction.

The Caudoviricetes class dominated
among the 39 contigs likely originating
from viruses of methanogens

As our aim was to identify contigs of viruses infecting
methanogenic archaea, we applied successive strin-
gent filters and manual curation, relying on the integra-
tion of results from complementary bioinformatic
analyses (Figure 3). A first filter based on contig length
was applied to eliminate contigs which would contain
only limited information. The second filter aimed at
removing an important fraction of the cellular

contaminants. In the third step, contigs possibly origi-
nating from archaea or archaeal viruses were selected.
Finally, the contigs obtained at this stage were ana-
lysed manually, to remove most remaining contaminant
contigs (typically originating either from cells or from
bacterial viruses).

A total of 39 contigs were thereby selected as con-
tigs of interest for further analysis, as putatively origi-
nating from archaeal viruses. Due to the limited
accuracy of some host prediction tools [e.g. of the order
of 70%–80% at the phylum level (Galiez et al., 2017)],
this selection of contigs still possibly contained a few
contaminants. The selected contigs ranged in lengths
from 4.2 to 53 kb (median: 9.4 kb) and the reads per
kilobase per million mapped reads (RPKM) values from
0.07 to 468.27 for D13vir, and from 0.20 to 229.40 for
D17vir. Nine of these contigs could not be assigned to
any known taxon (either cellular or viral), suggesting
them to be previously uncharacterized. Two contigs,
C1661 and C1697, had best-predicted hosts as MAGs

F I GURE 3 Strategy for the selection of contigs of interest, likely originating from viruses of methanogens
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from the unlabelled metagenome D17SIPfr1, suggest-
ing that they represent viruses infecting inactive and
minor methanogens in our microcosms. Besides,
34 were predicted as virulent by VIBRANT and only
one, C1485, was predicted as temperate
(Supplementary Figure S5, Supplementary Table S5).
Genome scaffold quality results were obtained through
three different bioinformatic tools: VIBRANT, CheckV
and VirSorter2: 35 contigs had low or medium quality.
However, given that all of these tools were developed

based on the viral databases overwhelmingly domi-
nated by bacterial Caudoviricetes, their accuracy on
datasets including novel archaeal viruses, especially
those with small or medium-sized genomes, is not to be
expected. All the results from the bioinformatics tools
are available for this set of 39 contigs, in Supplemen-
tary Table S5.

A bipartite network was built (Figure 4) to evaluate
the similarity between the contigs of interest and the
archaeal (pro)viruses described in the literature. Such

F I GURE 4 Bipartite network of known archaeal viruses and of the 39 contigs of interest, and of protein orthologous groups (OGs). Most of
the contigs of interest originate from archaeal viruses. The genomes and contigs are represented as circles coloured according to the legend
shown in the figure, and OGs are denoted by the intersections of edges. Some shared OGs with a functional annotation are represented. TerL:
Terminase large subunit, MCP: major capsid protein, mCP: minor capsid protein, Exo: exonuclease, TP: tail protein, PP: portal protein, Lig:
ligase, DNApol, DNA polymerase, BH: baseplate hub protein, Heli: helicase, Trans: transposase, TR transcription regulator
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networks enable to represent complex systems com-
prising two distinct classes of components (nodes)
(Iranzo et al., 2016b). Here, the two classes of node
correspond to viral contigs or genomes on the one
hand, and to protein OGs on the other. Two viral nodes
can be connected only indirectly, through shared OG
nodes. Previously published archaeal pro(viral)
genomes were labelled according to their taxonomic
affiliation, when established. The top half of the network
contained viral genomes from (pro)viruses with a cos-
mopolitan head-tailed morphotype (siphovirus, myo-
virus, magrovirus, provirus). In the bottom half, the
presence of various viral families specific to archaea
was observed. Such a network topology is consistent
with the spatial distribution in archaeal virus networks
previously described in the literature (Iranzo
et al., 2016a). Moreover, head–tail viruses (class Cau-
doviricetes) are known to be highly mosaic (Krupovič
et al., 2010), hence generating tightly interconnected
networks.

Out of 39 contigs of interest (green), 24 shared at
least one OG with (pro)viruses belonging to the class
Caudoviricetes, including virion morphogenesis pro-
teins, such as terminase large subunit (TerL), various
tail proteins, major/minor capsid proteins (MCP/mCP)
and baseplate hub proteins (BH).

To further explore the organization of the network
and relationships among the 39 contigs of interest and
archaeal (pro)viruses, they were clustered according to
the presence/absence of shared genes (see Experi-
mental procedures). Consistent with the network analy-
sis, the two main viral clusters (VC) were related to the
class Caudoviricetes (Supplementary Figure S6). The
first cluster, VC4, included four contigs, C1803, C174,
C300 and C616, and was held together through OGs
related to the capsid formation and packaging module,
and/or DNA, RNA and nucleotide metabolism
(Supplementary Figure S6). Moreover, in the longest
contig of VC4, C174, a sheath protein was detected,
also suggesting its affiliation to viruses with contractile
tails (myovirus-like morphology) (Fokine &
Rossmann, 2014). For all the contigs in this cluster,
only WIsH predicted an archaeal host, whereas the
other tools employed showed either a bacterial host or
no identified one. To ascertain the host assignment, the
taxonomic and functional annotations of each gene
from the cluster were examined: no single gene was
assigned to Archaea or annotated as an archaeal pro-
tein, while many were related to Bacteria, suggesting
that bacterial hosts were more probable. It highlights
the importance of relying on different complementary
tools for more accurate host prediction.

The second cluster, VC10, included five contigs,
C1666, C1908, C158, C673 and C1006. Several OGs
shared among members of the cluster were related to
various viral functional modules: virion morphogenesis
(including capsid and tail formation, and genome

packaging), DNA/RNA and nucleotide metabolism, as
well as integration and excision. In particular, C158
seems to be closely related to C673 and C1908 as they
share respectively six and two OGs. VC10 was located
near the siphovirus nodes (cyan) in the network. Impor-
tantly, the taxonomic affiliation of these contigs and
their host prediction by different tools were consistent
with each other and confirmed that they originated from
archaeal viruses, unlike contigs from VC4.

Contigs located on the periphery of the network
shared very few OGs with other known viruses (only
one or two OGs per contig). Moreover, those shared
OGs were often uncharacterized or hypothetical pro-
teins. Several contigs shared annotated OGs belonging
to viral families specific to archaea, and they could
have originated from previously uncharacterized
viruses of methanogens. For example, C775 shared an
OG annotated as helicase with eight genomes belong-
ing to the family Lipothrixviridae. However, only the
presence of signature genes, that is characteristic of
particular virus groups, such as those encoding major
structural proteins, can provide a reliable taxonomic
affiliation of contigs, as it is the case for VC4 and VC10
contigs. For contigs outside of these two VC, such sig-
nature genes were identified only for two contigs
(C1359 and C1697). Indeed, a structural protein typical
of archaeal spindle-shaped viruses (Krupovic
et al., 2014) was identified in these two contigs, sug-
gesting that they represent new families of spindle-
shaped viruses, as described in more detail in the next
section.

Viruses infecting active methanogens
during the incubation were identified

Among the 39 viral contigs of interest, several had pre-
dicted hosts corresponding to the dominant and active
methanogens in the studied microcosms, namely,
those from the order Methanobacteriales (Methanobac-
terium and Methanobrevibacter genera).

In particular, contig C158 (belonging to VC10) was
predicted to infect Methanobacterium species, accord-
ing to its taxonomic affiliation and the signature-based
host prediction. Methanobacterium was the most abun-
dant archaeal genus in the studied microcosms. C158
has a length of 42,490 bp and contains 49 predicted
genes. Consistent with the abundance of the predicted
host, C158 was the most abundant of the 39 contigs in
metaviromes at days 13 and 17, with RPKM values of
468 and 229, respectively. Furthermore, C158 is a
complete dsDNA circular genome, from a head-tailed
virus. All functional modules typical for the class Cau-
doviricetes were identified in this contig (Figure 5),
such as those required for virion morphogenesis
(HK97-like MCP, mCP, tail proteins, terminase sub-
units, capsid maturation protease) and several
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enzymes necessary for the life cycle, such as an intra-
cellular proteinase inhibitor and an integrase, this latter
suggesting a temperate lifestyle. According to its prox-
imity to siphoviruses in the network (Figure 4) and VIR-
FAM analysis (Lopes et al., 2014), C158 is likely to
have a siphovirus-like morphology, that is long non-
contractile tail. Considering the lack of very strong simi-
larity with previously characterized viruses, it likely rep-
resents a new family of archaeal viruses within the
Caudoviricetes. We suggest the name Speroviridae for
this new viral family.

The second-most abundant contig of interest was
C1359, one of the two contigs predicted to have a
spindle-shaped morphology, with RPKM values at days
13 and 17 of 285 and 183, respectively. Surprisingly,
this 9936 bp-long contig (17 detected genes) was pre-
dicted to infect Methanoculleus sp. (order

Methanomicrobiales), which was present at very low
abundances over the incubation time (<0.5% of the
archaea based on shotgun metagenomic data). This
host prediction was based on spacer alignment
(SpacePHARER) against a public spacer database. By
contrast, WIsH and spacer alignment with blastn did
not yield any high-confidence predicted host. Based on
the archaeal community composition (see
section 3.1.2), this is likely a false prediction, despite a
highly significant p-value (2.03 � 10�7). Nevertheless,
C1359 gene content confirmed the probable archaeal
nature of its host, and its high abundance suggests that
it infected a dominant methanogen (order Methanobac-
teriales). Indeed, it encoded a protein showing a signifi-
cant similarity with the major capsid proteins of two
spindle-shaped archaeal viruses, the halophilic Haloar-
cula hispanica virus His1 (Bath & Dyall-Smith, 1998)

F I GURE 5 Genome map for selected contigs of interest. (A) Contigs from VC10 affiliated to class Caudoviricetes, including C158 (proposed
new family Speroviridae). (B) Viral contigs not related to head-tailed viruses, including predicted spindle-shaped viruses. Genes were annotated
with MMseq against PHROGs and with hhpred against four other databases (see Experimental procedures). Genes are represented as arrows.
The main functional modules are indicated by colours. Abbreviations of core viral proteins: Ad, adaptor protein; BP, baseplate protein; BH,
baseplate hub protein; BS, baseplate spike protein; BW, baseplate wedge protein; DNA_pol, DNA polymerase; DNA_prim, DNA primase;
DNA_prim/helic, DNA primase/helicase; Endo, endonuclease; HAPV1_prot2, similar to protein 2 from Halorubrum pleomorphic virus 1;
His1_prot_16, similar to protein 16 from Haloarcula hispanica virus 1; His1_SP, His1-like major capsid protein; Holin, holin; Int, integrase; Lys,
endolysin; MCM, MCM helicase; mCP, minor coat protein; MCP, major capsid protein; MT, methyl transferase; MTP, major tail protein; NP, pre-
neck appendage protein; NT, tRNA nucleotidyltransferase; PP, portal protein; Prot, capsid maturation protease; Sc, scaffolding; Sh, tail sheath;
SSP1_SP, similar to the main structural protein of Shigella phage SSP1; SSV1_SP, SSV1-like major capsid protein; TCP, tail completion
protein; TerL, terminase large subunit; TerS, terminase small subunit; TMP, tail tape measure protein; TP, tail protein; Tube, tail tube
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and the hyperthermophilic Sulfolobus shibatae virus
SSV1 (Palm et al., 1991) (probability: 98.84% and
98.36% respectively). Moreover, spindle-shaped
viruses are specific to archaea (Krupovic et al., 2018;
Pina et al., 2011; Prangishvili et al., 2017; Snyder
et al., 2015), excluding the possibility that the virus
infects bacteria. This predicted morphotype is consis-
tent with the presence of spindle-shaped VLPs
observed by TEM [Figure 2(K–L)] and reported in AD
ecosystems (Calusinska et al., 2016). Due to its limited
similarity with previously characterized viruses, C1359
likely represents a new viral family, and corresponds to
the first spindle-shaped virus reported in association
with the order Methanobacteriales.

Viruses infecting minor methanogens in
the formate incubation microcosms were
identified

As mentioned above, methanogens of the orders
Methanomicrobiales and Methanosarcinales were pre-
sent in the studied microcosms at a low abundance
(<5%). Nevertheless, previously uncharacterized viral
genomes possibly infecting these methanogens were
identified.

Contig C889 has a length of 14,120 bp and contains
26 predicted genes. Its RPKM values at days 13 and
17 were 2.3 and 3.3, respectively. Based on its taxo-
nomic affiliation, this contig seemed to originate from a
virus infecting a Methanomicrobiales host. In this con-
tig, a protein similar to replicative minichromosome
maintenance helicases was detected. This is not a
structural protein but it has been identified in several
families of archaeal viruses and archaeal plasmids
(Krupovič et al., 2010a), strongly supporting an
archaeal host. No structural protein could be identified
in C889, suggesting either a partial genome or a new
type of virus.

Contig C1697 has a length of 8207 bp, contains
11 predicted genes, and had RPKM values of 4.1 at
day 13 and 8.4 at day 17. Based on its taxonomic affili-
ation and on host prediction with WIsH, this contig origi-
nates from a Methanosarcina virus. It encodes one
protein showing significant profile similarity with the
major capsid protein of SSV1 (Fuselloviridae) (probabil-
ity: 94.92%), suggesting a spindle-shaped virion mor-
phology. C1697 did not show pronounced similarity
with C1359 (which also had a predicted spindle-shaped
morphotype) or with known spindle-shaped viruses,
suggesting that it could represent a second new family
of spindle-shaped archaeal viruses. Notably, however,
similar to spindle-shaped halspivirus His1 (Bath &
Dyall-Smith, 1998) and thaspivirus Nitrosopumilus
spindle-shaped virus 1 NSV1 (Kim et al., 2019), C1697
encodes a protein-primed family B DNA polymerase,
suggesting that the genome of this virus is linear.

CONCLUDING REMARKS

Predicting the hosts of viruses is a major bottleneck in
microbial ecology. In recent years, besides the classic
culture-dependent approaches, several promising
methods have been developed to identify the hosts for
viruses within complex microbial communities, such as
PhageFISH (Allers et al., 2013; Barrero-Canosa &
Moraru, 2019), Meta3C (Marbouty et al., 2014), viral tag-
ging (Deng et al., 2014) or epicPCR (Sakowski
et al., 2021; Spencer et al., 2016). These single cell level
methods generated important new knowledge, but they
also suffer from limitations, either due to the requirement
of a pre-existing knowledge on the viral genome
sequence, of the capability to cultivate the host, or due to
their complexity. Several purely bioinformatic approaches
of host prediction have been also developed (Coclet &
Roux, 2021; Edwards et al., 2016). However, the accu-
racy of in silico methods is limited, in most cases, by the
lack of microbial genomes closely related to that of the
true host. Viral host prediction, therefore, remains chal-
lenging for metagenomics studies.

The original experimental approach developed in
the present study is not strictly speaking a method for
the identification of viral hosts but it still presents some
advantages in this perspective. Relying on SIP enabled
us to discriminate between the active microorganisms
involved in formate metabolism and the other ones.
Although this substrate was not consumed exclusively
by methanogens, the use of formate strongly enriched
the community in methanogens and their associated
viruses, resulting in a simplified microbial community to
study and, possibly, an improved MAG assembly. Cou-
pling the results from different bioinformatic methods
(taxonomic assignation of the contigs, alignment- and
signature-based host prediction), we were thus able to
detect several previously uncharacterized genomes of
viruses infecting methanogens, with high accuracy, and
to determine whether they targeted methanogens
actively involved in the formate bioconversion. It was
especially possible thanks to the establishment of spe-
cific host databases, through the shotgun sequencing
of cellular metagenomes. Interestingly, one of them
likely corresponds to a new archaeal virus family within
the Caudoviricetes (proposed name Speroviridae), and
two others to putative new families of spindle-shaped
archaeal viruses. These results significantly expand the
knowledge on the diversity of viruses of methanogens,
since no spindle-shaped virus has been reported until
now for the orders Methanobacteriales and Methano-
sarcinales. It illustrates the complementarity between
SIP, metagenomics and specific bioinformatic tools for
host-virus analysis in complex microbial communities.
Our approach can be viewed as complementary to the
available experimental methods for host identification,
and could likely be combined with most of them. In par-
ticular, PhageFISH or epicPCR would be nicely
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complementary as they require at least a partial knowl-
edge of the viral sequence, and they would enable to
fully confirm the host identity.

To sum up, we proposed an original coupling
between SIP, an experimental method, and metagenomic
analyses with complementary bioinformatic tools to iden-
tify viruses of methanogenic archaea within anaerobic
digestion microcosms. It enabled successful enrichment
of the microbial community in methanogenic archaea,
and their labelling with 13C. The in silico approach we
developed led to the identification of several dozens of
contigs predicted to originate from viruses infecting
methanogenic archaea. Their analyses through gene-
sharing network and comparative genomics highlighted
the dominance of the Caudoviricetes class, with the dis-
covery of a previously uncharacterized siphovirus infect-
ing Methanobacteriales hosts and belonging to a new
suggested viral family, Speroviridae. It also led to the dis-
covery of two spindle-shaped viruses representing two
new putative families, not previously reported for the
orders Methanobacteriales and Methanosarcinales. Our
results significantly expand the knowledge on the diver-
sity of viruses of methanogens and reinforce the notion of
the wide environmental and phylogenetic distribution of
spindle-shaped viruses in Archaea (Krupovic
et al., 2020). Our original experimental approach enables
to identify viruses infecting key functional groups contrib-
uting to biogeochemical fluxes in communities of uncul-
tured microbes. It can be invaluable for the study of
viruses infecting metabolically active microorganisms in
virtually any type of complex microbial community.
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Titre : Déchiffrer le fonctionnement des communautés microbiennes de la méthanisation, et leurs virus, en 

combinant écologie moléculaire et métagénomique 

Mots clés : écologie microbienne, biotechnologies environnementales, métaviromes, marquage isotopique, 

cellulose, archées 

Résumé : La méthanisation est un procédé de 

valorisation des déchets organiques, qui permet 

d’obtenir une énergie renouvelable sous la forme de 

biogaz. Cette bioconversion anaérobie des déchets 

est catalysée par des communautés microbiennes 

complexes, qui sont sensibles à de nombreux 

facteurs abiotiques. Déchiffrer leur fonctionnement 

est un élément clé pour favoriser le développement 

de procédés de méthanisation stables et 

performants. En effet, cela permet de comprendre et 

d’exploiter les liens qui existent entre les conditions 

opératoires appliquées, la structuration et l’activité 

des communautés microbiennes, et enfin les 

performances globales du procédé. 

Dans ce mémoire, je présente une synthèse de mes 

recherches en écologie microbienne. Une première 

phase de mes travaux a été dédiée à la caractérisation 

des commuanutés microbiennes impliquées dans la 

méthanisation de déchets cellulosiques, par des 

approches métagénomiques et métaprotéomiques. 
 

Ces travaux ont notamment mis en évidence 

l’adaptation très fine de la composition et de 

l’activité des communautés microbiennes, aux 

propriétés des substrats cellulosiques. Par la suite, 

je me suis consacrée à l’étude des virus de 

microorganismes présents dans les méthaniseurs. Il 

est bien établi que les virus ont une influence sur 

les cycles biogéochimiques majeurs, mais cela a été 

encore très peu étudié dans le cas de la 

méthanisation. Nous avons combiné des 

approches isotopiques et métagénomiques pour 

étudier la diversité de virus d’archées 

méthanogènes hydrogénotrophes, ce qui a aboutit 

à la découverte de nouveaux virus fusiformes. Enfin, 

souhaitant favoriser la valorisation et la réutilisation 

des données, je coordonne depuis plusieurs années 

le développement d’un système d’information, 

DeepOmics, pour les données métagénomiques 

issues de procédés de biotechnologies 

environnementales. 
 

 

 

Title: Deciphering the functioning of anaerobic digestion microbial communities, and their viruses, by 

combining molecular ecology and metagenomics 

Keywords: microbial ecology, environmental biotechnologies, metaviromes, stable isotope probing, cellulose, 

archaea 

Abstract: Anaerobic digestion is a process for the 

valorization of organic waste, which produces biogas, 

a renewable energy. This anaerobic bioconversion of 

waste is catalyzed by complex microbial 

communities, which are sensitive to many abiotic 

factors. Deciphering their functioning is a key 

element to promote the development of stable and 

efficient anaerobic digestion processes. Indeed, it 

allows to understand and exploit the links between 

the applied operating conditions, the structuration 

and activity of the microbial communities, and finally 

the global performances of the process. 

I present a synthesis of my research in microbial 

ecology. A first phase of my work was dedicated to 

the characterization of microbial communities 

involved in the anaerobic digestion of cellulosic 

waste, using metagenomics and metaproteomics.  

This work has highlighted the very fine adaptation 

of the composition and activity of microbial 

communities to the properties of cellulosic 

substrates. Afterwards, I dedicated myself to the 

study of viruses of microorganisms in anaerobic 

digesters. It is well established that viruses have an 

influence on major biogeochemical cycles, but this 

has been little studied in the case of anaerobic 

digestion. We combined isotopic and 

metagenomic approaches to study the diversity of 

viruses from hydrogenotrophic methanogenic 

archaea, which led to the discovery of new spindle-

shaped viruses. Finally, wishing to promote the 

valorization and reuse of data, I have been 

coordinating for several years the development of 

an information system, DeepOmics, for 

metagenomic data from environmental 

biotechnology processes. 
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