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Préambule 

Le format de présentation de cette thèse correspond à une recommandation 

de la spécialité Maladies Infectieuses et Microbiologie, à l'intérieur du Master 

de Sciences de la Vie et de la Santé qui dépend de l'Ecole Doctorale des 

Sciences de la Vie de Marseille. Le candidat est amené à respecter des règles 

qui lui sont imposées et qui comportent un format de thèse utilisé dans le Nord 

de l'Europe permettant un meilleur rangement que les thèses traditionnelles.  

Par ailleurs, la partie introduction et bibliographie est remplacée par une 

revue envoyée dans un journal afin de permettre une évaluation extérieure de 

la qualité de la revue et de permettre à l'étudiant de commencer le plus tôt 

possible une bibliographie exhaustive dans le domaine de cette thèse.  

La thèse est présentée sur article publié, accepté ou soumis, associé à un 

bref commentaire donnant le sens général du travail. Cette forme de 

présentation a paru plus en adéquation avec les exigences de la compétition 

internationale et permet de se concentrer sur des travaux qui bénéficieront 

d'une diffusion internationale. 

 

 

Professeur Didier RAOULT 
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Résumé 

Les zoonoses constituent plus des deux tiers des pathologies virales qui 

concernent l’homme. Dans un monde en perpétuel changement, où les 

contacts entre l’homme et la nature sont de plus en plus fréquents, les cas 

d’émergence et de ré-émergence de virus zoonotiques sont rapportés de 

manière croissante en population humaine. Le développement et la 

démocratisation des outils de séquençage à haut débit et leur application en 

métagénomique en font de bons outils d’inventaire et de surveillance de virus 

potentiellement émergents. Dans cette optique, j’ai réalisé un inventaire des 

communautés virales de viande de singe illégalement importée en France et de 

culicoïdes, vecteurs arthropodes reconnus de nombreux virus d’intérêt médical 

et vétérinaire.  

Bien que la majorité des virus zoonotiques possèdent un génome à ARN, il 

existe peu de méthodes standardisées d’isolement de tels viromes. J’ai donc 

tout d’abord développé et validé, au moyen d’un virome artificiel de poux, un 

protocole expérimental de purification des viromes à ARN qui permettait le 

maintien de l’infectivité des particules virales, ceci dans le but de pouvoir par la 

suite les manipuler après leur isolement en culture cellulaire. Ce protocole a 

ensuite été appliqué pour caractériser les communautés virales d’arthropodes 

hématophages et de prélèvements de faune sauvage.  

L’une des sources les plus importantes de virus zoonotiques 

potentiellement transmissibles à l’homme étant les réservoirs de faune 

sauvage, j’ai, par la suite, réalisé l’inventaire des communautés virales à 

génome à ADN et à ARN de viande de brousse fumée, illégalement importée en 

France et confisquée par les douanes. Cette étude a révélé la présence de 

nombreux bactériophages, dont certains pourraient infecter des bactéries 

potentiellement pathogènes pour l’homme, mais n’a pas permis de montrer la 

présence de virus zoonotiques infectieux. Le traitement préalable de fumage 

de la viande ou son transport dans des conditions non conventionnelles 

pouvant expliquer ce résultat, des études similaires sur de la viande fraîche 

sont en cours afin d’évaluer le risque zoonotique d’infection par la 
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manipulation, le trafic et/ou la consommation de viande de gibier originaire de 

la faune sauvage.  

Enfin j’ai caractérisé les communautés virales à génome ADN et à ARN de 

culicoïdes collectés au Sénégal, ce qui a permis de mettre en évidence la 

présence de nombreux virus géants à ADN infectant les amibes, et notamment 

d’un nouveau virus phylogénétiquement apparenté au Faustovirus et retrouvé 

à la fois chez les arthropodes et leurs hôtes vertébrés associés. Le séquençage 

des viromes à ARN a, quant à lui, révélé la présence, outre de virus d’insectes 

et de plantes, des arbovirus du genre Orbivirus, classiquement transmis par des 

culicoïdes et responsables de pathologies vétérinaires, mais aussi de nouveaux 

virus du genre Thogotovirus et de la famille des Rhabdoviridae qui pourraient 

constituer un risque d’émergence pour la santé humaine. Des investigations 

complémentaires, notamment au niveau de l’interface faune sauvage/ faune 

domestique qui sont en contact avec ces arthropodes et l’homme, permettront 

de mieux comprendre le cycle environnemental de ces virus et d’évaluer leur 

risque infectieux pour l’homme. 

Du fait de nombreux facteurs intrinsèques et extérieurs à l’agent infectieux, 

la prédiction des futures émergences de virus zoonotiques est très compliquée 

voire utopique, mais elle reste un challenge crucial et d’actualité. La stratégie 

de réalisation d’inventaires des communautés virales présentes dans les 

différents acteurs des cycles de transmission zoonotique est un premier pas 

indispensable dans la connaissance des risques potentiels d’émergence en 

population humaine.  
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Abstract 

Zoonoses are responsible of more than two thirds of human viral infections. 

In addition, with increasing contacts between humans and the wildlife and the 

domestic fauna, the emergence and reemergence of zoonotic viruses is 

accelerating. The development and democratization of high-throughput 

sequencing tools and their application in metagenomics allow inventorying the 

viral communities of various reservoirs in order to detect the emergence of 

viruses before their infection to humans. In this context, I have characterized 

the viral communities of simian bushmeat illegally imported into France and of 

Culicoides biting midges, recognized vectors of several viruses of human and 

veterinary medicine importance.  

Since the majority of zoonotic viruses are constituted of a RNA genome and 

since no standardized protocol is available to isolate and analyze RNA viromes, 

I have first developed and validated a protocol for the purification of RNA 

viromes which allowed maintaining the infectivity of viral particles and their 

future isolation. This protocol was subsequently applied to characterize viral 

communities of bloodsucking arthropods and wildlife samples. 

In a second part I realized the inventory of the DNA and RNA viral 

communities of smoked simian bushmeat illegally imported into France and 

confiscated by the French customs. Although this study did not report the 

detection of zoonotic viruses potentially pathogenic for humans, it revealed the 

presence of a wide diversity of bacteriophages, in which some of them could 

infect bacteria potentially pathogenic for humans. Since the treatment of the 

meat could explain this result, similar studies conducted on fresh meat are 

under process to characterize the potential risk of zoonotic infection by the 

manipulation, the trade and/or the consumption of bushmeat originating from 

wildlife. 

Finally I have characterized the viral communities of Culicoides biting 

midges collected in Senegal. The analysis of the DNA virome highlighted the 

presence of sequences related to several giant DNA viruses infecting amoeba, 

including a new virus related to Faustovirus and detected both in arthropods 

and their vertebrate hosts. Sequencing of the RNA virome revealed the 
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presence, in addition to insect-specific and plant-infecting viruses, arboviruses 

belonging to the genus Orbivirus usually transmitted by these arthropod 

vectors and responsible for several veterinary pathologies; and also the 

identification of new viruses belonging to the Thogotovirus genus and 

Rhabdoviridae family that could constitute a risk of emergence of zoonoses for 

humans. Further investigations, particularly in wildlife and domestic animals in 

close contact with these arthropods and humans, will help to better 

understand the environmental cycle of these viruses and assess the risk of 

infection for humans. 

The prediction of future emerging zoonotic viruses is very difficult, if not 

impossible. However the characterization of viral communities present in the 

different actors of zoonotic transmission cycle is a first step to evaluate 

potential risks of transmission to humans. 
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Contexte de l’étude 

Au cours de ce travail de thèse j’ai été amenée à étudier les communautés 

virales de certains arthropodes hématophages et de prélèvements de viande 

de singe afin de réaliser un inventaire, aussi exhaustif que possible, des virus 

potentiellement émergents et pouvant présenter un risque pour la santé 

humaine. Dans le cadre des recommandations de la spécialité "Pathologie 

Humaine", l'introduction bibliographique a été valorisée sous la forme d'une 

revue scientifique publiée qui est incluse à la fin de ce chapitre. Afin d'éviter les 

redondances avec cette revue qui porte sur la métagénomique comme outil de 

détection des zoonoses avant leur passage en population humaine, j'ai 

complété l'introduction de cette thèse en insistant tout particulièrement sur le 

contexte des maladies infectieuses émergentes, puis en présentant brièvement 

les virus zoonotiques d’origine arthropode ou animale, et les apports de la 

métagénomique virale dans ce type d’étude.  

I. Les maladies infectieuses émergentes : définitions, 

exemples et facteurs d’émergence 

1. Le concept d’émergence

En 1908, le Pr. Charles Nicolle, prix Nobel de médecine en 1928, déclarait 

« Il y aura donc des maladies nouvelles. C’est un fait. Un autre fait est que nous 

ne saurons jamais les dépister dès leur origine. Lorsque nous aurons 

connaissance de ces maladies, elles seront déjà toutes formées » et « Depuis 

toujours, l’homme a vécu avec des maladies infectieuses, de nouvelles 

pathologies apparaissent, d’autres disparaissent, dans une permanente 

dynamique évolutive ». Au cours du siècle dernier, de nombreux agents 

infectieux ont été découverts et incriminés dans des pathologies humaines. 

Cependant, vers la fin des années 1970, du fait des nombreux progrès de la 

médecine (vaccins, antibiotiques, antiviraux…) et de l’amélioration des 

conditions d’hygiène, le concept de « fin des maladies infectieuses » est 

apparu. Cependant, au cours de la décennie suivante, avec le « retour » de 

certaines maladies infectieuses qu’on pensait disparues, est apparu le concept  
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de maladies émergentes et/ou ré-émergentes. Ces maladies sont, pour la 

plupart, d’origine infectieuse, mais pas seulement, comme par exemple pour le 

cas du diabète en augmentation, suite à la sédentarisation des personnes et à 

l’augmentation des cas d’obésité.  

Il existe de nombreuses définitions des maladies infectieuses émergentes 

(MIE). Morse en proposa une comme étant « des infections nouvellement 

apparues dans une population donnée ou déjà existantes mais dont l’incidence 

ou la répartition géographique a rapidement augmenté » [1,2]. Les MIE sont 

donc des maladies dues à des agents infectieux (viraux, bactériens, fongiques, 

parasitaires) jusqu’alors inconnus ou connus mais dont les caractéristiques (ex : 

hôte cible, distribution géographique, virulence, etc.) changent, résultant en 

une augmentation significative de l’incidence de ces maladies dans une 

population donnée à un temps donné par rapport à la situation 

épidémiologique basale. On distingue alors deux grands types de MIE : les 

maladies purement émergentes, correspondant souvent à des zoonoses (c’est-

à-dire des maladies animales transmises à l’homme) et les maladies ré-

émergentes, correspondant à des maladies s’étant déjà manifestées et ayant 

plus ou moins disparu, puis se manifestant de nouveau suite à des 

changements environnementaux ou intrinsèques à l’agent infectieux. En 2013, 

Chua et Gubler ont proposé 4 sous-types de MIE [3], à savoir : 

 des agents infectieux connus colonisant de nouvelles niches écologiques 

(nouvelles répartitions géographiques, nouveaux hôtes) 

 des agents infectieux connus mais avec des caractéristiques les 

distinguant des variants connus (ex : acquisition de résistance aux 

antibiotiques, nouvelles combinaisons de segments pour le virus 

Influenza) 

 l’émergence d’un agent infectieux jusqu’alors inconnu pour l’homme (le 

plus souvent d’origine animale) 

 une maladie préalablement décrite pour laquelle l’agent étiologique 

n’était jusqu’alors pas identifié. 

La figure 1 ci-dessous présente quelques exemples d’émergence ou de ré-

émergence de maladies infectieuses de 1977 à 2007 rapportés par Morens [4], 

les virus représentant ainsi la majorité d’entre elles [5,6]. Ainsi, Woolhouse 

rapporta que sur les 1399 espèces microbiennes capables d’infecter l’homme, 

les virus ne représentent que 13.5% mais constituent plus des deux tiers des 
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pathogènes émergents, et parmi eux, les virus à génome ARN représentent 

84.5% des virus émergents [7].  
 

 

Figure 1. Exemples de maladies infectieuses émergentes ou ré-émergentes de 

1977 à 2007, d’après [4,8]. 

 

2. Les facteurs d’émergence de nouvelles maladies 

En 2008, Morens proposa 13 facteurs qui sous-tendaient à l’émergence 

d’une maladie infectieuse [4], ces facteurs pouvant être classés en trois 

grandes catégories : ceux liés à l’homme, à l’agent infectieux ou à 

l’environnement (Figure 2). 

Parmi les facteurs liés aux activités humaines, on retrouve par exemple le 

trafic international de personnes et de denrées (alimentaires et non-

alimentaires) qui peut favoriser l’introduction d’agents infectieux, de vecteurs, 

de réservoirs animaux, etc. dans des régions jusqu’alors indemnes ou des 

régions où l’agent infectieux avait été préalablement éradiqué [9-11]. La 

croissance de la population humaine a pour conséquence une augmentation de 

la promiscuité entre individus, accroissant ainsi les risques de transmissions 

inter-humaines, une augmentation de la pauvreté et la dégradation des 

conditions d’hygiène [12]. 

L’environnement dans lequel l’homme évolue et sur lequel il agit a aussi un 

impact sur l’émergence de nouvelles maladies, comme par exemple le 
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réchauffement climatique qui influence les aires de répartition géographiques 

de certains insectes vecteurs, ou encore la déforestation qui rend le contact 

homme/animal plus facile et augmente ainsi les possibilités d’échanges 

d’agents infectieux [13-14]. Deux hypothèses ont été proposées quant à la 

manière dont l’environnement influence l’émergence de maladies infectieuses 

: une hypothèse dite de « perturbation » (correspondant à une modification de 

l’écosystème de certaines espèces animales ayant pour conséquence une 

perturbation du cycle habituel de transmission d’un agent infectieux entre 

hôtes multiples et l’infection d’hôtes accidentels, tels que l’homme) et une 

hypothèse appelée « pathogen pool » (correspondant à l’exposition de 

nouveaux hôtes à un pool d’agents infectieux circulant dans des espèces 

auparavant jamais ou rarement en contact avec l’homme) [15].  

Enfin, parmi les facteurs liés à l’agent infectieux, les principales causes 

d’émergence représentent des modifications génétiques résultant en une 

adaptation du micro-organisme en réponse ou non à une pression extérieure. 

L’usage intensif d’antibiotiques serait, par exemple, à l’origine de l’émergence 

ou de la sélection de souches bactériennes multi-résistantes, comme dans le 

cas de la tuberculose [16]. Les virus à génome ARN ont, quant à eux, une 

polymérase ayant un taux d’erreur très élevé par rapport aux virus à génome 

ADN [17], ce qui génère de nombreuses mutations dans les génomes et 

l’apparition de nouveaux variants (ou quasi-espèces) potentiellement capables 

de s’adapter à de nouvelles conditions (ex : nouveaux hôtes, résistance à une 

pression de sélection) [18-19]. Des évènements de recombinaison ou de 

réassortiment peuvent également avoir lieu, résultant en l’apparition de 

nouveaux virus, comme dans le cas du virus H1N1 pandémique en 2009, issu 

d’un triple réassortiment entre un virus porcin, humain et aviaire et qui est 

apparu chez le porc avant d’infecter l’homme [20]. 

Woolhouse [21] a proposé de classer ces facteurs par ordre d’importance 

(en fonction du nombre de pathogènes ayant émergé à cause de ces facteurs), 

tout en sachant qu’en réalité l’émergence est davantage due à une 

combinaison de ces facteurs : 
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1. changements de l’usage des sols et 

déforestation 

6. contamination des aliments et de l’eau, 

surtout dans les pays en développement 

2. changements démographiques, 

sociétaux et comportementaux 
7. voyages et migrations de populations 

3. précarité des conditions sanitaires 
8. défaut des systèmes de santé et de 

surveillance 

4. liés à l’hôpital (maladies 

nosocomiales) 

9. échanges commerciaux de denrées et 

d’animaux 

5. évolution intrinsèque des agents 

pathogènes 
10. changements climatiques 

 

Figure 2. Exemples de facteurs d’émergence de maladies infectieuses. 

 

Par le passé, de nombreuses maladies infectieuses ont émergé, liées aux 

activités humaines telles que la sédentarisation et le développement de 

l’agriculture (-10 000 avant J.C.) qui ont mis en contact l’homme avec des 

pathogènes animaux tels que la tuberculose. A partir du XIVe siècle, les voyages 

et conquêtes des européens, comme par exemple la découverte de l’Amérique, 

ont conduit à l’importation des virus de la grippe, de la rougeole ou de la 

variole dans les populations indiennes naïves pour ces virus ou encore la peste, 

transportée par les rats sur les navires [22-24]. Mais depuis le début du XXe 

13



  

siècle, les MIE sont en constante augmentation du fait d’une accentuation de 

certains facteurs d’émergence [7] (Figure 3). McMichael recensa ainsi 4 

grandes « ruptures épidémiques » liées à différents facteurs ayant contribué à 

l’émergence d’agents infectieux [25]. Ainsi, de nos jours, l’accroissement 

important de la démographie humaine accompagnant des changements 

environnementaux sans précédent, les contacts entre l’homme et l’animal de 

plus en plus fréquents et le renforcement des échanges commerciaux de 

denrées, des voyages et des migrations de populations humaines peut 

expliquer la progression des émergences d’agents infectieux. Par exemple, la 

chasse et la manipulation de viande de brousse issue de la faune sauvage à des 

fins de consommation (primates, chauve-souris…) pourraient être à l’origine 

des premiers cas de VIH (virus qui se serait, par la suite, parfaitement adapté à 

la population humaine) [26] ou  des précédentes épidémies d’Ebola [27-28]. 

L’épidémie en cours d’Ebola serait, quant à elle, due au contact d’un enfant de 

2 ans avec des chauves-souris frugivores dans un arbre et non à la chasse [29-

30]. La colonisation de l’Europe par le moustique Aedes albopictus, arrivé par 

avion ou par bateau dans des pneus, a conduit à l’émergence de cas de dengue 

ou de chikungunya en Europe [10]. 
 

 

Figure 3. Importance relative de différents facteurs d’émergence au cours des 4 

grandes ruptures épidémiques, d’après [25]. 
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II. Virus zoonotiques et santé humaine 

1. Définitions et exemples d’actualités 

Soixante-dix pour cent des virus capables d’infecter l’homme ont une 

origine zoonotique [6]. On définit une zoonose comme étant une « maladie et 

infection dont les agents d’origine virale, bactérienne, fongique ou parasitaire 

se transmettent naturellement des animaux vertébrés à l'homme, et vice-versa 

» (OMS, 1959). Le terme, créé au XIXe siècle par Rudolf Virchow du grec 

« zôon » (animal) et « nosos » (maladie), englobe les zoo-anthroponoses 

(transmission de l’animal à l’homme) et les anthropo-zoonoses (transmission 

de l’homme à l’animal). Dans la suite du propos, nous appellerons « zoonoses » 

les maladies dues à des agents d’origine animale transmises à l’homme 

(anthropo-zoonoses) [31]. Il existe 4 types de zoonoses, selon leur mode de 

transmission : 

 Orthozoonose : transmission directe d’un hôte vertébré à l’homme (ex : 

rage). 

 Cyclozoonose : transmission via un hôte intermédiaire (ex : SARS). 

 Métazoonose : transmission via un arthropode hématophage (ex : 

dengue). 

 Saprozoonose : transmission via l’environnement (ex : leptospirose). 

 Dernièrement, de nombreux cas d’infections zoonotiques ont été 

rapportés dans la presse. Le MERS-coronavirus (MERS-CoV), un virus animal 

probablement issu de chauves-souris et infectant l’homme, possiblement via 

les chameaux, a déjà fait 567 morts sur 1 589 cas dans le monde depuis 2012 

[32]. Le virus a été exporté en Corée du Sud puis en Chine cette année [33-35]. 

Depuis fin 2013, une épidémie sans précédent de fièvre hémorragique Ebola a 

touché principalement trois pays d’Afrique (Guinée, Sierra Leone et Libéria) et 

fait déjà 28 424 cas dont 11 311 morts selon le dernier bilan de l’OMS en date 

du 30 septembre 2015 [36]. Cette épidémie aurait pour origine un contact avec 

des chauves-souris [29]. Depuis le début de cette année, deux personnes ont 

été infectées aux Etats-Unis par le Bourbon virus (un nouveau thogotovirus) 

suite à une morsure de tique, et l’une d’elles est décédée [37].  
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2. Modes de transmission à l’homme et conditions de 

franchissement de la barrière d’espèce 

Les virus zoonotiques sont des virus dont le cycle de réplication implique un 

réservoir animal, qu’il soit issu de la faune sauvage ou de la faune domestique, 

et qui se transmettent par contacts directs entre l’homme et l’animal (ex : 

chasse et consommation de viande de brousse [38], inhalation d’urines de 

rongeurs infectés, [39-40]) ou via la piqûre d’arthropodes hématophages entre 

animaux infectés et animaux sains (Figure 4, [41]). Dans la majorité des cas, 

l’homme n’est qu’un hôte accidentel.  
 

 

Figure 4. Nombre d’espèces d’agents infectieux zoonotiques (A, total = 868) 

ou émergents (B, total = 175) en fonction de leur mode de transmission, 

d’après [41]. 

 

Dans l’exemple du virus de la fièvre de la vallée du Rift (RVFV), le cycle 

naturel du virus implique un réservoir sauvage et des moustiques du genre 

Aedes ou Culex (cycle sylvatique du virus). L’homme est infecté de façon 

accidentelle après que le virus soit préalablement passé, toujours via la piqûre 

infectante d’un moustique, par un hôte intermédiaire, souvent un animal 

domestique (cycle domestique du virus) (Figure 5).  
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Figure 5. Cycle théorique de transmission du virus de la fièvre de la vallée du 

Rift entre l’animal et l’homme, d’après [42]. 

 

Ainsi, on distingue différents acteurs dans le cycle naturel de transmission 

d’un virus zoonotique [43] : 

 le réservoir : le plus souvent d’origine animale, le réservoir est un hôte 

dans lequel se réplique l’agent infectieux sans que celui-ci ne présente 

de signes d’infection, due notamment à une réponse immunitaire de 

l’hôte : on parle alors de « tolérance » à l’infection [44]. 

 l’hôte intermédiaire / l’homme, des hôtes occasionnels : là encore 

souvent d’origine animale, l’hôte intermédiaire est lui sensible à 

l’infection, tout comme l’homme. 

 le vecteur : d’origine arthropode hématophage, celui-ci n’est pas 

obligatoire dans le cycle de transmission. La transmission se fait alors en 

trois temps (1) l’arthropode prend un repas de sang infestant sur un 

hôte infecté (2) le virus se multiplie dans l’arthropode et migre dans les 

glandes salivaires (3) le virus est transmis à un hôte sain lors d’un 

nouveau repas de sang de l’arthropode. 

On distingue donc différents facteurs pouvant impacter la transmission 

d’un virus zoonotique à l’homme, allant de la distribution géographique du 

réservoir animal au mode d’exposition et à la susceptibilité des hôtes 

occasionnels. Dans l’exemple de la transmission du virus Hendra décrit par 
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Plowright [45], virus de chauve-souris infectant directement les chevaux et 

l’homme sans intervention vectorielle, seule la conjonction de plusieurs 

facteurs aboutit à des cas humains : (1) les espèces de chauves-souris 

réservoirs du virus Hendra doivent être présentes ; (2) les chauves-souris 

doivent être infectées par le virus et l’excréter dans l’environnement ; (3) le 

virus doit être capable de survivre dans l’environnement ; (4) les hôtes 

accidentels (chevaux, hommes) doivent être en contact avec une quantité 

suffisante de virus pour que celui-ci puisse infecter l’hôte et (5) les hôtes 

accidentels doivent être sensibles au virus pour développer une infection. 

Ainsi, pour qu’une transmission zoonotique soit efficace, il faut, entre 

autres, des contacts (directs ou indirects) entre l’homme et l’animal. Or ceux-ci 

sont de plus en plus fréquents. Comme vu précédemment, l’accroissement des 

activités humaines, l’augmentation démographique et la déforestation sont des 

exemples de facteurs d’émergence de zoonoses, en cela qu’ils favorisent les 

contacts directs entre l’homme et l’animal ou les contacts entre faune sauvage 

et faune domestique, elle-même en contact avec l’homme. Par exemple dans le 

cas du SARS-coronavirus, c’est le contact indirect de l’homme avec la chauve-

souris, via la civette, qui serait à l’origine de l’émergence du virus en population 

humaine [46].  

3. Arthropodes d’intérêt médical et pathogènes viraux associés 

Les arthropodes sont des animaux invertébrés ayant un corps segmenté à 

symétrie bilatérale, des pattes articulées et une carapace rigide qui constitue 

leur exosquelette. Parmi eux, on distingue différentes classes d’arthropodes, en 

fonction du nombre de paires de pattes : les insectes en possèdent notamment 

3 paires et les arachnides 4. En entomologie médicale, on distingue les 

arthropodes vecteurs des arthropodes venimeux, vénéneux, urticants ou 

allergisants pour lesquels aucun agent infectieux n’est incriminé. Dans la suite 

du propos, nous allons nous focaliser sur les arthropodes vecteurs.  

On appelle « vecteur » un arthropode hématophage qui assure la 

transmission biologique active d’un agent pathogène d’un vertébré à un autre 

vertébré. De nombreux arthropodes non hématophages peuvent possiblement 

jouer un rôle dans le cycle infectieux d’une zoonose par simple transport 

mécanique, mais ils ne sont pas considérés comme « vecteurs » [47]. Parmi les 

arthropodes hématophages anthropophiles, on retrouve les ordres des Diptera 
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(ex : moustiques), Hemiptera (ex : punaises), Anoploura (ex : poux), 

Siphonaptera (ex : puces), Mesostigmata et Trombidiformes (ex : acariens) ou 

encore Ixodida (ex : tiques).  

Non reconnue par l’International Commitee for Taxonomy of Viurses, la 

dénomination « arbovirus » correspond à un virus transmis par un arthropode. 

Il existe un très grand nombre d’espèces d’arthropodes capables de 

transmettre des arbovirus, notamment plus de 300 espèces de moustiques et 

116 espèces de tiques, ce qui explique la répartition mondiale des arboviroses 

(Figure 6, [48-49]). De nombreux virus ont déjà été détectés dans d’autres 

arthropodes, et le rôle vecteur a déjà été clairement établi pour un certain 

nombre d’entre eux (Table 1). La détection d’un virus dans un arthropode n’est 

cependant pas suffisante pour pouvoir l’incriminer comme vecteur de cet agent 

infectieux. En effet, afin qu’un arthropode soit considéré comme vecteur, il doit 

être capable de transmettre activement un agent pathogène. On distingue 

donc deux notions : la compétence vectorielle et la capacité vectorielle. La 

compétence vectorielle correspond à l’aptitude d’un arthropode à ingérer un 

agent pathogène, en assurer la multiplication et le transmettre à un nouvel 

hôte. Cette compétence peut être évaluée en laboratoire, à la différence de la 

capacité vectorielle qui correspond à l’aptitude de l’arthropode à transmettre 

un agent infectieux en fonction de sa bio-écologie et des conditions 

environnementales. La capacité vectorielle est donc la résultante de la 

compétence vectorielle et de la bio-écologie du vecteur (ex : abondance, 

longévité, préférences trophiques).  
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Table 1. Exemples de familles virales préalablement retrouvées dans des 

arthropodes hématophages. 

Règne Classe Ordre Famille Arthropode 
Exemples de familles 

virales

Arthropoda 

Arachnida Ixodida 

Ixodidae Tique dure 
Flaviviridae, 

Bunyaviridae, 
Reoviridae

Argasidae Tique molle 
Flaviviridae, 
Bunyaviridae

Insecta 

Anoploura Pediculidae Poux non rapporté
Siphonaptera Pulicidae Puce Flaviviridae

Hemiptera 
Cimicidae 

Punaise de 
lit

Bunyaviridae, 
Hepadnaviridae

Reduviidae Triatome non rapporté

Diptera 

Simuliidae Simulie non rapporté
Tabanidae Taon Bunyaviridae

Psychodidae Phlébotome 
Bunyaviridae, 
Flaviviridae, 

Rhabdoviridae

Muscidae 
Mouche 
tsé-tsé

non rapporté 

Culicidae Moustique 
Flaviviridae, 
Togaviridae, 
Bunyaviridae

Ceratopogonidae Culicoïde 
Bunyaviridae, 

Reoviridae, Flaviviridae
 

 

 

Figure 6. Exemples d’épidémies dues à des arbovirus, d’après [49]. 
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4. Les faunes sauvage et domestique réservoirs de virus 

En 2009, une étude rapporta une classification des pathogènes émergents 

en fonction de leur origine zoonotique et a ainsi pu montrer que la faune 

sauvage constitue le principal réservoir d’infections zoonotiques (Figure 7A, 

[7,21]). Parmi eux, les chauves-souris et les rongeurs constituent une source 

importante de nouveaux virus. Les virus issus de la faune sauvage nécessitent 

souvent des hôtes intermédiaires de faune domestique avant de passer chez 

l’homme (Figure 7B, Table 2, [21,50]).  

 

Table 2. Exemples de familles virales préalablement retrouvées dans la 

faune sauvage ou les animaux domestiques. 

Réservoir Zoonoses Famille virale Vecteur ? 2d hôte ?

Chauve-
souris 

Nipah/Hendra Paramyxoviridae non Porc, cheval
Fièvre hémorragique 

Ebola 
Filoviridae non - 

SARS Coronaviridae non Civette, chat
Rage Rhabdoviridae non Chien

Rongeur 

Chorioméningite 
lymphocitaire 

Arenaviridae non - 

Fièvre hémorragique 
Lassa 

Arenaviridae non - 

Syndromes à hantavirus Bunyaviridae non -

Oiseau 
Encéphalite japonaise Flaviviridae moustique Porc

West Nile Flaviviridae moustique Cheval
Grippe aviaire Orthomyxoviridae non Volaille, porc

Primate 
Fièvre hémorragique 

Marburg 
Filoviridae non - 

SIDA Retroviridae non -
Bovin, 
ovin, 

caprin 

Fièvre de la vallée du Rift Bunyaviridae moustique -

Vaccine Poxviridae non - 

Porc Hépatite E Hepeviridae non -
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A. Réservoirs incriminés [7,21] B. Types de contacts homme/animal [50]
 

Figure 7. Origine animale des principaux pathogènes émergents découverts 

depuis 1980. 

 

III. Outils cellulaires et moléculaires d’identification de virus  

Depuis le siècle dernier, le nombre de découvertes d’agents infectieux, et 

notamment de virus, a considérablement augmenté, passant de quelques 

dizaines à plusieurs milliers dont plus de 200 espèces virales décrites à ce jour 

et près de 2000 génomes viraux complets déposés dans GenBank [51]. Avec 

l’avènement des techniques de biologie moléculaire puis du séquençage à haut 

débit, ce phénomène tend encore à s’accélérer (Figure 8).  
 

 

Figure 8. Rythme des découvertes de nouveaux virus de 1900 à 2008, d’après 

[51]. 
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1. Les outils « historiques » 

Les techniques classiquement utilisées pour identifier et caractériser des 

virus dans un échantillon complexe sont basées sur la détection de particules 

virales ou de leur constituant génomique (Table 3, [52-53]). Ainsi on retrouve 

par exemple l’isolement viral, technique de référence couramment utilisée 

jusqu’à l’avènement des techniques moléculaires. Les techniques basées sur la 

détection d’antigènes viraux au moyen d’anticorps sont encore utilisées de nos 

jours mais nécessitent une connaissance préalable du virus recherché et sont 

peu compatibles avec la recherche de nouveaux virus. Les techniques 

moléculaires, notamment celles basées sur l’utilisation de PCR pan-génériques 

ou de sondes couvrant tous les génomes viraux (microarray) sont, quant à elles, 

plus aptes à reconnaitre de nouveaux variants variants viraux mais, là encore 

elles ne sont pas compatibles avec l’identification de virus complètement 

nouveaux (Table 3). 

 

Table 3. Principales techniques de détection et d’identification de virus. 

Technique Principe Principaux avantages 
Principaux 

inconvénients 

D
é

te
ct

io
n

 d
e

 p
ar

ti
cu

le
s 

vi
ra

le
s 

B
io

lo
gi

e
 c

e
llu

la
ir

e
 

Culture cellulaire, 
isolement sur œuf 

embryonné ou 
cerveau de souriceau  

nouveau-né 

Isolement d’un virus 
par infection d’une 
cellule hôte in vitro 

ou in vivo 

Virus disponible pour 
des caractérisations 
ultérieures, possible 

détermination de 
l’appartenance à une 

famille virale en 
fonction du type 

d’ECP, grande 
sensibilité 

Technique longue, 
taux d’isolement très 
bas, non compatible 

avec virus non 
cultivables ou pour 
lesquels l’hôte est 

inconnu, modification 
des quasi-espèces 

Séroneutralisation, 
ELISA, 

immunofluorescence 

 
Détection 

d’antigènes viraux 
 

Rapidité, facilité de 
mise en œuvre, 

spécificité 

Utilisation d’anticorps 
spécifiques d’un virus 

connu, ne convient 
pas pour des virus 

divergents, coût élevé

 Microscopie 
électronique 

Visualisation de 
particules virales par 
coloration négative 

ou inclusion 

Détermination +/- 
fine de 

l’appartenance à une 
famille virale, 

caractérisation 
morphologique d’un 

nouveau virus 

Côut d’équipement, 
nécessité d’experts, 

faible sensibilité 

23



  

Technique Principe Principaux avantages 
Principaux 

inconvénients 

D
é

te
ct

io
n

 d
e

 g
é

n
o

m
e

s 
vi

ra
u

x 

B
io

lo
gi

e
 m

o
lé

cu
la

ir
e

 

PCR spécifique 

Amplification d’une 
région spécifique 
d’un génome viral 
connu utilisant des 

amorces spécifiques 

Bas coûts, grande 
spécificité, technique 

simple 

Non compatible avec 
nouveaux variants ou 

nouveaux virus 

PCR pan-générique 

Amplification d’une 
région conservée 

commune à un 
groupe de virus 

utilisant des 
amorces dégénérées

 

Bas coûts, technique 
simple 

Faible sensibilité et 
spécificité, non 

compatible avec des 
virus trop divergents 

Microarray 

Détection d’acides 
nucléiques viraux 

par hybridation sur 
des sondes basées 
sur des séquences 

conservées 

Permet de rechercher 
des virus dans un 

échantillon complexe 
sans a priori des virus 

présents 

Non compatible avec 
des virus trop 

divergents, 
hybridations non-

spécifiques 

 

2. La métagénomique : avantages et challenges 

La métagénomique vise à étudier le contenu génétique d'un échantillon issu 

d'un environnement complexe (intestin, océan, sols, air, etc.) ainsi que les 

interactions entre les génomes présents. Cette approche permet donc d'avoir 

une description génomique du contenu de l'échantillon (« qui est présent ?») 

mais aussi un aperçu du potentiel fonctionnel d'un environnement (« qui fait 

quoi ? »). Le principal avantage de cette technique est qu’elle ne nécessite pas 

l’isolement préalable des virus, ni une connaissance préliminaire de virus 

apparentés. Ainsi, il est possible de caractériser la diversité microbienne d’un 

échantillon sans aucun a priori. On appelle « virome » l’ensemble des 

communautés virales d’un environnement complexe. 

De nombreux virus issus de divers environnements ont déjà été découverts 

par métagénomique (Figure 9). Les premiers métagénomes viraux ont été 

réalisés sur des environnements marins et, par la suite, cette technique a été 

largement employée en écologie virale dans des études de diversité. Le 

premier métagénome viral associé à l’homme est néanmoins très vite apparu 

(en 2003), suivi du premier métagénome viral d’arthropodes en 2007 et du 

premier métagénome viral animal en 2008 [54]. Du fait de à sa capacité à 
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générer rapidement des millions de séquences en une seule réaction 

(« profondeur de séquençage ») pour un coût de plus en plus bas, cette 

technique s’est très rapidement imposée comme technique de choix dans des 

études d’inventaire des virus présents dans un échantillon donné, comparé aux 

techniques traditionnelles de découvertes de virus. Elle a notamment permis 

de découvrir des virus responsables de pathologies jusqu’alors inexpliquées 

(Table 4, [55]), que ce soit en santé humaine [56] ou en médecine vétérinaire 

[57].  
 

 

Figure 9. Nombre d’articles publiés (A) et principales découvertes de virus par 

métagénomique de 2002 à 2011 (B), d’après [54]. M : méthode de séquençage 

/ S : échantillon. 
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Table 4. Exemples de virus découverts par NGS et leur implication dans des 

pathologies, d’après [55]. 

Virus Technologie Maladie associée 
Corrélation virus 

/ pathologie 

Coronavirus-EMC Roche 454 Pneumonie sévère Homme ++ 

Severe fever with 
thrombocytopenia virus  

 Illumina 
Fièvre et 

thrombocytopénie 
Homme ++ 

Heartland bunyavirus Roche 454 Syndrome febrile Homme ++ 

Raccoon polyomavirus RCA Tumeur cérébrale Raton laveur ++ 

Titi monkey adenovirus Illumina Pneumonie Singe ++ 

Bas-Congo virus Illumina Fièvre hémorragique Homme ++ 

Human astrovirus Puget 
Sound 

Roche 454 Encéphalite Homme ++ 

 

Il existe deux grands principes de métagénomique: la métagénomique basée 

sur des amplicons et le « whole-genome (shotgun) » (Figure 10). La 

métagénomique basée sur des amplicons utilise des amorces universelles, 

ciblant par exemple un gène conservé comme celui codant pour l’ARN 

ribosomal 16S procaryote, couplées à des adaptateurs qui serviront d’amorces 

pour le séquençage. Ainsi, une PCR universelle est réalisée puis le produit 

d’amplification est séquencé par NGS. Cette technique est largement employée 

pour la description des communautés bactériennes ; mais comme les virus ne 

possèdent pas de séquence conservée de type 16S, il n’est pas possible de 

réaliser une amplification universelle. En 2003 une étude de métagénomique 

portant sur les communautés virales marines a rapporté l’utilisation d’amorces 

pseudo-universelles ciblant la polymérase virale en vue de réaliser un 

séquençage par amplicons [58], cependant cette technique ne ciblait que les 

virus apparentés aux picornavirus chez qui la polymérase est hautement 

conservée. N’étant pas possible, à ce jour, de trouver des amorces réellement 

universelles, la technique dite de « shotgun » est la plus couramment 

employée. Cette technique consiste à extraire les acides nucléiques totaux d’un 

échantillon complexe, à les fragmenter et à liguer des adaptateurs de 

séquençage. Ainsi la totalité du contenu génomique de l’échantillon sera 

séquencée par NGS (Figure 10). Dans le cas des viromes à ARN, une étape de 

reverse-transcription est nécessaire.  
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Figure 10. Principales techniques de séquençage à haut débit, d’après [59]. 

 

Certaines étapes clés influencent la qualité de préparation et d’analyse d’un 

métagénome, comme la purification virale, l’amplification ou l’analyse bio-

informatique. En effet selon la richesse de l’échantillon et son niveau de 

contamination en acides nucléiques de l’hôte, il est souvent nécessaire de 

purifier et d’enrichir les particules virales afin de d’exploiter pleinement la 

profondeur de séquençage. Il existe de nombreux protocoles de purification, 

presque autant que de publications portant sur des métagénomes viraux, et au 

cours de cette thèse j’ai moi-même proposé et développé un protocole 

expérimental standardisé de purification des particules virales infectieuses d’un 

échantillon complexe (article n°2). Une autre étape clé est, dans le cas d’un 

échantillon à faible teneur en contenu génomique, l’amplification préalable du 

contenu génomique. Cette amplification est dite « séquence-indépendante » 

(SIA). Il existe différentes techniques de SIA : l’amplification séquence-

indépendante utilisant une amorce unique (SISPA), la PCR utilisant des 

oligonucléotides dégénérés (DOP-PCR), la PCR random ou l’amplification en 

cercle roulant (RCA, [60]). Ces techniques présentent néanmoins différents 

biais d’amplification [61-64], résultant en une difficulté à assigner une 
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abondance en génomes viraux dans l’échantillon originel. Enfin une étape 

majeure est l’analyse bio-informatique des métagénomes. Cette étape est 

limitante dans la caractérisation des communautés microbiennes d’un 

échantillon, car la majorité des séquences obtenues restent non identifiées, du 

fait d’un manque de séquences homologues dans les bases de données, 

notamment concernant les viromes à ARN [65]. 
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Abstract: Many human viral infections have a zoonotic, i.e., wild or domestic animal, 

origin. Several zoonotic viruses are transmitted to humans directly via contact with an 

animal or indirectly via exposure to the urine or feces of infected animals or the bite of 

a bloodsucking arthropod. If a virus is able to adapt and replicate in its new human host, 

human-to-human transmissions may occur, possibly resulting in an epidemic, such as 

the A/H1N1 flu pandemic in 2009. Thus, predicting emerging zoonotic infections is an 

important challenge for public health officials in the coming decades. The recent 

development of viral metagenomics, i.e., the characterization of the complete viral 

diversity isolated from an organism or an environment using high-throughput sequencing 

technologies, is promising for the surveillance of such diseases and can be accomplished 

by analyzing the viromes of selected animals and arthropods that are closely in contact 

with humans. In this review, we summarize our current knowledge of viral diversity within 

such animals (in particular blood-feeding arthropods, wildlife and domestic animals) using 

metagenomics and present its possible future application for the surveillance of zoonotic 

and arboviral diseases. 
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1. Introduction 

Human microbiologic infections, known as zoonoses, are acquired directly from animals or via 

arthropods bites and are an increasing public health problem. More than two thirds of emerging human 

pathogens are of zoonotic origin, and of these, more than 70% originate from wildlife [1,2]. In novel 

environments, viruses, particularly RNA viruses, can easily cross the species barrier by mutations, 

recombinations or reassortments of their genetic material, resulting in the capacity to infect novel 

hosts. Because of their adaptive abilities, RNA viruses represent more than 70% of the viruses that 

infect humans [3]. When socio-economic and ecologic changes affect their environment, humans may 

encounter increased contact with emerging viruses that originate in wild or domestic animals. 

Wolfe et al. in 2007 [4] and Karesh et al. in 2012 [5] described different stages in the switch from 

an animal-specific infectious agent into a human-specific pathogen. The key stage is the transition of a 

strictly animal-specific infectious agent (originating from wildlife or domestic animals) to exposed 

human populations, resulting in sporadic human infections (Figure 1). If the pathogen is able to  

adapt to its human host and acquire the means to accomplish an inter-human transmission, horizontal 

human-to-human transmission occurs and maintains the viral cycle. Sometimes, an intermediate host, 

such as a domestic animal, is the link between sylvatic viral circulation and human viral circulation. 

For example, some human infections originating from bats, such as Nipah, Hendra, SARS and Ebola 

viral infections, may involve intermediate amplification in hosts such as pigs, horses, civets and 

primates, respectively [6] (Figure 1). Genetic, biologic, social, political or economic factors may 

explain a switch in viral host targets. For example, climate changes may influence the geographical 

repartition of vector arthropods, leading to new areas of the distribution of infectious diseases, like 

Aedes albopictus and Chikungunya infections in the Mediterranean [7]. Morens et al. [8] listed 

different key factors that may contribute to the emergence or re-emergence of infectious diseases, such 

as microbial adaptation to a new environment, biodiversity loss, ecosystem changes that lead to more 

frequent contact between wildlife and domestic animals or human populations, human demographics 

and behavior, economic development and land use, international travel and commerce, etc. [9,10]. 

These patterns of transmission allow identifying different animals to follow in order to monitor the 

appearance of new or re-emerging infectious agents before its first detection in the human populations. 

Therefore, hematophagous arthropods, wildlife and domestic animals may serve as targets for zoonotic 

and arboviral disease surveillance, particularly because sampling procedures and long-term follow-up 

studies are more easily performed in these hosts than in humans. 

Historically, classic viral detection techniques were based on the intracerebral inoculation of suckling 

mice or viral isolation in culture and the subsequent observation of cytopathic effects on cell lines. Later, 

immunologic methods, e.g., seroneutralization or hemaglutination, were used to detect viral antigens in 

various complex samples. These techniques were based on the isolation of viral agents. With the 

progresses of molecular biology, polymerase chain reaction (PCR)-based methods became the main 

techniques for virus discovery and allowed the detection of uncultivable viruses [11], but these 

techniques required prior knowledge of closely related viral genomes. Next-Generation Sequencing 

(NGS) techniques make it possible to sequence all viral genomes in a given sample without previous 

knowledge about their nature. These techniques, known as viral metagenomics, have allowed the 
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discovery of completely new viral species. Because of their low cost, the use of NGS techniques is 

exponentially increasing. 

Figure 1. The origins of zoonotic human infections. 

 

The transmission of infections between humans occurs after a pathogen from a wild or domestic 

animal contacts with exposed human populations. The human exposures may or may not be mediated 

by the bite of bloodsucking arthropods. Surveillance programs may target wildlife, domestic animals 

or arthropods for emerging viruses before their adaptation to human hosts. 

2. Viral Metagenomics: A Powerful Technique to Inventory the Viral Diversity among  

Complex Environments 

Viruses can be identified by a wide range of techniques, which are mainly based on comparisons with 

known viruses. Historic methods include electron microscopy, cell culture, inoculation in suckling mice 

and serology, but these methods have limitations. For example, many viruses cannot be cultivated, 

excluding the use of cell line isolation and serologic techniques, and can only be characterized by 

molecular methods. In 2011, Bexfield summarized the different molecular techniques that identify new 

viruses such as microarray, subtractive hybridization-based and PCR-based methods [12]. Although 

these techniques have allowed the discovery of many viruses, the prior knowledge of similar viruses is 

required. Recent advances in sequence-independent PCR-based methods have overcome this limitation, 

and Sequence-Independent Single Primer Amplification (SISPA), Degenerate Oligonucleotide Primed 

PCR (DOP-PCR), random PCR and Rolling Circle Amplification (RCA) methods have emerged [12]. 
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The end result of most of these PCR methods is amplified DNA that requires definitive identification 

by sequencing. 

Novel DNA sequencing techniques, known as “Next-Generation Sequencing” (NGS) techniques, 

are new tools providing high-throughput sequence data with many possible applications in research 

and diagnostic settings [13]. With the development of different NGS platforms, it is now possible to 

sequence all viral genomes in a given sample without previous knowledge about their nature with the 

use of sequence-independent amplification followed by high-throughput sequencing. This combination 

of techniques, known as viral metagenomics, allows the discovery of completely new viral species 

within a complex sample and, due to decreasing costs, are nowadays exponentially increasing. 

NGS techniques are able to generate a huge number of sequences, ranging from thousands to 

millions of reads, in only one reaction. In order to fully benefit from this depth of sequencing to 

identify infectious agents present in a given environment, host DNA/RNA should previously be 

removed from samples. Preliminary treatments are therefore required prior to nucleic acid 

amplification and sequencing, mainly based on nucleases treatments and/or viral purification by 

ultracentrifugation on sucrose, cesium chloride or glycerol gradients. These strategies are known as 

“Particle-Associated nucleic acid amplification” [14], i.e., they try to isolate intact (i.e., infectious) 

viral particles from their environment, protected from the action of nucleases. Subsequent low amount 

of nucleic acids have required the use of Sequence-Independent Amplifications (SIA) such as SISPA, 

DOP-PCR, random PCR, RCA [12]. Although these techniques allow generating enough nucleic acid 

material for sequencing, their main disadvantage remains that they distort quantitative analyzes by 

introducing bias of amplification in viral diversity studies. As a consequence, quantitative analyses of 

the composition of resulting viromes may not reflect the reality. 

In diagnostic virology, in either human or veterinary medicine, viral metagenomics has allowed the 

discovery of causative viral agents of disease conditions [13–17]. Virome analyses have also been 

conducted to describe the baseline viral diversity in healthy human conditions [18], as a prior 

knowledge before studying the viral flora of pathologic conditions. 

In the same way, the use of viral metagenomics as a tool for arboviral and zoonotic disease 

surveillance requires prior knowledge of the viral diversity associated to hematophagous arthropods 

and animals in close contact with humans. This review thus summarizes our current knowledge of the 

diversity of viral communities associated with several arthropods, wildlife and domestic animals and 

present its potential applications for the surveillance of zoonotic and arboviral diseases. 

3. Blood-Feeding Arthropods 

Several species of arthropods require a blood meal for their survival, either for their gonotrophic 

cycle or for feeding. Because humans and arthropods may share a common habitat, arthropods may 

feed on humans. When an arthropod feeds on a vertebrate host, it injects saliva into the host’s blood 

and, if the micro-organism was previously able to replicate and to migrate into the salivary glands of 

the arthropod, the micro-organism is concomitantly injected to the vertebrate host’s blood when  

the arthropod feeds. Such arthropods are called vectors. Medical entomology has therefore studied 

vector-host relationships for the last century. Several human pathogenic micro-organisms, including a 

large number of viral families, are transmitted via the bite of a bloodsucking arthropod. Reservoirs 
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may be the hematophagous arthropod itself if viruses are maintained by trans-ovarial and trans-stadial 

transmission to the progeny, or in several cases, the reservoirs may be of wildlife or domestic  

animal origin, with arthropods providing the transmission of the virus between the two vertebrate hosts. 

Table 1a summarizes the principal hematophagous arthropods of medical importance and associated 

arboviruses (for arthropod-borne viruses) detected by classic methodologies. 

Recently, the use of metagenomics has allowed the detection of a large number of known and 

unknown insect-specific or zoonotic viruses associated with arthropods [19,20]. Broad surveys of viral 

diversity in arthropods are lacking, although metagenomics is a powerful technique for these studies 

and may be a promising tool for arbovirus surveillance. Only a few studies, focused on mosquitoes, are 

available. The major viruses that have been detected may be summarized in 4 categories (Table 1b): 

insect-specific viruses, plant viruses reflecting the nectar meal of mosquitoes, bacteria-infecting 

viruses (bacteriophages) and animal viruses possibly reflecting the arthropod blood meal of the 

vertebrate host. 

3.1. Zoonotic Viruses 

Ng and collaborators, in 2011, were the first to conduct a wide survey of viral diversity within 

mosquitoes using metagenomics [21]. Viral reads represented only 1% to 2% of total reads obtained 

after 454 pyrosequencing, and animal viruses represented not more than 10% of viral reads. Several 

mosquito species do not have strict host-specific trophic preferences, such as Culex erythrothorax, 

which was studied by Ng, et al. [21]. As a consequence, animal viruses detected in mosquitoes 

possibly reflect the virome of the large variety of vertebrate hosts they fed on (e.g., humans, primates, 

birds). For example, Papillomaviridae detected in mosquitoes have a human origin, while Circoviridae 

have mainly a bird origin [21]. No potential zoonotic viruses were documented in this study. 

In 2014, Coffey and collaborators conducted a metagenomic analysis of Australian mosquitoes [22]. 

They were able to detect many animal viruses belonging to the Flaviviridae (Edge Hill virus) and 

Reoviridae (Wallal virus) families, but several viruses described in the study are known to infect 

marsupials. The authors also detected Ross River virus, an Alphavirus belonging to the Togaviridae 

family transmitted by mosquitoes, which is able to infect humans and cause influenza-like illness 

and/or polyarthritis, mainly in Australia. Coffey et al. also reported a novel virus, a dipteran-mammal-

associated rhabdovirus called dimarhabdovirus. Viruses belonging to this supergroup are known to 

replicate both in hematophagous dipterans and vertebrate hosts [23], but no evidence of human 

infections are reported. Sequences belonging to the Orthobunyavirus genus (Bunyaviridae family) 

were also detected [22]. Bunyaviridae are single-stranded negative-strand segmented RNA viruses 

infecting a wide variety of vertebrate and invertebrate hosts. The family comprises 5 genera, and  

the Orthobunyavirus genus is divided into 4 major groups (Bunyamwera, Wyeomyia, Simbu and 

California encephalitis). Phylogenetic analyses performed on L and M segments of the newly 

described orthobunyaviruses did not place them into a specific group, nor provided information 

regarding a vertebrate host origin. However, their identification in anthropophilic mosquitoes coupled 

with their ability to replicate in mammalian cells may presuppose a human or other mammalian origin. 

Although most of the zoonotic viruses transmitted by arthropods are RNA viruses, the RNA virome 

of arthropods, especially mosquitoes, is poorly described and is a future challenge for arbovirus 
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surveillance. Indeed, although studying viromes of engorged arthropods does not reflect the viral 

diversity intrinsically linked to arthropods, it provides a good picture of viruses circulating in a given 

human or animal population. The “One Health” concept (see below) recognizes that human health  

is linked to animal health and the environment in which they co-evolve. As a consequence and due to 

the ease with which they can be studied, arthropods may be used as targets for arboviral infections 

surveillance programs focusing either on human and veterinary health. 

3.2. Insect-Specific Viruses 

By sequencing the total DNA, Ng et al. [21] detected, 60% to 80% insect-specific viral reads, 

including a majority of densoviruses, as was also reported by Hall-Mendelin et al. [24]. Ma and 

collaborators [25] were also able to detect densoviruses by sequencing the small RNA molecules 

produced by the arthropod in response to viral infections. This process involved RNA interference or 

RNA silencing, resulting in the sequence-specific degradation of viral genomes. 

Densoviruses (DNV) belong to the family Parvoviridae, sub-family Densovirinae. They are small, 

non-enveloped icosahedral ssDNA viruses, which infect the majority of arthropods (e.g., insect orders 

Diptera, Hemiptera, and Lepidoptera). DNV seem to be highly host-specific, and because they infect 

most tissues of their hosts, they are responsible for the death of their arthropod host. They apparently 

have larvicidal activity, and a few DNV-resistant adults may emerge, resulting in a population that is 

able to vertically transmit the infection to their descendants. In contrast, it seems that DNV infection of 

late-stage larvae or young adults results in the establishment of a persistent and vertically transmitted 

viremia. Thus, these viruses are a promising tool for vector control [26,27]. 

Other insect-specific viruses were detected by Cook et al. [28] using the same small RNA-based 

metagenomic technique, including Chronic bee paralysis virus and viruses belonging to the 

Birnaviridae family (genus Entomobirnavirus). The authors also detected sequences related to an 

insect-specific Flaviviridae, but it possibly constituted sequences integrated into the genome of the 

mosquito (Table 1b). 

Table 1. (a) Non-exhaustive list of major viruses detected in blood-feeding arthropods by 

various serological or molecular techniques; (b) Examples of viruses detected in 

mosquitoes by metagenomic studies. 

(a) 

Kingdom Class Order Family 
Type 

Arthropod 
Example of Viral Families Ref. 

Arthropoda 

Arachnida Ixodida 

Ixodidae Hard tick 

Flaviviridae (TBEV, OHFV) 

Bunyaviridae (CCHFV) 

Reoviridae (CTFV) 

[29,30] 

Argasidae Soft tick 
Flaviviridae (AHFV, SREV, 

WNV), Bunyaviridae (SOLV) 
[31–34] 

Insecta 

Anoploura Pediculidae Louse not documented 

Siphonaptera Pulicidae Flea Flaviviridae (TBEV) [35] 

Hemiptera 
Cimicidae Bed bug 

Bunyaviridae (KKV) 

Hepadnaviridae (HBV) 
[36–39] 

Reduviidae Triatoma not documented 
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Table 1a. Cont. 

Kingdom Class Order Family 
Type 

Arthropod 
Example of Viral Families Ref. 

Arthropoda Insecta Diptera 

Simuliidae Black fly not documented 

Tabanidae Horse fly Bunyaviridae (LACV, JCV) [40,41] 

Psychodidae Sand fly 
Bunyaviridae (SFNV, TOSV) 

Flaviviridae, Rhabdoviridae 
[31,42–46] 

Muscidae Tsetse fly not documented 

Culicidae Mosquito 

Flaviviridae (WNV, YFV, 

DENV), Togaviridae (CHIKV, 

ONNV), Bunyaviridae  

(RVFV, NRIV) 

[47–50] 

Ceratopogonidae 
Biting 

midge 

Bunyaviridae (OROV, RVFV, 

CCHFV) 
[51–53] 

Abbreviations: Tick-Borne Encephalitis virus (TBEV), Omsk Hemorrhagic Fever virus (OHFV), Colorado 

Tick Fever virus (CTFV), Alkhurma Hemorrhagic Fever virus (AHFV), Saumarez Reef virus (SREV), West 

Nile virus (WNV), Soldado virus (SOLV), Kaeng Khoi virus (KKV), Hepatitis B virus (HBV), Lacrosse 

virus (LACV), Jamestown Canyon virus (JCV), Sandfly Fever Naples virus (SFNV), Toscana virus (TOSV), 

Yellow Fever virus (YFV), Dengue virus (DENV), Chikungunya virus (CHIKV), O’nyong-nyong virus 

(ONNV), Rift Valley Fever virus (RVFV), Ngari virus (NRIV), Oropouche virus (OROV), Crimee-Congo 

Hemorrhagic Fever virus (CCHFV). 

(b) 

Arthropod Species 
Type 

Study 

Viral Reads Taxonomic Assignation 
Ref. 

Animal Viruses Insect-Specific Viruses Plant Viruses Phages 

Mixed-species 

female mosquitoes 

DNA 

virome 

Anelloviridae, 

Circoviridae, 

Herpesviridae, 

Poxviridae, 

Papillomaviridae 

Parvoviridae 

(Densovirinae), 

Poxviridae 

(Entomopoxvirinae), 

Iridoviridae 

Geminiviridae, 

Nanoviridae 

Myoviridae, 

Podoviridae, 

Siphoviridae 

[21] 

Culex pipiens 

molestus 

Small RNA 

virome 
not documented 

Parvoviridae 

(Densovirinae) 
not documented not documented [25] 

Aedes sp. 
DNA/RNA 

virome 
not documented 

Parvoviridae 

(Densovirinae) 
not documented Inoviridae [24] 

Anopheles sp., 

Ochlerotatus sp. 

Small RNA 

virome 

Reoviridae 

(Orbivirus) * 

Chronic bee paralysis 

virus, Birnaviridae 

(Entomobirnavirus), 

Flaviviridae *, 

Bunyaviridae ** 

(Phlebovirus) 

Narnaviridae, 

Partitiviridae * 
not documented [28] 

Anopheles sp., 

Culex sp., Aedes sp. 

DNA/RNA 

virome 

Rhabdoviridae, 

Bunyaviridae, 

Flaviviridae, 

Reoviridae, 

Togaviridae 

not documented not documented not documented [22] 

* Possibly integrated viral sequences into the genome of the arthropod; ** Classification hypothesized by the authors. 
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4. Wildlife 

In 2004, Bengis et al. described two different patterns of transmission of infectious diseases from 

wildlife to humans [54]. The first pattern is one in which a viral disease of wildlife origin is transmitted 

rarely to humans, but once viral adaptation to the human host occurs, horizontal human-to-human 

transmission maintains the viral cycle. A major example of this pattern of transmission is the 

adaptation of HIV from SIV (Simian Immunodeficiency Virus) [55]. The second pattern involves 

many animal-to-human transmission events, possibly mediated by arthropods, for which animals are 

reservoirs and horizontal human-to-human transmissions are rare (Figure 1). A good example is West 

Nile virus infection, for which the usual viral cycle involves wild birds, mosquitoes, rarely horses and 

humans, who are accidental hosts [56]. Table 2a summarizes the principal zoonotic viruses associated 

with wildlife that are able to infect humans. 

4.1. Bats 

Frugivorous, insectivorous or hematophagous bats worldwide have been studied for their role as 

reservoirs of infectious agents. Many viruses isolated from bats are able to cross the species barrier and 

infect humans, regularly causing severe diseases in humans (e.g., SARS, Ebola hemorrhagic fever, 

Nipah, rabies) (Table 2a). Most metagenomic studies targeting wildlife have been conducted on bats 

(Table 2b), as Calisher and collaborators reviewed in 2006 [57], Wong and collaborators in 2007 [6], 

Smith and Wang in 2013 [58] or Luis et al. in 2013 [59]. Because “bat science” is a large and  

well-studied area in infectious diseases, this review will not focus more on this topic. 

4.2. Rodents 

Because of their close contact with humans, rodents are known reservoirs of pathogens, including 

many viral families (Table 2a). The major source of human contact with rodent pathogens is the 

exposure to the urine or feces of infected animals via the environment. 

To describe the viral diversity of feces of wild rodents living in contact with humans, Phan and 

collaborators conducted a metagenomic analysis of 105 fecal specimens from mice, voles and  

rats [60]. They reported the presence of insect (e.g., Densovirinae, Iridoviridae) and plant viral 

sequences (e.g., Nanoviridae, Geminiviridae) reflecting the diet of rodents (Table 2b). They also 

detected several mammalian viruses, including the first known mouse sapelovirus and astrovirus, a 

species-specific mouse papillomavirus and novel picornaviruses possibly forming new genera within 

the family. Based on phylogenetic and distance-based data, a close relative of the Aichi virus was 

discovered in the murine stool samples [60]. Aichi virus is a virus belonging to the Picornaviridae 

family that has been identified in human diarrheas but for which the pathogenicity has not clearly been 

demonstrated. Although the murine Aichi virus shared more than 80% identity with the human Aichi 

virus, further studies need to be conducted to determine if this new virus is able to infect humans and, 

because it is excreted in rodents’ feces, may represent a potential threat to human health. 

Phan et al. also noted the presence of plant viruses, such as Virgaviridae, in the virome of the 

rodents’ feces [60]. The authors concluded that these viruses reflect the diet of rodents, and usually 

plant viruses are considered incapable of infecting humans. However, a few studies reported the 
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presence of plant viral RNA in the human body, including the respiratory system via the use of 

cigarettes [61] and the gut via the consumption of contaminated food [62] though there is no evidence 

of a role in human pathologies. 

Whether the animal viruses detected in the studies conducted on target animals have the capacity to 

infect humans is, to our knowledge, unknown, and this capacity needs to be further characterized before 

developing a metagenomic-target-based tool that is useful for the surveillance of emerging zoonoses. 

Table 2. (a) Non-exhaustive list of major zoonotic viruses detected in wildlife;  

(b) Examples of viruses detected in bats and rodents by metagenomic studies. 

(a) 

Wildlife Zoonosis Virus 
Vector-Based 

Transmission 

Domestic Animal 

Intermediate 

Host 

Ref. 

Bat 

Nipah/Hendra Paramyxoviridae, Henipavirus No Pig/horse [63] 

Ebola hemorrhagic fever Filoviridae, Ebolavirus, EBOV No No [64] 

Severe acute respiratory 

syndrome (SARS) 

Coronaviridae, Betacoronavirus, 

SARS-CoV 
No Civet, cat [65] 

Rabies Rhabdoviridae, Lyssavirus, RABV No Dog [66] 

Rodent 

Lymphocytic choriomeningitis Arenaviridae, Arenavirus, LCMV No No [67] 

Lassa hemorrhagic fever Arenaviridae, Arenavirus, LASV No No [67] 

Pulmonary syndrome and 

hemorrhagic syndrome 
Bunyaviridae, Hantavirus No No [68,69] 

Bird 

Japanese encephalitis Flaviviridae, Flavivirus, JEV 
Yes 

(mosquitoes) 
Swine [70] 

West Nile Flaviviridae, Flavivirus, WNV 
Yes 

(mosquitoes) 
Horse [56] 

Avian influenza 
Orthomyxoviridae, Influenzavirus, 

A/H5N1, A/H1N1 
No Poultry, swine [71–73] 

Primate 

Marburg hemorrhagic fever Filoviridae, Marburgvirus, MARV No No [74,75] 

Acquired immunodeficiency 

syndrome (AIDS) 
Retroviridae, Lentivirus, HIV No No [55] 

Abbreviations: Ebola virus (EBOV), SARS-Coronavirus (SARS-CoV), Rabies virus (RABV), Lymphocytic 

ChorioMeningitis virus (LCMV), Lassa virus (LASV), Japanese Encephalitis virus (JEV), West Nile virus 

(WNV), Marburg virus (MARV), Human Immunodeficiency Virus (HIV). 
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Table 2. Cont. 

(b) 

Wild 

Animals 
Type Study 

Example of the Taxonomic Assignation of Viral Reads 

Ref. 
Animal Viruses 

Plant/Fungal 

Viruses 
Phages 

Insect-Specific 

Viruses 

Bats 

DNA/RNA 

virome (feces) 

Parvoviridae, Circoviridae, 

Picornaviridae, Adenoviridae, 

Poxviridae, Astroviridae, 

Coronaviridae 

Luteoviridae, 

Secoviridae, 

Tymoviridae, 

Partitiviridae 

Microviridae, 

Siphoviridae 

Dicistroviridae, 

Iflaviridae, 

Tetraviridae, 

Nodaviridae, 

Parvoviridae 

(Densovirinae) 

[76] 

DNA/RNA 

virome (feces, 

urine, throat 

swabs, tissue) 

Coronaviridae, Herpesviridae Tymoviridae Podoviridae 
Iflaviridae, 

Dicistroviridae 
[77] 

DNA/RNA 

virome (feces, 

urine, tissue, 

serum, throat 

swabs) 

Retroviridae, Flaviviridae, 

Caliciviridae, Togaviridae, 

Paramyxoviridae, Adenoviridae, 

Papillomaviridae, Parvoviridae, 

Herpesviridae, Hepadnaviridae 

not documented not documented not documented [78,79] 

DNA/RNA 

virome (feces) 

Papillomaviridae, Circoviridae, 

Anelloviridae  
not documented unclassified 

Parvoviridae 

(Densovirinae) 
[80] 

DNA/RNA 

virome (feces, 

throat swabs) 

Adenoviridae, Herpesviridae, 

Papillomaviridae, Retroviridae, 

Circoviridae, Rhabdoviridae, 

Astroviridae, Flaviviridae, 

Coronaviridae, Picornaviridae, 

Parvoviridae 

Chrysoviridae, 

Hypoviridae, 

Partitiviridae, 

Totiviridae 

Inoviridae, 

Microviridae 

Baculoviridae, 

Iflaviridae, 

Dicistroviridae, 

Tetraviridae, 

Parvoviridae 

(Densovirinae) 

[81] 

DNA/RNA 

virome 

(tissue) 

Herpesviridae, Papillomaviridae, 

Polyomaviridae, 

Hepadnaviridae, Circoviridae, 

Poxviridae, Retroviridae, 

Astroviridae 

Phycodnaviridae, 

Bromoviridae  

Myoviridae, 

Podoviridae, 

Siphoviridae 

Baculoviridae, 

Polydnaviridae, 

Parvoviridae 

(Densovirinae), 

Iflaviridae 

[82] 

DNA/RNA 

virome (urine, 

throat swabs) 

Herpesviridae, Papillomaviridae, 

Adenoviridae, Poxviridae, 

Polyomaviridae, Retroviridae, 

Parvoviridae, Picornaviridae 

not documented not documented 
Parvoviridae 

(Densovirinae) 
[83] 

Rodents 
DNA/RNA 

virome (feces) 

Circoviridae, Picobirnaviridae, 

Picornaviridae, Astroviridae, 

Parvoviridae, Papillomaviridae, 

Adenoviridae, Coronaviridae 

Nanoviridae, 

Geminiviridae, 

Phycodnaviridae, 

Secoviridae, 

Partitiviridae, 

Tymoviridae, 

Alphaflexiviridae, 

Tombusviridae 

unclassified 

Parvoviridae 

(Densovirinae), 

Iridoviridae, 

Polydnaviridae, 

Dicistroviridae, 

Bromoviridae, 

Virgaviridae 

[60] 
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5. Domestic Animals 

Several human infections have their origin in domestic animals. For example, the reservoir of 

genotype-3 Hepatitis E virus is pigs, but humans may be infected by the consumption of undercooked 

contaminated meat [84]. Some of these zoonotic viruses may be vector-transmitted to humans, such as 

the Rift Valley fever virus (Table 3a). 

In veterinary medicine, metagenomic studies were conducted chiefly to determine the causal agent 

of pathologies with unknown etiology [16,17,85,86]. Few studies were conducted to describe the viral 

flora within domestic animals without a pathologic context. The viral diversity of domestic animals is 

summarized in Table 3b, which lists the major viruses discovered by veterinary medicine through 

metagenomics. Analyzing viral circulation within the domestic animals by metagenomics is a 

promising tool not only for veterinary medicine but also for the surveillance of zoonotic viruses 

possibly transmissible to humans for whom domestic animals act as reservoirs or intermediate hosts 

between wildlife and humans. Following the circulation of known and potential emerging viral agents 

in domestic animals appears to be an important surveillance goal. 

5.1. Swine Breeding 

Shan et al. reported in 2011 the metagenomic analysis of feces from healthy and diarrheic piglets 

grown in a high-density farm [87]. Viral reads represented 64% to 68% of total reads obtained after 

454 sequencing, and RNA viruses accounted for more than 98% of viral reads. Beyond the RNA viral 

families detected, i.e., Picornaviridae, Astroviridae, Caliciviridae, and Coronaviridae families,  

no zoonotic viruses that could infect humans were detected (Table 3b). In fact, the authors noted  

the presence of kobuviruses, astroviruses, enteroviruses, sapoviruses, sapeloviruses, coronaviruses, 

bocaviruses and teschoviruses either in healthy or diarrheic piglets, with only variations in the number 

of reads between healthy and diarrheic piglets. They concluded that such co-infections, even in healthy 

animals, may promote recombinations or reassortments between viruses, resulting in the emergence of 

new viruses, possibly infecting humans. 

In 2012, Masembe and collaborators conducted a metagenomic analysis of domestic pig sera as part 

of a routine general surveillance program for African swine fever [88]. They were able to detect not 

only strictly swine-specific viruses (such as African swine fever viruses or swine Torque Teno viruses) 

but also zoonotic arboviruses (Table 3b). In fact, they reported the presence of Ndumu virus,  

an Alphavirus transmitted by mosquitoes, which may infect cattle [89] and humans [90] for whom no 

symptoms are yet known. Thus, the study of Masembe and collaborators emphasizes the usefulness of 

using metagenomics on domestic animals as a tool for the surveillance of human-infecting arboviruses. 

5.2. Bushmeat and Wild Boars 

Illegal bushmeat traffic is a problem for biodiversity conservation and is also a potential threat to 

human health when contaminated tissues are consumed [91]. Even legal bushmeat is a potential 

infectious hazard. 

Bushpigs are hunted African wild boars which, because of their increasingly exploited habitat, have 

increased contact with domestically bred pigs and may infect domestic animals living in close contact 
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with humans. Bushpig meat is also consumed in some African countries. In this context, Blomström 

and collaborators conducted a metagenomic analysis of bushpig sera collected in Uganda [92]. They 

detected the presence of sequences related to suid-specific viruses, such as new variants of Porcine 

Parvovirus 4 and Torque Teno sus viruses, and the presence of a transcriptionally active Porcine 

Endogenous retrovirus. No zoonotic viruses, possibly infecting humans, were reported. 

Reuter et al. conducted a similar study on wild boar feces collected in Hungary [93]. They noted the 

presence of viral reads matching the porcine Kobuvirus, a close relative of the human Aichi virus. 

Aichi virus and Kobuvirus are both viruses belonging to the Picornaviridae family detected in human 

and swine diarrheas respectively but for which the pathogenicity is not yet clearly demonstrated. 

Further studies should be conducted to determine whether porcine or wild boar kobuviruses are highly 

host-specific or if these viruses are able to infect humans. 

Table 3. (a) Non-exhaustive list of major zoonotic viruses detected in domestic animals; 

(b) Examples of viruses detected in suid species by metagenomic diversity studies. 

(a) 

Domestic 

Animal 
Zoonosis Virus 

Vector-Based 

Transmission 
Ref. 

Cats, dogs Rabies Rhabdoviridae, Lyssavirus, RABV No [94,95] 

Cattle, 

sheep, goats 

Rift Valley fever Bunyaviridae, Phlebovirus, RVFV Yes (mosquitoes) [96,97] 

Vaccinia Poxviridae, Orthopoxvirus, VACV No [98] 

Pigs 
Hepatitis E Hepeviridae, Hepevirus, HEV No [99] 

Japanese encephalitis Flaviviridae, Flavivirus, JEV Yes (mosquitoes) [70] 

Horses 
West Nile Flaviviridae, Flavivirus, WNV Yes (mosquitoes) [56] 

Hendra Paramyxoviridae, Henipavirus, HeV No [63] 

Poultry Avian flu Orthomyxoviridae, Influenzavirus, A/H5N1 No [72,73] 

Abbreviations: Rabies virus (RABV), Rift Valley Fever virus (RVFV), Vaccinia virus (VACV), Hepatitis E 

virus (HEV), Japanese Encephalitis virus (JEV), West Nile virus (WNV), Hendra virus (HeV). 

(b) 

Animal 

Species 
Type Studies 

Viral Reads Taxonomic Assignation 
Ref. 

Animal Viruses stricto sensu Zoonotic Viruses 

Pigs 

DNA/RNA virome (serum) Asfarviridae, Anelloviridae, Retroviridae 
Togaviridae 

(Alphavirus) 
[88] 

DNA/RNA virome (stool) 
Picornaviridae, Astroviridae, Caliciviridae, 

Coronaviridae, Circoviridae, Parvoviridae 
not documented [87] 

Bushpigs DNA/RNA virome (serum) Parvoviridae, Circoviridae, Retroviridae not documented [92] 

Wild boars DNA/RNA virome (feces) Picornaviridae, Astroviridae not documented [93] 

No bacteriophages or plant viruses have been reported yet. 

6. Future Perspectives in Metagenomic-Based Surveillance Programs 

Viruses are the most abundant biological entities in the environment, including in the human body [18]. 

Viruses make up over two-thirds of all new human pathogens, a highly significant over-representation 

given that most current human pathogen species are bacteria, fungi or helminthes [100]. There are 219 
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viral species (belonging to 23 families) that are known to infect humans, among which more than  

two-thirds are of zoonotic origin [3]. 

Rudolf Virchow (1821–1902), a German physician and pathologist said “between animal and 

human medicine there are no dividing line, nor should there be”. Although more than 60% of viruses 

that infect humans are of zoonotic origin, human and veterinary medicine has each evolved separately 

until recently. Only recently physicians and researchers working on human infectious diseases have 

become aware that human interactions with the ecosystem may affect human health. As a consequence, 

an interdisciplinary approach to health has begun that includes physicians, researchers, veterinarians, 

epidemiologists, and ecologists. This recent strategy, known as the “One World, One Health”  

concept [101] seeks to increase communication, collaboration, and cooperation across a wide variety 

of disciplines, such as human and veterinary medicine, public health, microbiology, and ecology, to 

attain optimal health for people, animals and the environment in which they evolve. 

In this context, zoonotic-borne and arbovirus-borne disease surveillance programs have recently 

integrated entomology and veterinary medicine. To prevent emerging infectious diseases in humans, 

surveillance programs now focus on the early detection of new or re-emerging infectious agents in 

hematophagous arthropods and wild or domestic animals, before viral adaptation to human hosts 

(Figure 1). Viral metagenomics are well-adapted tools for these surveillance programs because they 

allow the detection of all viral genomes in a given sample without previous knowledge of their nature. 

Because they are easy to sample, arthropods may be used as targets for emerging arbovirus-borne 

disease surveillance. Recent metagenomic analyses focused on mosquito arthropods have demonstrated 

the richness of the mosquito virome, including viruses that reflect the nectar or blood meals [19,20] 

(Table 1b). Because arboviruses are transmitted to vertebrate hosts via the saliva of arthropods, a simple 

way to determine if emerging viral pathogens may be transmitted to humans is to selectively analyze the 

virome of the salivary glands of the arthropod, even though dissection is difficult for extremely small 

arthropods. However, metagenomic studies targeting the entire body of the bloodsucking arthropod not 

only allow for the description of the viral flora within the arthropod, which highlight the emerging 

infectious agents or insect-specific viruses as tools for vector population control, but they also allow for 

the study of interactions between viral and bacterial communities that may result in viral interference 

(e.g., Wolbachia endosymbiont and Dengue virus interactions [102,103]) This information can lead to 

the development of new antiviral strategies. Because detecting viruses from the entire arthropod does 

not conclusively mean there is vector-based transmission of viruses to vertebrates, these studies would 

therefore require determining whether the virus is able to multiply in the arthropod and to migrate into 

the salivary glands. 

Wild fauna may also be appropriate target animals for emerging zoonoses surveillance. Because of 

the many restrictions on studying endangered wild animals (such as bats), non-invasive sampling 

procedures may be used such as collecting urine or feces. Moreover, humans are more frequently in 

contact with feces or urine of wild animals in their shared environment, rather than with tissues or 

blood, with the exception of the consumption of bushmeat. As a consequence, most metagenomic 

studies conducted on wildlife have involved the feces or urine of wild animals (Table 2b) [58,60].  

As for arthropods, these studies revealed how diverse and species-specific is the virome, and how 

unknown viruses have yet to be discovered. 
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Recent studies searching for the reservoir of Middle-East Respiratory Syndrome-Coronavirus 

(MERS-CoV) have shown the potential role of camels in the transmission of MERS-CoV to  

humans [104,105]. Camels are not the usual targets of zoonotic surveillance programs, but these recent 

examples highlight the interest of focusing future viral metagenomic studies on other animal species 

interacting with humans if one considers their ability to transmit human infectious agents by crossing 

the species barriers between animals and humans. 

Metagenomics is thus a promising tool for the detection of new viral species that could potentially 

be a threat for human health. However, it yet suffers several pitfalls when considering new/highly 

divergent viral genomes. Indeed, the taxonomic assignation of reads generated by NGS techniques is 

only based on the comparison of sequences or patterns with previously described sequences present in 

databases. As a consequence, completely new or highly divergent viral sequences might be difficult to 

identify and subsequently there is a high risk to miss the detection of important viral pathogens.  

This problem remains the major challenge of metagenomic studies. Future progress in metagenomics 

should improve in silico analyses to overcome or attenuate this problem and would therefore permit to 

use metagenomics tools for the surveillance of emerging viruses. 

Finally, detecting viruses, and especially viral genomes, within a given animal does not provide 

evidence of the transmissibility of the virus to humans. Determining the viral ability to cross the 

species barrier and to infect humans is a necessary part of studying viral metagenomics. In 1890, 

Koch’s postulates described 4 criteria to determine the etiology of a pathology, mainly based on the 

cultivation of infectious agents isolated from diseased organisms [106]. These postulates were recently 

adapted by Fredericks et al. [107] and Mokili et al. [108] to molecular and NGS data. Metagenomics  

is a powerful tool to detect potentially new or re-emerging viruses in complex samples, however, 

subsequent studies are needed to determine if the viruses that were detected represent a potential threat 

to human (or animal) health. Defining the causality of a given pathology is a complex task, and the 

isolation of viral agents via cell culture or intracerebral inoculation of suckling mice remains the  

gold-standard in conducting studies of the pathogenicity of viruses detected by metagenomics. 
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V. Objectifs et présentation de la thèse 

Dans le contexte des maladies virales émergentes présenté précédemment, 

et plus précisément des zoonoses virales émergentes, mon travail de thèse a 

consisté en la description et la caractérisation des communautés virales de 

différents modèles d’études intervenant dans la transmission zoonotique de 

virus animaux à l’homme : des arthropodes hématophages étant en contact 

étroit à la fois avec l’homme et avec l’animal ainsi que des animaux issus de la 

faune sauvage (singes chassés pour leur viande, rongeurs endémiques) et 

domestique (bovins).  

Etant donné que plus de 70% des virus zoonotiques sont des virus à 

génome ARN et en l’absence de protocole consensus dans la littérature, la 

première partie de ce travail a consisté à mettre au point et à valider un 

protocole de préparation des viromes à ARN qui soit standardisé afin de 

l’appliquer par la suite à l’ensemble des modèles choisis.  

Dans la deuxième partie de cette thèse, je vous présenterai une partie des 

travaux que j’ai réalisés sur l’étude métagénomique de communautés virales 

d’arthropodes hématophages collectés au Sénégal lors d’une mission en 

Novembre 2013. Situé dans le delta du Sine Saloum, les villages ruraux de 

Dielmo et de Ndiop sont des villages sentinelles de l’Institut Pasteur de Dakar 

qui y a installé depuis plus de 30 ans deux stations de recherche. Les 

populations y sont suivies mensuellement pour des programmes de 

surveillance du paludisme et disposent d’un laboratoire Point-of-Care dans 

lequel sont réalisés la majorité des tests diagnostics en cas de survenues de 

pathologies [66]. Cependant, près de la moitié des fièvres développées par les 

villageois restent sans étiologie connue. Afin de tenter d’expliquer une part de 

ces fièvres, et dans le but d’identifier de potentiels virus zoonotiques 

transmissibles par les arthropodes hématophages, j’ai donc caractérisé les 

communautés virales de différents arthropodes hématophages, à savoir : des 

tiques molles de rongeurs du genre Ornithodoros, des tiques dures de bovins 

du genre Rhipicephalus sp. et Hyalomma sp., des puces de chats et de chiens 

Ctenocephalides felis, des poux de têtes Pediculus humanus capitis, des 

punaises de lits Cimex hemipterus, des culicoïdes du genre Culicoides sp., et des 

acariens de rongeurs du genre Laelaps sp. Dans la suite de cette thèse, je ne 

présenterai qu’une partie de ces travaux, portant notamment sur les culicoïdes. 
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Enfin dans la dernière partie de cette thèse je vous présenterai une étude 

conduite sur les communautés virales à génomes ADN et ARN de viande de 

singe originaire de Centrafrique et illégalement importée en France, afin de 

déterminer le potentiel risque zoonotique d’introduction de pathogènes par ce 

type de trafic de viande de brousse.   
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Mise au point d’une méthode de préparation 

des viromes ARN 

Article n°2: “Host-associated metagenomics: a guide to generating 

infectious RNA viromes.”  
Host-associated metagenomics: a guide to generating infectious RNA 

viromes. 
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Préambule à l’article “Host-associated metagenomics: a guide to 

generating infectious RNA viromes” 

 

La majorité des virus zoonotiques pouvant présenter un risque pour la 

santé humaine sont des virus à génome ARN [6]. Du fait du faible taux de 

conservation de leur génome dans leur cycle réplicatif, les virus à ARN sont plus 

facilement capables de transgresser la barrière d’espèce entre l’animal et 

l’homme, et ainsi présenter un risque de transmission zoonotique.  

Depuis l’avènement des techniques de séquençage à haut débit (NGS), la 

métagénomique a permis de décrire les communautés microbiennes de 

différents environnements (écologie microbienne) [67-71] ou d’identifier des 

micro-organismes responsables de maladies infectieuses inexpliquées, tant en 

médecine humaine [56,72] qu’en médecine vétérinaire [57,73]. Jusqu’à 

récemment, les études de viromes ciblaient principalement les communautés 

de virus à génome ADN. De plus, bien que de nombreux protocoles aient été 

publiés [74-82], il n’existait pas de méthode standardisée de préparation des 

viromes, ce qui rendait compliquée la comparaison entre données de 

séquençage.  

Etant donné le contexte d’étude, il a fallu dans un premier temps mettre au 

point un protocole simple de préparation et d’analyse des communautés 

virales à génome ARN à partir de matrices complexes. Notre protocole diffère 

en outre des méthodes classiquement utilisées en métagénomique virale car, 

contrairement aux méthodes utilisant le chlorure de césium (CsCl), l’utilisation 

du sucrose préserve l’intégrité et l’infectivité des particules virales, est moins 

toxique pour les cellules et permet donc des isolements viraux ultérieurs à 

partir des particules virales purifiées et enrichies. Par ailleurs, notre protocole 

permet de réduire de façon notable la quantité de séquences d’hôte afin de 

profiter pleinement de la profondeur de séquençage offerte par le NGS et, 

ainsi, avoir la capacité de détecter des virus présents en faible quantité dans 

des échantillons. Nous avons donc dans un premier temps évalué sur un pool 

représentatif de virus à génome ARN dans des conditions « non biologiques » 

(surnageants viraux) et « biologiques » (broyats de poux supplémentés en 

surnageants de virus) différentes étapes de purification virale (filtration, 

ultracentrifugation, etc.), de reverse transcription et d’amplifications séquence-

indépendante (SIA) en matière de (i) maintien de l’infectivité des virions (ii) 
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rendement de récupération des virions (iii) élimination des acides nucléiques 

de l’hôte. Une fois le protocole mis au point, nous l’avons validé en séquençant 

le virome ARN de poux gorgés de sang artificiellement contaminé par des virus 

à ARN. Le séquençage NGS de ce virome ARN artificiel a non seulement permis 

de reconstituer le génome complet des virus les plus abondemment absorbés 

par les poux mais aussi d’observer des différences de couverture de génome 

des virus à génome ARN segmenté en fonction des méthodes de SIA testées, ce 

qui reflète les biais d’amplification de ces méthodes.  

En conclusion, le protocole développé au cours de ce travail permet non 

seulement une bonne élimination des acides nucléiques de l’hôte (étape 

limitante dans ce type d’approches) et l’optimisation des profondeurs de 

séquençage, mais aussi et surtout l’isolement futur de particules virales, 

ouvrant ainsi des perspectives importantes de caractérisation virologiques et 

moléculaires des virus détectés par séquençage.  

Ce protocole a été employé par la suite pour l’étude des modèles 

arthropode et faune sauvage.  
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Abstract

Background

Metagenomic analyses have been widely used in the last decade to describe viral commu-

nities in various environments or to identify the etiology of human, animal, and plant patholo-

gies. Here, we present a simple and standardized protocol that allows for the purification

and sequencing of RNA viromes from complex biological samples with an important reduc-

tion of host DNA and RNA contaminants, while preserving the infectivity of viral particles.

Principal Findings

We evaluated different viral purification steps, random reverse transcriptions and

sequence-independent amplifications of a pool of representative RNA viruses. Viruses

remained infectious after the purification process. We then validated the protocol by

sequencing the RNA virome of human body lice engorged in vitro with artificially contami-

nated human blood. The full genomes of the most abundant viruses absorbed by the lice

during the blood meal were successfully sequenced. Interestingly, random amplifications

differed in the genome coverage of segmented RNA viruses. Moreover, the majority of

reads were taxonomically identified, and only 7–15% of all reads were classified as

“unknown”, depending on the random amplification method.

Conclusion

The protocol reported here could easily be applied to generate RNA viral metagenomes

from complex biological samples of different origins. Our protocol allows further virological

characterizations of the described viral communities because it preserves the infectivity of

viral particles and allows for the isolation of viruses.
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Introduction

Viruses are the most ubiquitous and abundant biological entities on Earth [1]. They infect all other
biological entities (such as bacteria, archaea, plants, arthropods, and mammals) living in diverse
environments (such as soil, water, air, andmulti-cellular organisms). Viruses influence other organ-
isms directly by modulating their hosts’ survival via host mortality or horizontal gene transfer, or
indirectly via the diversion of the host metabolic pathways during viral replication. To study viral
diversity within hosts and environments, recent techniques known as viral metagenomics have
emerged. Primarily based on Sequence-Independent Amplification (SIA) techniques and followed
by Next-Generation Sequencing (NGS) technologies, viral metagenomics allows the description of
viral communities within a complex environment without any prior knowledge of their nature. For
example, in diagnostic virology, viral metagenomics have been used to identify causative viral
agents of disease conditions in human [2–4] and veterinary medicine [5–7], as well as in plant [8,9]
and arthropod diseases [10,11]. Virome analyses have also been conducted to describe the baseline
viral diversity in healthy human conditions prior to studying the viral flora of pathologic conditions
[12]. In viral ecology, metagenomics have been used to describe viral communities of diverse envi-
ronments, including coastal seawater and sediment, soil, hotsprings, lakes, sewage, and air [13–17].

Viral metagenomic analyses of complex environments usually require pre-treatment steps,
such as viral purification and nucleic acid enrichment, before sequencing. Several physical
characteristics of viral particles enable viral purification (e.g., capsid durability), but the wide
variety of viruses’ biological characteristics cause difficulties in developing a standardized pro-
tocol compatible with a broad range of particle sizes, shapes, densities, and genome types [18].
Usually, virome preparation is based on dead-end or tangential flow filtration, and nuclease
digestion of non-protected viral and host cells. Then, PolyEthylene Glycol (PEG) precipitation
or ultracentrifugation is eventually used, followed by nucleic acid extraction [19,20]. Although
there are as many protocols to generate viral metagenomes as published metagenomic studies,
the vast majority are aimed at purifying viruses from their complex matrices. This strategy,
known as “Particle-Associated nucleic acid amplification”, is aimed at insolating intact (i.e.,
infectious) viral particles from their environment, protected from the action of nucleases [21].
Alternative steps exist within this general protocol, depending on the origin of the matrices.
For example, marine biological samples such as coral tissue require chloroform homogeniza-
tion of the matrix before viral purification [22].

During the last decade, several standardized protocols for generating DNA viromes from
various environments have been described [18–20], but such standardization has not been
reached so far for RNA viruses. Here, we present a simple protocol for the purification and
sequencing of RNA viromes from host-associated biological samples of various origins. Our
protocol preserves the infectivity of viral particles and allows for further applications. This pro-
tocol has been evaluated and validated by sequencing the RNA virome of body lice that were
engorged in vitro with artificially contaminated human blood. We decided to use artificially
engorged body lice as a model for host-associated metagenomics because of the ease of sam-
pling and handling compared to human or animal specimens which require special permis-
sions. Additionally, this system is convenient because arthropods are complex organisms in
which viral, bacterial, and parasitic communities coexist.

Materials and Methods

Viral strains

To optimize the purification steps of the protocol, a representative panel of RNA viruses was
chosen based on size, density, the presence of an envelope, and genetic composition. The latter
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category included whether the virus had a positive or negative strand RNA genome, and
whether it contained a segmented genome. Viruses chosen were: Yellow fever virus 17D vaccine
strain (YF), Coxsackievirus B3 strain 2679 (CoxB3), Influenza A/H3N2 strain Marseille/
04046111/2011 (H3N2), Cupixi arenavirus (CPX), and MS2 bacteriophage (MS2). Additional
DNA bacteriophage (T4 phage) was added to the panel to verify the efficiency of the protocol
for DNA viruses and to quantify the remaining contamination of DNA in the RNA fraction of
the virome (Table 1).

YF, CPX, and CoxB3 viral strains were propagated in Vero cells while H3N2 was propagated
in MDCK cells. After 4 passages, viral supernatants were nuclease-treated with 0.5 U RNAse A
(Roche Diagnostics, Meylan, France) and 4 μg (1 U) of DNAse I (Sigma-Aldrich, Saint-Quen-
tin Fallavier, France) per mL of supernatant, then precipitated with 10% PEG 8000 (Sigma-
Aldrich, Saint-Quentin Fallavier, France) and 300 mMNaCl (Sigma-Aldrich, Saint-Quentin
Fallavier, France) overnight at +4°C. After centrifugation at 12 000 g for 30 min at +4°C, the
pellet was resuspended in 2 mL of Phosphate Buffer Saline solution (PBS), aliquoted and stored
at -80°C until further use. Viral loads were estimated in Plaque-Forming Units (PFUs).

MS2 and T4 bacteriophages were purchased from the Leibniz Institute DSMZ–German Col-
lection of Microorganisms and Cell Cultures (LGC Standards S.a.r.l., Molsheim, France) and
propagated according to the manufacturer’s protocol. Bacteriophage suspensions were centri-
fuged at 1 500 g for 10 min, and then filtrated through 0.45 μm filters (Merck Millipore, Mol-
sheim, France). Viral suspensions were digested with 30 U Turbo DNAse (Life technologies,
Saint Aubin, France) and 25 U RNase A (Roche Diagnostics, Meylan, France) in Turbo DNase
buffer at 37°C for 1 hour, then precipitated as described above. Viral loads were estimated in
PFUs.

Real-time PCR

To evaluate the efficiency of treatments for virome preparation, real-time PCRs were con-
ducted on YF, CPX, CoxB3, H3N2, MS2, and T4 targets using the SuperScript1 III Platinum
One-Step RT-PCR (Life Technologies, Saint Aubin, France). The QuantiTect SYBR

1

Green
PCR/RT-PCR Kit (Qiagen, Courtaboeuf, France) was used for host-contaminating 18S DNA
and RNA. Each of these reagents was used according to the manufacturers’ protocols. All quan-
titative real-time PCR (qPCR) and reverse transcription real-time PCR (qRT-PCR) reactions
were performed in a CFX96 thermocycler (Biorad, Marnes-la-Coquette, France). YF, CoxB3,

Table 1. Characteristics of reference viruses.

YF CPX CoxB3 H3N2 MS2 T4

Particle size
(nm)

50 50–300 30 80–120 26 45–230 x 825

Density (g.cm-3) 1.19 (sucrose) 1.17–1.18 (sucrose) 1.33–1.45 (CsCl) 1.19 (sucrose) 1.46 (CsCl) 1.50 (CsCl)

Sensitivity to
CsCl [32–35]

yes yes no yes no no

Envelope yes yes no yes no no

Capsid icosahedral helical icosahedral helical icosahedral icosahedral
with tail

Genome
organization

linear ssRNA,
positive sense, non-
segmented, 10.8 kb

linear ssRNA,
ambisense,

segmented (N = 2),
11 kb

linear ssRNA,
positive sense, non-
segmented, 7.4 kb

linear ssRNA, negative
sense, segmented
(N = 8), 13.5 kb

linear ssRNA,
positive sense,

non-segmented, 4
kb

linear dsDNA,
169 kb

Viral family Flaviviridae Arenaviridae Picornaviridae Orthomyxoviridae Leviviridae Myoviridae

doi:10.1371/journal.pone.0139810.t001
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H3N2, MS2, T4 and 18S primers and probes are published in [23–27] and presented in S1
Table. CPX primers and probes were designed for this study (S1 Table). Additional primers
were designed based on H3N2 and YF sequences detected in the metagenomes to verify the
absence of cross-contaminations during the construction of the libraries (S1 Table). qPCR
were performed using the QuantiTect SYBR

1

Green PCR Kit (Qiagen, Courtaboeuf, France)
and according to the manufacturers’ protocol.

Ethical statement

The maintenance of a laboratory colony of Pediculus humanus corporis lice has been approved
by the Institutional Animal Care and Use Committee of the Faculty of Medicine at Aix-Mar-
seille University, France.

Human blood collected from healthy donors was obtained from the Etablissement Français
du Sang (EFS, Marseille, France). In accordance with EFS standardized procedures for blood
donation, informed consent was obtained from healthy volunteers, and personal data relative
to blood donors were rendered anonymous at the time of blood donation and before blood
transfer to our research lab.

Body lice blood meal

Forty body lice were kindly provided by Jean-Michel Berenger (entomologist at “Unité de
Recherche sur les Maladies Infectieuses Tropicales Emergentes”, CNRS7278, Marseille, France)
and divided into two pools. Twenty lice were fed in vitro using artificially contaminated hemo-
lyzed human blood, an artificial Parafilm membrane (Sigma-Aldrich, Saint-Quentin Fallavier,
France) and the Hemotek system (Hemotek Ltd, Accrington, United Kingdom), an electric
heating element which maintains the temperature of the blood meal, as described by Sangaré
et al.[28]. Briefly, 5.0 x 1010 PFU of MS2, 1.5 x 109 PFU of T4, 3.07 x 105 PFU of H3N2, 1.5 x
104 PFU of CoxB3, 1.0 x 103 PFU of YF and 1.19 x 102 PFU of CPX were added to pre-heated
hemolyzed human blood to a final volume of 1.5mL, placed on the Hemotek chamber and
maintained at 37°C for 30 min. During this time, lice took their blood meal. After 30 min, only
11 lice were engorged. Immediately after external decontamination of the lice, consisting of
sequential washes with 10% bleach in sterile water, 70% ethanol and a final wash in sterile
water, all 20 lice were stored at -80°C until further analysis. Hereafter these lice will be named
“engorged lice”.

The second pool of twenty body lice was not fed with blood and was used as a positive con-
trol. Briefly, after decontamination, lice were spiked using the same concentrations of each ref-
erence virus as the ones used for blood-fed lice, and treated like the engorged ones. Hereafter
these lice will be named “spiked lice”.

Viral purification and concentration from complex samples and
evaluation of the infectivity

Solid samples (i.e., “spiked” and “engorged” lice) were first homogenized in 2 mL of 0.02 μm-
filtrated EMEMmedium (Life Technologies, Saint Aubin, France) using the TissueLyser
homogenizer (Qiagen, Courtaboeuf, France) and two 3 mm tungsten beads at 25 Hz for 2 min.
Solid and liquid complex samples were then sequentially centrifuged at +4°C at 300 rpm for 30
min and 10 000 rpm for 15 min. The resulting samples were then filtered through a 0.45 μm fil-
ter (Millipore, Molsheim, France) to remove any cellular debris and bacteria.

To eliminate host DNA/RNA and free nucleic acids, 20 U Exonuclease I (New England Bio-
labs, Évry, France), 25 U Benzonase1 (Merck Millipore, Molsheim, France), 25 U RNase A
(Roche Diagnostics, Meylan, France), 20 U Turbo DNase (Life Technologies, Saint Aubin,
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France) and 10 μL of 10X Turbo DNase buffer were added to the clarified supernatant and
incubated at 37°C for 1 hour. A total of 100 μL of the resulting supernatant was harvested to
assess the concentration of Virus-Like-Particles (VLP) by fluorescence microscopy, as previ-
ously described by Thurber et al. [19]. All fluorescence images were acquired with a Leica SP5
inverted confocal microscope with 4 lasers, a 100 X objective and a numerical aperture of 1.4.

The resulting suspension was then deposited onto a discontinuous sucrose gradient consist-
ing of 800 μL of a 0.02 μm-filtered layer of 66% sucrose in EMEM and 2.7 mL of a 0.02 μm-fil-
tered layer of 30% sucrose in PBS, and ultracentrifuged in an MLS50 Beckman-Coulter rotor at
130 000 g for 2 hours at +4°C. The viral fraction was harvested from the interface between the
66% and the 30% sucrose layers using a 23G needle. The same procedure was applied for CsCl
gradient ultracentrifugation to compare the maintenance of the infectivity of viral particles
with sucrose gradient. Briefly, the viral suspension was deposited onto a CsCl gradient com-
posed of 750 μL of 1.2 g/mL, 1.5 g/mL and 1.7 g/mL CsCl layers and ultracentrifuged in an
MLS50 Beckman-Coulter rotor at 130 000 g for 2 hours at +4°C. The viral fraction was har-
vested between the 1.5 and the 1.2 g/mL CsCl layers using a 23G needle.

An aliquot of 100 μL of sucrose viral fraction of engorged and spiked lice was recovered to
assess the VLP concentration by fluorescence microscopy as described above, 2 x 100 μL ali-
quots were immediately stored at -80°C for further viral isolation, and the resulting superna-
tant was used to extract nucleic acids.

Vero, MDCK and E. coli cells were used to determine the viral load of YF, CPX, CoxB3,
H3N2, MS2, and T4 respectively, before and after the purification process by the lysis plaques
or by the TCID50methods.

Nucleic acid extraction

Three nucleic acid extraction processes were evaluated: Trizol LS1 (Life Technologies, Saint
Aubin, France), the QIAmp viral RNA mini kit (Qiagen, Courtaboeuf, France), and the High
Pure viral nucleic acid kit (Roche Diagnostics, Meylan, France) according to the manufactur-
er’s protocols. Nucleic acids were eluted in 20 μL for the QIAmp and High Pure kits and
100 μL for the Trizol LS extraction. After Trizol LS extraction, to remove any traces of phenol/
chloroform that could interfere with subsequent enzymatic reactions, the RNeasy MinElute
Cleanup kit (Qiagen, Courtaboeuf, France) and Agencourt AMPure beads (Beckman-Coulter,
Villepinte, France) were used for the RNA and DNA fractions, respectively. Samples were then
eluted in a final volume of 20 μL.

DNA fractions were used to assess the remaining host DNA contamination level. For total
RNA preservation, 40 U RNase OUT (Life Technologies, Saint Aubin, France) was added.

RNA integrity and quantification

RNA integrity was checked on an RNA6000 Pico chip (Agilent Technologies, Les Ulis, France)
according to the manufacturer’s protocol, and analyzed on the Agilent 2100 Bioanalyzer.

RNA concentration was estimated with the Quanti-it Ribogreen kit (Life Technologies,
Saint Aubin, France) according to the manufacturer’s recommendations, and fluorescence was
quantified with the Tecan GENios fluorometer.

RNA processing

Total RNA was processed with three different random reverse transcriptions, as previously
described by Froussard et al. in 1992 [29], Wang et al. in 2002 [30], and Victoria et al. in 2008
[31]. Briefly, reverse transcription (RT) was conducted on 9 μL of RNA (Trizol LS extraction)
or 9 μL of total nucleic acids (QIAamp and High Pure extractions) using the Superscript III
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Reverse transcriptase (Life Technologies, Saint Aubin, France) and the tagged-random hexam-
ers described in the Froussard, Wang, and Victoria studies [29–31]. The thermal profile was as
follows: 25°C – 5 min, 35°C – 15 min, 55°C – 30 min, and 94°C – 2 min.

Single-stranded DNA (ssDNA) was subsequently used as a template for the Klenow reaction
to obtain double-stranded DNA (dsDNA). Briefly, 20 μL of ssDNA was mixed with 8 U of Kle-
now (Life Technologies, Saint Aubin, France) and 1 μL of 10 mM dNTP to a final volume of
30 μL. Thermal profiles were used as previously described by Froussard [29], Wang [30], and
Victoria [31].

The resulting dsDNA was purified twice with the Agencourt AMPure beads (Beckman-
Coulter, Villepinte, France), eluted in a final volume of 20 μL, and quantified with the Quanti-
it Picogreen reagent (Life Technologies, Saint Aubin, France). Size distribution was then
checked on a DNA7500 chip (Agilent Technologies, Les Ulis, France) and analyzed on the Agi-
lent 2100 Bioanalyzer.

RNA Sequence-Independent Amplification

For RNA sequence-independent amplification (SIA), dsDNA generated by random RT-Kle-
now reactions was used in random PCR. Briefly, 5 μL of dsDNA were mixed with 2.5 U of
Long Amp Taq DNA polymerase (New England Biolabs, Évry, France) to a final volume of
25 μL and then randomly amplified according to Froussard [29], Wang [30], and Victoria [31].
Hereafter, the 3 viral metagenomes will be named “Froussard,” “Wang”, or “Victoria”, accord-
ing to the sequence-independent amplification method used to generate it.

Amplification products were twice purified with Agencourt AMPure beads (Beckman-
Coulter, Villepinte, France) according to the manufacturer’s protocol and eluted to a final vol-
ume of 15 μL. The concentration of dsDNA was estimated with the Quanti-it Picogreen kit
(Life Technologies, Saint Aubin, France). Amplified products were analyzed on a DNA7500
chip (Agilent Technologies, Les Ulis, France).

Illumina MiSeq sample preparation and processing

RNAmetagenomes of engorged and spiked lice randomly amplified by “Froussard”, “Wang”,
or “Victoria” random PCR were sequenced with the MiSeq Technology using paired-end and
barcode strategies according to the Nextera XT library kit in a 2 x 300 bp format (Illumina Inc.,
San Diego CA 92121, USA). Briefly, cDNA was quantified by Qubit1 with the High Sensitivity
kit (Life Technologies, Carlsbad, CA, USA) and dilutions were performed to a final quantity of
1 ng of cDNA as the input. The “tagmentation” step fragmented the cDNA, and then limited
cycle PCR amplification completed the tag adapters and introduced dual-index barcodes. After
purification with AMPure beads (Life Technologies, Carlsbad, CA, USA), the libraries were
normalized on specific beads according to the Nextera XT protocol (Illumina Inc., San Diego
CA 92121, USA). Normalized libraries were sequenced along with 11 other projects for a total
of 18 projects. Automated cluster generation and paired-end sequencing with dual-index reads
were performed in a single run of 2 x 300 bp read length.

Sequence processing and virus genome identification

Paired reads were imported into the CLC Genomics Workbench 6.0.1 program (CLC Bio, Aar-
hus, Denmark) with importing parameters including minimum and maximum distances set at
50 and 400, respectively. Raw Illumina reads were first trimmed according to their quality
score (Illumina pipeline 1.8 and later), their length (reads< 50 nt long were discarded) and
according to the primers used for random PCR.
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Reads were then mapped onto reference genomes using the CLC Genomics Workbench
6.0.1 program (CLC Bio, Aarhus, Denmark) with mapping parameters that included a minimal
length fraction of 0.5, a minimal similarity fraction of 0.8, a mismatch cost of 2, and an inser-
tion/deletion cost of 3. The GenBank accession numbers of YF, CPX, CoxB3, H3N2, MS2, and
T4 reference genomes used for mapping are JN628279, AY216519, AY896763, CY114421,
V00642, and AF158101, respectively.

Un-mapped reads were de novo assembled into contigs using the CLC Genomics Work-
bench 6.0.1 assembler with stringent assembly parameters: minimal length fraction of 0.9, min-
imal similarity fraction of 0.75, word size of 2, minimal contig length of 200 bp, mismatch cost
of 2 and insertion/deletion cost of 3. Contigs and singletons of un-mapped reads were com-
pared to the NCBI nucleotide database using the BlastN program, with a minimum coverage of
50%, a minimum identity of 50%, and an E-value< 10−5. Reads and contigs having no signifi-
cant hits according to the criteria were classified as “unknown”. Table 2 presents the data from
the Illumina MiSeq sequencing of engorged and spiked lice according to the random PCR
method.

Results

Viral particles purification and concentration

When studying viral communities of complex environmental or biological samples, diverse
eukaryote, prokaryote, and archaea communities may interfere with the analysis. As a conse-
quence, several pretreatments are required to purify the virome from these contaminants,
mainly based on the difference in size and density of viral particles compared to those of
eukaryotic and prokaryotic cells. A general overview of the process developed here is presented
in Fig 1. To assess the loss of contaminants during the whole purification process, qPCR and
qRT-PCR targeting the 18S DNA and RNA, respectively, were performed before and after each
step of the process. Similarly, control real-time RT-PCR and PCR targeting the reference RNA
and DNA viruses, respectively, were conducted to verify their presence after each step of the
purification process.

The first step was a 0.45 μm filtration followed by nuclease digestion. The filtration elimi-
nated 0.6 log10 and 0.4 log10 of 18S DNA and RNA, respectively, and the nuclease treatment
eliminated an additional 1.8 log10 and 2.1 log10 of 18S DNA and RNA, respectively. Interest-
ingly, the use of the nuclease cocktail, i.e., Turbo DNAse–RNAse–Benzonase–Exonuclease I,
resulted in better elimination of 18S DNA and RNA contamination than the use of Turbo
DNAse and RNAse in combination. Indeed, the Ct value of the 18S DNA contamination was
36.38 with the use of Turbo DNAse–RNAse but negative with the use of the nuclease cocktail.
Moreover, the 18S RNA contamination was eliminated more effectively with the nuclease cock-
tail than with the use of the Turbo DNAse–RNAse combination (Ct = 34.85 vs 32.67, respec-
tively). No difference was observed in the 18S contamination when samples were incubated
with the nuclease cocktail for between one and two hours (ΔCt between one and two hours of
nuclease digestion of 0.48 for 18S DNA and 0.29 for 18S RNA). The reference DNA and RNA
viruses were not affected by filtration and nuclease treatments (with ΔCt values ranging from
0.15 to 1.33 depending on the virus).

To increase the elimination of 18S DNA and RNA contamination via ultracentrifugation,
two discontinuous sucrose gradient formulations were tested (66%-20% and 66%-30%). For a
given centrifugation speed and time, the 66%-30% sucrose gradient was more effective at
removing the 18S contamination, with less than one log10 of loss of viral load for the reference
DNA and RNA viruses. There was no major difference observed between the two sucrose gra-
dients for the removal of 18S DNA contamination (-3.37 log10 for the 66%-30% gradient and
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-2.98 log10 for the 66%-20% gradient); however, the difference was important for the 18S RNA
contamination, as 0.20 log10 of 18S RNA was removed with the 66%-20% sucrose gradient ver-
sus more than 3 log10 of 18S RNA using the 66%-30% sucrose gradient. Additionally, the

Table 2. Data of the Illumina MiSeq sequencing of engorged and spiked lice according to the random PCRmethod.

ENGORGED LICE “Froussard” “Wang” “Victoria”

Total number of reads (R1+R2) 1,594,552 1,673,532 1,181,724

Total mapped reads 721,520 697,950 716,305

Un-mapped reads 873,032 975,582 465,419

Contigs of un-mapped reads 1,262 473 335

Singletons of un-mapped reads 270,157 226,773 130,193

Total assigned reads 1,360,372 763,442 1,097,434

Viral reads: 728,700 749,544 738,929

MS2 reads 617,744 595,402 678,268

CoxB3 reads 107,252 150,502 60,619

H3N2 reads 181 3,552 18

T4 reads 8 0 2

YF reads 0 0 0

CPX reads 0 0 0

Other viral reads: 3,515 88 22

Podoviridae (T7 and T3 phages) 3,477 56 6

Leviviridae (BO1 phage) 1 0 0

Siphoviridae (Staphylococcus phage phiETA2) 0 1 0

Retroviridae (Squirrel monkey retrovirus-H) 37 31 11

Mimiviridae (Mimivirus and Mamavirus) 0 0 5

Eukaryote reads 618,992 657,100 355,448

Prokaryote reads 9,165 7,239 3,035

Unknown reads 234,180 910,090 84,290

SPIKED LICE “Froussard” “Wang” “Victoria”

Total number of reads (R1+R2) 1,460,831 1,917,827 1,673,347

Total mapped reads 1,442,668 1,639,590 1,636,226

Un-mapped reads 18,163 278,237 37,121

Contigs of un-mapped reads 381 275 145

Singletons of un-mapped reads 6,208 26,988 873

Total assigned reads 1,457,577 1,629,308 1,654,195

Viral reads: 1,447,878 1,609,176 1,644,755

MS2 reads 1,433,365 1,528,259 1,622,373

CoxB3 reads 6,848 77,161 21,488

H3N2 reads 2,439 3,486 749

YF reads 14 64 4

CPX reads 2 2 2

Other viral reads: 1,627 204 139

Podoviridae (T7 and T3 phages) 899 734 65

Microviridae (phiX174 phage) 12 4 7

Retroviridae (Squirrel monkey retrovirus-H) 713 4,432 67

Mimiviridae (Hirudovirus Sangsue, Samba virus) 2 3 0

Eukaryote reads 4,742 16,543 7,849

Prokaryote reads 4,957 3,589 1,591

Unknown reads 3,254 288,519 19,152

doi:10.1371/journal.pone.0139810.t002
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reference viruses were not affected by the increase in sucrose density (-0.46 log10 for YF, -0.00
log10 for CPX, -0.18 log10 for CoxB3, -0.67 log10 for H3N2, and -0.00 log10 for T4 when increas-
ing the sucrose density from 66%-20% to 66%-30%).

Fig 2A presents the RNA profile of an EMEM sample spiked with the reference DNA
and RNA viruses pretreated by a 0.45 μm filtration followed by nuclease digestion and

Fig 1. General overview of the protocol.

doi:10.1371/journal.pone.0139810.g001

Fig 2. Nucleic acid profiles analyzed on a 2100 Expert Agilent Analyzer. A. RNA profile of an EMEM sample spiked with the reference viruses before
(red) and after (blue) viral purification, run on a Pico RNA chip. B. DNA profile of a dsDNA sample (originated from RNA) amplified either with Froussard (red),
Wang (blue) or Victoria (green) random PCR, run on a DNA7500 chip.

doi:10.1371/journal.pone.0139810.g002
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ultracentrifugation, before and after viral purification. Although a clear decrease in the total
amount of RNA was observed, which reflected the loss of 18S RNA, small RNAs (between 100
and 200 nt) were detected. This could suggest the recovery of digested host RNAs, despite the
nuclease treatment and ultracentrifugation step (Fig 2A).

Further optimizations, primarily of the ultracentrifugation step, were tested to improve the
purification process but did not achieve satisfying results. Briefly, (i) an increase in centrifuga-
tion speed from 130 000 g to 160 000 g did not improve the recovery of reference viruses (ΔCt
ranging from 0.26 to 0.91, depending on the reference virus), but did result in the recuperation
of more contaminating 18S RNA (loss of total 18S RNA estimated at 6.78 Ct when ultracentri-
fuged at 130 000 g and only at 0.56 Ct when ultracentrifuged at 160 000 g); (ii) the addition of a
final pelleting ultracentrifugation step after the discontinuous gradient ultracentrifugation step
resulted in an important loss of infectivity of reference viruses and their increased sensitivity to
nucleases; (iii) the addition of a final nuclease digestion step after ultracentrifugation, to
remove any remaining 18S DNA and RNA contaminant, resulted in a major loss of 18S DNA
and RNA contamination (negative PCR for 18S DNA and RNA after a final nuclease treatment
but a resulting Ct = 32.91 and Ct = 30.44, respectively, if no final nuclease step was added).
However, we observed a concomitant loss of several viral reference genomes (negative PCR for
CoxB3 and H3N2 if a final nuclease digestion is performed whereas Ct values of 22.20 and
29.42, respectively, with no final nuclease treatment).

Maintaining viral infectivity

For the ultracentrifugation step, the choice of sucrose gradient instead of cesium chloride
(CsCl), usually used to generate viral metagenomes, was motivated by the wish to preserve the
infectivity of viral particles. Indeed, the use of CsCl gradients alters the integrity of enveloped
virions and affects their infectivity (Table 1) [32–35]. Consequently, we tested the infectivity of
recovered viral particles after all purification processes by re-isolating viruses after the purifica-
tion steps, either in 66%-30% sucrose or in 1.7–1.5–1.2 g/mL CsCl gradients. The resulting
cytopathic effects are presented in S1 Fig. After two days of culture, sucrose and CsCl revealed
a toxic effect on Vero cells, with higher cytotoxicity for CsCl than for sucrose. Indeed, 1/10 and
1/100 dilutions were necessary to inhibit cell toxicity for sucrose and CsCl, respectively (S1A
Fig).

For non-enveloped viruses (i.e. MS2 and CoxB3), no difference was observed between the
viral titer obtained after either sucrose or CsCl purification, suggesting that the infectivity of
virions was preserved. Indeed, for MS2 bacteriophage, we estimated the resulting loss of viral
titer after the process to be -0.86 log10 after the sucrose gradient step and -0.80 after the CsCl
gradient step; for CoxB3, the resulting loss of viral titer was estimated at -1.12 log10 after the
sucrose gradient step and -1.00 after the CsCl gradient step.

Conversely, cytopathic effects due to CPX and YF infections were observed only after
sucrose purification (S1B Fig), confirming the alteration of viral structures and the loss of infec-
tivity after CsCl ultracentrifugation and the recovery of infectious viral particles after 66%-30%
sucrose gradient.

Nucleic acid extraction

Three nucleic acid extractions processed on an EMEM sample spiked with the reference viruses
were evaluated according to the extraction yield and the degradation of RNA: Trizol LS,
QIAmp viral RNA mini kit from Qiagen, and High Pure viral nucleic acid kit from Roche.
Although no difference was observed in the extraction yield between Qiagen and Trizol LS
(13.5 ng/μL and 19.8 ng/μL of total RNA, respectively), Roche extraction did not reach the
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same yield (3.1 ng/μL of total RNA). The RNA profile of the 3 extracts presented the same
small RNAs as presented in Fig 2A (i.e., those between 100 nt and 200 nt), suggesting a degra-
dation of nucleic acids during the extraction process.

Although real-time PCR targeting the DNA and RNA reference viruses conducted on these
3 extracts revealed an average difference of one log10 (3 Ct) between Qiagen (the best), Trizol
LS, and Roche, Trizol LS extraction was chosen because of its capacity to extract large sample
volumes (> 1 mL), as recovered after the sucrose gradient ultracentrifugation step. Moreover,
the Trizol LS extraction allowed for separate extraction of DNA and RNA, while Qiagen and
Roche both extracted total nucleic acids and therefore required a DNAse post-extraction treat-
ment for the RNA virome preparation.

RNA processing and random PCR

Hereafter, the 3 metagenomes are designated as “Froussard”, “Wang”, or “Victoria”, according
to the sequence-independent reverse transcription and amplification methods used to generate
them.

Total RNA was processed in three different random reverse transcriptions (RT), as previ-
ously described by Froussard [29], Wang [30], and Victoria [31]. For each random RT, differ-
ent random primer concentrations were tested to determine the best concentration for
generating cDNA fragments with lengths compatible with Illumina MiSeq requirements. For
Froussard RT, we tested 0.001 μg/μL, 0.01 μg/μL, 0.05 μg/μL, 0.10 μg/μL (published concentra-
tion), and 0.15 μg/μL of primer. For Wang RT, we tested 0.4 pmol, 4 pmol, 20 pmol, 40 pmol
(published quantity), and 60 pmol of primer. For Victoria RT, we tested 1 pmol, 10 pmol, 50
pmol, 100 pmol (published quantity), and 150 pmol of primer. No difference was observed
regarding the size of cDNA fragments when increasing or decreasing the quantity of random
primer compared with the published primer concentration used for reverse transcription. The
effect of different random primer concentrations used in the reverse transcription step on the
size of the generated amplicons is presented in S2A–S2F Fig.

For RNA sequence-independent amplification, dsDNA generated by random RT-Klenow
reactions was used in random PCR. To minimize the amplification step and the potential
resulting bias of sequence representation in the metagenome, three cycling conditions were
tested for each random PCR: 10, 20, and 40 cycles. No difference in dsDNA size profile was
observed between 20 and 40 PCR cycles, but difference was observed in the yield of amplifica-
tion. Ten cycles of amplification failed to reach the minimum amount of dsDNA material
required by Illumina MiSeq whereas 20 and 40 cycles of amplification produced a sufficient
quantity. For example, a cDNA sample quantified at 0.23 ng/μL was amplified at the yield of
0.27 ng/μL, 0.42 ng/μL, and 84.06 ng/μL after 10, 20 and 40 cycles of Froussard random ampli-
fication, respectively. Although only 20 cycles were enough to obtain a sufficient quantity of
dsDNA for several samples (at least 1 ng, according to Illumina recommendations), we decided
to use 40 cycles in all cases to ensure enough sequencing material and to ensure similar sample
treatments. Fig 2B presents the DNA profile of a dsDNA sample amplified with Froussard,
Wang, or Victoria PCR after 40 cycles of random amplification. A difference in size profiles of
dsDNA between the amplification methods should be noted: 500–2 000 bp with a maximum at
800 bp for Wang amplification, and 300–10 000 bp with a maximum at 1 500 bp for Froussard
and Victoria random PCRs. As a result, users can adapt random amplifications to their
sequencing technology requirements. For example, a shorter elongation step in the Froussard
random amplification results in the generation of smaller fragments, which are compatible
with Illumina MiSeq or Roche 454 requirements (S2H Fig).
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Finally, we compared the effect of the use of different random PCR on the amplicon size
profile for a given reference virus. For each tested reference virus, Froussard, Wang or Victoria
amplification methods generated different amplicon sizes (S2I–S2L Fig), revealing the amplifi-
cation bias when SIA is performed.

Protocol validation: artificial arthropod RNA virome

To evaluate the protocol on a complex sample, twenty body lice were fed in vitro with human
blood supplemented with YF, CPX, CoxB3, H3N2, MS2, and T4 viruses, and then further pro-
cessed with the methodology for RNA virome preparation and analysis described above. T4
DNA bacteriophage was added to the RNA viruses’ panel in order to assess the residual DNA
contamination of the RNA fraction. Twenty non-engorged body lice were concomitantly used
as a positive control, i.e. they were spiked with the same amount of viruses as that used for
engorged lice, and further processed and sequenced as previously described. Viral concentra-
tions applied to either fed- or spiked-lice followed a Gaussian distribution that mimics “natu-
ral” conditions. This range of concentrations was also used to evaluate the sensitivity of the
virome protocol.

We first evaluated by qRT-PCR and qPCR the loss of viral particles during the purification
process of the positive control. A difference of less than one log10 was observed for YF
(ΔCt = 2.1) and CoxB3 (ΔCt = 2.6), more than one log10 for H3N2 (ΔCt = 4.06), and no differ-
ence for MS2 before and after the purification process, suggesting that the process did not affect
the viral load of the reference viruses. For T4 DNA phage, a difference of less than one log10
(ΔCt = 1.2) was observed before and after the purification steps. CPX was negative, both before
and after the purification process, probably due to a low viral load and a high limit of detection
of the qRT-PCR system. We then purified this artificial positive control in the same way as the
engorged lice, as described hereafter.

After homogenization of the engorged lice, clarification and filtration through a 0.45 μm fil-
ter, the clarified homogenate was treated with a cocktail of DNA and RNA nucleases to remove
the majority of host DNA/RNA contaminants. To purify viral particles from their complex
environment, the supernatant was ultracentrifuged on a 66%-30% sucrose gradient, and total
RNA were extracted from the resulting interface using the Trizol LS1 extraction method. To
control the recovery of viral particles and the efficiency of viral purification, fluorescence
microscopy was conducted on an aliquot of the purified viral fraction (S3 Fig). No particles
with a size compatible to that of bacterial and eukaryotic cells were observed, suggesting good
recovery of viral particles after treatments.

Quantification estimated 1.3 ng/μL of total RNA in the engorged lice extract. To evaluate
the remaining host DNA and RNA contamination, real-time 18S PCR and RT-PCR were con-
ducted on RNA extracts, resulting in a Ct = 28.85 for the DNA 18S PCR and a negative result
for the RNA 18S RT-PCR. These results highlight the presence of a residual host DNA contam-
ination in the RNA fraction. Positive qRT-PCR signals were detected for MS2 (Ct = 15.10) and
CoxB3 (Ct = 23.02) viruses, but not for YF, CPX, and H3N2 viruses amplified with published
primers.

RNA extracted from engorged and spiked lice was further processed with the Froussard,
Wang, or Victoria random reverse transcription-Klenow reactions described above. The result-
ing dsDNA was quantified using the Quanti-it Picogreen, but quantifications were negative.
The low amount of nucleic acid material required the use of random PCR. Only 40 cycles of
random PCR achieved the quantity of DNA compatible with Illumina MiSeq requirements.

Table 2 presents the data of the Illumina MiSeq sequencing according to the random PCR
method for both engorged and spiked lice. After MiSeq sequencing, with a run of 2 x 300 bp
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read length, 7.64 Gb of total information was obtained from a 524 K/mm2 cluster density with
12,380,000 passed filter paired reads (96.1% of clusters passing the quality control filter).
Within this pooled run, the index representation for the 6 cDNA samples ranged from 4.8% to
7.8%, corresponding to 590,972 to 969,911 passed filter paired reads.

Bioinformatics analyses of the Froussard, Wang and Victoria engorged lice metagenomes
are presented in Fig 3 and in Table 2. The mapping of total reads against reference genomes of
YF, CPX, CoxB3, H3N2, MS2, and T4 are presented in Fig 3A. Results of mapping and taxo-
nomic assignation of reads of the positive control (i.e. spiked lice) RNA metagenome are pre-
sented in Table 2 and S4 Fig. No difference was observed in the genome coverage for MS2 and
CoxB3 between the 3 engorged lice and the 3 spiked lice RNA viromes. Coverage was 99.41%
for MS2 and 97.45% for CoxB3 in the Froussard engorged metagenomes, 99.30% for MS2 and
100% for CoxB3 in the Wang engorged metagenomes, and 99.41% for MS2 and 98.56% for
CoxB3 in the Victoria engorged metagenomes. T4 qPCR was negative and very few reads of T4
DNA bacteriophage were obtained in the RNA Froussard and Victoria metagenomes. How-
ever, several reads of T3 DNA bacteriophage were obtained, either for engorged or spiked lice
metagenomes (Table 2, Fig 3, and S4 Fig). A recent study has shown that the T4 strain
(11303-B4) provided by the ATCC was indeed characterized as a T3 strain after sequencing
[36]. Since we spiked the blood with the same strain and since our results from sequencing
showed only few reads related to T4 compared to the high abundance of T3 phage reads, we
believe that the T3 reads recovered derived from T3 phage spiked in the blood sample. These
results thus indicate a remaining viral DNA contamination of the RNA fraction after Trizol
LS1 extraction (even after a second Trizol/chloroform purification performed in the RNA
aqueous phase). Sequencing of H3N2 in the RNA metagenome yielded coverage of 22.21%,
24.21% and 0.40% for Froussard, Wang and Victoria, respectively, after the body lice blood
meal following inoculation of 3.07 x 105 PFU of H3N2 in the blood meal. Although a negative
qRT-PCR result was obtained for H3N2 in the lice extract using primers from the literature,
amplification using primers specifically designed on H3N2 reads recovered after sequencing
was positive (data not shnown), confirming the presence of H3N2 viruses in the lice. The dis-
crepancies observed between PCR results obtained with published or virome-based primers are
likely due to differences in primers sensitivities. Additionally, no reads were obtained for YF
and CPX, which were also negative after qRT-PCR (both with published and virome-based
primers), most likely due to the low amount of viral particles ingested by the lice during their
blood meal (less than 1.0 x 103 PFU of YF and 1.19 x 102 PFU of CPX added to the blood).
Indeed, as described by Cheval et al. in 2011 [37] and by Frey et al. in 2014 [38], the limit of
detection of next-generation sequencing techniques are estimated at 103 to 104 genome copies
per mL.

Sequencing of the spiked lice resulted in the same pattern of viral relative abundances and
coverage as the one observed for engorged lice (Table 2, S4 Fig), suggesting that the difference
in the observed read abundances, either for the engorged or for the spiked lice, did not result
from the purification process and was probably due to intrinsic characteristics of the reference
viruses. Interestingly, whereas no reads of YF and CPX were detected in the engorged lice
metagenomes, whatever the amplification method, a few reads of YF and CPX were detected in
the spiked lice metagenomes (N = 2 to 32 reads for YF, depending on the amplification
method, N = 1 read for CPX, whatever the amplification method) (Table 2). YF was positive in
qRT-PCR both with the published and virome-based primers after the process, and CPX was
negative, suggesting that the viral load of these viruses was probably at the limit of detection of
the sequencing method (i.e. between 103 PFU [as for YF] and 102 PFU [as for CPX]).

No difference was observed in the depth of sequencing. The average genome coverage of
MS2 and CoxB3 was estimated at 46,035 and 3,707, respectively, for Froussard engorged lice
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Fig 3. Comparison of the 3 randomPCR reactions in engorged lice metagenomes according to: A.
reference genome coverage. B. General taxonomic assignment of reads.

doi:10.1371/journal.pone.0139810.g003
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metagenomes, 43,559 and 3,495, respectively, for Wang engorged lice metagenomes, and
50,193 and 1,344, respectively, for Victoria engorged lice metagenomes. The main difference
between the 3 engorged lice metagenomes was in H3N2 mapping: the Wang random PCR
seemed to amplify preferentially large segments (PB2 and PB1 polymerase segments), while
the Froussard method seemed to randomly amplify all segments (Fig 3A). Interestingly, this
bias of repartition of reads along the whole genome of H3N2 was not observed in the positive
control (S4 Fig), suggesting that with larger amounts of viruses, Wang and Victoria SIA are
able to randomly amplify each segment of the virus. Nevertheless, in “environmental” condi-
tions (i.e. with low viral loads), only the Froussard SIA seemed to be able to randomly amplify
each segment of segmented viruses (Fig 3A).

There was no notable difference in the taxonomic assignment of reads when comparing the
3 engorged lice metagenomes (Table 2). Froussard, Wang, and Victoria metagenomes were
able to identify 85.13%, 84.49%, and 92.87% of reads, respectively. Of these, viral reads repre-
sented 45.74% (721,520 reads) of Froussard, 44.79% (749,587 reads) of Wang, and 62.53%
(38,939 reads) of Victoria metagenomes; eukaryote reads represented 38.82%, 39.26%, and
30.08%, respectively, and prokaryote reads (bacteria and archaea) represented only 0.57%,
0.43%, and 0.26% of the respective total reads (Fig 3B). Despite all the pretreatments applied to
decrease the host contamination, human and arthropod sequences persisted. Indeed, human
contamination of the viromes was estimated at only 0.67%, 0.17%, and 0.044% for Froussard,
Wang, and Victoria metagenomes, respectively, but remaining arthropod contamination was
estimated at 38.05%, 39.05% and 29.98%.

Discussion

Viral metagenomics has been used worldwide to describe viral communities in various com-
plex environments [13–17] or to identify the etiology of human, animal, and plant pathologies
[2–9]. This work resulted in the generation of several matrix-dependent methods to generate
viromes. In this study, we aimed at developing a standardized protocol for the purification and
sequencing of RNA host-associated viromes from complex biological samples of different ori-
gins that would preserve the infectivity of viral particles and allow for further virological char-
acterizations, with an important reduction of host DNA/RNA contaminants in order to fully
benefit the depth of sequencing of NGS techniques.

The RNAmetagenome preparation protocol is based primarily on the “particle-associated
nucleic acid amplification” strategy [21]. That is, it tries to purify intact viral particles from their
environment, protected from the action of nucleases used to degrade host-contaminating DNA
and RNA. The first step of the protocol is the filtration of the supernatant using 0.45 μm filters.
Most previous metagenomic studies using filtration as a purification step used filters with a pore
size of 0.22 μm [39,40], however the use of a 0.45 μm filtration step allows the recovery of large
DNA viruses whose size would not permit recovery with smaller pore size filters [41].

To eliminate the majority of contaminating host DNAs and RNAs, various strategies are
used, such as soft cell lysis, which leaves nuclei intact [42], but the remaining nucleic acids
from hosts require nuclease post-treatment. Here we propose the use of a combination of Exo-
nuclease I, Benzonase, RNase A and Turbo DNase to enhance the digestion of host DNA and
RNA compared to the use of only RNAse A and Turbo DNAse. Several studies reported that
the use of RNAse A in combination with proteinase K could result in the inactivation of some
viruses, such as MS2 bacteriophage [43], if no further inactivation of nucleases and proteases is
performed. In our protocol, to prevent the inactivation of several particles, which would result
in a significant loss of infectivity, the digested supernatant was immediately loaded onto a
sucrose gradient to purify viral particles from the action of nucleases.
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The next purification step was ultracentrifugation on a discontinuous 66%-30% sucrose gra-
dient. A broad range of methods has been described to purify and concentrate viral particles.
These include tangential flow filtration (TFF) [40,44,45], PEG precipitation [18,19,46], cesium
chloride (CsCl) gradient ultracentrifugation [22,32,44], and more recently iodixanol (Opti-
prepTM) density gradient medium. The main disadvantage of CsCl ultracentrifugation is that
when analyzing the viral communities of an environment, the lack of prior knowledge of the
viruses constituting these communities prevents the harvesting of specific fractions where
viruses are located, resulting in recovery of all fractions and thereby diluting the viruses. Iodixa-
nol gradient ultracentrifugation is used either in continuous or in isopycnic gradient to purify
viral particles, resulting, as for CsCl, in the necessity to harvest all viral fractions and further
diluting the viruses, unless the density of a specific virus is known [47]. Further pelleting by
ultracentrifugation would overcome this problem, but we have shown that such a pelleting
would damage the integrity of viral particles (recovered viruses were sensitive to nucleases used
in a final step, suggesting that the structure of the virion was affected by the two ultracentrifu-
gations). PEG precipitation would also overcome this problem, but would usually result in the
precipitation many host DNA, RNA, and protein contaminants.

Recently, a protocol for virome preparation has been published by Kohl et al. [48] in which
80%-20% sucrose gradient is used to purify viral particles. The authors used a second ultracen-
trifugation step to pellet viruses harvested after the gradient ultracentrifugation. In our proto-
col, we noted that (i) the use of a discontinuous 66%-30% sucrose layer enhanced the
purification of viral particles from host nucleic acid contaminants and (ii) a further pelleting
ultracentrifugation step followed by nuclease treatments would damage the integrity of virions
and increase their sensitivity to nucleases. Here we propose a single ultracentrifugation step
based on a discontinuous 66%-30% sucrose gradient. Even if most viruses displayed large dif-
ferences in their physical-chemical properties, most of them would migrate at the interface
between the two sucrose layers. This would result in a single “ring” for recovery, usually< 1
mL and compatible with most nucleic acid extraction protocols.

One key step of metagenome preparation concerns total nucleic acid extraction. Indeed, the
assessment of the description of viral diversity of an environment, as well as the genome cover-
age of viruses, depends on the quality and quantity of extracted nucleic acids. Usually, column-
based extraction kits allow for preferential extraction of either DNA or RNA, or both in the
same tube, which leads to the splitting in two of the extracts to generate separate DNA and
RNA viromes. Recently, column-based kits allowing the extraction of separate DNAs and
RNAs from a single sample tube have emerged, but a recent study conducted by Mathieson
et al. concluded that the quality and integrity of the nucleic acids isolated were compromised
using these kits [49]. For this reason, we chose the Trizol LS1 system. However, using a DNA
bacteriophage as a control of the remaining DNA contamination of the RNA virome, we dem-
onstrated that RNA Trizol LS1 extraction allows for the recovery of at least some viral DNA,
even if two consecutive extractions of the aqueous phase are performed. Additionally, we
selected this reagent for its capacity to extract DNA and RNA separately from large sample vol-
umes (> 1 mL), such as those generated after the recovery of the viral interface resulting from
the ultracentrifugation step.

Usually, extraction yields of DNA and RNA obtained after all the viral purification steps are
not sufficient for direct sequencing, and they often require a sequence-independent amplifica-
tion. DNA SIA is biased [50,51] but quite easy, mainly based on the use of phi29 DNA poly-
merase through Multiple Displacement Amplification (MDA) or Rolling Circle Amplification
(RCA) [52]. However, the sequence-independent amplification of RNAs requires several pre-
processes to reverse transcript RNA in cDNA before the amplification. For RNA SIA, several
amplification methods have been described and compared, including Sequence-Independent
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Single-Primer Amplification (SISPA), Degenerate Oligonucleotide-Primed PCR (DOP-PCR),
and random PCR [52,53]. Although these techniques allow the generation of enough nucleic
acid material for sequencing, their main disadvantage remains that they distort quantitative
analyses by introducing bias of amplification in viral diversity studies. A recent study published
by Karlsson et al. concluded that SIA introduces a strong amplification bias, consisting of inho-
mogeneous genome coverage and sequence depth [54]. These problems are probably due to
the tag sequence, as reported by Rosseel and collaborators [55]. In fact, in the present study
similar results were obtained when comparing the genome coverage of reference viruses after
Froussard [29], Wang [30], and Victoria [31] random amplifications. These 3 techniques only
differ in the tag sequences and the lengths of the 3’ random hexamers. Although no notable dif-
ferences were observed for MS2 and CoxB3 genome coverage, the primary difference between
the 3 SIA techniques was for A/H3N2 virus mapping. Indeed, only the Froussard random PCR
method performed on engorged lice with artificially contaminated human blood seemed to
randomly amplify all segments (Fig 3A). Similarly, other viral reads were detected after Frous-
sard random SIA in higher abundance than the two other random PCRs (Table 2). Addition-
ally, the comparison of the amplicon profiles obtained after the 3 random PCRs resulted for
each reference virus in important differences, highlighting the amplification bias (S2I–S2L Fig).
Due to the necessity of conducting random amplification after viral purification, quantitative
analyses of the composition of resulting viromes may not reflect the initial composition of the
viral communities of a given sample, and only qualitative analyses can be conducted.

When characterizing the virome of a biological sample, especially when metagenomics is
used in diagnostic virology to determine the etiology of pathology, it is important to isolate the
virus. Doing so allows for a clear determination of whether the cultivated virus is able to cause
disease in healthy individuals, as described in Koch’s postulate in 1876 for bacteria [56] and
reviewed by Rivers in 1937 for viruses [57]. Because defining the causality of a given pathology
is complex, and because the isolation of viral agents remains the gold standard for conducting
studies of the pathogenicity of viruses detected by metagenomics, the need to preserve the
infectivity of viral particles during the metagenome analysis process has emerged. By using
sucrose instead of CsCl for the gradient preparation, most of the viruses would be purified
without compromising the integrity of infectious particles. This can occur with the use of CsCl
gradient due to the high osmolarity of CsCl, potentially resulting in the degradation of the
structure of several enveloped viruses [32–35] and loss of infectivity, as shown in S1 Fig.

Conclusion

The resulting protocol for host-associated infectious RNA virome preparation is therefore
composed of (1) a nuclease digestion of homogenized samples with Turbo DNAse, RNAse A,
Benzonase, and Exonuclease I (2) a purification of viral particles on a discontinuous 66%-30%
sucrose gradient ultracentrifugation at 130 000 g for 2 hours (3) a Trizol LS1 RNA extraction
followed by a Turbo DNAse digestion and (4) Froussard-based random RT and PCR.

The protocol reported here could easily be applied to generate RNA viral metagenomes from
complex biological samples of different origins, with no loss of viral infectivity and an important
elimination of contaminating host DNA and RNA after the process. Moreover, the pipeline
described here allows for further virological characterizations of the described viral communities
because it preserves the infectivity of viral particles and allows for the isolation of viruses.

Supporting Information

S1 Fig. Infectivity test after the virome process. A. Cytotoxicity of sucrose and CsCl on Vero
cells infected with non-purified, sucrose-purified and CsCl purified CPX (day 2 post-infection,
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10X objective). B. Cytopathic effects on Vero cells infected with non-purified, sucrose-purified
and CsCl purified CPX (day 13 post-infection, 10X objective, dilution 1/100 of the inoculum).
(TIF)

S2 Fig. Nucleic acid profiles analyzed on a 2100 Expert Agilent Analyzer. A: amplification
profile using Froussard method with different amount of random primers (red: 0.05 μg/μL /
blue: 0.10 μg/μL / green: 0.15 μg/μL). B: amplification profile using Wang method with differ-
ent amount of random primers (red: 20 pmol / blue: 40 pmol / green: 60 pmol). C: amplifica-
tion profile using Victoria method with different amount of random primers (red: 50 pmol /
blue: 100 pmol / green: 150 pmol). D: amplification profile using Froussard method with differ-
ent amount of random primers (red: 0.10 μg/μL / blue: 0.01 μg/μL / green: 0.001 μg/μL). E:
amplification profile using Wang method with different amount of random primers (red: 40
pmol / blue: 4 pmol / green: 0.4 pmol). F: amplification profile using Victoria method with dif-
ferent amount of random primers (red: 100 pmol / blue: 10 pmol / green: 1 pmol). G: amplifi-
cation profile with 20 (red) or 40 (blue) cycles of random PCR. H: amplification profile using
Froussard method with different elongation durations (red: 1 min / blue: 3 min). I to L: amplifi-
cation profile of RNA viruses according to Froussard (red), Wang (blue) and Victoria (green)
random PCR.
(TIF)

S3 Fig. Fluorescence microscopy of VLP after viral purification and enrichment of body

lice. All images were acquired with a Leica SP5 inverted confocal microscope with 4 lasers, a
100X objective and a numerical aperture of 1.4. Scale bar means 30 μm.
(TIF)

S4 Fig. Comparison of the 3 random PCR reactions in spiked lice metagenomes according

to the reference genome coverage.

(TIF)

S1 Table. Primers used in this study.
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Supporting information 

 

Figure S1. Infectivity test after the virome process. A. Cytotoxicity of 

sucrose and CsCl on Vero cells infected with non-purified, sucrose-purified and 

CsCl purified CPX (day 2 post-infection, 10X objective). B. Cytopathic effects on 

Vero cells infected with non-purified, sucrose-purified and CsCl purified CPX 

(day 13 post-infection, 10X objective, dilution 1/100 of the inoculum).  

 

 
 

Figure S2. Nucleic acid profiles analyzed on a 2100 Expert Agilent Analyzer. 

A: amplification profile using Froussard method with different amount of 

random primers (red: 0.05 µg/µL / blue: 0.10 µg/µL / green: 0.15 µg/µL). B: 

amplification profile using Wang method with different amount of random 

primers (red: 20 pmol / blue: 40 pmol / green: 60 pmol). C: amplification profile 

using Victoria method with different amount of random primers (red: 50 pmol / 

blue: 100 pmol / green: 150 pmol). D: amplification profile using Froussard 

method with different amount of random primers (red: 0.10 µg/µL / blue: 0.01 

µg/µL / green: 0.001 µg/µL). E: amplification profile using Wang method with 

different amount of random primers (red: 40 pmol / blue: 4 pmol / green: 0.4 

pmol). F: amplification profile using Victoria method with different amount of 

random primers (red: 100 pmol / blue: 10 pmol / green: 1 pmol). G: 

amplification profile with 20 (red) or 40 (blue) cycles of random PCR. H: 

amplification profile using Froussard method with different elongation 
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durations (red: 1 min / blue: 3 min). I to L: amplification profile of RNA viruses 

according to Froussard (red), Wang (blue) and Victoria (green) random PCR. 
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Figure S3. Fluorescence microscopy of VLP after viral purification and 

enrichment of body lice. All images were acquired with a Leica SP5 inverted 

confocal microscope with 4 lasers, a 100X objective and a numerical aperture 

of 1.4. Scale bar means 30 µm. 
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Figure S4. Comparison of the 3 random PCR reactions in spiked lice 

metagenomes according to the reference genome coverage.  
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Table S1. Primers used in this study. 

Virus Primer Sequence (5’  3’) Reference

YF 
forward AATCGAGTTGCTAGGCAATAAACAC 

23 
reverse TCCCTGAGCTTTACGACCAGA 

CoxB3 
forward CCCCTGAATGCGGCTAATCC 

24 
reverse ATTGTCACCATAAGCAGCCA 

H3N2 
forward CATYCTGTTGTATATGAGGCCCAT 

25 
reverse GGACTGCAGCGTAGACGCTT 

MS2 
forward GTTCCCTACAACGAGCCTAAATTC 

26 
reverse CTCTGAGAGCGGCTCTATTGGT 

T4 
forward CCATCCATAGAGAAAATATCAGAACGA 

26 
reverse CGCTGGGAAAAGAGGAATTATTTA 

CPX 
forward TGGCAGAGAATGGTATAGTAGG 

This study
reverse GCTTTCCCATATCAGACTTCC 

18S 
forward CCGCAGCTAGGAATAATGGAATAGGAC 

27 
reverse ITTAGCATGCCAGAGTCTCGTTCGT 

YF (virome-based) 
forward TGGTGAAGTTTCATGGGAAGAGG 

This study
reverse CCAAGATGGAATCAACTTCTTGCC 

H3N2 (virome-based)
forward TGGATCAAGTGAGAGAAAGTCGG 

This study
reverse CTCATTTGAGGCAATTTGTACTCC 
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Préambule à l’article “Viral communities of biting midges reveal novel 

emerging arboviruses, including novel Thogotovirus species and 

Rhabdovirus genus” 

 

Près des deux tiers des pathogènes humains émergents sont originaires de 

la faune sauvage ou domestique [83], et le mode de transmission de ces virus à 

l’homme se fait par contact direct ou le plus souvent via un arthropode 

hématophage. Bien que le rôle des arthropodes soit prépondérant dans la 

survenue de transmissions zoonotiques, peu d’études ont été conduites sur la 

composition des communautés virales des arthropodes hématophages, hormis 

quelques études sur les moustiques [84-88], et plus récemment sur les tiques 

[89-90]. Ces études ont rapporté la présence de nouveaux virus apparentés à 

des bunyavirus, des rhabdovirus, des reovirus, des flavivirus, des nairovirus ou 

encore des phlebovirus, dont certains peuvent constituer un risque 

d’émergence en population humaine. Aucune autre étude n’a été conduite sur 

d’autres arthropodes hématophages d’intérêt médical. 

Les insectes de la famille des Ceratopogonidae, et plus précisément du 

genre Culicoides, sont des vecteurs reconnus de nombreux virus ayant un 

impact en médecine vétérinaire [91]. Seul le virus Oropouche, un 

orthobunyavirus, a été décrit comme étant transmissible à l’homme via la 

piqûre de culicoïdes, mais sa distribution géographique semble restreinte à 

l’Amérique du Sud [92] où il cause des syndromes fébriles proches de ceux de 

la dengue, et pouvant occasionner dans de rares cas des méningites. Au 

Sénégal, les culicoïdes représentent des nuisances importantes, tant pour 

l’homme qui est souvent piqué, que pour la santé animale.  

Dans ce contexte, nous avons réalisé par séquençage haut débit une 

analyse de métagénomique des communautés virales de culicoïdes collectés au 

Sénégal en novembre 2013. Les viromes ARN présentent une grande diversité 

de virus, infectant à la fois des plantes, des insectes, des bactéries, des amibes 

et des mammifères. Outre les virus classiquement transmis par les culicoïdes et 

présents au Sénégal, par exemple les virus de la peste équine ou de la fièvre 

catarrhale ovine, nous avons pu détecter des séquences apparentées à un 

nouveau virus du genre Thogotovirus ainsi que des séquences d’un nouveau 

Rhabdovirus qui pourrait constituer un nouveau genre viral. En plus de la 

découverte de nouveaux virus qui pourraient constituer de potentiels risques 
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d’émergence pour la santé humaine et animale, cette étude illustre l'intérêt de 

surveiller des populations « sentinelles » telles que les arthropodes vecteurs, 

qui s’avèrent être de bons modèles d'étude de ce point de vue, puisque nous 

avons pu montrer la faisabilité de l’identification de nouveaux virus ayant un 

potentiel zoonotique en amont d'un épisode épidémique qui surviendrait suite 

à une émergence virale en populations animales ou humaines.  
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Abstract 

More than two thirds of emerging viruses are of zoonotic origin, and among them 

RNA viruses represent the majority. Ceratopogonidae (genus Culicoides) are well-known 

vectors of several viruses responsible for epizooties (bluetongue, epizootic haemorrhagic 

disease, etc.). They are also vectors of the only known virus infecting humans: the 

Oropouche virus. Female midges usually feed on a variety of hosts, leading to possible 

transmission of emerging viruses from animals to humans. In this context and in an attempt 

to identify potential zoonotic viruses, we report here the analysis of RNA viral communities 

of Senegalese biting midges using next-generation sequencing techniques.  

Sequencing of the RNA virome of three pools of Culicoides revealed the presence of a 

significant diversity of viruses infecting plants, insects and mammals. Several arboviruses 

were detected, including a novel Thogotovirus species, related but genetically distant from 

previously described tick-borne thogotoviruses. Novel rhabdoviruses were also detected, 

possibly constituting a novel Rhabdoviridae genus, and putatively restricted to insects. 

Sequences related to the major viruses transmitted by Culicoides, i.e. African horse sickness, 

bluetongue and epizootic haemorrhagic disease viruses were also detected.  
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This study highlights the interest of monitoring the emergence and circulation of 

zoonoses and epizooties using their arthropod vectors.  

Keywords 

Viral metagenomics, biting midges, zoonoses, epizooties, Thogotovirus, Rhabdovirus. 

 

Introduction 

There are more than 200 viral species which are known to be able to infect humans. 

Since the discovery of the yellow fever virus in 1901, three to four new species have been 

discovered every year [1]. There is, however, a substantial pool of unknown human viral 

species which are yet to be discovered and the development and democratisation of Next-

Generation Sequencing techniques (NGS) has enabled the identification of many new 

viruses, for which the potential risk to humans remains mostly unknown. More than two-

thirds of viral species infecting humans are of zoonotic origin, and RNA viruses represent 

more than 70% of these [1,2], resulting in the recent increase in studies of viral communities 

of wild and domestic animals [3]. However, and despite the fact that haematophagous 

arthropods usually act as vectors of transmission between animals and humans, few studies 

have analysed viral communities of arthropods [3]. The studies that have been previously 

conducted have focused on mosquito viromes [4-8] and have reported the discovery of 

novel viruses, including bunyaviruses, rhabdoviruses, reoviruses, and flaviviruses. More 

recently, two studies described the composition of viral communities of hard ticks [9,10] and 

reported the identification of novel viruses belonging to the Nairovirus, Phlebovirus, and 

Flavivirus genera, highlighting, as for mosquitoes, potential new zoonotic risks to humans.  

Ceratopogonidae, and particularly the genus Culicoides, are small (1 to 3 mm) and 

highly diverse midges, with more than 1,300 species around the world [11,12]. Of these, 96% 

are haematophagous and only the females require blood meal for egg fertilisation. Biting 

midges are well-known vectors of several parasites (such as Mansonella sp.) [13,14] and 

viruses infecting animals (i.e. bluetongue virus, African horse sickness virus, epizootic 

haemorrhagic disease virus, Schmallenberg virus, etc.) [15]. The Oropouche virus is the only 

human virus known to be transmitted by biting midges in Latin and South America [16].  

In an attempt to identify potential zoonotic viruses transmitted to humans via 

Culicoides bites, we report here the first comprehensive analysis of viral communities from 
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Senegalese biting midges and the identification of several novel arboviruses, including a 

novel thogotovirus and a novel rhabdovirus. 

 

Materials & Methods 

Sample collection 

Biting midges were collected using a modified CDC light trap in the villages of Dielmo 

and Ndiop in the Sine-Saloum region of Senegal, in November 2013. Traps were placed near 

places where cattle rested and were left overnight. Morphological identification of the 

arthropods was conducted the following morning. Three types of pools of arthropods were 

created: STE0043 (more than 200 adult Culicoides sp., with no distinction between male and 

female, or engorged status); STE0044 (N=15 engorged female Culicoides imicola) and 

STE0045 (N=100 non-engorged male and female Culicoides imicola). 

Virome preparation 

The three pools of arthropods were crushed with two 3 mm tungsten beads and a 

TissueLyser at 25 Hz for two minutes (Qiagen, Courtaboeuf, France). The clarified 

supernatant was subsequently used as a template for virome preparation, as previously 

described [17]. Briefly, the clarified supernatant was filtered through a 0.45-µm filter 

(Millipore, Molsheim, France), and free nucleic acids were digested with a cocktail of 

nucleases. Finally, the digested supernatant was purified onto a discontinuous 66%-30% 

sucrose gradient and ultracentrifuged at 130,000 g for two hours at +4°C on a MLS-50 rotor 

(Beckman-Coulter, Villepinte, France). The viral fraction was harvested at the interphase 

between the 66% and 30% sucrose layers. Total RNAs were extracted from the purified viral 

fraction with Trizol LS® reagent (Life Technologies, Saint Aubin, France), according to the 

ŵaŶufaĐtuƌeƌ͛s ƌeĐoŵŵeŶdatioŶs. ‘aŶdoŵ aŵplifiĐatioŶ ǁas peƌfoƌŵed usiŶg the 

Froussard [18] random RT-PCR. and amplification products were purified with Agencourt 

AMPure Beads (Beckman-Coulteƌ, VillepiŶte, FƌaŶĐeͿ aĐĐoƌdiŶg to the ŵaŶufaĐtuƌeƌ͛s 

protocol, eluted to a final volume of 15 µL and sequenced using MiSeq Technology using 

paired-end and barcode strategies according to a Nextera XT library kit in a 2 x 300 bp 

format (Illumina Inc., San Diego, USA). 

Bioinformatic analyses of viromes 

Raw reads were imported in pairs into the CLC Genomics Workbench 6.0.1 

programme (CLC Bio, Aarhus, Denmark) and trimmed according to their quality score, the 
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presence of ambiguities, and their length (reads which were shorter than 50 nt were 

discarded). The pre-processed viral metagenomes are publicly available on the Metavir 

server (http://metavir-meb.univ-bpclermont.frͿ uŶdeƌ the ͚Aƌthƌoǀiƌoŵe͛ pƌojeĐt aŶd oŶ the 

MG-RAST server (http://metagenomics.anl.gov/) with the identifiers 4604249.3, 4604250.3, 

and 4604251.3 for the STE0043, STE0044 and STE0045 RNA viromes, respectively. 

Cleaned paired reads were assembled into contigs using the CLC Genomics 

programme and the following parameters: word size of 20 nt, minimum contig length of 200 

nt, mismatch cost of 2, insertion/deletion cost of 3, length fraction of 0.5 and similarity 

fraction of 0.8. Contigs and non-assembled reads were compared to the NCBI nucleotide 

database using the BlastN algorithm, with a minimum coverage of 50%, minimum identity of 

50% and E-value < 10
-5

. Sequences having no significant hits according to the criteria 

desĐƌiďed aďoǀe ǁeƌe Đlassified as ͚uŶkŶoǁŶ͛. CoŶtigs ǁeƌe theŶ Đoŵpaƌed to the NCBI viral 

database using the BlastX program with a minimum coverage of 50%, minimum identity of 

50% and E-value < 10
-5

. Finally, to confirm the specificity of the BlastX result, contigs were 

compared to the NCBI non-redundant nucleotide database using the same criteria. The 

taxonomic assignation of contigs was conducted by selecting the best BlastX score result 

between the two Blast run for each contig. Figure S1 presents the pipeline for bioinformatic 

analyses. 

Principal Component Analysis (PCA) was used to compare data in the MG-RAST server 

[19] with a maximum E-value of 10
-5

, a minimum identity of 60%, and a minimum alignment 

length of 15 amino-acids for protein and 15 bp for RNA databases. Data were normalised to 

values between 0 and 1, and distances were measured using the Bray-Curtis distance matrix. 

Phylogenetic analyses 

Contigs with a significant hit for viruses were translated and predicted Open Reading 

Frames (ORFs) were aligned with other amino-acid sequences retrieved from the GenBank 

database using MUSCLE aligner [20] implemented through MEGA6 [21]. The amino-acid 

substitutions models that best fitted the data were performed on MEGA6 and were 

considered for all phylogenetic analyses. The best substitution model was selected using the 

corrected Akaike information criterion. Phylogenetic trees were constructed using Maximum 

Likelihood (ML) implemented through the MEGA6 package software, according to the 

selected substitution model. Nodal support was evaluated using 1,000 bootstrap replicates. 

Bayesian phylogenetic inference (BI) was carried out using MrBayes [22] with two 

92

http://metavir-meb.univ-bpclermont.fr/
http://metagenomics.anl.gov/


 

independent runs of four incrementally-heated, Metropolis-coupled Markov chain Monte 

Carlo (MCMC) starting from a random tree. The MCMC were run for 10
6
 iterations and 

associated model parameters were sampled every 500 generations. The initial 2,000 trees in 

each run were discarded as burning samples and the harmonic mean of the likelihood was 

calculated by combining the two independent runs. 

Molecular evolutionary distances between sequences were calculated using MEGA6 

[21]. For analysis of evolutionary distances between thogotoviruses, individual sequences 

available in GenBank and the p-distances algorithm were used. For analysis of molecular 

evolutionary distances between rhabdoviruses, sequences available in GenBank were 

grouped according to their recognised or putative genus (defined by phylogenetic analyses) 

and distances were calculated (i) within genera using the p-distance algorithm (ii) between 

genera using net distance calculations (i.e. MEGA6 takes into account the mean distance 

within genera) and the p-distance algorithm.  

Transmission electron microscopy (TEM) 

Approximately 50 mg of STE0043 arthropod samples were washed in 70% ethanol 

and crushed in 2 mL of sterile EMEM medium (Life Technologies, Saint Aubin, France). The 

supernatant was harvested after low speed clarification and subsequently filtered through a 

0.8-µm filter (Millipore, Molsheim, France) followed by ultracentrifugation onto a 

discontinuous 66%-30% sucrose gradient at 130,000 g for two hours at +4°C. The viral 

fraction was harvested at the interphase between the 66% and 30% sucrose layers and fixed 

for one hour at +4°C with 2% final glutaraldehyde. The fixed viral fraction was then diluted to 

a final volume of 4 mL in PBS and directly adsorbed onto formvar carbon films on 400 mesh 

nickel grids (FCF400-Ni, EMS) by ultracentrifugation at 130,000 g for one hour at +4°C, as 

previously described [23]. Grids were stained for 10 seconds with 1% molybdate solution in 

filtered water at room temperature. Electron micrographs were obtained on a Tecnai G2 

transmission electron microscope (FEI) operated at 200 keV equipped with a 4096 x 4096 

pixel resolution Eagle camera (FEI).  

 

Results 

Diversity of viral communities in haematophagous biting midges 

RNA viromes of samples STE0043, STE0044 and STE0045 were sequenced using 

Illumina MiSeq technology. Sequencing statistics are presented in Table 1.  
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The taxonomic assignment of reads identified only 5 to 25% of sequences which had 

similarities with known sequences (Figure 1A). Of these, eukaryotes represented the 

majority of sequences, with 72.52%, 62.10% and 83.95% of total known reads of the 

STE0043, STE0044 and STE0045 RNA viromes, respectively (Figure 1A). Most eukaryotic 

reads were assigned to arthropods (> 60% of total eukaryotic reads), and they mainly 

consisted of arthropod ribosomal RNAs. Bacteria-related sequences ranged from 9% to 37% 

depending on the sample (Figure 1A).  

Virus-related sequences represented 0.73% to 18.48% of total known reads. Of them, 

plant viruses composed 15.48%, 10.10% and 0.00% of total viral reads for STE0043, STE0044 

and STE0045 DNA viromes, respectively (Figure 1B). Insect viruses represented the majority 

of viral reads, with 55.51%, 76.23% and 33.66% of total viral reads for STE0043, STE0044 and 

STE0045 RNA viromes, respectively. Several mammalian viruses were detected, such as 

Picobirnaviridae-related viruses, but only in the STE0045 C. imicola male and non-engorged 

female virome, with a global abundance of 33.73% of total viral reads. Several arboviruses 

(i.e. mammalian-infecting viruses transmitted by haematophagous arthropod bites) 

belonging to the Reoviridae, Orthomyxoviridae and Rhabdoviridae families were identified 

and represented 28.99%, 4.18% and 19.63% of total viral reads for STE0043, STE0044 and 

STE0045 RNA viromes, respectively (Figure 1B). Few DNA viruses were also identified in the 

RNA viromes (bacteriophages and amoeba-infecting giant viruses), possibly due to residual 

contamination of the RNA fraction by viral DNA (Figure 1B).  

Electron microscopy images of the STE0043 Culicoides sp. purified viral fraction 

showed the presence of Virus-Like Particles (VLPs) with various diameters, morphologies, 

and contrasts (Figure 2). Some VLPs presented a round structure with a distinct envelope, 

while others appeared with more contrast. The diameters of the particles ranged from 100 

nm to 600 nm, compatible with several viruses detected by metagenomic analyses (Figure 

2).  

Principal Component Analysis (PCA) was used to compare viral communities of biting 

midges with other haematophagous and non-haematophagous arthropod RNA viromes 

available in public databases (Figure 3, Table S1). RNA viromes of biting midges clustered 

together, but the STE0043 Culicoides sp. virome was more distant than the STE0044 

C.imicola engorged female and STE0045 C. imicola male and non-engorged female viromes. 
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In addition, biting midge viromes were closer to field and artificially-infected mosquito 

metagenomes than to whitefly and butterfly viromes (Figure 3).  

Orbiviruses were abundant in Senegalese biting midges 

Within the viral reads, Reoviridae-related sequences represented 26.34%, 0.045% 

and 17.80% in STE0043, STE0044 and STE0045 RNA viromes, respectively; with the presence 

of bluetongue-related sequences in STE0043 (N=3,656 reads) and STE0045 (N=678 reads) 

viromes while epizootic haemorrhagic disease virus (EHDV) was detected in STE0043 

(N=5,454 reads) and STE0044 (N=5 reads) viromes. African horse sickness virus (AHSV) was 

only detected in the STE0043 Culicoides sp. RNA virome (N=1,647 reads).  

Various segments of these 10-segmented dsRNA orbiviruses were detected in the 

metagenomes. For example EHDV-related sequences matched with VP4 protein of segment 

4 in the STE0044 C. imicola engorged female virome. In the STE0045 sample, all reads 

matched with segment 8 (NS2 protein) of the bluetongue virus (BTV). Within the STE0043 

Culicoides sp. virome, sequences related to segments 1-2-3-4-6-7-8 and 9 of AHSV were 

present, while NS1 (segment 1) and NS3 (segment 10) were not detected. Segments 1-2-3-4-

8 and 9 of BTV and segments 1-3-4-6 and 8 of EHDV were detected, with a global coverage 

of the genome estimated after mapping at 37.27%, 34.58% and 33.16% for AHSV, BTV and 

EHDV, respectively in the STE0043 metagenome (data not shown).  

Novel Thogotovirus species 

Within the virome of the STE0043 Culicoides sp. and STE0045 C. imicola male and 

non-engorged female samples, large contigs of 1,903 nt and 1,217 nt respectively, matched 

with the viral RNA polymerase PB1 segment of viruses belonging to the genus Thogotovirus 

(family Orthomyxoviridae), with a nucleotide identity of 61.26% and 57.61%, respectively. 

Phylogenetic analyses enabled the identification of a clade formed by the identified 

thogotovirus-like oƌthoŵǇǆoǀiƌus, teŶtatiǀelǇ Ŷaŵed ͚Dielŵo oƌthoŵǇǆoǀiƌus͛ ;DOV), with a 

high bootstrap value of 99.2 and a high posterior probability of 1 (Figure 4A). The clade 

formed by DOV, placed at the root of the group formed by viruses belonging to the 

Thogotovirus genus, is supported by high bootstrap value and posterior probability, 

suggesting that DOV could constitute either a novel species within the Thogotovirus genus or 

a novel genus within the Orthomyxoviridae family (Figure 4A). However, analyses of genetic 

distances between DOV and other orthomyxoviruses supported the classification of DOV 

among the Thogotovirus genus rather than a new genus since it presented similar distances 
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with other thogotoviruses and distances in the same range as those observed between other 

thogotoviruses and Influenzavirus genus (Figure 4B).  

Novel Rhabdoviridae genus 

Within the virome of the STE0043 Culicoides sp. and STE0044 C. imicola engorged 

female samples, large contigs of 1,397 nt and 1,572 nt, respectively, matched with the viral 

RNA polymerase of North Creek virus (NCV), a novel rhabdovirus detected in Australian 

mosquito metagenomes [24]. The Ŷeǁ SeŶegalese ƌhaďdoǀiƌus, teŶtatiǀelǇ Ŷaŵed ͚Dielŵo 

ƌhaďdoǀiƌus͛ ;D‘VͿ ǁas distaŶt fƌoŵ Noƌth Cƌeek ǀiƌus, ǁith oŶlǇ 6Ϯ.6ϭ% aŶd 6ϭ.Ϭ6% of 

nucleotide homologies, respectively. Nucleotide and amino-acid sequences of STE0043 and 

STE0044 Dielmo rhabdovirus were 100% identical, while they presented a genetic distance 

from Australian mosquito North Creek virus of 0.352 and 0.377 in nucleotide and amino-acid 

sequences, respectively.  

In order to identify whether DRV could either constitute a novel species or a novel 

genus within the Rhabdoviridae family, we selected GenBank sequences according to the 

Walker et al. dataset [25] in order to clearly identify recognised or putative Rhabdoviridae 

genera (Figure 5). Phylogenetic analysis identified a clade (sub-clade I) formed by biting 

midge DRV and Australian mosquito NCV, with a high bootstrap value of 99 and a high 

posterior probability of 1. Beaumont virus, another rhabdovirus identified in Australian 

mosquito metagenomes [24] and Culex tritaeniorhynchus rhabdovirus (CTR virus), identified 

in Japanese mosquitoes [26] formed a sub-clade II at the root of sub-clade I (Figure 5, Figure 

S2). This group, consisting of the two sub-clades, could constitute a novel genus within the 

Rhabdoviridae family (Figure 5, Figure S2). This putative genus was tentatively named 

Dielmovirus genus. Dielmoviruses belong to the Dimarhabdovirus supergroup (dipteran-

mammal rhabdoviruses) (Figure S2).  

The genetic distances of Dielmovirus genus compared to other Rhabdoviridae genera, 

as defined by Walker et al. [25], are presented in Figure 6. The mean genetic distance 

between viruses within the Dielmovirus genus is higher than that observed within each 

recognised or putative genus (Figure 6A), with the exception of Sigmaviruses, supporting the 

distinction of two sub-clades within the Dielmovirus genus: one formed by NCV and DRV, 

and the other composed of Beaumont and CTR viruses. In addition, the putative Dielmovirus 

genus presented a distribution of distances with other genera in the same range than the 

global distribution of distances observed between other genera (Figure 6B). Viruses 
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belonging to the Dielmovirus genus diverge by approximately 15% to 26% in the amino-acid 

sequence of the RNA-dependant RNA polymerase from other Rhabdoviridae genera, which is 

globally observed for all other genera with the exception of the Lyssavirus, Almendravirus, 

Bahiavirus and Sawgravirus genera, which seemed to present a higher genetic distance 

(Figure 6B). Interestingly, these four recognised and putative genera did not belong to the 

Dimarhabdovirus supergroup (Figure 6B, Figure S2). The Sigmavirus genus presented the 

lowest distance with Dielmovirus, and Bahiavirus presented the highest distance, which is 

consistent with phylogenetic observations. 

Other arboviruses detected 

Within the virome of the STE0043 Culicoides sp. sample, one contig of 609 nt 

matched with the NS5 segment of Jingmen Tick virus (JTV), a novel chimerical virus isolated 

in Chinese ticks and composed of four segments: two originating from a flavivirus (NS3 and 

NS5-like segments) and two with high similarities with Toxocara canis nematode cDNA 

library [27].  The Senegalese biting midge Jingmen Tick-like virus (JTV-like virus) presented a 

low nucleotide identity of 57.95% with the JTV NS5 segment. Phylogenetic analysis of several 

representative flaviviruses, JTV and Mogiana tick virus (MTV, another virus isolated in ticks 

which has similarities with flaviviruses [28]) performed in the NS5 gene revealed that the 

Senegalese JTV-like virus was located at the root of a clade formed by these new flavi-like 

viruses with a high bootstrap value of 97 and a high posterior probability of 1. This clade 

does not belong to the Flavivirus genus (posterior probability of 1 for the node defining this 

clade apart from the Flavivirus genus clade), but belongs to the Flaviviridae family (Figure 7).  

In addition, by re-analysing contigs with low identities and coverage that were 

previously discarded, we detected one contig which matched the JTV NS3 segment with a 

homology percentage of 41.3% in nucleotide and an E-value of 10
-9

, and a contig which 

matched Toxocara canis ANT-5 with an E-value of 10
-59

 and homology of 34.18%.  

Presence of endogenous viral elements? 

To verify the presence of Endogenous Viral Elements (EVE) within the major detected 

arboviruses, we screened for the presence of possible integration sites within the viral 

ĐoŶtigs. AŵoŶg the ϯ͛ poƌtioŶ of the JTV-like viral contig, only 23 nt did not match with a 

viral sequence but matched with Ovis canadensis chromosome 25. We were not able to 

detect similar sequences in other viral contigs. 
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In addition, and due to reports of a rhabdoviral EVE in mosquitoes [29], we 

performed a Bayesian inference phylogenetic analysis of the Dielmovirus rhabdovirus genus 

compared to other rhabdoviruses and Rhabdoviridae-related EVEs, which confirmed that 

Dielmoviruses did not correspond to the previously identified A. aegyti RdRP-related EVE 

(Figure S3).  

Finally, the presence of EVEs in the glycoprotein gene of Orthomyxoviridae in the 

genome of Ixodes scapularis ticks had previously been reported [30], but not among the PB1 

segment of the RdRP detected in our biting midge orthomyxovirus.  

Other viruses present in biting midges 

Sequencing the viral communities of Senegalese biting midges revealed the presence 

of viruses infecting a wide variety of hosts, including mammals, insects, plants and bacteria.  

Mammalian-infecting viruses were only detected in STE0045 C. imicola male and non-

engorged female RNA viromes and consisted of 33.73% of total viral reads (Figure 1B). The 

viral family which was most represented was Picobirnaviridae (57.59% of all mammalian viral 

reads). Interestingly, the Picobirnaviridae-related contig matched with a feline picobirnavirus 

with a nucleotide identity of 53.91%, suggesting the presence of a possible new 

picobirnavirus either originating from Culicoides or from animals on which arthropods feed.  

Insect-specific viruses were also highly abundant in the viromes, representing 

55.51%, 76.23% and 33.66% of total viral reads in the STE0043, STE0044 and STE0045 RNA 

viromes, respectively (Figure 1B). Iflaviridae were abundant, but most insect-specific viral 

reads matched with novel viruses, currently not recognised by the International Committee 

for Taxonomy of Viruses (ICTV). Indeed, sequences matching the Loreto virus, Negev virus 

and Negev-like virus 174, Piura virus and Nora virus were retrieved, with low nucleotide 

identities comprised between 50-56%, 50-60%, 63-74%, 51-63% and 67-69%, respectively. 

Plant-infecting viruses belonging to the Partitiviridae and Tymoviridae families were 

detected in the metagenomes, mainly in the STE0043 and STE0044 viromes. Several reads 

related to bacteriophages were also detected in the STE0044 and STE0045 samples, and 

amoeba-infecting giant viral sequences were identified in the STE0045 virome, probably 

reflecting a residual contamination of DNA in the RNA preparations (Figure 1B) or the 

carriage of mRNAs within viral particles.  
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Discussion 

In an attempt to identify potential zoonotic viruses transmitted to humans via 

Culicoides bites, we report the sequencing of RNA viral communities of Senegalese biting 

midges. Analysis of the taxonomic assignment of reads revealed a high proportion of 

unknown sequences. This result, in the same range as those observed in tick [10] and 

mosquito [8] metagenomes, again reflects the lack of data from RNA viruses in the 

databases, and highlights the potential pool of unknown viruses yet to be discovered and 

which could represent future emerging human viruses. 

The pattern of composition of RNA viral communities was highly divergent in terms of 

relative abundance and of the composition of viruses within the three metagenomes, 

although arthropods were collected at the same place during the same night in the same 

trap. This suggests that these differences may result from intrinsic characteristics of the 

insects rather than the environment. However, the three biting midge viromes clustered 

together in the principal component analysis when compared to other haematophagous and 

non-haematophagous arthropods, suggestiŶg the pƌeseŶĐe of a ͚Đoƌe͛ ǀiƌal ĐoŵŵuŶitǇ 

shaƌed ďǇ all ďitiŶg ŵidges, aŶd ͚aĐĐessoƌǇ͛ ǀiƌal ĐoŵŵuŶities speĐifiĐ to a speĐies, geŶdeƌ oƌ 

haematophagous status. Indeed, STE0043 Culicoides sp. was more distant than the STE0045 

pool of C. imicola males and non-engorged females and the STE0044 pool of C. imicola 

engorged females, despite the fact that they differ only by arthropod species composition. In 

addition, biting midge viromes were closer to other haematophagous arthropods than to 

non-haematophagous arthropods, potentially highlighting the influence of blood meal in the 

composition of viromes. 

Orbivirus-related sequences were the most represented in the viromes. These 

Reoviridae are livestock-restricted viruses which cause severe economic losses: African horse 

sickness (AHSV) causes malfunctions of the circulatory and respiratory systems leading to 

the death of equines while bluetongue virus (BTV) and epizootic haemorrhagic disease 

(EHDV) cause significant decreases in milk production and death in ruminants [15,31-33]. In 

Europe and Africa, the main vector of AHSV and BTV is C. imicola, while EHDV is transmitted 

by the C. schultzei group in Africa [15]. In Senegal, several Culicoides species are present: the 

C. imicola, C. schultzei, C. milnei, C. magnus and C. fulvithorax groups [34], which can 

represent a potential epizootic risk to livestock. In 2007, Senegal reported a significant AHSV 

epidemic among equines and since then, animals have been vaccinated [35]. BTV also highly 
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circulates among ruminants, as shown in sero-epidemiological studies [36], although no 

recent epidemics have been reported. In addition, to our knowledge, no EHD epidemic or 

study has been reported in Senegal, but the symptoms of BTV or EHDV infections are highly 

similar, resulting in a possible wrong diagnosis of an etiology to a bluetongue-like pathology 

[15]. In this study we reported the detection of sequences related to AHSV, BTV and EHDV 

Reoviridae viruses. The STE0043 pool of Culicoides sp. presented the majority of Reoviridae 

reads, and within them, AHSV, BTV and EHDV represented 15.3%, 34.0% and 50.7% of total 

Reoviridae-related sequences, respectively. Interestingly, only a few BTV reads were 

detected in the STE0044 C. imicola engorged female and STE0045 C. imicola males and non-

engorged females despite the fact that C. imicola is known to be the main vector of this 

virus, suggesting that other midge species could be vectors of BTV in Senegal, as 

demonstrated by the high prevalence of BTV in the STE0043 Culicoides sp. pool. In addition, 

the detection of EHDV-related reads matching nearly all of the viral segments suggests that 

the virus is probably circulating among the vector populations and may precede the onset of 

an outbreak. Thus, it highlights the importance of monitoring the emergence of epizooties 

by studying viral communities of haematophagous arthropods [3].  

Arthropod-borne viruses usually originate from wildlife or domestic fauna and can 

adapt to humans via arthropod vectors [3]. In biting midge RNA viromes, we detected the 

presence of several reads related to arboviruses, including a novel thogotovirus. Dielmo 

Orthomyxovirus (DOV) was detected in the pool of Culicoides sp. and the pool of C. imicola 

males and non-engorged females. Phylogenetic analyses and calculation of genetic distance 

resulted in the identification of a new thogotovirus species, distinct from other known 

thogotoviruses. Thogotoviruses are ssRNA negative-strand segmented viruses belonging to 

the Orthomyxoviridae family. All isolated from hard ticks [37] (with the exception of the 

Batken virus, which was also isolated from mosquitoes [38]), thogotoviruses are able to 

infect a wide variety of vertebrate hosts, including birds, rodents, livestock and humans [39-

45]. In humans, these viruses cause fever and, in some cases, neurological symptoms such as 

meningitis or encephalitis [46,47]. Recently, a novel thogotovirus, tentatively named 

͚BouƌďoŶ ǀiƌus͛, ǁas ƌespoŶsiďle foƌ the death of an individual who had previously been 

bitten by a tick, due to a decrease in blood platelets and white cells but with no neurological 

symptoms [48]. Unfortunately, no Bourbon viral sequence matching the PB1 segment was 

available to compare DOV with Bourbon virus in a phylogenetic analysis. However, the 
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relationships between the newly described DOV and other thogotoviruses lead us to 

hypothesise that DOV could be capable of infecting vertebrate hosts. Future studies of the 

tropism of DOV in biting midges, and especially in salivary glands, would help to determine 

whether DOV constitutes a novel arbovirus.  

Rhabdoviridae-related viral sequences were also detected. These sequences 

clustered together in a monophyletic group with North Creek virus, a virus recently 

discovered in Culex sitiens mosquitoes in Australia [24]. We propose that this sub-clade, in 

addition to another sub-clade formed by the Beaumont virus [24] and Culex 

tritaeniorhynchus rhabdovirus [26], form a new genus within the Rhabdoviridae family, 

tentatively named Dielmovirus. Dielmoviruses cluster with the Sigmavirus genus, within 

which viruses were only isolated from Drosophila flies. Many rhabdoviruses were previously 

isolated from biting midges [25]: for example Fukuoka virus (a cattle virus), Vesicular 

stomatitis New Jersey virus (a cattle virus), Wongabel virus (a seabird virus), Ngaingan virus 

(a cattle virus), Curionopolis virus (a primate virus) and Tibrogargan virus (a cattle virus). 

Nearly all of theŵ ďeloŶg to the ͚aƌďoǀiƌus͛ gƌoup, ǁith the eǆĐeptioŶ of the ItaĐaiuŶas ǀiƌus, 

which is restricted to midges and which form a distinct clade. Dielmoviruses, such as the 

Sigmaviruses, appear to be restricted to haematophagous (mosquitoes, biting midges) and 

non-haematophagous (flies) diptera, and phylogenetic analyses revealed that insect-specific 

rhabdoviruses form distinct monophyletic groups, suggesting that stringent host specificity 

occurs for these viruses (Figure 5, [25]). In contrast, arbo-rhabdoviruses, possibly due to 

significant host switching between vertebrate hosts and arthropod vectors, appear to be 

more diverse. Indeed, higher genetic distances among recognised or putative genera were 

observed for Sigmavirus and Dielmovirus, reinforcing the observation that strong host 

specificity occurs among insect-specific rhabdoviruses. Vasilakis and Tesh recently noted that 

insect-specific rhabdoviruses, as well as bunyaviruses and flaviviruses, are ancient and 

probably evolved and diversified in parallel with their insect hosts [49], via vertical 

transmission or integration within the host genome.  

It is well-known that arthropod genomes, as well as vertebrate animals, contain 

integrated fragments or entire genomes of viral RNA [29,30,50-54]. These regions, called 

Endogenous Viral Elements (EVE, [30]), can be functional in the genomes of several hosts  

[54-56] and often derive from ancient viral infections for which the integration was vertically 

transmitted and evolve in parallel with their eukaryotic host. In our study, we demonstrated 
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that the newly described Thogotovirus species and Rhabdoviridae genera did not correspond 

to previously reported related EVEs [29,30], suggesting that these viruses could constitute 

novel viral species and genus.  

 

To conclude, this study reports the first description of viral communities of 

haematophagous arthropods which have an impact upon human and veterinary medicine: 

the Culicoides. We detected the presence of numerous arboviruses, including a novel 

Thogotovirus species and a novel Rhabdoviridae genus which could constitute potential risks 

for human and animal health.  This study thus highlights the importance of monitoring the 

emergence of epizooties and/or zoonoses using next-generation sequencing techniques for 

studying viral communities of haematophagous arthropods.  
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Tables 

Table 1. Virome dataset statistics. 

 STE0043  

Culicoides sp. 

STE0044  

C. imicola engorged ♀ 

STE0045  

C. imicola non engorged ♂♀ 

Raw reads 2,071,144 1,335,388 1,507,966 

Cleaned reads including : 2,069,117 1,332,764 1,505,902 

- Paired reads 2,067,394 1,330,424 1,504,072 

- Single reads 1,723 2,340 1,830 

Raw read size (nt) 301 301 301 

Cleaned read size (nt) 244 244 241 

Contigs 1,849 1,139 1,134 

Average contig length (nt) 560 536 477 

Singletons 48,173 31,804 35,630 

MG-RAST no 4604249.3 4604250.3 4604251.3 
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Figure 2. Repertory of transmission electron microscopy images of Culicoides sp. viral 

communities  
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Figure 3. Comparison between viromes of biting midges with available arthropod RNA 

metagenomes based on a taxonomic classification of reads. Principal Component Analysis 

(PCA) was used to compare data in MG-RAST server [19] with a maximum E-value of 10
-5

, a 

minimum identity of 60%, and a minimum alignment length of 15 amino-acids for protein 

and 15 bp for RNA databases. Data were normalised to values between 0 and 1 and 

distances were measured using the Bray-Curtis distance matrix. 
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Figure 4. Phylogenetic analyses of Dielmo orthomyxovirus compared to other Thogotovirus 

viruses. A. Phylogenetic analysis of a fragment of 358 amino-acids of PB1. ML analysis was 

used to fix tree topology. ML analysis was performed on 1,000 iterations and bootstrap 

values are represented in bold. Bayesian posterior probabilities are underlined and 

represented in italics where nodes coincided with ML. Substitutions models for ML and 

Bayesian analyses were determined as LG+I+G and rtREV+I+G, respectively. Scale bar 

indicates the number of amino-acid substitutions per site. B. Matrix of genetic distances 

observed between PB1 amino-acid sequences of Dielmo orthomyxovirus and other 

representative thogotoviruses. Diversity was calculated by the pairwise-distance algorithm 

implemented through MEGA [21].   
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Figure 6. Genetic distances of Dielmovirus genus compared to other Rhabdoviridae. A. Mean 

distances within recognised and putative Rhabdoviridae genera (putative genera, as 

reported in [25], are indicated by a *). Diversity was calculated by the pairwise-distance 

algorithm implemented through MEGA6 [21], and 1,000 bootstrap replications. B. 

Distribution of distances between recognised and putative Rhabdoviridae genera (putative 

genera are indicated by a *). Diversity was calculated by the pairwise-distance algorithm 

implemented through MEGA6 [21].   
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Figure 7. Phylogenetic analysis of Jingmen Tick-like virus. Phylogenetic analysis of a fragment 

of 319 amino-acids of the NS5 segment. ML analysis was used to fix tree topology. ML 

analysis was performed on 1000 iterations. Bootstrap values above 60 and posterior 

probabilities above 0.5 are indicated. Bayesian posterior probabilities are underlined and 

represented in italics where nodes coincided with ML. Substitution models for ML and 

Bayesian analyses were determined as LG+G and rtREV+ G, respectively. Scale bar indicates 

the number of amino-acid substitutions per site.  
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Supplementary Materials 

Figure S1. Pipeline for bioinformatic analyses  metagenomes. 
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Figure S2. Phylogenetic analysis of Dielmovirus genus compared to other Rhabdoviridae. 

Enlarged tree of a fragment of 463 amino-acids of the RNA-dependant RNA polymerase. 

Bayesian inference (BI) analysis was used to fix tree topology. BI analysis was performed on 

1,000,000 iterations and nodes with a posterior probability above 0.80 are represented. ML 

analysis was performed on 1,000 iterations and nodes above 50 are represented, when 

nodes coincided with BI. Recognised or putative genera are defined as described in [25]. 

Substitution models for ML and Bayesian analyses were determined as LG+I+G and 

rtREV+I+G, respectively. Scale bar indicates the number of amino-acid substitutions per site. 
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Figure S3. Phylogenetic analysis of Dielmovirus genus compared to other Rhabdoviridae and 

the endogenous viral element A. aegypti. Phylogenetic analysis of a fragment of 395 amino-

acids of the RNA-dependent RNA polymerase. Bayesian inference (BI) analysis was 

performed on 1,000,000 iterations and nodes with a posterior probability above 0.50 are 

represented. Recognised or putative genera are defined as described in [25]. Substitution 

model was determined as rtREV+I+G. Scale bar indicates the number of amino-acid 

substitutions per site.  
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Table S1. Characteristics of metagenomes used for PCA analysis. 

Arthropod 

metagenome 
Haematophagous Base no Reads no Sequencing method Remarks Ref. 

Mosquitoes yes 

68,708,092 289,436 Roche 454 FLX 
artificially 

infected 

with       

DENV-1 

4 

49,582,727 216,164 Roche 454 FLX 

53,556,733 341,650 Roche 454 FLX 

78,813,957 390,971 Roche 454 FLX 

67,224,921 336,822 Roche 454 FLX 

Mosquitoes yes 16,431,897 89,744 Illumina GA II - 6 

Mosquitoes yes 

20,087,132 29,234 Illumina HiSeq 2000 

assembled 

dataset 
7 

32,513,784 44,558 Illumina HiSeq 2000 

79,323,266 110,242 Illumina HiSeq 2000 

44,945,652 53,542 Illumina HiSeq 2000 

20,382,748 29,911 Illumina HiSeq 2000 

18,912,844 13,577 Illumina HiSeq 2000 

21,145,145 30,686 Illumina HiSeq 2000 

Whiteflies no 63,168,431 1,427,809 Illumina GA II - 57 

Butterflies no 37,301,814 82,099 Sanger - 58 
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Préambule à l’article “Faustovirus-like asfarvirus in hematophagous 

biting midges and their vertebrate hosts” 

 

Le terme « virus géants » désigne un ensemble de virus à génome ADN 

double brin formant un groupe monophylétique ayant des caractéristiques 

communes de taille de particule, de taille de génome et de réplication nucleo-

cytoplasmique. Préalablement désignés sous le nom de NCLDV 

(NucleoCytoplasmic Large DNA viruses), ces virus ont été récemment reclassés 

sous l’ordre proposé des Megavirales [93-94] qui comprend des virus de la 

famille des Poxviridae, Iridoviridae, Ascoviridae, Phycodnaviridae, Asfarviridae, 

Mimiviridae et Marseilleviridae ainsi que les Pandoravirus [95] et Pithovirus 

[96] récemment décrits. Parmi ces familles virales, les amibes constituent les 

hôtes de réplication de prédilection de certaines d’entre elles, comme les 

Mimiviridae et Marseilleviridae ainsi que les Pandoravirus, les Pithovirus, et 

plus récemment Faustovirus, le premier Asfarviridae isolé sur amibe [97]. Ces 

virus associés aux amibes ont été principalement retrouvés dans des 

prélèvements environnementaux et sont capables d’infecter un grand nombre 

de protistes, voire même l’homme [98]. L’analyse métagénomique des 

communautés virales à génome ADN de culicoïdes hématophages collectés au 

Sénégal nous a permis de mettre en évidence une grande abondance et une 

importante diversité de séquences apparentées à des génomes de virus géants 

d’amibes chez des culicoïdes adultes, et principalement de Faustovirus, un virus 

géant de la famille des Asfarviridae récemment découvert dans des 

prélèvements d’égouts et se cultivant sur des amibes du genre Hartmanella 

[97]. 

Les analyses phylogénétiques du Faustovirus identifié dans les culicoïdes du 

Sénégal ont montré que ce virus est apparenté au Faustovirus d’eaux usées, et 

plus précisément à celui isolé dans les égouts de Dakar, au Sénégal. La 

microscopie électronique conduite sur les broyats d’arthropodes a présenté 

des particules dont la taille et la morphologie sont compatibles avec celles du 

Faustovirus. La présence de particules infectieuses de virus d’arthropodes 

apparenté au Faustovirus a été finalement démontrée en isolant les virions sur 

l’amibe Hartmanella vermiformis, hôte reconnu du Faustovirus. 

La préférence trophique des arthropodes, déterminée par l’analyse du 

protéome du pool de Culicoides sp., a révélé l’origine du repas de sang des 
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arthropodes comme étant des bovins, des rongeurs et des humains. Par 

conséquent nous avons recherché la présence de Faustovirus à la fois dans des 

prélèvements de patients fébriles atteints de fièvre sans étiologie connue, mais 

aussi dans des sérums de bovins et des organes de rongeurs. Le virus a été 

détecté dans des prélèvements humains, à la fois chez des personnes fébriles 

et chez des personnes saines, mais sa présence n’a pas pu être confirmée par 

amplification sur d’autres gènes viraux. Par contre le virus a été retrouvé et 

confirmé chez 38% des rongeurs et 14% des bovins testés, suggérant une 

possible infection des culicoïdes par leur repas de sang sur des hôtes infectés.  

Cette étude nous a permis de mettre en évidence le rôle potentiel de la 

faune sauvage, de la faune domestique et des arthropodes hématophages dans 

le cycle de réplication et de maintien dans l’environnement de certains virus 

géants infectant les amibes.  
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Faustovirus, a new Asfarviridae-related giant virus, was recently isolated in Vermamoeba

vermiformis, a protist found in sewage water in various geographical locations and

occasionally reported in human eye infection cases. As part of a global metagenomic

analysis of viral communities existing in biting midges, we report here for the first time the

identification and isolation of a Faustovirus-like virus in hematophagous arthropods and

its detection in their animal hosts. The DNA virome analysis of three pools of Culicoides

sp., engorged female Culicoides imicola and non-engorged male/female C. imicola

biting midges collected in Senegal, revealed the presence of amoeba-infecting giant

viruses and, among them, a majority of sequences related to Faustovirus. Phylogenetic

analyses conducted on several structural genes of Faustovirus confirmed the clustering

of the arthropod-borne Faustovirus with sewage-borne Faustoviruses, with a distinct

geographical clustering of Senegalese Faustovirus strains. Transmission electron

microscopy identified viral particles with morphologies and diameters which were

compatible with Faustovirus. The presence of infectious arthropod-borne Faustovirus

was finally confirmed by successful isolation on V. vermiformis amoeba. Global proteomic

analysis of biting midges identified that arthropods’ blood meal originating from cattle,

rodents and humans. Further screening of cattle sera and rodent tissue resulted in

prevalence of Faustovirus being estimated at 38% in rodents and 14% in cattle,

suggesting a possible origin of Faustovirus presence in arthropods via the ingestion

of contaminated blood meal. Viral loads were the highest in rodents’ urine and

kidney samples, suggesting a possible excretion of viral particles into the environment.

Faustovirus DNA polymerase-related sequences were also detected in more than 9 and

11% of febrile patients and healthy Senegalese human sera, respectively. Our study thus,

highlights the need to investigate the role of arthropods, wildlife, and domestic animals in

the lifecycle of amoeba-infecting giant viruses and, in particular, the environmental cycle

of Faustovirus.

Keywords: biting midges, giant virus, faustovirus, bloodmeal host, environment
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INTRODUCTION

Large double-stranded (ds)DNA viruses, also known as “giant
viruses,” form a monophyletic group consisting of Poxviridae,
Iridoviridae, Ascoviridae, Phycodnaviridae, Asfarviridae,
Mimiviridae, and Marseilleviridae families and are classified
under the proposed Megavirales order (Colson et al., 2012,
2013). More recently, discovery of Pandoravirus and Pithovirus
genera has been reported (Philippe et al., 2013; Legendre et al.,
2014).

Protozoans, and especially amoebas, have been largely used
as tools to isolate and cultivate a wide variety of micro-
organisms, due to their lack of receptor-dependent infection and
the ability of some bacteria and viruses to resist phagocytosis
and to multiply in these organisms (Greub and Raoult, 2004).
So far, giant viruses have been isolated on amoebae from
various environments all over the world, mostly from water
samples (Pagnier et al., 2013). Recently Faustovirus, a new virus
closely related to the Asfarviridae family, has been isolated on
Vermamoeba vermiformis protists in sewage water in various
geographical locations (Reteno et al., 2015). Asfarviridae are a
family of dsDNA viruses consisting of a unique member: the
African swine fever virus (ASFV), the only known dsDNA virus
transmitted by hematophagous arthropods, i.e., ticks.

Ceratopogonidae, and especially the genus Culicoides, are well-
known vectors of several parasites (Agbolade et al., 2006; Slama
et al., 2014) and viruses (Mellor et al., 2000) infecting animals
and human (i.e., Bluetongue virus, African Horse Sickness virus,
Epizootic Hemorrhagic Disease virus, and Oropouche virus, the
only known human virus transmitted by biting midges). In sub-
Saharan countries such as Senegal, biting midges usually feed
on livestock but also on humans. Larval stages of Culicoides sp.
are found in semi-aquatic environments (Harrup et al., 2013),
leading to possible contact with amoebae and their associated
giant viruses.

In the present study, we report for the first time the detection,
isolation, and environmental exploration of Faustovirus in adult
Culicoides sp. biting midges.

MATERIALS AND METHODS

Sample Collection and Ethical Statement
Arthropods

Biting midges were collected using a modified CDC light trap
as previously described (Sambou et al., 2015), in the villages
of Dielmo and Ndiop in the Sine-Saloum region of Senegal,
in November 2013 (Figure 1). Traps were placed near places
where cattle rested and were left overnight. Morphological
identification of the arthropods was conducted the next morning,
as previously described by Sambou et al. (2015). Three types of
arthropod pools were created: the STE0043 pool consisted of
more than 200 adult Culicoides sp., with no distinction between
male and female, nor their gorged status; STE0044 and STE0045
pools consisted of 15 engorged female and 100 non-engorged
male and female Culicoides imicola, respectively. Arthropods
were immediately stored in liquid nitrogen directly in the field.

All these pools were collected from the same concession in
Dielmo during the same night.

Hard ticks collected from cattle were harvested and directly
stored in liquid nitrogen in pools according to their animal
origin.

Cattle

Cattle sera were collected from animals at the same location as
the CDC light traps used to sample biting midges. These were
also immediately stored in liquid nitrogen.

Rodents

Rodent trapping was conducted at the same place: traps were
left open overnight, and small mammals were sacrificed the next
morning by cervical dislocation, according to the guidelines for
the handling of wild mammals (Sikes and Gannon, 2011). All
animal procedures carried out in this study were approved by
the IRD Local Ethics Committee. The spleen, lungs, kidney, liver,
brain, bladder, intestine, and serum were collected from trapped
animals and directly stored individually in liquid nitrogen.
Species identification of trapped small mammals was conducted
by sequencing the 18S rRNA, as previously described (Breitbart
and Rohwer, 2005).

Water

Drinking water collected from wells in the two rural villages
of Dielmo and Ndiop, and water collected from the Néma
river in Dielmo were filtered through a 0.80-µm filter, followed
by a 0.45-µm filter (Millipore, Molsheim, France). 10% (w/v)
of PolyEthylenGlycol (PEG6000, Sigma Aldrich, Saint-Quentin
Fallavier, France) and 300mM NaCl (Sigma Aldrich, Saint-
Quentin Fallavier, France) were then added to precipitate
viral particles and were incubated overnight at +4◦C. After
centrifugation at 12,000 g for 20min, the final pellet was
resuspended in 2mL of 0.02µm-filtered PBS and stored in
aliquots at−80◦C.

Human

Human sera were collected through the Point-of-Care (POC)
laboratory in Dielmo (Sokhna et al., 2013). One hundred and
twelve sera from febrile people with no known etiology and
51 sera from healthy people were collected between November
2013 and June 2014. The National Ethics Committee of Senegal
approved themost recent protocol, including the POC laboratory
and activities, under the “Avis éthique et scientifique n◦00081 du
04 juin 2012.”

Sample Processing
Fifty microliters of cattle sera, up to 20µL of rodent urine
and 100µL of PEGylated water pellets were used to extract
total nucleic acids using the High Pure Viral Nucleic Acids
kit (Roche Diagnostics, Mannheim, Germany), according to the
manufacturer’s instructions.

Approximately 0.5 cm3 of rodent tissues and up to five hard
ticks were crushed in pools with two 3-mm tungsten beads
and a TissueLyser at 25Hz for 2min (Qiagen, Courtaboeuf,
France) in 2mL of sterile EMEM (Life Technologies, Saint Aubin,
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FIGURE 1 | Sampling sites.

France). Two hundred microliters of clarified supernatant was
then processed for nucleic acid extraction as for cattle sera.

Total nucleic acids from human sera were previously extracted
within the POC laboratory in Dielmo. Briefly, 200µL of
human capillary blood was extracted using the Nucleospin
Tissue kit (Macherey-Nagel, Hoerdt, France), according to the
manufacturer’s recommendations.

Virome Preparation
The three pools of arthropods were crushed with two 3-
mm tungsten beads and a TissueLyser at 25Hz for 2min
(Qiagen, Courtaboeuf, France). The clarified supernatant was
subsequently used as a template for virome preparation.

DNA viromes were prepared to purify viral particles from
their complex sample. Briefly, the clarified supernatant was
filtered through a 0.45-µm filter (Millipore, Molsheim, France),
and free nucleic acids were digested with a cocktail of nucleases,
i.e., 20U of Turbo DNAse (Life Technologies, Saint Aubin,
France), 25U of RNAse A (Roche Diagnostics, Meylan, France),
25U of Benzonase R© (Merck Millipore, Molsheim, France) and
20U of Exonuclease I (New England Biolabs, Évry, France), as
previously described (Temmam et al., 2015). Finally, the digested
supernatant was purified onto a discontinuous 66–30% sucrose
gradient and ultracentrifuged at 130,000 g for 2 h at +4◦C on a
MLS-50 rotor (Beckman-Coulter, Villepinte, France). The viral
fraction was harvested at the interphase between the 66 and 30%
sucrose layers.

DNA was extracted from the purified viral fraction using
Trizol LS R© reagent (Life Technologies, Saint Aubin, France),
according to the manufacturer’s recommendations, and was
randomly amplified using a Genomiphi V3 kit (GE Healthcare,
Vélizy-Villacoublay, France) in two independent reactions.
Amplification products were pooled and purified with Agencourt
AMPure Beads (Beckman-Coulter, Villepinte, France) according

to the manufacturer’s protocol, eluted to a final volume
of 15µL and sequenced using MiSeq Technology with the
paired-end and barcode strategies according to a Nextera
XT library kit in a 2 × 300 bp format (Illumina Inc., San
Diego, USA).

Bioinformatic Analyses of Viromes
Raw reads were imported in pairs into CLC Genomics
Workbench 6.0.1 program (CLC Bio, Aarhus, Denmark) and
trimmed according to their quality score, the presence of
ambiguities, and their length (reads<50 nt long were discarded).
The pre-processed viral metagenomes are publicly available
on the Metavir server (http://metavir-meb.univ-bpclermont.fr)
under the project “Arthrovirome” project and on the MG-
RAST server (http://metagenomics.anl.gov/) with the identifiers
4604224.3, 4604225.3, and 4604226.3 for the STE0043, STE0044,
and STE0045 DNA viromes, respectively.

Cleaned paired reads were assembled into contigs with the
CLC Genomics program using the following parameters: a word
size of 20 nt, minimum contig length of 200 nt, mismatch cost
of 2, insertion/deletion cost of 3, length fraction of 0.5, and
similarity fraction of 0.8. Contigs and non-assembled reads were
then compared to the NCBI nucleotide database using the BlastN
algorithm, with a minimum coverage of 50%, minimum identity
of 50%, and an E-value <10−5. Sequences with no significant
hits according to the criteria described above were classified
as “unknown.” Contigs were then compared to the Megavirales
database (Verneau et al. [METADIG: an automated pipeline
to search for giant virus-related sequences in metagenomes. In
revision]) using the BlastX program with a minimum coverage
of 50%, minimum identity of 50%, and an E-value <10−5.
To confirm the specificity of the BlastX result, contigs were
finally compared to the NCBI RefSeq viral database and to the
whole NCBI database under the same criteria. The taxonomic
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assignment of contigs was conducted by selecting the best
BlastX score result between the three Blasts run for each
contig.

Phylogenetic Analyses
Contigs matching with amoeba-infecting giant viruses were
extracted and translated using the FragGeneScan tool (Rho et al.,
2010), according to the “short” and “complete” parameters.
Predicted Open Reading Frames (ORF) were then compared to
the Megavirales database using the BlastP program to identify
Megavirales core genes. Phylogenetic analyses were performed
on the amino-acid sequences of the RNA diphosphate reductase
large sub-unit and the nucleotide sequence of the sub-unit
common to RNA polymerase I–II–III, the DNA topoisomerase
and the putative helicase C962R of Faustovirus.

Amino-acid and nucleotide sequences were retrieved from
the GenBank database and aligned with the MUSCLE aligner
(Edgar, 2004) implemented through MEGA6 (Tamura et al.,
2013). The DNA/amino-acid substitutions model that best fitted
the data were performed on MEGA6 (Tamura et al., 2013) and
were considered for all phylogenetic analyses. We selected the
best substitution model using the corrected Akaike information
criterion. Phylogenetic trees were constructed by Maximum
Likelihood (ML) implemented through the MEGA6 package
software, according to the selected substitution model. Nodal
support was evaluated by 1000 bootstrap replicates.

Detection of Faustovirus in Animal,
Human, and Environmental Samples
Quantitative SYBR Green real-time PCR targeting the DNA
polymerase of Faustovirus was performed with the Quantitect
SYBR Green qPCR kit (Qiagen, Courtaboeuf, France), according
to the manufacturer’s recommendations, except that 400 nM of
forward (5′-CAAAGGCTATTGAGGCGATTTG-3′) and reverse
(5′-ATGATTGTGCTGCTAGGATACC-3′) primers were used
andmixed with 5µl of DNA. Annealing temperature was defined
as 58◦C.

A standard curve was generated after extraction of serial
dilutions of a flow cytometer-quantified Faustovirus. Briefly, the
quantification was realized using a suspension of concentration-
calibrated Cytocount™ fluorescent beads (Dako, Les Ulis,
France) and the following formula: (number of counted particles
/ number of counted beads) × bead concentration (i.e., 1100
beads/µL), as previously reported (Khan et al., 2010). The
resulting count was expressed in Virus-Like Particles (VLP) per
mL. Dilutions of the quantified virus were performed, and nucleic
acids were extracted from each dilution and further used as
template for the qPCR standard curve.

Primers targeting Faustovirus RNA polymerase and DNA
topoisomerase were designed according to the metagenomes
sequences: Fausto_RNApol_F (5′-TACGTCAAGCAGTAG
CCAACG-3′), Fausto_RNApol_R (5′-CTACTTGCCG
CACAACAGCC-3′), Fausto_DNAtopo_F (5′-CCAGC
ACCATATGACACGCG-3′) and Fausto_DNAtopo_R
(5′-AATGTATGCGTTCGATTCGCC-3′). PCR targeting
Faustovirus RNA polymerase, DNA topoisomerase and
capsid (Reteno et al., 2015) were performed using the Hot

Star Taq DNA polymerase (Qiagen, Courtaboeuf, France).
Annealing temperatures were 57◦C, 57◦C, and 58◦C,
respectively.

All PCR products were further analyzed on a 2% agarose
gel, and bands of the expected size were extracted from the
gel, purified using the QIAex Gel Extraction kit (Qiagen,
Courtaboeuf, France) and sequenced with a Big Dye Terminator
v1.1 Cycle Sequencing Kit (Life Technologies, Saint Aubin,
France) and an ABI 3130 Genetic Analyzer (Life Technologies,
Saint Aubin, France).

Total Protein Extraction, Western Blot, and
Global Proteomic Analyses
Approximately 50mg of arthropods from the STE0043 sample
were crushed in 300µL of lysis buffer (Tris-HCl 40mM pH 7.5,
SDS 2% (w/v), DTT 60mM) with two 3-mm tungsten beads and
a TissueLyser at 25Hz for 2min (Qiagen, Courtaboeuf, France)
before heating at 95◦C for 5min. Proteins from the clarified
supernatant were precipitated using the PlusOne 2-D Clean-Up
Kit (GE Healthcare, Vélizy-Villacoublay, France). The final pellet
was resuspended in 200µL of solubilization buffer (Urea 8M,
Thiourea 2M, 100mM NaCl, 25mM Tris, pH 8.2) and dialyzed
twice using Slide-ALyzer Dialysis Cassettes 2K MWCO (Pierce
Biotechnology, Rockford, USA) against 1 L of 50mMammonium
bicarbonate pH 7.4, Urea 1M (7 h and overnight). Dialyzed
fractions were collected and proteins were quantified by Bradford
assay using Coomassie (Biorad, Marnes-la-Coquette, France).
The dialyzed fraction was subsequently used as a template for
global proteomics and western blot analyses.

Two hundred micrograms of soluble proteins were
fractionated on a 12% polyacrylamide gel electrophoresis
then revealed by silver staining. Additionally, resolved proteins
were transferred onto a nitrocellulose membrane (Trans-blot
Transfer Medium, Biorad, Hercules, CA, USA) at 100V for 1 h
using a semi-dry transfer unit (Hoefer TE 77, GE Healthcare,
Vélizy-Villacoublay, France). Membranes were then blocked
in PBS supplemented with 0.3% Tween-20 and 5% non-fat
dried milk (PBS-Tween-Milk) for 90min, and incubated with
mouse polyclonal anti-Faustovirus antibodies (1:1000). The
immunoreactive bands were detected using a peroxidase-
conjugated goat anti-mouse immunoglobulin (GE Healthcare,
Vélizy-Villacoublay, France) diluted to 1:5000 in the blocking
buffer for 1 h at room temperature. Three fifteen minutes washes
were applied between each step. Immunostained bands were
visualized with the chemiluminescence-based kit, as described by
the manufacturer (GE Healthcare, Vélizy-Villacoublay, France).
The resulting signal was captured by a Fusion FX7 imaging
system (Vilber Lourmat, France).

Six pieces corresponding to immunoreactive bands were
excised from silver stained gel and subject to mass spectrometry
(MS) analysis. Briefly, after several washes, the proteins extracted
from the gel were reduced, alkylated and digested with trypsin, as
described above. Tryptic peptides were extracted with acetonitrile
100%; the extraction solution was collected and incubated
at 45◦C to evaporate the acetonitrile and to concentrate it
prior to MS analysis. An additional global proteomic analysis
was conducted. Briefly, 200µg of total soluble proteins were
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reduced and alkylated with iodoacetamide. Protein digestion
was performed by adding 8µg of sequencing-grade trypsin
solution (Promega, Charbonnières, France) to alkylated proteins
and incubated overnight at 37◦C. The digested sample was
then desalted using Pierce Detergent Removal Spin Columns
(Thermo Fisher Scientific, Illkirch, France) and analyzed by mass
spectrometry, as described hereafter.

A NanoAcquity UPLC System (Waters, Saint-Quentin En
Yvelines, France) was coupled with a Synapt-G2 Si HDMS with
Traveling-Wave-Ion-Mobility Mass Spectrometry instrument
(TWIM-MS; Waters, Saint-Quentin En Yvelines, France).
Chromatographic separation was performed on an NanoAcquity
UPLC BEH130 C18 column (1.7µm, 100µm× 100mm;Waters,
Saint-Quentin En Yvelines, France) preceded by a Symmetry C18
trapping column (5µm, 180µm× 20mm); both were placed in a
40◦C oven. The injection volume was set to 2µL for the digested
soluble proteins (200 ng/µL) and 4µL for gel-extracted proteins.
The mobile phase consisted of water (A) and acetonitrile (B)
both in 0.1% formic acid. Samples were trapped over 3min with
99.9% A and 0.1% B. The separation gradient was as follows:
0–100min, linear from 95% A, 5% B, to 60% A, and 40% B;
100–107min. Mass spectrometry experiments were performed
in positive ion mode and in resolution mode. The settings of
the instruments were automatically optimized to obtain the best
resolution. The ion source parameters were capillary voltage 3 kV,
sampling cone voltage 40V, ion source temperature 90◦C and
cone gas flow 50 L/h. Transfer collision low energy was set to
5V while trap collision low energy was set to 4V. The high
energy ramp was applied from 4 to 5V for the trap collision and
from 19 to 45V for the transfer collision, enabling fragmentation
of the ions after the ion mobility cell and before the time-of-
flight (TOF) MS. The instrument was previously calibrated in the
mass range of 50–2000 Da using GFP fragments (0.2 pmol/µL).
Data were processed using ProteinLynx Global Server version
3.0.1 (Waters, Saint-Quentin En Yvelines, France). Processing
parameters were 250 counts for the low energy threshold, 100
counts for the elevated energy threshold and 750 counts for the
intensity threshold.

Databases used to compare spectra combined data from
Mammalia (2015/Feb/09, Swissprot, 66,370 sequences), Dipteria
(2015/Feb/09, Swissprot, 6607 sequences), and giant viruses
(2015/Feb/06, TrEMBL and not published giant viruses
sequences, 14,866 sequences). An additional database was
generated using predicted ORFs generated following the
FragGeneScan analysis of giant viral contigs of the three
metagenomes. A cut-off was used to remove the matches with
only one and two peptides and the option of Merge Data was
used with the six gel pieces.

Transmission Electron Microscopy (TEM)
Approximately 50mg of arthropods from the STE0043 sample
were washed in 70% ethanol, as previously described (Slimani
et al., 2013) and crushed in 2mL of sterile EMEM medium (Life
Technologies, Saint Aubin, France) using two 3-mm tungsten
beads and a TissueLyser at 25Hz for 2min (Qiagen, Courtaboeuf,
France). The supernatant was harvested after a low speed
clarification and subsequently filtered through a 0.8-µm filter

(Millipore, Molsheim, France). The resulting supernatant was
purified onto a discontinuous 66–30% sucrose gradient and
ultracentrifuged at 130,000 g for 2 h at+4◦C, as described above.

The viral fraction was harvested at the interphase between the
66 and 30% sucrose layers and fixed for 1 h at +4◦C with 2%
final glutaraldehyde. The fixed viral fraction was then diluted
to a final volume of 4mL in PBS, and adsorbed directly onto
formvar carbon films on 400 mesh nickel grids (FCF400-Ni,
EMS) by ultracentrifugation at 130,000 g for 1 h at +4◦C, as
previously described (Sime-Ngando et al., 1996). Grids were
stained for 10 s with 1% molybdate solution in filtered water
at room temperature. Electron micrographs were obtained on
a Tecnai G2 transmission electron microscope (FEI) operated
at 200 keV equipped with a 4096 × 4096 pixel resolution Eagle
camera (FEI).

Isolation of Viruses on Amoebae
Approximately 50mg of arthropods from the STE0043 sample
were washed in 70% ethanol, as previously described (Slimani
et al., 2013), then with sterile Page’s amoebal saline (PAS)
solution, and finally crushed in 3mL of PAS buffer.

V. vermiformis (CDC19 strain) amoebae were used to isolate
giant viruses from arthropods, as reported by Pagnier et al.
(2013), except that Vancomycin 10µg/mL, Ciprofloxacine
20µg/mL, Imipenem/cilastatine 10µg/mL, Doxycycline
20µg/Ml, and Voriconazole 20µg/mL were added to
the amoebal suspensions to prevent bacterial and fungal
contamination. Briefly, amoebae were cultivated in peptone-
yeast extract-glucose (PYG) medium and sub-cultured every
2 days. 5 × 105 amoebae/mL were concomitantly plated in
a 12-well microplate with 100µL of the sample suspension
and incubated at 30◦C for 3 days. At Day 3 post-infection, the
primo-culture was sub-cultured onto a fresh amoebal microplate
suspension under the same conditions. The primary cultures
and sub-cultures were screened daily for a cytopathogenic effect
(CPE) using an inverted microscope and if CPEs were observed,
fresh amoeba cells were cytospinned with 100µL of viral
supernatant and further stained with Gimenez and Gram stains,
followed by additional Hemacolor staining (Merck, Darmstadt,
Germany).

Additionally, 100µL of positive CPE supernatant was used
to extract DNA using the phenol chloroform isoamyl alcohol
extraction procedure (Life Technologies, Saint Aubin, France)
according to the manufacturer’s protocol, and PCRs targeting
Faustovirus were conducted, as described above.

RESULTS

Presence and Diversity of Sequences
Related to Giant Viruses in the Virome of
Biting Midges
The DNA virome of the STE0043, STE0044, and STE0045
samples were sequenced using Illumina MiSeq technology.
After trimming, the total number of reads was 1,517,965,
2,163,868, and 2,265,552 reads, respectively (Table 1), with 46.29,
76.01, and 48.50% of sequences having homologies after BlastN
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TABLE 1 | Sequencing data of the virome datasets.

STE0043 STE0044C. imicola STE0045

Culicoides sp. ♀engorged C. imicola♂♀non-

engorged

Raw reads 1,520,202 2,173,228 2,267,752

Cleaned reads 1,517,965 2,163,868 2,265,552

Contigs 19,771 29,995 28,309

Singletons 85,185 134,230 122,805

Average contig

length

615 bp 587 bp 581 bp

Total assigned

reads:

702,730 1,644,792 1,098,862

eukaryote 576,221 1,457,350 781,498

prokaryote

(bacteria +

archaea)

122,075 164,982 303,928

virus 4434 22,460 13,436

Total giant viruses: 3465 20,745 4684

Faustovirus 3146 8383 3490

Mimiviridae 317 12,362 1164

Non-classified

giant viruses

2 0 30

Other viruses: 969 1715 8752

Nudiviridae 307 0 6237

Poxviridae 182 42 34

Siphoviridae 182 503 808

Non-classified

phages

156 277 240

Myoviridae 60 554 785

Papillomaviridae 41 100 2

Iridoviridae 29 0 0

Podoviridae 4 45 29

Phycodnaviridae 2 90 133

Polydnaviridae 2 0 0

Retroviridae 2 92 16

Non-classified

plant viruses

2 0 0

Ascoviridae 0 12 2

Herpesviridae 0 0 315

Inoviridae 0 0 149

Iflaviridae 0 0 2

against GenBank nt database, respectively. Eukaryotic sequences
represented more than 70% of the total assigned reads in
the STE0043, STE0044, and STE0045 metagenomes, mainly
identified as human and arthropod reads (Table 1).

Among the total assigned reads, 4434 (STE0043), 22,460
(STE0044), and 13,434 (STE0045) sequences were related to
viruses (Table 1). Most viral sequences were identified as double-
stranded DNA viruses, and single-stranded DNA viral sequences
were only detected in STE0045 non-engorged male and female
C. imicola virome. Sequences related to amoeba-infecting giant
viruses from the Mimiviridae family, Faustovirus and the non-
taxonomically classified Pandoravirus represented themajority of
viral reads, with more than 78, 92, and 34% of total viral reads,

respectively, for STE0043, STE0044, and STE0045 viromes. The
most represented virus was Faustovirus, with more than 90, 40,
and 74% of total giant viral reads, respectively (Table 1).

The presence of Faustovirus in each sample was confirmed
by PCR specifically targeting the DNA polymerase, the viral
capsid, the RNA polymerase and the DNA topoisomerase genes
of the virus. PCR amplification products were obtained for the
three metagenomes (see Supplemental Figure 1 for the capsid
amplification) and Faustovirus amplifications were confirmed by
sequencing.

The presence of amoeba-infecting giant viral sequences was
searched on previously published arthropods metagenomes
available in public databases (Table 2). Sequences from both
hematophagous (mosquitoes, hard ticks, and body lice) and
non-hematophagous (termites and whiteflies) arthropods were
assembled into contigs and compared to an in-house giant
viral database. Mosquito microbiomes showed the presence of
Mimiviridae and Pandoraviridae-related contigs in all of the
five studies, although these came from arthropods sampled
at different time points in different locations. Hard ticks
and experimentally-infected body lice metagenomics revealed
also the presence of Mimiviridae-related contigs. In contrast,
termites and whiteflies metagenomic datasets did not present
any amoeba-infecting giant viral contigs. No Faustovirus-
related sequences were retrieved in metagenomes, either from
hematophagous or non-hematophagous arthropods.

Phylogenetic Analyses of the
Faustovirus-Like Virus Identified in the
Virome of Biting Midges
Contigs matching with Faustovirus sequences were extracted
and translated. Results of the predicted ORFs are presented in
Table 3. Phylogenetic reconstructions were performed on several
conserved genes: the RNA diphosphate reductase large sub-
unit and the sub-unit common to RNA polymerase I–II–III
that were found in the three biting midges’ metagenomes, the
DNA topoisomerase only detected on the STE0043 Culicoides
sp. virome and the putative helicase C962R, both present in the
STE0044 C. imicola engorged female and the STE0045 C. imicola
non-engorged male/female viromes.

Phylogenetic analyses performed on the sub-unit common
to RNA polymerase I–II–III (Figure 2A) and on the RNA
diphosphate reductase large sub-unit genes (Figure 2B) showed
that the biting midges’ Faustovirus grouped with other
Faustoviruses isolated from French, Senegalese and Lebanese
sewage. More precisely, Senegalese biting midges’ Faustovirus
formed a cluster with Dakar sewage Faustovirus, supported by
high bootstrap nodes (100 and 95, respectively). These results
were confirmed with phylogenetic analyses performed on the
DNA topoisomerase (Supplemental Figure 2A) and the putative
helicase C962R (Supplemental Figure 2B) genes.

Phylogeny performed on the RNA diphosphate reductase
large sub-unit gene allowed distinguishing a specific cluster
composed of biting midges Faustovirus only within the
Senegalese Faustovirus clade, with a high bootstrap value of 78
(Figure 2B).
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TABLE 2 | Search for the presence of amoeba-infecting giant viral sequences in the metagenomes of other arthropods.

Arthropods Nb of total reads Nb of contigs Sequencing method Type of metagenome Amoeba-infecting giant viral

contig (nb)

References

Mosquitoes 1,575,043 1964 Roche 454 FLX RNA shotgun Mimiviridae (1) Bishop-Lilly et al., 2010

1,961,290 16,321 Roche 454 GS20 DNA shotgun Mimiviridae (1) Pandoraviridae (1) Dinsdale et al., 2008

26,403,284 89,744 Illumina GA II RNA shotgun Mimiviridae (8) Pandoraviridae (10) Chandler et al., 2014

217,330,434 311,750 Illumina HiSeq 2000 RNA shotgun Mimiviridae (13) Pandoraviridae (19) Chandler et al., 2015

1,576,489 15,666 Roche 454 GS20 DNA shotgun Mimiviridae (1) Pandoraviridae (2) Ng et al., 2011

Body lice 4,403,873 1733 Illumina MiSeq RNA shotgun Mimiviridae (5) Temmam et al., 2015

Whiteflies 1,427,809 193 Illumina GA II RNA shotgun 0 Rosario et al., 2014

Termites – 57,641 Sanger DNA shotgun 0 Warnecke et al., 2007

Hard ticks 350,329 31,881 Roche 454 FLX DNA shotgun Mimiviridae (1) Nakao et al., 2013

TABLE 3 | Predicted ORFs for Faustovirus detected in the three metagenomes.

STE0043 STE0044 STE0045

Short Complete Short Complete Short Complete

Total contigs/reads 79/3146 137/8383 114/3490

TOTAL ORFs 93 87 148 145 127 125

Hypothetical protein 83 70 125 122 105 103

62 kDa polyprotein – – 1 1 1 1

Ankyrin containing protein – – 1 1 1 1

Bacterial MORN repeat-containing protein – 2 2 2 – –

BTB/POZ domain-containing protein – – 1 1 2 2

BTB/POZ domain-containing protein 9 1 – 1 1 – –

Deoxyuridine 5′-triphosphate nucleotidohydrolase – – 2 2 – –

DNA topoisomerase small subunit – 1 – – – –

Glutaredoxin-C3 2 – – – 2 2

Helicase – – – – 1 1

Metallophos_2 containing protein 2 – – – – –

MORN repeat-containing protein 3 8 2 2 4 4

mRNA-decapping protein g5R – 1 – – – –

Patatin – – – – 1 1

Putative ATP-dependent RNA helicase L377 – 1 – – – –

Putative ATP-dependent RNA helicase R563 – 1 – – – –

Putative DNA polymerase family X – – 1 1 – –

Putative DNA-directed RNA polymerase subunit D – 1 – – – –

Putative helicase C962R – – 2 2 2 2

Putative histidinol-phosphate aminotransferase – – – – 1 1

Putative hydrolase – – 1 1 – –

Putative phosphatidylglycerophosphate synthase – – 1 1 – –

Putative poly(A) polymerase catalytic subunit – – – – 1 1

Putative T4-like proximal tail fiber 1 1 – –

Putative UV-damage endonuclease 2 2 – –

Ribonucleoside-diphosphate reductase large subunit 1 – 2 2 2 2

Ribonucleoside-diphosphate reductase small chain 1 1 – –

RNA polymerase II subunit Rpb5b – 1 – – – –

Subunit common to RNA polymerases I, II, and III 1 – 2 2 3 3

Translation initiation factor SUI1 – 1 – – – –

Transcription factor S-II-related protein – – – – 1 1
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FIGURE 2 | Phylogenetic reconstruction of Faustovirus detected in biting midges’ viromes based on the (A) nucleotide sequence of the sub-unit

common to RNA polymerase I–II–III (substitution model: Kimura-2-parameters) (B) amino-acid sequence of the RNA diphosphate reductase large

sub-unit (substitution model: JTT+G, G = 3).

Observation of Virus-Like Particles by
Transmission Electron-Microscopy and
Isolation of a Faustovirus-Like Virus from
Biting Midges
Viral particles purified from biting midges were negatively
stained and observed by transmission electron microscopy
(Figure 3). Virus-like particles were observed with different
morphologies and diameters, ranging from 600 (Figure 3A) to
200 nm (Figure 3D). Some of the observed virions had a diameter
(approximately 200 nm) and morphology (icosahedral capsid)
compatible with that of Faustovirus (Figure 3D).

V. vermiformis protists was used in an attempt to isolate
Faustovirus-related viruses detected in STE0043 Culicoides sp.
virome. One V. vermiformis sub-culture was Faustovirus PCR-
positive at Day 3 post-infection, and sequencing of a fraction of
the capsid gene confirmed that the isolated virus was Faustovirus.

However, successful viral production was impaired due to the
high bacterial load present in the culture, originating from the
arthropods’ guts.

Global Proteomics of Biting Midges
Western blot analysis of STE0043 proteins revealed an
immunoreactive smear, between 260 and 50 kDa, with anti-
Faustovirus polyclonal antibodies (Figure 4B). The smear was
due to a high load of proteins (200µg) allowing the detection
of viral proteins in very low abundance in these arthropods. As
shown in Figure 4C, with a loading of 5µg, no detection was
possible in arthropods, although the positive control revealed
reactive bands. Within this smear, a putative band at 60 kDa
was observed for Faustovirus, possibly corresponding to the
viral capsid (arrow of Figure 4B). Six pieces of electrophoresis-
fractioned proteins among the immunoreactive smear were
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FIGURE 3 | Negative staining electron microscopy imaging of viral

particles from Culicoides sp. biting midges’ samples. Scale bars are

indicated under the images.

subsequently extracted from the gel and analyzed by proteomics
(Figure 4A).

The global proteomic analysis of the six immunoreactive
bands identified 4576 different peptides. Many peptides were
not identified, due to incomplete databases. The major identified
proteins were related to blood tissues: indeed, nearly a quarter
of the total identified peptides represented blood proteins
components, i.e., serum albumin, hemoglobin and fibrinogen,
which represented 5.44, 15.57, and 0.90% of the total identified
peptides, respectively. Numerous arthropod-borne peptides
(33.77%) were also identified, and more than two thirds of
identified peptides were related to the arthropods’ major blood
meal hosts: Bovidae represented 25.00% of the total identified
peptides, 15.77% for humans, and 11.42% for Rodentia. Less
abundantly, 2.95% of peptides were identified as coming from
horses, 2.80% from pets (cats and dogs), 1.99% from Lagomorpha
(mainly rabbits), 1.17% from swine, 1.05% from primates, and
0.87% from Chiropera. Interestingly and although no peptide
matching with Faustovirus was detected, three peptides matched
with the viral proteome of Saudian virus, a new giant virus
isolated from sewage, were detected.

Similar results were obtained for the whole proteomic analysis,
with slight differences in the proportions of identified peptides,
except that four and seven peptides were obtained for Kroon
virus and Courdo11 Mimiviridae proteins, respectively (Yoosuf
et al., 2014; Boratto et al., 2015). In addition,Mimiviridae-related
sequences were obtained in the metagenomes (data not shown).
No match with Faustovirus was obtained.

No hit were obtained when comparing the peptides to the
virome-predicted ORFs database.

Detection of Faustovirus in Animals and
Environmental Water
The serum from 14 cattle and their associated hard ticks, 13
rodents (four suckling mice and nine Arvicanthis sp.), well water
from Dielmo and Ndiop, and Néma river water recovered in
Dielmo were collected and used to screen for the presence of
Faustovirus.

The presence of Faustovirus was detected in five over 13
rodents tested: two were from suckling mice trapped in Ndiop
and three were from Arvicanthis sp. rodents trapped in Ndiop
(N = 2) and Dielmo (N = 1) respectively. Additionally,
Faustovirus was detected in two over 14 cattle sera (one from
Ndiop on a healthy cattle and one from Dielmo on a lumpy
skin disease-infected veal). Faustovirus was also present in
environmental water in both well and river waters from Dielmo
and well water from Ndiop.

Two pools of hard ticks (Boophilus sp. and Rhipicephalus
evertsi) collected from the same cattle in Keur Samba Gueye, a
village close to Ndiop, were also positive for Faustovirus although
the animal serum was negative. One pool of Amblyomma sp.
hard ticks, collected from cattle in Ndiop, and one pool of
Ornithodoros sonrai soft ticks, collected from rodents’ nests
in Keru Serigne Korka (a village located 12 km north-east of
Dielmo) were also positive.

These positive detections were all confirmed by sequencing
the portion of the DNA polymerase and the capsid genes of
Faustovirus. Phylogenetic analyses of rodent-borne, cattle-borne,
and water-borne Faustovirus performed on the capsid gene
confirmed the relatedness of environmental and mammalian
Faustovirus with arthropod-borne Faustovirus, but was not
sufficiently discriminant to specifically define clusters of
Senegalese Faustovirus (data not shown).

Viral loads of Faustovirus in PCR-positive animals were
estimated according to the tissue sample (Figure 5A) and the
animal species (Figure 5B). All harvested organs were positive
for Faustovirus, in viral loads ranging from 3.49 × 105 VLP/mL
(lung) to 8.01 × 106 VLP/mL (kidney), except for intestine
samples which were all negative, even when the extracted DNA
was diluted in case of the presence of inhibitors. Interestingly,
Faustovirus quantification in kidneys was similar in scale to
that in the bladder or urine samples (4.21 × 106 VLP/mL).
Faustovirus load in cattle sera was estimated at 5.96 × 106

VLP/mL. Biting midges non-amplified viromes were detected
with the highest viral loads, estimated at 2.47 × 107 VLP/mL
(Figure 5A). No major difference was observed when analyzing
the relative abundance of Faustovirus according to animal species
(Figure 5B). Arvicanthis-positive animals presented the lowest
(1.67 × 106 VLP/mL) and biting midges the highest (2.47 × 107

VLP/mL) Faustovirus load.

Detection of Faustovirus in Humans
The serum of 112 febrile patients with no known etiology and
51 healthy people was screened for the presence of Faustovirus
with the DNA polymerase targeted system. A total of 11 out of
112 (9.82%) febrile patients and six out of 51 (11.76%) healthy
persons were positive. Sequencing of the small PCR product
(99 bp) confirmed the positive detection of Faustovirus on 57 bp.

Frontiers in Microbiology | www.frontiersin.org 9 December 2015 | Volume 6 | Article 1406133

http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive


Temmam et al. Faustovirus in Biting Midges

FIGURE 4 | Western blot analysis. (A) Silver staining. (B) Staining with anti-Faustovirus polyclonal antibodies on arthropods sample. (C) Positive control of

Faustovirus western blot with a loading of 5µg of proteins.

FIGURE 5 | Quantification of Faustovirus viral loads according to (A) tissue samples (B) animal species. Viral loads are expressed in log10 VLP/mL.

Capsid and DNA topoisomerase amplifications of Faustovirus-
positive human sera were negative and RNA polymerase
amplification of Faustovirus-positive human sera resulted in a
non-specific multi-band amplification (data not shown).

DISCUSSION

Amoeba-infecting giant viruses have been isolated in a wide
variety of biomes, mostly in environmental (i.e., soil and water)
samples (Pagnier et al., 2013). Various amoeba-infecting giant
viruses have also been detected in animals, such as in arthropod
larvae (Boughalmi et al., 2013a), in the leech Hirudo medicinalis
(Boughalmi et al., 2013b) or in the sera of cattle and monkeys
(Dornas et al., 2014). Recently, the first amoeba-infecting giant
virus belonging to the Asfarviridae family, Faustovirus, was
reported in sewage in various geographical locations (Reteno
et al., 2015). The unique other member of the Asfarviridae family

is the ASFV, a tick-borne virus. In this study we detected and
isolated for the first time Faustovirus in adults biting midges and
their blood meal-associated mammals.

As part of a global study of viral communities existing in
biting midges, pools of Culicoides sp., engorged female C. imicola
and non-engorged male and female C. imicola were collected
and their corresponding DNA viromes were sequenced. Results
revealed the presence of sequences related to giant viruses,
mainly Faustovirus with more than 90, 40, and 74% of total
giant viral reads, respectively. The presence of an amoeba-
infecting Asfarviridae-like virus in adult biting midges leads us to
question on the mode of contamination of adult biting midges.
Ceratopogonidae are arthropods with an aquatic and semi-
aquatic larval stage, leading to possible contact with amoebae
and their associated giant viruses during the larval stage, and
a putative trans-stadial transmission of free viral particles or
infected amoebae. Moreover, Evans and Schwarz (2011) reported
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the infection of adult honeybees by Malpighamoeba mellificae, a
protozoan developing in the Malpighi tubes of honeybees. We
can therefore hypothesize that, adult biting midges could either
be infected at the larval or during the adult stage, either with free
viral particles or infected amoebae. The mode of contamination
of adult biting midges is currently unknown but further studies
regarding the presence of Faustovirus in all stages of development
of arthropods may help to solve this question.

The engorged female C. imicola virome showed the highest
abundance of sequences related to Faustovirus, with significant
differences with the non-engorged metagenome, suggesting
a possible additional viral load of the arthropod via the
blood meal of female biting midges. We then searched for
the presence of sequences related to Faustovirus and other
giant viruses in publicly available arthropods metagenomic
datasets. Our results showed that, although in low abundance,
giant viral contigs were detected in other arthropods, except
for Faustovirus, never detected elsewhere than in the biting
midges virome. Mosquitoes and body lice presented similar
abundances of Mimiviridae- and Pandoraviridae-related contigs
and hard ticks presented similar abundance of Mimiviridae-
related contigs, whereas termites and whiteflies present no giant
viral sequence. One should note that mosquitoes, body lice
and hard ticks are hematophagous arthropods whereas termites
and whiteflies are non-hematophagous arthropods, suggesting
again the putative role of blood meal in the presence of
giant viruses in adult arthropods. Further proteomic analysis
of the pool of Culicoides sp. revealed the presence of Bovidae,
Rodentia, and human blood-related proteins. As a consequence
we subsequently screened for the presence of Faustovirus in
human sera, cattle sera and rodent organs, and detected five
Faustovirus-positive rodents and two Faustovirus-positive cattle,
confirming the possible contamination of female biting midges
via their bloodmeal. Additionally, we detected three Faustovirus-
positive cattle-associated engorged hard ticks, again confirming
possible infection of arthropods via their blood meal.

Interestingly, we reported high levels of Faustovirus either
in rodent tissue or cattle sera (Figure 5), and the highest
viral loads were found in rodents’ kidney and urine samples,
suggesting a possible excretion of Faustovirus by rodents in the
environment. Finally, the Néma River and the well water from
Dielmo and Ndiop were all positive for Faustovirus, suggesting
a possible source of contamination of humans and animals
via recreational or drinking water. In sub-Saharan countries,
such as Senegal, biting midges usually feed on livestock but
also on humans, resulting in the vector-borne transmission of
pathogens to animals and humans. In this study we reported the
detection of Faustovirus in human sera harvested from febrile
patients and from healthy people, with no significant difference
in the prevalence between the two groups. Although we could
not conclude on a putative pathogenic role of Faustovirus,
the questions of the mode of infection to humans have to be
addressed: is Faustovirus vector-transmitted? And if so, what
kind of arthropod can transmit the virus? Or do humans
acquire Faustovirus via an environmental source (water, urines
of rodents, etc)? The possible reservoir role of rodents in the viral
cycle of Faustovirus, both in humans and arthropods, requires

further investigations, as for the vector competence of arthropods
for Faustovirus.

Faustovirus-related sequences were the most abundant in
all viromes. Although no capsid sequence was detected in the
metagenomes, we successfully amplified a fragment of the capsid
gene and confirmed by sequencing (Supplemental Figure 1).
Western blot analysis of Culicoides sp. proteins using Faustovirus
antibodies highlighted a band at the expected size of the
capsid protein (Figure 4B), and further mass spectrometry
sequencing identified giant viral peptides, although not related
to Faustovirus. Additionally, the observation of viral particles
by transmission electron microscopy with a size and shape
compatible with Faustovirus, and further successful isolation of
Faustovirus conducted on V. vermiformis, a protist commonly
found in human environments (Nazar et al., 2012; Coşkun
et al., 2013; Niyyati et al., 2014), confirmed the presence of
infectious viral particles in the Culicoides sp. pool of biting
midges. Phylogenetic analyses performed on several core genes
revealed that Faustovirus-like viruses detected in the three
biting midge viromes branch together in a cluster formed
by Dakar 5b, Dakar 3, and Dakar D6 Faustovirus (Figure 2),
viruses that were previously isolated in sewage from Dakar,
Senegal (Reteno et al., 2015). According to the phylogenetic
analysis conducted on the capsid gene, rodent-borne, cattle-
borne and water-borne Faustovirus clustered together with
arthropod-borne Faustovirus. Unfortunately, this portion of the
genome of Faustovirus was not sufficiently discriminant to be
able to refine the classification of mammalian, arthropod
and environmental Faustovirus. Complete full genome
sequencing and characterization of these viruses will enable
the phylogenetic relationships between arthropod-associated
Faustovirus, environmental/mammalian Faustoviruses and
human Faustovirus to be refined.

Faustovirus is a recently described giant virus infecting
V. vermiformis amoebae (Reteno et al., 2015), whose close
relative is the ASFV, the only member of the Asfarviridae
family.Asfarviridae are tick-borne dsDNA viruses transmitted by
Ornithodoros sp. soft ticks and responsible for the African swine
fever, a highly contagious and fatal pig infection (Burrage, 2013;
Hubálek et al., 2014). Recently, hard ticks have been suspected
to be capable of transmitting the virus but without success,
although viral DNA was detected up to 8 weeks post-inoculation
(de Carvalho Ferreira et al., 2014). In our study we report the
detection and isolation of an Asfarviridae-like Faustovirus in
biting midges, but also in a pool of O. sonrai soft ticks and
in Boophilus sp., R. evertsi, and Amblyomma sp. pools of hard
ticks. Interestingly, O. sonrai soft ticks were collected in the dust
contained in rodents’ nests and were not engorged, whereas hard
ticks were collected directly from livestock and were engorged.
Additionally, nearly 40% of the rodents tested were Faustovirus-
positive, suggesting that O. sonrai soft ticks could be a possible
vector for Faustovirus, and rodents could be a putative reservoir
since no symptoms were observed on the captured rodents
and high loads of Faustovirus were detected in their kidneys
and urine, resulting in possible excretion of the virus in the
environment. The detection of Faustovirus in Boophilus sp., R.
evertsi, and Amblyomma sp. hard ticks could reflect the blood
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meal of the ticks and the viral persistence of the virus or the viral
DNA within the arthropod, as previously reported (de Carvalho
Ferreira et al., 2014).

So far, Faustovirus has been only detected in sewage in
Marseille, Dakar and in Lebanon and Saudi Arabia (Reteno et al.,
2015). In this study, we report for the first time the detection and
isolation of Faustovirus in adult biting midges, and the detection
of high viral loads of Faustovirus in rodents and cattle. We
also reported the detection of Faustovirus in febrile patients and
healthy people. This work thus, highlights the need to investigate
the role of arthropods and wild or domestic animals on the
lifecycle of the Asfarviridae-like Faustovirus and, more globally,
for the amoeba-infecting giant viruses.
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Préambule à l’article “Screening for viral pathogens in African simian 

bushmeat seized at a French airport” 

 

Dans certains pays d’Afrique, la chasse et la consommation de viande de 

brousse issue de la faune sauvage sont des pratiques courantes et une source 

importante de protéines pour certaines populations [99]. La viande de brousse, 

et notamment la viande de singe, fait aussi partie d’un trafic parallèle illicite 

très prospère dans les pays occidentaux où elle représente un mets très 

coûteux et recherché. Il a été estimé par exemple qu’en France, cinq tonnes de 

denrées interdites originaires d’Afrique sub-saharienne (viande de brousse, 

viande issue d’animaux d’élevage, poissons, plantes, etc.) entrent illégalement 

sur le territoire par l’aéroport de Roissy-Charles-de-Gaulle [100]. Ce type de 

trafic représente donc un danger, à la fois pour la conservation de la 

biodiversité (notamment lorsque cela concerne des espèces animales en voie 

de disparition), mais aussi du point de vue sanitaire en terme de santé 

publique. Il a par exemple été clairement établi que les singes sont des 

réservoirs ou des hôtes intermédiaires de nombreux virus comme le virus 

Marburg [101-102] ou le VIH [103], et ils peuvent donc constituer une source 

potentielle de virus zoonotiques pour l’homme via la chasse, la manipulation 

de carcasses fraîches ou la consommation de viande de brousse. Dans cet 

article, nous avons donc répertorié les virus associés à quatre échantillons de 

viande de singe interceptée par les douanes de l’aéroport de Toulous-Blagnac 

afin d’évaluer le risque de transmission de virus zoonotique à l’homme par la 

manipulation et/ou la consommation de viande de brousse. 

Nous avons, dans un premier temps, réalisé une analyse par microscopie en 

épifluorescence de prélèvements de viande de cercopithèques originaires de 

Centrafrique qui a montré la présence de particules de taille compatibles avec 

des particules virales en quantité importante. Puis nous avons séquencé, par 

des techniques de séquençage à haut débit, les viromes ADN et ARN de ces 

prélèvements. Nous avons ainsi pu identifier de nombreux bactériophages des 

familles des Siphoviridae, Myoviridae et Podoviridae, dont certains infectent 

des bactéries potentiellement pathogènes pour l’homme. Nous n’avons pas 

détecté de virus zoonotique. Afin d’augmenter la sensibilité de détection, nous 

avons enfin réalisé des PCR pan-génériques ciblant de nombreux virus 

zoonotiques, essentiellement à génome ARN, mais sans résultat positif. 
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En conclusion, et bien que nous n’ayons pas détecté de virus 

potentiellement pathogènes pour l’homme dans nos échantillons de viande de 

singe, la présence de nombreuses espèces de bactériophages témoigne de la 

présence de bactéries dont certaines pourraient être potentiellement 

pathogènes pour l’homme. Il serait intéressant de conduire une étude similaire 

sur des prélèvements de viande fraîche car il est possible que les traitements 

de la viande, à savoir le séchage et le fumage, aient altéré l’intégrité des 

particules virales. 
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 18 

Abstract 19 

Illegal bushmeat traffic is an important threat to biodiversity conservation of several 20 

endangered species and may contribute to the emergence and spread of infectious diseases 21 

in humans. The hunting, manipulation and consumption of wildlife-based products, 22 

especially those of primate origin, may be a threat to human health; however, few studies 23 

have investigated the role of bushmeat trade and consumption as a potential source of 24 

human infections to date. In this study, we report the screening of viral pathogens in African 25 

simian game seized by French customs at Toulouse-Blagnac airport. Epifluorescence 26 

microscopy revealed the presence of virus-like particles in the samples, and further 27 

metagenomic sequencing of the DNA and RNA viromes confirmed the presence of 28 

sequences related to the Siphoviridae, Myoviridae and Podoviridae bacteriophage families; 29 

some of them infecting bacterial hosts that could be potentially pathogenic for humans. To 30 

increase the sensitivity of detection, twelve pan-generic PCRs targeting several viral 31 

zoonoses were performed, but no positive signal was detected. A large-scale inventory of 32 

bacteria, viruses and parasites is urgently needed to globally assess the risk for human 33 

health of the trade, manipulation and consumption of wildlife-related bushmeat. 34 

 35 
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Keywords 1 

Bushmeat, wild game, virus, zoonoses, epifluorescence microscopy, viral metagenomics, 2 

pan-generic PCR. 3 

 4 

Introduction 5 

Human zoonoses are directly acquired from animals or indirectly via arthropod bites 6 

and are an increasing public health problem. More than two thirds of emerging human 7 

pathogens are of zoonotic origin, and of them, more than 70% originate from wildlife (Cutler 8 

et al., 2010; One Health Initiative). Hunted wild animals are not only an important source of 9 

protein for many poor rural populations (Brashares et al., 2011); they are also an important 10 

part of some cultures, for animist practices or to reflect a luxury status in industrialized 11 

countries for example. Usually composed of rodent-borne, antelope-borne, primate-borne, 12 

and turtle-borne meat, bushmeat is a threat to both biodiversity conservation of several 13 

endangered species such as primates and pangolins (Effiom et al., 2013) and public health. 14 

The traffic also contributes to decrease the proteins availability in some poor rural regions 15 

(Brashares et al., 2011). All industrialized countries are affected by the illegal traffic of 16 

bushmeat, as reported by Falk et al. in Switzerland (Falk et al., 2013) and by Bair-Brake et al. 17 

in the United States (Bair-Brake et al., 2014). In 2013 in France, customs reported 647 18 

seizures of endangered species (wildlife and flora), of which Convention on International 19 

Trade in Endangered Species (CITES)-listed animals were estimated at 39% of seized 20 

bushmeat carcasses (French customs annual report, Chaber et al., 2010). The international 21 

illegal traffic of animals has been estimated to total five tons of wild game, livestock meat 22 

and fish, carried by passengers arriving from sub-Saharan Africa at Paris Charles de Gaulle 23 

Airport (France) (Chaber et al., 2010), of which little is seized and directly destroyed by 24 

customs and veterinary services each year. Equivalent traffic probably occur from other 25 

countries (Asia or South American continents, for example), but no report was released yet 26 

regarding the detailed origins of customs seizures of illegal game entering in France. 27 

In some countries, bats are hunted for their meat, resulting in the infection of 28 

humans, as previously reported (Kamins et al., 2014; Pernet et al., 2014). In addition, several 29 

known examples of primate hunting have led to the emergence of human epidemics, such as 30 

Ebola hemorrhagic fever and AIDS in which the hunting and manipulation of infected 31 
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carcasses were shown to be the origins of epidemics (Wolfe et al., 2004). However, few 1 

studies have investigated the role of simian bushmeat trade, manipulation and/or 2 

consumption as a potential source of human infections. The carriage of pathogens by simian 3 

bushmeat, such as parasites (Pourrut et al., 2011), bacteria (Bachand et al., 2012) or viruses 4 

(Aghokeng et al., 2010; Smith et al., 2012) were previously reported. For example, in the 5 

United States, Smith et al. have reported the presence of retroviruses and herpesviruses in 6 

non-human primate tissue samples confiscated at different airports (Smith et al., 2012). In 7 

France, Chaber et al. have reported data suggesting the presence of food-borne pathogens, 8 

such as Listeria monocytogenes, and carcinogenic concentrations of benzo(a)pyrene in 9 

smoked bushmeat confiscated at the Paris Charles de Gaulle and Toulouse-Blagnac airports 10 

(Chaber et al., 2015).  11 

With the progress of molecular biology, PCR-based methods, mainly pan-generic PCR, 12 

have become the main techniques for virus discovery; however, these techniques require 13 

prior knowledge of closely related viral genomes. Next-generation sequencing (NGS) 14 

techniques make it possible to sequence all viral genomes in a given sample without any 15 

previous knowledge about their nature, using a combination of sequence-independent 16 

amplification and high-throughput sequencing. These techniques, which are known as viral 17 

metagenomics, are being used exponentially more frequently to characterize the viral 18 

diversities of complex environments, such as animal samples (Temmam et al., 2014). 19 

Although molecular-biology based methods are not able to discriminate infectious or 20 

inactivated viral particles, PCR and NGS-based methods can provide crucial information onto 21 

the different viral species that are present in a sample. In this study, we report the first DNA 22 

and RNA viral metagenomic analysis and screening of zoonotic viral pathogens in illegally 23 

imported African simian bushmeat seized by French customs at Toulouse-Blagnac airport.  24 

 25 

Materials and methods 26 

 Specimens 27 

A total of 4 specimens of non-human primates originating from the Central African 28 

Republic were confiscated by French customs at Toulouse-Blagnac Airport in September 29 

2013. The four animals had been cut into two halves, eviscerated and smoked before 30 

importation into France (Figure 1).  31 
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Samples were taken from the axillary and popliteal regions, containing lymph nodes 1 

and muscle tissues. The tissue samples (samples STE0011 to STE0014) were then directly 2 

stored at -20°C by the customs officials until further analyses.  3 

Sample pre-treatment, epifluorescence microscopy and virome preparation 4 

Dilacerated tissues (0.5 cm3) were rehydrated overnight at +4°C in 2 mL of sterile 5 

EMEM (Life Technologies, Saint Aubin, France) and then crushed with two 3-mm tungsten 6 

beads and a TissueLyser at 25 Hz for 2 minutes (Qiagen, Courtaboeuf, France). The clarified 7 

supernatant was subsequently used as a template for virome preparation. 8 

DNA and RNA viromes of sample n° STE0011 were prepared as previously described 9 

(Temmam et al., 2015). Briefly, the clarified supernatant was filtered through a 0.45-µm 10 

filter (Millipore, Molsheim, France), and free nucleic acids were digested at 37°C for one 11 

hour with the following cocktail of nucleases: 20 U Exonuclease I (New England Biolabs, Évry, 12 

France), 25 U Benzonase® (Merck Millipore, Molsheim, France), 25 U RNase A (Roche 13 

Diagnostics, Meylan, France), 20 U Turbo DNase (Life Technologies, Saint Aubin, France) and 14 

10 µL of 10X Turbo DNase buffer. The digested supernatant was then deposited onto a 15 

discontinuous 66%-30% sucrose gradient and ultracentrifuged in an MLS50 Beckman-Coulter 16 

rotor at 130,000 g for 2 hours at +4°C. The viral fraction was harvested at the interphase 17 

between the 66% and 30% sucrose layers using a 23G needle.  18 

One hundred microliters of the purified fraction was harvested to assess the Virus-19 

Like Particle (VLP) concentration by fluorescence microscopy, as previously described by 20 

Thurber et al. (Thurber et al., 2009). All fluorescence images were acquired with a Leica SP5 21 

inverted confocal microscope with 4 lasers, a 100X objective and a numerical aperture of 22 

1.4.  23 

DNA and RNA were extracted from the purified viral fraction with Trizol LS® reagent 24 

(Life Technologies, Saint Aubin, France). Two microliters of DNA was randomly amplified in 2 25 

independent reactions using a Genomiphi V3 kit (GE Healthcare, Vélizy-Villacoublay, France) 26 

according to the manufacturer’s recommendations. Total RNA was processed by random 27 

reverse transcription as previously described by Froussard et al. (Froussard, 1992) using 28 

Superscript III Reverse Transcriptase (Life Technologies, Saint Aubin, France). cDNA was 29 

subsequently used as a template for the Klenow reaction and randomly amplified with 2.5 U 30 

of Long Amp Taq DNA Polymerase (New England Biolabs, Évry, France) in a final volume of 31 
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25 µL, as previously described (Temmam S. “Host-associated metagenomics: a guide to 1 

generating infectious RNA viromes”, in revision). 2 

DNA and RNA amplification products were purified twice with Agencourt AMPure 3 

Beads (Beckman-Coulter, Villepinte, France) according to the manufacturer’s protocol, 4 

eluted to a final volume of 15 µL and sequenced using MiSeq Technology with the paired-5 

end and barcode strategies according to a Nextera XT library kit in a 2 x 300 bp format 6 

(Illumina Inc., San Diego, USA). 7 

Bioinformatic analyses of viromes 8 

Raw reads were imported in pairs into CLC Genomics Workbench 6.0.1 program (CLC 9 

Bio, Aarhus, Denmark) and trimmed according to their quality score (Illumina pipeline 1.8 10 

and later), the presence of ambiguities (a maximum of 2 ambiguities), length (reads <50 nt 11 

long were discarded) and the adaptors and primers used for random PCR. The pre-processed 12 

viral metagenomes are publicly available on Metavir server (http://metavir-meb.univ-13 

bpclermont.fr) with the identifiers “STE0011_DNA” and “STE0011_RNA” under the project 14 

“Simian_bushmeat” and on MG-RAST server (http://metagenomics.anl.gov/) with the 15 

identifiers 4604107.3 and 4604109.3 for the DNA and RNA viromes, respectively. 16 

Cleaned paired reads were assembled into contigs with CLC Genomics program using 17 

the following parameters: a word size of 20 nt, minimum contig length of 200 nt, mismatch 18 

cost of 2, insertion/deletion cost of 3, length fraction of 0.5 and similarity fraction of 0.8. 19 

Contigs and non-assembled reads were then compared to the NCBI nucleotide database 20 

using the BlastN algorithm, with a minimum coverage of 50%, minimum identity of 50% and 21 

E-value <10-5. Sequences having no significant hits according to the criteria described above 22 

were classified as “unknown”.  23 

To enhance the detection of viral reads, cleaned paired reads were compared to the 24 

NCBI RefSeq viral database using BlastX program with a minimum coverage of 50%, 25 

minimum identity of 50% and E-value <10-5. Taxonomic assignation of the reads was 26 

performed at the family level, and bacterial target hosts of bacteriophages were 27 

taxonomically determined at the genus level. Reads taxonomically classified by BlastX were 28 

then mapped against reference genomes using CLC Genomics Workbench 6.0.1 program 29 

(CLC Bio, Aarhus, Denmark) to verify their correct taxonomic assignation, with the following 30 
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parameters: a minimal length fraction of 0.25, minimal similarity fraction of 0.7, mismatch 1 

cost of 2 and insertion/deletion cost of 3. 2 

Pan-generic PCRs 3 

Total nucleic acids were extracted from an aliquot of 100 µL of the purified viral 4 

fraction with a BioRobot EZ1 and EZ1 Virus Mini Kit (Qiagen, Courtaboeuf, France) in a final 5 

volume of 60 µL, and 20 µL was subsequently reverse transcribed into cDNA using 6 

SuperScript III Reverse Transcriptase (Life Technologies, Saint Aubin, France) and random 7 

hexamers, according to the manufacturer’s recommendations.  8 

To control the efficiency of the PCR and the presence of inhibitors originating from 9 

the smoked tissue sample extractions, PCR targeting 18S rRNA was performed with 2 µL of 10 

cDNA, as previously described (Breitbart et al., 2005). 11 

A total of 12 pan-generic PCRs, nested PCR or real-time PCR were conducted 12 

(Supplemental Table) to screen for the presence of several zoonotic viruses possibly 13 

infecting humans, including paramyxoviruses (Tong et al., 2008), coronaviruses (de Souza 14 

Luna et al., 2007), flaviviruses (Moureau et al., 2007), phleboviruses (Sánchez-Seco et al., 15 

2003), nairoviruses (Rodriguez et al., 1997), poxviruses (Sánchez-Seco et al., 2006), 16 

alphaviruses (Sánchez-Seco et al., 2001), hantaviruses (Klempa et al., 2006), 17 

orthobunyaviruses (Lambert et al., 2009), arenaviruses (Bowen et al., 1997), filoviruses (Zhai 18 

et al., 2007) and herpesviruses (VanDevanter et al., 1996), according to the cited authors’ 19 

recommendations for primer concentrations and annealing conditions. Briefly, 5 µL of cDNA 20 

was used in a final volume of 25 µL for the first round of PCR, along with HotStar Taq DNA 21 

Polymerase (Qiagen, Courtaboeuf, France) or a QuantiTect SYBR Green qPCR Kit (Qiagen, 22 

Courtaboeuf, France), depending on the pan-generic PCR. A volume of 1 µL of the first-round 23 

PCR product was used for nested PCR when needed. PCR products were analyzed on a 2% 24 

agarose gel, and bands of the expected size were extracted from the gel, purified with a 25 

QIAquick Gel Extraction Kit (Qiagen, Courtaboeuf, France) and sequenced with a Big Dye 26 

Terminator v1.1 Cycle Sequencing Kit (Life Technologies, Saint Aubin, France) and an ABI 27 

3130 Genetic Analyzer (Life technologies, Saint Aubin, France). 28 

 29 

Results 30 

Specimen collection 31 
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Four specimens of non-human primates originating from the Central African Republic 1 

were confiscated by French customs at the Toulouse-Blagnac Airport in 2013. Their specific 2 

determination was impossible due to their conservation statuses (Figure 1), but they all 3 

belonged to the Cercopithecidae family.  4 

Detection and quantification of virus-like particles by epifluorescence microscopy 5 

The estimated numbers of VLPs were 8.85x106 VLPs/mL, 8.28x104 VLPs/mL, 3.72x106 
6 

VLPs/mL and 1.73x107 VLPs/mL for the samples STE0011, STE0012, STE0013 and STE0014, 7 

respectively (Figure 2).  8 

DNA and RNA viromes of simian bushmeat sample 9 

The DNA and RNA viromes of sample STE0011 were sequenced with Illumina MiSeq 10 

technology. After trimming, the DNA and RNA viromes contained 647,272 and 519,397 11 

paired reads, respectively.  12 

The results of the BlastN search against the nucleotide NCBI database are presented 13 

in Figure 3A and 3C, respectively, for the DNA and RNA viromes. The unknown fractions of 14 

the DNA and RNA virome datasets represented 25.55% and 6.43%, respectively. Among the 15 

known DNA sequences, bacterial sequences represented 74.84%, eukaryotes comprised 16 

25.14%, and viruses included 0.03% of the total assigned reads. Within the known RNA 17 

virome, sequences related to bacteria represented the majority of the reads (more than 92% 18 

of the total assigned reads), eukaryotic reads comprised 7.23%, and viral reads included 19 

0.64% of the total assigned reads.  20 

The eukaryotic reads were related to humans and primates (95.21% and 63.70% of 21 

the total eukaryotic reads for the DNA and RNA metagenomes, respectively) in addition to 22 

plants (1.48% and 0.43% of the total eukaryotic reads for the DNA and RNA metagenomes, 23 

respectively) and arthropods (0.01% and 11.90% of the total eukaryotic reads for the DNA 24 

and RNA metagenomes, respectively). Parasite (mainly nematodes and helminthes) 25 

eukaryotic reads were also detected in the DNA and RNA viromes (0.96% and 21.26%, 26 

respectively), which probably remained from undigested free DNA. Among them, Spirometra 27 

erinaceieuropaei platyhelminth, a worm commonly infecting domestic animals that causes 28 

several diseases in humans, was quite abundant (N=1,503 reads) in the DNA metagenome. 29 

Additionally, Haemonchus placei, a nematode mainly infecting cattle in tropical areas, was 30 

detected in 558 reads; 125 reads were related to Wuchereria bancrofti, a nematode 31 
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responsible for lymphatic filariasis in humans, and 5 and 8 reads of the DNA virome were 1 

assigned to Leishmania and Plasmodium spp., respectively. Finally, we observed the 2 

presence of 2,983 sequences representing Schistosoma rodhaini in the RNA metagenome, a 3 

trematode responsible for infections in small mammals. 4 

The results of the BlastX search against the RefSeq viral database are presented in 5 

Figure 3B and 3D for the DNA and RNA viromes, respectively. More than two thirds of the 6 

total viral reads of the DNA virome belonged to bacteriophages, the majority of which were 7 

from Siphoviridae (51.38% of the viral reads) and Myoviridae (24.13% of the viral reads). 8 

Podoviridae, Microviridae and non-classified phages were less abundant, comprising only 9 

3.74%, 0.02% and 3.79% of the total viral reads, respectively (Figure 3B). The majority of 10 

bacterial genera infected by Myoviridae belonged to the Bacillus sp. genus (46.31%), 11 

followed by Lactobacillus sp. (12.09%), Enterococcus sp. (9.12%), Cronobacter sp. (7.83%) 12 

and Enterobacteria sp. (6.89%) (Supplemental Figure 1). In addition, more than 70% of the 13 

bacterial genera infected by Podoviridae were Planktothrix sp. (71.90%) and Cellulophaga sp. 14 

(16.01%). Most of the Siphoviridae bacterial hosts belonged to the Enterococcus sp. 15 

(44.46%), Staphylococcus sp. (15.51%), Lactococcus sp. (14.87%) and Listeria sp. (7.76%) 16 

genera (Supplemental Figure 1). 17 

Sequences belonging to the Phycodnaviridae (N=651 reads), Iridoviridae (N=29 18 

reads), Nudiviridae (N=21 reads) and Baculoviridae (N=4 reads) families (Figure 3B) were also 19 

detected. Iridoviridae, Nudiviridae and Baculoviridae are insect-infecting viruses, whereas 20 

Phycodnaviridae are large viruses infecting algae. Several reads belonging to other 21 

Megavirales, an order of large viruses that infect eukaryotic hosts (Colson et al., 2013), were 22 

present in the DNA virome, belonging to the Mimiviridae family (N=503 reads), the non-23 

classified Faustovirus (N=982 reads) and Pandoravirus (N=89 reads) (Figure 3B). Further 24 

verification of the taxonomic assignation of reads in the Poxviridae (N=258 reads), 25 

Ascoviridae (N=61 reads), Herpesviridae (N=49 reads) and Papillomaviridae (N=1 read) 26 

families (Figure 3B) by mapping against reference genomes showed that they corresponded 27 

to repeated patterns and thus could not be confidently attributed to these families.  28 

The sequences of the RNA virome were related to Siphoviridae, Myoviridae and 29 

Podoviridae bacteriophages or Mimiviridae, Phycodnaviridae and Ascoviridae. These 30 

sequences probably reflected the DNA remaining in the RNA fraction during Trizol LS® 31 
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extraction (Figure 3D). Similar to the DNA virome, the presence of Poxviridae was verified by 1 

mapping the reads against reference genomes, which did not result in good taxonomic 2 

assignation. Reads belonging to the Retroviridae and Anelloviridae families may reflect the 3 

presence of residual simian genomic material and blood, respectively. Only two reads of RNA 4 

viruses belonging to the Tymoviridae family were detected in the RNA virome. Tymoviridae 5 

are non-enveloped plant-infecting RNA viruses. The presence of such viruses may be linked 6 

with the diets of the primates, i.e. the plants, fruits or insects that they ingest (Figure 3D).  7 

Pan-generic PCR screening of zoonotic viruses 8 

Several studies have shown that the NGS sequencing of viromes is a less sensitive 9 

technique than PCR (Frey et al., 2014; Cheval et al., 2011). Moreover, due to the limited 10 

depth of sequencing and the high abundance of bacteriophages detected by metagenomics, 11 

the presence of rare viral species, especially zoonotic viruses, may have been missed. Thus, 12 

we used pan-generic PCR to screen the four bushmeat samples for the presence of most 13 

human viral zoonoses, including paramyxoviruses, coronaviruses, flaviviruses, phleboviruses, 14 

nairoviruses, alphaviruses, hantaviruses, orthobunyaviruses, arenaviruses, filoviruses, 15 

poxviruses and herpesviruses; however, none of the 4 specimens tested positive using these 16 

12 pan-generic PCRs. 17 

The presence of inhibitors and the efficiencies of the nucleic acid extractions from 18 

the smoked tissue samples were controlled by performing PCR targeting 18S rRNA. The four 19 

samples tested positive (Supplemental Figure 2), indicating the good efficiency of the 20 

amplification of DNA originating from smoked tissues.  21 

 22 

Discussion 23 

Quantifying the global wildlife trade is hard since it ranges from live to dead animals, 24 

from local barter to major international routes, and is almost always conducted illegally or 25 

through informal networks (Karesh et al., 2005). However, illegal bushmeat traffic may 26 

contribute to the emergence and spread of infectious diseases in humans and need to be 27 

addressed. The origin of AIDS epidemics (Gao et al., 1999), case reports of hepatitis E 28 

originating from wild boars (Vasickova et al., 2007; Meng et al., 2009), brucellosis (CDC, 29 

2009), Ebola previous epidemics (Pourrut et al., 2005), and trichinellosis (Roy et al., 2003) 30 

are some examples of food-borne illnesses acquired after hunting of wild animals (Karesh et 31 
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al., 2012). Indeed, some human food-borne pathologies may either be caused by the 1 

consumption or during the preparation (i.e. butchering, cutting or washing) of meat 2 

originating from infected animals. In France, important quantities of meat enter illegally 3 

each year but only few are seized by customs (Chaber et al., 2010) because these are out of 4 

the priorities of customs officers. Moreover, since 2014 Ebola epidemics and the potential 5 

risks of contamination for customs workers, the difficulties to sample bushmeat for research 6 

purposes before their immediate destruction have increased. In this context, it is important 7 

to obtain the necessary support from relevant authorities to seize and analyze wild game 8 

before their destruction. A transparent partnership between customs and health authorities 9 

will provide the best opportunity for improving the effectiveness of efforts to control the risk 10 

of international bushmeat trade. 11 

In this study, we were able to obtain four non-human primate samples that were first 12 

screened for the presence of virus-like particles using epifluorescence microscopy. Estimated 13 

viral loads were high, ranging from 104 to 107 VLPs/mL depending on the sample, but these 14 

may have been overestimated due to the use of a non-specific fluorochrome which can also 15 

stain membrane-derived vesicles or cell debris (Forterre et al., 2013). Observations 16 

confirmed the absence of bacterial contamination in the treated samples. 17 

We thus decided to go further and sequence the purified viral fraction of one 18 

bushmeat sample. Viral metagenomic analyses performed on the simian game showed that 19 

a large majority of the sequences were related to bacteriophages belonging to the 20 

Siphoviridae, Myoviridae, and Podoviridae families. Regardless of infectivity, the bacterial 21 

hosts of these viruses mainly belong to the Firmicutes and Proteobacteria phyla, which 22 

include environmental bacteria in addition to potential human pathogenic species, such as 23 

some of the Staphylococcus sp., Listeria sp., and Enterococcus sp. For example, Cronobacter 24 

spp. (formerly Enterobacter sakazakii) includes a group of Gram-negative bacteria 25 

ubiquitously found in the environment. Cronobacter spp. are particularly resistant to osmotic 26 

stress and elevated temperatures, explaining their ability to survive in a wide variety of dried 27 

foods, such as infant formulas (Edelson-Mammel et al., 2005; Estuningsih et al., 2006). They 28 

are emerging foodborne pathogens (Estuningsih et al., 2006) that may be responsible for 29 

life-threatening infections in newborns, immunocompromised adults and the elderly 30 

(Mullane et al., 2007; Bowen et al., 2006; Gosney et al., 2006; Than et al., 2007). The 31 
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presence of Cronobacter and other pathogenic bacteria, and the risk of human infection 1 

caused by bushmeat manipulation and consumption have to be addressed. The source of 2 

bacterial contamination of the bushmeat, due for example to non-hygienically handlings 3 

(during hunting, carcass evisceration, smoking treatments, or during unsafe transportation 4 

conditions), or due to the presence of several bacteria in the original tissue samples, is 5 

actually unknown. But whatever the origin of micro-organisms, their presence results in the 6 

same potential risk of transmission to humans. A recent study by Chaber et al. reported the 7 

detection of viable aerobic bacteria above levels considered safe for human consumption, 8 

and unsafe levels of carcinogens in fish (Chaber et al., 2015). An exhaustive inventory of the 9 

bacterial communities present in bushmeat samples, for example by high-throughput 10 

sequencing of the 16S rRNA gene and by isolation, would help to clarify and identify the 11 

potential risks of introducing emerging bacterial pathogens by the illegal import of 12 

bushmeat.  13 

In addition, in order to propose measures for consumers that wild game is well 14 

handled and cooked regarding viral, bacterial and parasitic biohazard, the effects of 15 

transformation treatments (such as smoking) on the external and internal contamination of 16 

meat, have also to be addressed. 17 

Recent studies have demonstrated that metagenomic analyses are less sensitive than 18 

PCR-based methods for detecting viruses present in low abundance. Indeed, the detection 19 

limit for next-generation sequencing techniques is estimated to be 103 to 104 genomic copies 20 

(Frey et al., 2014; Cheval et al., 2011), while PCR-based methods, especially those based on a 21 

nested format, can detect up to one genomic copy. Moreover, analysis of the rarefaction 22 

curve of bushmeat metagenomes revealed a plateau (Supplemental Figure 3), indicating that 23 

full sequence diversity and characterization were not achieved. Thus, we screened for the 24 

presence of several zoonotic viruses by pan-generic PCR. No human viral pathogens were 25 

detected using the 12 pan-generic PCRs targeting the most common viral zoonoses, although 26 

most PCR were in nested format and presented low limits of detection. In addition, the 27 

control PCR targeting the 18S rRNA gene demonstrated that the negative results were not 28 

due to the presence of inhibitors and/or degraded nucleic acids after smoking treatments. 29 

These findings could suggest that either the twelve targeted viral genera were not present in 30 

the studied populations at the time of sampling or that the viral particles and their genomic 31 
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content were degraded during the smoking and drying of the bushmeat, resulting in their 1 

increased sensitivity to nucleases used to purify viromes. In addition, the small sampling size 2 

could explain this negative result, especially if a low prevalence of the targeted viruses 3 

occurs.  4 

 5 

To our knowledge, no outbreaks directly linked to the consumption of contaminated 6 

wild gamebushmeat (e.g. of primate, rodent or antelope origins) have been officially 7 

reported in France, but outbreaks may have been underestimated as the illegal origin of the 8 

products may prevent diseased consumers to declare consumption. Although smoking and 9 

thoroughly cooking the meat may reduce the risk of consumption, human contamination 10 

may still occur during handling infected meat that escaped sanitary controls. This risk is even 11 

higher for people manipulating and consuming fresh carcasses (Subramanian et al., 2012; 12 

Paige et al., 2014; Wolfe et al., 2005) which is of great concerns as international traffic of 13 

bushmeat also frequently involves fresh products. Large-scale studies targeting the bacterial, 14 

viral and parasitic levels from wild-caught game of different geographical and/or animal 15 

origins and, whenever possible, using large cohorts are urgently needed to identify risks for 16 

human health. These studies should be accompanied with extensive diffusion of information 17 

to exposed populations (regarding viral, bacterial and parasitic biohazard) about precautions 18 

that have to be taken while manipulating/consuming bushmeat. In addition, the effects of 19 

transformation treatments (such as smoking) on the external and internal contamination of 20 

meat have also to be addressed. 21 
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Figure legends 1 

 2 

Figure 1. Primate bushmeat specimens seized at the Toulouse-Blagnac Airport. 3 

Figure 2. Fluorescence microscopy of VLPs in the bushmeat sample n° STE0014. All images 4 

were acquired with a Leica SP5 inverted confocal microscope with 4 lasers, a 100X objective 5 

and a numerical aperture of 1.4. The scale bar represents 20 µm. 6 

Figure 3. Taxonomic assignation of reads according to a BlastN search against the NCBI 7 

nucleotide database (A and C for the DNA and RNA viromes, respectively) and according to a 8 

BlastX search against the viral RefSeq NCBI database (B and D for the DNA and RNA viromes, 9 

respectively). 10 

Supplemental Figure 1. Bacterial genera infected by bacteriophages detected in the virome 11 

dataset. 12 

Supplemental Figure 2. Agarose gel electrophoresis of the 18S rRNA PCR performed on the 13 

four bushmeat samples. 14 

Supplemental Figure 3. Rarefaction curve of DNA and RNA metagenomes according to a 15 

similarity cut-off of 75% for clustering, generated through METAVIR software (Roux et al., 16 

2011). 17 
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Tables 1 

 2 

Supplemental Table. Primers used in this study. 3 

Pan-generic PCR Primers 
1

st
 round 

PCR 

2
nd

 round 

PCR 

Primers 

concentration (nM) 
Annealing Bibliographie 

Flavivirus 
PF1S SYBR 

Green 
N/A 550 50°C 

Moureau et al., 
2007 PF2R-bis 

Paramyxovirus 

PAR-F1 
Hot Star 

Taq 
Hot Star 

Taq 
400 48°C 

Tong et al., 
2008 

PAR-F2 
PAR-R 

RES-MOR-HEN-F1 
Hot Star 

Taq 
Hot Star 

Taq 
400 48°C RES-MOR-HEN-F2 

RES-MOR-HEN-R 

Coronavirus 

PC2S2-primerA 

Hot Star 
Taq 

SYBR 
Green 

F1 : 200, R1 : 900 
F2 : 80, R2 : 400 

I : 42°C 
II: 60°C 

de Souza Luna 
et al., 2007 

PC2S2-primerB 
PC2As1-primerA 
PC2As1-primerB 
PC2As1-primerC 

PCS-primerA 
PCS-primerB 

PCNAs 

Phlebovirus 

NPHLEBO1+ 
Hot Star 

Taq 
Hot Star 

Taq 
400 60°C 

Sánchez-Seco 
et al., 2003 

NPHLEBO1- 
NPhlebo2+ 
NPhlebo2- 

Nairovirus 

CCHF-F2 
Hot Star 

Taq 
SYBR 

Green 
200 60°C 

Rodriguez et 

al., 1997 
CCHF-R3 
CCHF-F3 
CCHF-R2 

Poxvirus 

PoxS361 
Hot Star 

Taq 
SYBR 

Green 
800 55°C 

Sánchez-Seco 
et al., 2006 

PoxAS989 
PoxS457 

PoxAS927 

Orthobunyavirus 

Cal/Bwa-F 

Hot Star 
Taq 

N/A 1000 55°C 
Lambert et al., 

2009 

Cal/Bwa-R 
Bun-F 
Bun-R 
Weo-F 
Weo-R 
Oro-F 
Oro-R 

Hantavirus 

HAN-L-F1 
Hot Star 

Taq 
Hot Star 

Taq 
400 

I : 48°C 
II : 50°C 

Klempa et al., 
2006 

HAN-L-R1 
HAN-L-F2 
HAN-L-R2 

Alphavirus 

Alpha1+ 
Hot Star 

Taq 
SYBR 

Green 
400 52°C 

Sánchez-Seco 
et al., 2001 

Alpha1- 
Alpha2+ 
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Alpha2- 

Arenavirus 

ARE-1010C 
Hot Star 

Taq 
N/A 1000 45°C 

Bowen et al., 
1997 

ARE-NW1696R 
ARE-OW1696R 

Herpesvirus 

Herpes-DFA 

Hot Star 
Taq 

SYBR 
Green 

1000 46°C 
VanDevanter et 

al., 1996 

Herpes-ILK 
Herpes-KG1 
Herpes-TGV 
Herpes-IYG 

Filovirus 

Filo-A-F 

Hot Star 
Taq 

N/A 500 58°C Zhai et al., 2007 

Filo-A-R 
Filo-B-F 
Filo-B-R 
Filo-C-F 
Filo-C-R 
Filo-D-F 
Filo-D-R 

 1 
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Figure 2. Fluorescence microscopy of VLPs in the bushmeat sample n° STE0014. All images were acquired 
with a Leica SP5 inverted confocal microscope with 4 lasers, a 100X objective and a numerical aperture of 

1.4. The scale bar represents 20 µm.  
313x371mm (300 x 300 DPI)  
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Pan-generic PCR Primers 
1

st
 round 

PCR 

2
nd

 round 

PCR 

Primers 

concentration (nM) 
Annealing Bibliographie 

Flavivirus 
PF1S SYBR 

Green 
N/A 550 50°C 

Moureau et al., 

2007 PF2R-bis 

Paramyxovirus 

PAR-F1 
Hot Star 

Taq 

Hot Star 

Taq 
400 48°C 

Tong et al., 

2008 

PAR-F2 

PAR-R 

RES-MOR-HEN-F1 
Hot Star 

Taq 

Hot Star 

Taq 
400 48°C RES-MOR-HEN-F2 

RES-MOR-HEN-R 

Coronavirus 

PC2S2-primerA 

Hot Star 

Taq 

SYBR 

Green 

F1 : 200, R1 : 900 

F2 : 80, R2 : 400 

I : 42°C 

II: 60°C 

de Souza Luna 

et al., 2007 

PC2S2-primerB 

PC2As1-primerA 

PC2As1-primerB 

PC2As1-primerC 

PCS-primerA 

PCS-primerB 

PCNAs 

Phlebovirus 

NPHLEBO1+ 

Hot Star 

Taq 

Hot Star 

Taq 
400 60°C 

Sánchez-Seco 

et al., 2003 

NPHLEBO1- 

NPhlebo2+ 

NPhlebo2- 

Nairovirus 

CCHF-F2 

Hot Star 

Taq 

SYBR 

Green 
200 60°C 

Rodriguez et 

al., 1997 

CCHF-R3 

CCHF-F3 

CCHF-R2 

Poxvirus 

PoxS361 

Hot Star 

Taq 

SYBR 

Green 
800 55°C 

Sánchez-Seco 

et al., 2006 

PoxAS989 

PoxS457 

PoxAS927 

Orthobunyavirus 

Cal/Bwa-F 

Hot Star 

Taq 
N/A 1000 55°C 

Lambert et al., 

2009 

Cal/Bwa-R 

Bun-F 

Bun-R 

Weo-F 

Weo-R 

Oro-F 

Oro-R 

Hantavirus 

HAN-L-F1 

Hot Star 

Taq 

Hot Star 

Taq 
400 

I : 48°C 

II : 50°C 

Klempa et al., 

2006 

HAN-L-R1 

HAN-L-F2 

HAN-L-R2 

Alphavirus 

Alpha1+ 

Hot Star 

Taq 

SYBR 

Green 
400 52°C 

Sánchez-Seco 

et al., 2001 

Alpha1- 

Alpha2+ 

Alpha2- 

Arenavirus 

ARE-1010C 
Hot Star 

Taq 
N/A 1000 45°C 

Bowen et al., 

1997 
ARE-NW1696R 

ARE-OW1696R 

Herpesvirus 
Herpes-DFA Hot Star 

Taq 

SYBR 

Green 
1000 46°C 

VanDevanter et 

al., 1996 Herpes-ILK 
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Herpes-KG1 

Herpes-TGV 

Herpes-IYG 

Filovirus 

Filo-A-F 

Hot Star 

Taq 
N/A 500 58°C Zhai et al., 2007 

Filo-A-R 

Filo-B-F 

Filo-B-R 

Filo-C-F 

Filo-C-R 

Filo-D-F 

Filo-D-R 
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Conclusion et perspectives 

Dans le cadre de cette thèse, j’ai proposé et mis en place un projet de 

recherche afin d’étudier le phénomène d’émergence de zoonoses en 

caractérisant les communautés virales de différents acteurs : les arthropodes 

vecteurs et les faunes sauvage et domestique. Parmi les modèles choisis se 

retrouvaient les puces, les poux, les tiques, les punaises, les acariens et les 

culicoïdes en ce qui concerne les arthropodes vecteurs, et les primates (viande 

de brousse), les bovins et les rongeurs en ce qui concerne la faune sauvage et 

domestique. Ce manuscrit s’est focalisé uniquement sur les résultats des 

analyses des communautés virales de culicoïdes et de viande de singe, mais les 

analyses des autres modèles sont en cours. De plus, ce projet a permis d’initier 

de nombreuses collaborations scientifiques (internes et extérieures au 

laboratoire, notamment avec des vétérinaires) qui permettront, à terme, de 

poursuivre ce travail de surveillance des zoonoses virales émergentes via le 

suivi d’animaux et d’arthropodes « sentinelles ».  

L’émergence est un phénomène complexe, influencé par de nombreux 

facteurs et paramètres biotiques (liés notamment à la pression de l’homme sur 

la faune) et abiotiques (influence de l’environnement) ou encore par des 

facteurs intrinsèques à l’agent infectieux (comme par exemple la capacité des 

virus à ARN à muter facilement). Depuis de nombreuses décénnies, 

néanmoins, c’est l’action de l’homme qui est le plus souvent à l’origine de 

l’émergence de nombreuses maladies infectieuses, la plupart étant par ailleurs 

d’origine zoonotique. Jusqu’à très récemment, les études sur les agents 

infectieux émergents ne se focalisaient que sur un type de médecine, humaine 

ou vétérinaire, sans tenir compte des interactions de l’homme avec son 

environnement. Depuis peu, un nouveau concept dit de « santé globale » est 

apparu. Ce concept, appelé “One world, one medicine, one health” ou plus 

simplement “One Health”, tend à replacer l’homme dans son environnement 

en concevant des programmes à l’interface homme-animal-environnement et 

combinant différentes disciplines telles que la santé humaine, la santé animale, 

l’écologie, la climatologie, l’entomologie ou encore l’épidémiologie, la 
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sociologie, et l’économie afin de comprendre de façon globale, et à terme de 

pouvoir un jour prévenir, les futures émergences [104-108]. Bien que le 

concept One Health soit apparu dès les années 1855 avec les travaux du 

docteur Rudolf Virchow, puis repris en 1984 par Calvin Schwabe, vétérinaire, ce 

n’est que récemment (en 2004), suite à l’épidémie de SARS, que les instances 

internationales telles que l’OMS ont réellement pris conscience de la nécessité 

d’avoir des approches intégrées sur l’étude des maladies infectieuses 

émergentes lors d’une réunion définissant les « 12 principes de Manhattan » 

fondateurs du mouvement One Health [109]. Depuis, la majorité des études 

ciblant les zoonoses ont intégré des composantes « animales » en plus de celles 

ciblant les populations humaines [110]. Dans l’exemple récent du MERS-CoV, le 

réservoir animal du virus a été activement recherché dès l’apparition des 

premiers cas humains, sans certitude à ce jour du rôle de réservoir des 

chauves-souris et/ou des chameaux [111-112]. La lutte contre la grippe aviaire 

de type A/H5N1 passe désormais par une approche intégrée combinant par 

exemple surveillance des populations aviaires, arrêt de la mixité des espèces et 

vaccination [113-114]. Ces études One Health ont permis de démontrer la 

faisabilité et l’efficacité de la trans-disciplinarité dans la surveillance des 

émergences de maladies infectieuses. C’est dans ce contexte que j’ai tenté de 

mener à bien ce projet de thèse. Dès les captures d’arthropodes, la 

composante One Health a été intégrée en réalisant en parallèlle un 

échantillonnage des animaux environnants (bovins, rongeurs et animaux 

domestiques entre autres). Ces échantillonnages ont notamment permis la 

mise en évidence de la présence de Faustovirus dans la faune sauvage et 

domestique associée aux culicoïdes (article n°4). La présence de Faustovirus a 

également pu être démontrée dans l’eau de la rivière environnant le village de 

Dielmo ainsi que dans les deux puits alimentant en eau les villages de Dielmo et 

Ndiop. Des séquences virales ont également été retrouvées dans des 

prélèvements sanguins de villageois. Bien que la source de contamination par 

Faustovirus des populations humaines ne soit à ce jour pas encore connue et 

reste à confirmer et à investiguer, cette étude souligne et renforce l’idée que 

ce type d’approche globale est nécessaire à l’investigation épidémiologique 

d’un virus en population humaine. 
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Dans des études de surveillance et de criblage à grande échelle de 

pathogènes viraux connus ou émergents, il existe de nombreuses techniques 

cellulaires, moléculaires, microscopiques, ou encore immunologiques 

permettant d’identifier des virus plus ou moins connus. Cependant, la 

métagénomique est très vite apparue comme l’outil de choix pour de telles 

investigations, du fait d’une puissance et d’une profondeur de séquençage sans 

précédent, d’un coût qui tend à diminuer et de sa capacité à identifier des virus 

complètement nouveaux sans aucune connaissance préalable. Ainsi, le 

séquençage des communautés virales des culicoïdes a permis de mettre en 

évidence un certain nombre de virus nouveaux pouvant potentiellement 

présenter un risque pour la santé humaine (article n°3). La détermination de 

leur potentiel infectieux pour l’homme et leur éventuelle pathogénicité pour ce 

dernier reste cependant difficile à déterminer. La simple identification par NGS 

de séquences virales constitue la première étape mais n’est pas suffisant. Ainsi, 

de plus en plus d’études de métagénomique conduites afin d’identifier l’agent 

causal d’une maladie infectieuse ne se contentent plus de la simple 

identification d’un virus dans un prélèvement clinique mais nécessitent 

désormais la preuve de la causalité des symptômes par le virus [53,115]. 

Répondant au nom de « postulat de Koch » [116], un virus est considéré 

comme responsable d’une maladie s’il répond aux critères suivants : (1) il doit 

être retrouvé dans tous les patients malades mais pas chez des personnes 

saines (2) il doit pouvoir être isolé de l’organisme malade et cultivé in vitro (3) il 

doit pouvoir recréer des symptômes identiques chez un organisme sain (par 

exemple un modèle animal) inoculé avec le virus cultivé in vitro (4) il doit 

pouvoir être ré-isolé de l’organisme sain préalablement inoculé et être 

identique au virus originel. Cependant, les virus identifiés par métagénomique 

ont souvent du mal à répondre à ces critères, d’où la nécessité de tenir compte 

de nouveaux critères, mieux adaptés à ce type d’études [53-54,115,117]. Ainsi 

Lipkin proposa en 2013 trois niveaux dans la preuve de causalité [118] : le 

niveau 1 correspondrait à une relation causale possible entre un agent 

infectieux et une pathologie dans laquelle le virus suspecté serait retrouvé chez 

un certain nombre de malades (par des techniques de culture, de microscopie 

électronique, ou encore de détection d’acides nucléiques viraux ou de 

protéines virales). Le niveau 2 correspondrait à une relation causale probable 

entre l’agent infectieux et la pathologie dans laquelle le virus suspecté serait 
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retrouvé chez un grand nombre de malades souffrant de la même pathologie et 

chez qui le virus (ou un de ces composants génomique ou protéique) serait 

retrouvé en grande quantité ou chez qui on retrouverait des preuves 

immunitaires d’infection (ex : séroconversion). Enfin le niveau 3 correspondrait 

à une relation causale certaine entre un agent infectieux et une pathologie 

dans laquelle le virus suspecté répondrait parfaitement aux critères du postulat 

de Koch originel ou pour qui l’utilisation de traitements préventifs ou curatifs 

ciblant ce virus tendrait à atténuer ou à éliminer les symptômes de la maladie. 

Quelle que soit la définition choisie (postulat de Koch originel ou récent), dans 

la majorité des cas, il est indispensable de parvenir à isoler le virus suspecté 

afin, par la suite, de réaliser des études complémentaires en population 

humaine (épidémiologie par sérologie par exemple) ou animale ou encore afin 

de caractériser le virus (séquençage complet de son génome, détermination de 

son protéome, etc.). Il est aisé pour les études de métagénomique virale 

d’atteindre le niveau 1 des critères de Lipkin, mais cela ne démontre en rien la 

preuve de causalité entre la présence d’un virus et une pathologie. Par ailleurs, 

dans la plupart des cas ainsi que dans l’étude de métagénomique conduite sur 

les culicoïdes (article n°3), les séquences virales identifiées par séquençage ne 

sont pas systématiquement reliées à l’isolement effectif des particules virales 

correspondantes. Dans le cadre de cette étude, la mise au point d’un protocole 

de purification des communautés virales qui maintenait l’intégrité et 

l’infectivité des virions (article n°2) a été motivée par la volonté de pouvoir in 

fine isoler les virus identifiés lors du séquençage. Malheureusement ces 

isolements ont échoué. Néanmoins d’autres essais sur un plus grand nombre 

de lignées cellulaires et en utilisant l’inoculation intracérébrale de souriceaux 

nouveaux-nés permettraient de (1) confirmer la présence de particules virales 

infectieuses dans les échantillons d’arthropodes et de lever le doute, par 

exemple, sur la présence d’éléments viraux endogènes dans les génomes de 

culicoïdes (article n°3) ; et (2) pouvoir conduire des enquêtes épidémiologiques 

en population humaine afin de déterminer si les virus identifiés dans les 

arthropodes sont capables d’infecter l’homme et s’ils causent ou non une 

pathologie chez ces derniers en criblant par exemple la collection de sérums 

que possède le laboratoire Point-of-Care implanté dans les villages de Dielmo 

et Ndiop [66].  
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Il existe de nombreuses zoonoses causées par un arbovirus. Les arbovirus 

sont des virus transmis activement par la piqûre d’un arthropode 

hématophage, c’est-à-dire que dans l’arthropode, une fois le repas de sang pris 

sur un hôte infecté (le plus souvent d’origine animale), le virus est capable de 

se multiplier et de gagner les glandes salivaires de l’arthropode. Ainsi, la 

prochaine piqûre sur un hôte sain résultera en la transmission du virus à ce 

dernier. Il existe cependant un mode de transmission dit « mécanique », où le 

virus est transmis à un nouvel hôte par simple souillure des pièces buccales de 

l’arthropode [47]. La simple détection d’un virus dans un arthropode 

hématophage ne signifie donc pas forcément que celui-ci est un arbovirus et 

qu’il puisse être transmis de façon vectorielle. On appelle compétence 

vectorielle l’aptitude d’un arthropode à ingérer, répliquer et transmettre un 

agent infectieux, à la différence de la capacité vectorielle qui correspond à 

l’aptitude de l’arthropode à transmettre un agent infectieux en fonction de sa 

bio-écologie et des conditions environnementales. La capacité vectorielle est 

donc la résultante de la compétence vectorielle et de la bio-écologie du vecteur 

(abondance, longévité, préférences trophiques, etc.). Afin de démontrer le rôle 

vectoriel d’un arthropode hématophage, l’isolement du virus dans les glandes 

salivaires de ce dernier serait un premier pas. L’étude des viromes de culicoïdes 

ayant permis la mise en évidence de deux nouveaux virus potentiellement 

intéressants quant à leur possible effet sur la santé humaine (le nouveau 

thogotovirus et le nouveau rhabdovirus, cf article n°3), il sera intéressant de 

poursuivre la caractérisation de ces virus en réalisant des expériences de 

compétence vectorielle en laboratoire, ce qui indiquerait une possibilité de ces 

arthropodes à vectoriser ces nouveaux virus. Par ailleurs, afin de vérifier si, 

dans la nature, les culicoïdes seraient effectivement capables de transmettre 

de façon active le thogotovirus et le rhabdovirus à des hôtes vertébrés, des 

campagnes de suivi des populations de « vecteurs » seront mises en place sur 

une année afin de tenter de corréler l’abondance des arthropodes avec celle 

des virus. En effet la majorité des zoonoses transmises par des arthropodes 

hématophages sont soumises à des phénomènes de saisonnalité, liés à la 

distribution temporelle des populations de vecteurs [119]. Par ailleurs, il a été 

démontré que la préférence trophique, c’est-à-dire la préférence de repas de 

sang d’un arthropode hématophage, pouvait varier en fonction de la 

disponibilité d’un hôte vertébré [48] et que ce changement, ou « host 
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switching », était souvent à l’origine de l’émergence d’une zoonose en 

population humaine. Dans l’étude portant sur les communautés virales des 

culicoïdes, il a été démontré que les culicoïdes se gorgeaient à la fois sur des 

bovins, des rongeurs et des hommes (article n°4), ce qui laisse supposer une 

possibilité d’émergence d’un virus zoonotique en population humaine. Il serait 

donc intéressant d’étudier la capacité vectorielle de ces populations de 

vecteurs et notamment de voir si le pic d’abondance des vecteurs est lié à un 

pic d’abondance des virus dans ces derniers et une recrudescence de 

pathologies humaines et/ou animales, ou encore d’étudier les préférences 

trophiques de ces arthropodes en fonction des saisons.  

 

La capacité vectorielle d’un arthropode à transmettre un agent infectieux 

dépend de nombreux facteurs, et notamment des interactions existant entre 

les communautés microbiennes présentes au sein de l’arthropode. Il a ainsi pu 

être démontré que la présence concomitante d’une infection par la bactérie 

Wolbachia modifierait la capacité du moustique à transmettre certains 

arbovirus [120,121]. A l’inverse, l’infection par le virus Chikungunya semble 

moduler la composition des communautés bactériennes des moustiques [122]. 

Dans l’analyse des viromes de culicoïdes, nous avons pu mettre en évidence la 

présence de nombreuses séquences reliées à des bactéries et à des parasites 

(article n°3). Outre le fait que les culicoïdes puissent également transmettre 

activement des bactéries et des parasites, comme cela a déjà été démontré 

pour les parasites du genre Mansonella [123,124], ces micro-organismes 

peuvent aussi influencer la capacité vectorielle en interférant de façon positive 

ou négative avec les différentes communautés virales présentes. A ce jour, 

aucune étude de criblage à grande échelle ciblant les bactéries et les parasites 

des culicoïdes n’a été conduite. Le protocole mis en place dans cette thèse ne 

permettait pas de caractériser les communautés bactériennes et parasitaires 

présentes, mais cette étude paraît indispensable pour essayer de caractériser 

les interactions possibles entre les différentes communautés microbiennes. Par 

ailleurs, il a été suggéré que la présence de virus dits « insectes-spécifiques » 

pouvait également interférer, de façon positive ou négative, avec la capacité de 

transmission d’un arbovirus [125]. Dans les viromes de culicoïdes ont été 

retrouvés des séquences plus ou moins apparentées à des virus insecte-

spécifique tels que les virus Loreto, Negev, Piura et Nora préalablement 
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détectés chez des moustiques, des phlébotomes ou des drosophiles (article 

n°3). L’implication de ces virus dans la capacité vectorielle des culicoïdes serait 

également à évaluer afin de proposer des moyens de contrôle des populations 

de vecteurs. 

 

Dans le contexte de l’émergence des zoonoses, la plupart des études 

tentent d’identifier les futurs pathogènes responsables de maladies. Mais outre 

le fait qu’une pathologie puisse être directement liée à la présence d’un agent 

infectieux au sein d’un organisme, ce qui est démontré dans les postulats de 

Koch originel ou moderne, un déséquilibre des interactions entre 

communautés virales, bactériennes, fongiques ou parasitaires présentes dans 

l’organisme pourrait également conduire à une pathologie. Ainsi, si l’on 

considère l’organisme humain comme un écosystème à part entière, l’infection 

par l’homme d’un virus extérieur (d’origine animale ou arthropode par 

exemple, et a priori non pathogène pour ce dernier) pourrait déséquilibrer la 

symbiose existant entre les virus commensaux de l’homme et l’homme (article 

n°6). Développé par Mirko Grmek à la fin des années 1960 et adapté 

récemment aux communautés microbiennes par Jean-Paul Gonzalez [126], le 

concept de pathocénose désigne l’état d’équilibre des communautés 

microbiennes à un moment donné et dans un écosystème donné. Ainsi, la 

perturbation de cet équilibre pathocénotique pourrait conduire à une 

pathologie. Dans l’étude de métagénomique virale de viande de brousse 

(article n°5) ainsi que dans l’étude des communautés virales des culicoïdes, 

nous avons détecté de nombreux bactériophages qui, bien qu’étant non 

pathogènes pour l’homme, pourraient poser un problème de déséquilibre des 

communautés bactériennes présentes dans le corps humain et potentiellement 

résulter en une pathologie. Il a par exemple été démontré que des interactions 

mutualistes entre bactériophages et hôte humain interviennent dans le 

système digestif de ce dernier en contrôlant les populations bactériennes 

présentes. Il existe a contrario des interactions négatives pour l’homme, 

comme dans le cas de transfert de gènes de résistance aux antibiotiques de 

bactériophages vers les populations bactériennes [127]. Il est donc nécessaire 

de concevoir l’étude de l’émergence de zoonoses, non pas seulement comme 

la détection d’agents infectieux pathogènes pour l’homme, mais de façon plus 

globale à l’échelle du microbiome tout entier. Ce type d’études ne pourra être 
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envisagé que par l’utilisation des outils de métagénomiques, les plus exhaustifs 

existant à ce jour. 

 

Peter Daszak, responsable de l’Alliance EcoHealth, disait « le Saint Graal 

pour la recherche sur les maladies infectieuses émergentes est le 

développement d’une stratégie valide de prédiction des futures zoonoses 

émergentes » [128]. Murphy commentait dès 1998 la difficulté de telles 

prédictions : « en général, il n’y a aucun moyen de prédire quand et où 

émergera le prochain agent zoonotique et quelle sera son importance au 

regard de la santé humaine » [129]. Cependant, depuis la prise de conscience 

du risque croissant d’infections zoonotiques capables d’impacter l’homme, il 

semblerait que la communauté scientifique cherche à découvrir les nouveaux 

pathogènes responsables de pandémies telles que le VIH ou le SARS, même si 

cela constitue un challenge très important, voire insurmontable. Le premier 

verrou est la faible connaissance de la diversité microbienne, et en particulier 

virale, que nous possédons. Daszak [128] a en effet estimé que si l’on considère 

les 50 000 espèces de vertébrés connues (qui représentent le plus grand 

réservoir de virus zoonotiques) et que si chacune d’entre elles porte une 

vingtaine de virus inconnus et endémiques (les chauves-souris en comptent 

plus de 20 000), on atteindrait alors une diversité virale globale de l’ordre du 

million de virus pouvant potentiellement infecter l’homme, parmi lesquels 

seuls environ 2000 sont connus, soit 0.2% ! L’avènement des techniques de 

métagénomique tend à minimiser cette méconnaissance, mais l’utilisation de 

tels outils pose de nouveaux problèmes, liés notamment aux analyses bio-

informatiques de telles données, qui restent à ce jour, outre leur coût, le 

principal frein à l’utilisation massive de la métagénomique [65]. Par ailleurs  et 

comme précisé plus haut, la détection de séquences virales chez l’animal par 

métagénomique ne prédit en rien la possibilité de ces virus à franchir la 

barrière d’espèces séparant l’animal de l’homme. Néanmoins il apparaitrait, si 

l’on observe les virus ayant émergé depuis les années 1980, que les nouveaux 

virus émergents auraient les caractéristiques suivantes [7] :  

 ce serait des virus à génome ARN (du fait de leur plus grande plasticité 

du génome que les virus à ADN)  

 ils proviendraient d’un réservoir animal  
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 ils seraient capables d’infecter un grand nombre d’hôtes différents 

(phénomène de « host switching » qui confère au virus une plus grande 

capacité d’adaptation à de nouvelles espèces, y compris à l’homme)  

 ils auraient une capacité plus ou moins grande à se transmettre entre 

hommes. En effet, bien que cette capacité soit limitée dans les exemples 

récents du MERS-CoV ou du SARS, la pandémie de VIH et l’épidémie en 

cours d’Ebola sont de bons exemples d’une adaptation à l’espèce 

humaine réussie pour un virus. 

Malgré ces connaissances, la route est encore longue avant que l’on arrive 

à prévoir quelle sera la nouvelle épidémie ou pandémie virale du prochain 

siècle. Depuis quelques années, les médias grands publics se sont emparés de 

ce type d’études afin d’alerter, souvent à des fins sensationnelles, les 

populations sur les potentiels risques zoonotiques, sans forcément relativiser 

ces découvertes, ce qui a eu pour conséquence de souvent dramatiser des 

risques qui n’existent pas forcément. L’exemple le plus marquant serait sans 

doute celui de la pandémie de grippe A/H1N1 (dite grippe porcine) en 2009 qui 

a été déclarée comme étant la première pandémie du XXIème siècle par l’OMS et 

qui, en France, et bien que relativement bénigne, a eu pour conséquences 

d’une part l’achat massif de doses inutilisées de vaccins au nom du principe de 

précaution, mais aussi des conséquences économiques importantes, 

notamment dans les élevages porcins et aviaires, dues à la peur des 

consommateurs, souvent entretenue par les médias. 

La surveillance de l’émergence de zoonoses est donc bien un enjeu majeur 

de santé publique, mais elle est à tempérer au regard de tous les biais liés à 

l’utilisation de techniques, jusqu’alors imparfaites, de découvertes d’agents 

infectieux. 
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sian biologist, Dmitri Ivanovsky, and the Dutch botanist, 
Martinus Willem Beijerinckwent, who first isolated a to-
bacco-infecting microbe that caused tobacco mosaic dis-
ease. Ivanovsky demonstrated that crushed, infected to-
bacco leaf extracts remained infectious even after Cham-
berland filtration, which normally retains bacteria. He 
suggested that the infection might be caused by a bacte-
rial toxin. However, Beijerinck went one step further, 
concluding that this new pathogen required living plants 
to replicate and multiply  [1] . Subsequent studies showed 
that viruses infect all domains of life, including bacteria, 
archaea and eukaryotes, and are found in all ecological 
niches  [2] . This pleiotropic distribution on our planet al-
lows viruses to play the role of ‘natural motors’ that drive 
global energy and nutrient cycling  [3, 4] . Until very re-
cently, human viruses were considered only pathogens 
that were capable of causing human pandemics and a 
wide range of diseases that in some cases lead to a fatal 
outcome. With the development of new sequencing tech-
nologies (see the following section), which have allowed 
the analysis of the global viral population (DNA and 
RNA) in humans, known as the human virome, com-
pletely new human-associated viruses have emerged  [5, 
6] . However, the majority of these high-throughput se-
quencing techniques were performed with the use of fil-
ters with pore sizes in the range of 0.2–0.45 μm, which 

 Key Words 

 Papillomaviruses · Viral flora · Megavirome · Humans 

 Abstract 

 Viruses are the most abundant obligate intracellular entities 

in our body. Until recently, they were only considered to be 

pathogens that caused a broad array of pathologies, ranging 

from mild disease to deaths in the most severe cases. How-

ever, recent advances in unbiased mass sequencing tech-

niques as well as increasing epidemiological evidence have 

indicated that the human body is home to diverse viral spe-

cies under non-pathological conditions. Despite these stud-

ies, the description of the presumably healthy viral flora, i.e.  

 the normal human virome, is still in its infancy regarding viral 

composition and dynamics. This review summarizes our cur-

rent knowledge of the human virome under non-patholog-

ical conditions.  © 2013 S. Karger AG, Basel 

 Humans and Viruses: An ‘I Love You… Me Neither’ 

Story 

 Since their discovery more than 100 years ago, viruses 
have been commonly described as obligate intracellular 
pathogens. Historically, the first studied virus was the one 
causing rabies, by Louis Pasteur. However, it was the Rus-
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filter larger viruses (see the section entitled ‘The human 
megavirome’), resulting in a technical bias of the human 
virome. In this context, it became rapidly clear that viral 
richness and diversity in the human body under non-
pathological conditions were widely underestimated. As 
an example, a rough estimation based on bacteria-infect-
ing viruses (bacteriophages) indicates that there are 100 
times more viruses than eukaryotic cells in our body  [2, 
7] . Human-associated viruses control the microbial di-
versity of the human gut and skin  [8, 9] . Viruses affect the 
very foundation of our nature, our genome. Reminis-
cences of ancestral human-viral cohabitation are im-
printed in our genome with approximately 100,000 
known endogenous viral fragments, representing ap-
proximately 8% of our genome  [10] . Finally, endogenous 
viral proteins have been associated with important phys-
iological functions, such as mammal placental morpho-
genesis  [11, 12] . 

  In the present review, we briefly present the evolution 
of the virological techniques employed in the discovery
of human-associated viruses. We then explore existing 
knowledge of the viral diversity found in human physio-
logical systems under non-pathological conditions. Fi-
nally, we discuss the consequences of this human-virus 
cohabitation. 

  ‘Tracking the Small Guys’: Tools for Viral Detection 

in Humans 

 Describing the human viral flora requires the right 
molecular and cellular tools. Historically, classical virol-
ogy techniques were based on viral isolation from cells 
and the subsequent observation of cytopathic effects on 
cell lines or the intracerebral inoculation of suckling mice. 
Immunological methods, such as seroneutralization or 
hemagglutination, were then used to detect viral antigens. 
These techniques were largely used for the isolation of 
new pathogenic viruses that could be cultivated  [13] . 
With progress in the field of molecular biology, PCR-
based methods became the main techniques for viral de-
tection from diverse environmental and clinical samples 
 [14] . However, the identification of new or highly diver-
gent viruses that could not be cultivated remained chal-
lenging. The development of next-generation sequencing 
techniques made it possible to sequence all viral genomes 
in a given sample without previous assumptions about 
their nature. These techniques, known as viral metage-
nomics, allowed the discovery of completely new viral 
species. Currently, the majority of viral metagenomics 

studies have been performed with DNA viruses  [15–17] . 
To our knowledge, the overrepresentation of metage-
nomic studies performed on DNA viruses compared with 
RNA viruses is mainly due to technical limitations  [18] . 
In the near future, advances in methodology will certain-
ly enable routine implementation of RNA viral metage-
nomics studies in humans. 

  Exploring the Viral Flora in Humans  

 Digestive Tract 
 The most extensively studied part of the human body 

with respect to normal viral communities is the human 
gastrointestinal tract. The study of this system provides 
several practical advantages; it represents a non-invasive 
and easy sampling site as well as provides a sufficient 
amount of material, thereby allowing for the analysis of 
the viral composition and dynamics in the gut during a 
normal life. The first large-scale survey of the human gut 
virome was performed by Rohwer and colleagues  [17]  
10 years ago. Using partial shotgun sequencing on viral 
isolates obtained from healthy feces, they detected the 
presence of bacteriophages that were mainly related to 
the Siphoviridae family with an estimated 1,200 geno-
types. Interestingly, the majority of detected sequences 
were unclassified, suggesting that the human gut virome 
was far more complex than expected. The same group 
undertook a more detailed study of the composition of 
DNA viruses from the feces of a healthy 1-week-old in-
fant  [19] . The results revealed a viral community with 
extremely low diversity, with an estimated 8 viral ge-
nomes corresponding to Podo-, Sipho- and Myo-virus 
DNA phages. Interestingly, the overall viral community 
in the human gut proved to be highly dynamic, changing 
dramatically between 1 and 2 weeks of age. A more de-
tailed analysis of the infant gut was undertaken by Gor-
don et al.  [16] , who performed a comparative study of 
the viruses present in the fecal microbiota of monozy-
gotic twins and their mothers. Interestingly, they found 
a high prevalence (>75%) of eukaryotic viral genomes in 
the gut virome, consisting of sequences related to Her-
pesviridae, Tymoviridae, Reoviridae and Poxviridae. 
The majority of bacteriophages and prophages were 
double-stranded DNA (dsDNA) phages and mostly 
members of the order Caudovirales. Notably, interindi-
vidual viral composition was highly divergent between 
monozygotic twins, whereas the intraindividual viral 
flora varied little over a year. All studies agreed that 
phage communities in the human gut played a critical 
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role in the control of the bacterial population. However, 
deciphering the phage-bacteria-human interactome has 
only recently begun to emerge. For instance, the viral 
metagenomics analysis of the oral cavity of healthy indi-
viduals performed by Willner et al.  [20]  showed that 
phages represent an important reservoir for bacterial 
virulence genes; thus, phages play a dual role in which 
they control the bacterial population but also contribute 
to bacterial pathogenicity and resistance via horizontal 
gene transfer.

  A continually increasing number of eukaryotic single-
stranded DNA (ssDNA) viruses in healthy human stool 
samples has also been identified through high-through-
put sequencing or by PCR-based methods  [21] . Interest-
ing examples of ssDNA viruses are those from the Circo-
viridae family. For example, Li et al.  [22]  found new cy-
cloviruses and circoviruses in human stool samples from 
Pakistan, Nigeria, Tunisia, and the USA. Another gyrovi-
rus, the Chicken anemia virus, which is an important avi-
an pathogen, was found with a high prevalence (25%) in 
the feces of Chilean children, suggesting a possible cross-
species transmission from farm animals to humans  [22–
24] .

  Persistent viral shedding of dsDNA viruses of the 
Polyomaviridae family from the gastrointestinal tract has 
been reported in several studies. PCR-based detection of 
the BK, JC and SV40 viruses were identified in healthy 
children and adults. Viral detection was more frequent in 
stool samples from children compared with adults. These 
findings support the hypothesis that the gastrointestinal 
tract may be a site of Polyomavirus persistence with a pos-
sible fecal-oral route of viral transmission  [25] . 

  Multiple RNA viruses, generally considered as human 
pathogens, have also been detected in the normal gut viral 
flora. PCR-based or metagenomic analyses on ‘healthy’ 
human feces revealed the presence of several eukaryotic 
viral families, such as Astroviridae  [26, 27] , Caliciviridae 
 [28, 29] , Picornaviridae, Reoviridae and Picobirnaviri-
dae, as well as plant viral families, such as Virgaviridae. 
Picornaviridae is the largest (+) ssRNA viral family with 
more than 12 recognized genera. Viruses belonging to 
this family have relatively strict host specificity but can 
infect a wide range of animals, including humans. Cellu-
lar tropism ranges from the gut to the central nervous and 
respiratory systems. In the gut viral flora,  Enterovirus  
(Poliovirus, Echovirus, Coxsackievirus),  Kobuvirus  
(Aichi virus),  Parechovirus  and  Cardiovirus  (Saffold vi-
rus)  [30]  have mainly been found, even in a non-patho-
logical context as demonstrated by Kapusinszky  [31] . 
Human Enterovirus type C has also been identified 

among healthy children  [32, 33] . Human Cosavirus (for 
the common stool-associated Picornavirus) and human 
Salivirus (for the stool Aichi-like virus), which are not yet 
recognized as new species, have been reported in several 
studies in stool samples from healthy children  [5, 34–38] ; 
however, an understanding of their pathogenicity is lack-
ing because they can also be present in cases of gastroen-
teritis.

  Reoviridae and Picobirnaviridae are two dsRNA virus 
families responsible for gastroenteritis, but both may be 
present in apparently healthy humans. For example, ro-
taviruses (Reoviridae,  Rotavirus  genus) are a major cause 
of mortality in children under the age of 5 in developing 
countries, but some genotypes, such as G10P strains, have 
frequently been associated with asymptomatic neonatal 
infections in India  [39] . The authors reported no signifi-
cant differences in the sequences obtained from strains 
infecting symptomatic and asymptomatic neonates, sug-
gesting that host-specific or environmental factors may 
contribute to the pathogenicity of a virus in a given popu-
lation. Similar findings concerning Picobirnaviridae were 
reviewed by Ganesh  [40]  in 2012. These interesting find-
ings suggest that frequent enteric infections with diverse 
enteric viruses occur during early childhood and less fre-
quently in adults without clinical symptoms, indicating a 
change in the virome based on the age and environment 
of individuals. 

  Zhang et al.  [41]  performed the first metagenomic 
study on the RNA viral community in human feces. They 
found that the fecal flora was mainly composed of plant-
infecting RNA viruses, specifically Pepper mild mottle vi-
rus and Tobacco mosaic virus. Plant viruses are generally 
considered incapable of infecting humans. However, a 
few studies have reported the presence of plant viral RNA 
in the human body, including the respiratory system via 
cigarette use  [42]  and the gut via contaminated food con-
sumption  [43] . Colson et al.  [43]  noted a higher preva-
lence of Pepper mild mottle virus in the stools of adults 
but not children, possibly due to a difference in their diet. 
In fact, the presence of plant viruses in humans may not 
represent an infection of the human body but may be due 
instead to a passive mechanism, such as the ingestion of 
contaminated food products, suggesting a role of mam-
mals, including humans, as vectors for plant viruses. 

  The presence of plant viruses in the human gut high-
lights the fact that the virome may vary between individ-
uals based on diet as demonstrated for bacteria  [44] . The 
virome of the gut may also depend on environmental fac-
tors, such as geography, eating habits or ethnic differenc-
es, resulting in interindividual variability.
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  Blood 
 The human blood and derived products represent a 

constant need for blood transfusions and medical treat-
ment. However, the blood also represents an important 
viral reservoir, and some viruses may be pathogenic. 
Thus, describing the viral flora in the blood has direct 
consequences for public health. An increasing body of 
evidence argues that in apparently healthy individuals, 
the blood is not sterile and may contain many viral spe-
cies. The majority of the ‘normal’ blood viral flora is com-
posed of ssDNA viruses of the Anelloviridae   family with 
Torque teno viruses (TTVs) being the most commonly 
detected. TTVs are small non-enveloped viruses with ico-
sahedral symmetry that have high genetic diversity. In-
deed, the first genus of Anelloviridae,  Alphatorquevirus , 
contains 29 TTV species. Initially detected in a Japanese 
patient with posttransfusion hepatitis  [45] , TTVs are now 
considered commensal with a worldwide distribution 
 [46–48] . Although replicative forms of TTV DNA have 
been detected in peripheral blood mononuclear cells  [49] , 
viral loads higher than those in the blood have been iden-
tified in the bone marrow, lung, spleen and liver  [50] . 
Thus, it is tempting to speculate that the human blood 
may play a double role in TTV, both in viral replication 
and viral dissemination. Several studies have proposed 
that the main routes for TTV spread are via blood trans-
fusion, oral transmission and sexual contact  [48, 51, 52] . 
Mother-to-child transmission of TTV has also been re-
ported  [53] . These multiple routes of dissemination may 
contribute to the pandemic nature of TTV infection.

  Another frequently detected ssDNA virus family is the 
Parvoviridae   family. Parvoviruses are small non-envel-
oped viruses with icosahedral symmetry and are approx-
imately 18–26 nm in diameter. Human Parvovirus 
(PARV)4 was originally detected in the plasma of a per-
son at risk for infection with HIV through intravenous 
drug use  [54] . However, frequent detection of PARV4 
and PARV5 in the plasma of apparently healthy blood 
donors as well as in symptomatic individuals has been 
reported  [55] . In some parts of the world, including sub-
Saharan Africa, PARV4 seropositivity is frequently de-
tected with high prevalence in the population  [56] . Al-
though infections with PARV4 are not accompanied by 
long-term viremia, viral DNA sequences can likely be de-
tected in tissues for a long time after exposure  [57–59] , 
thereby encompassing a form of latency or persistence 
that is shared with other human PARV, e.g. human PARV 
B19 and adeno-associated viruses  [60–62] . 

  Eukaryotic dsDNA viruses have also been detected in 
blood donors. Egli et al.  [63]  reported the prevalence of 

the BK and JC polyomaviruses by testing the blood of 400 
donors. Interestingly, they found significant differences 
between the BK and JC viruses with respect to virus-host 
interaction and epidemiology. Moreover, lymphotropic 
Polyomavirus and human Bocavirus (HBoV) have also 
been frequently found in the peripheral blood of immu-
nocompromised and apparently healthy subjects  [64, 65] .

  An increasing number of studies have reported the 
emergence of new retroviral infections in primate hunt-
ers in Africa. Viruses from Retroviridae, such as Simian 
foamy virus, Spumaretrovirus or Human T-lympho-
tropic virus 3/4, are naturally acquired by apparently 
healthy individuals in central Africa after hunting and the 
butchering of infected meat  [66, 67] . Moreover, zoonotic 
retroviruses are frequently detected in the blood of re-
search workers in zoos  [68–70] . Although the viruses are 
found in apparently healthy individuals, the long-term 
consequences of these viral infections must be evaluated. 
Indeed, it is possible that in the case of persons with im-
mune disorders, these viruses may contribute to the de-
velopment of chronic pathologies.

  RNA viruses are also part of the viral flora in the blood, 
but they are mainly pathogenic, and in such cases they 
represent the viremic phase of infection. Only a few ex-
amples of circulating ‘asymptomatic’ RNA viruses have 
been reported, but their pathogenicity is not understood. 
Recently, several arthropod-borne viruses (arboviruses) 
belonging to the Flaviviridae family ,  such as Dengue vi-
rus, have been detected in the blood of apparently healthy 
individuals  [71] ; however, Dengue virus infections can 
cause undifferentiated fevers and even deaths in some 
cases. In 2001, Sonoda and Nakayama  [72]  described cir-
culating Measles virus in peripheral blood mononuclear 
cells from healthy children exposed to an environment in 
which measles was circulating. The Measles virus belongs 
to the Paramyxoviridae family ( Morbilivirus  genus) and 
is a major cause of child death in non-vaccinated popula-
tions. The authors found a high prevalence of Measles 
virus (23.4%) in exposed populations, but no detection of 
viral RNA was observed in unexposed children, suggest-
ing an asymptomatic circulation of the virus. 

  Respiratory Tract 
 The respiratory tract is a major gateway of infections 

for the human body, mainly due to environmental expo-
sure. We distinguish upper respiratory tract infections, 
which refer to infections of the nasopharynx, larynx, ton-
sils, sinuses and ears, from lower respiratory tract infec-
tions, which refer to infections of the trachea, bronchi and 
alveoli. The frequency of symptomatic viral respiratory 
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tract infections is higher in young children compared 
with adults. Although many viruses are responsible for 
pathologies of the respiratory system (including human 
rhinoviruses, hRVs, respiratory syncytial virus, influenza 
and coronaviruses), a number of viruses may be found 
without any pathological context. In 2009, Willner et al. 
 [73]  compared the DNA virome of the upper respiratory 
tract in people with or without cystic fibrosis to determine 
whether there was a core respiratory tract virome in non-
diseased individuals. In comparison with other viromes, 
the authors found that the respiratory tract virome had 
low species richness, most likely due to physical and bio-
logical barriers. Although more than 90% of the sequenc-
es were unknown, the authors reported the presence of a 
core set of 19 bacteriophage genomes in the sputum of 
healthy individuals, reflecting the airborne contamina-
tion of each individual. For example,  Streptococcus  phage 
Cp-1,  Haemophilus influenza  phage HP-1 and  Brucella 
melitensis  16 M BrucI prophage were detected along with 
a random distribution of other phage genotypes. The 
composition of this phage community may reflect a spe-
cific environment, and we can assume that interindivid-
ual variability may be due to a difference in environmen-
tal exposure. Indeed, some organs, such as the respiratory 
tract, having frequent contact with the environment, are 
exposed to different viral communities. In contrast, in 
cystic fibrosis metagenomes, the pathology appears to fa-
vor a phage composition. The study revealed the presence 
of a core of 20 eukaryotic DNA viral genomes in healthy 
individuals, mainly composed of adenoviruses, herpesvi-
ruses and human papillomaviruses (HPVs). The authors 
suggested that eukaryotic viral communities in apparent-
ly healthy individuals likely represent transient infections 
that are rapidly cleared by immune cells or viral particles 
that are removed from the airway via mucociliary clear-
ance. 

  A metagenomic study conducted in 2012 by Wylie et 
al.  [74]  on young children with or without unexplained 
fever revealed the presence of DNA viruses, including hu-
man Parvoviridae viruses ( Dependovirus  and  Bocavirus  
genera), in the nasal swabs of healthy children. HBoV is 
the fourth most common virus found in respiratory sam-
ples and may be found in healthy subjects  [75] , but at a 
lower frequency than it is found in diseases. HBoV may 
persist in the respiratory tract for a longer period of time 
than other respiratory agents, resulting in detection of 
low levels of HBoV  [6] . The role of HBoV as a pathogen 
remains unclear, but the replication mode of this virus, 
i.e. with the need of ‘helper viruses’ (e.g. adenoviruses or 
herpesviruses), may associate it with respiratory tract dis-

eases  [76] . In their metagenomic study, Wylie et al.  [74]  
reported the presence of human adenoviruses in the nasal 
swabs of healthy children. Adenoviridae ( Mastadenovi-
rus  genus) viruses are classified into 7 subgroups (A–G) 
with 55 known serotypes. These viruses usually cause as-
ymptomatic or mild disease in humans, but occasionally 
some specific subtypes (mainly types 3 and 7) cause se-
vere syndromes, including neurological disorders or 
deaths in immunocompromised populations or children. 
In 2011, Heydari et al.  [77]  reported a case of fatal infec-
tion due to the combination of HBoV and human Adeno-
virus in a previously healthy child. Although a single in-
fection by one of these 2 viruses mainly remains asymp-
tomatic, coinfection with both HBoV and human 
Adenovirus may result in lethal disease, suggesting that 
interactions between viruses of the viral communities can 
lead to pathology.

  hRVs are small, non-enveloped, positive ssRNA vi-
ruses belonging to the Picornaviridae family ( Enterovi-
rus  genus). They comprise 3 major genotypes (hRV-A, 
B and C) that cause a wide range of respiratory illnesses, 
from mild common colds to serious lower respiratory 
tract infections  [76] . hRVs are also frequently found in 
asymptomatic children and adults. In 2006, Winther et 
al.  [78]  conducted a prospective cohort study of 15 chil-
dren aged 1–9 years over a 9- to 12-month period. They 
found a high hRV presence (21%) in the nasal swabs of 
young children without any reported symptoms. Viral 
shedding began several days prior to the onset of symp-
toms and several days after symptoms occurred. They 
also noted that the maximum duration of viral presence 
was relatively short (1–3 weeks). Longer hRV presence 
may be due to reinfection with a new hRV genotype as 
reported by Van der Zalm et al.  [79] . In 2012, Annama-
lay et al.  [80]  conducted a similar study on a prospective 
cohort of 95 children in Australia. No significant differ-
ence was observed in the hRV-A prevalence among chil-
dren with or without symptoms (i.e. a blocked or runny 
nose).

  Wylie et al.  [74]  revealed the presence of paramyxovi-
ruses (e.g. Paramyxoviridae,  Respirovirus  and  Pneumo-
virus  genera) in the nasal swabs of apparently healthy 
individuals. They also reported the presence of  Influen-
zavirus   A ,  Parechovirus  and  Coronavirus  in nasopharyn-
geal swabs, similar to that reported by Van der Bergh et 
al.  [81] . Wylie et al.  [74]  reported a difference in the 
abundance of viral sequences with febrile children exhib-
iting 1.5-fold more viral sequences than samples from 
afebrile children. They also reported a difference in the 
diversity of the viral genera present in the samples with 
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a lower diversity found in apparently healthy children. 
However, no causal relationship between a specific virus 
and the pathology was found. These observations sup-
port the hypothesis that pathology may be due to an im-
balance of the microbial communities present in the hu-
man body. 

  Due to the non-invasive nature of the sampling, main-
ly viromes of the upper respiratory tract of apparently 
healthy people have been assessed. The viral composition 
of the lower respiratory tract has been studied using 
bronchoalveolar lavage samples. One recent study on 
bronchoalveolar lavage samples from intensive care unit 
patients identified the presence of viruses from Herpes-
viridae, Paramyxoviridae and Picornaviridae families 
 [82] . Notably, these viruses were found not only in pneu-
monia patients, but also in control subjects without 
pneumonia illness. Thus, additional studies are needed 
to assess the viral composition of this part of the respira-
tory system.

  Teguments 
 The human teguments comprise the skin, hair and 

nails, and play a major role as a barrier protecting the 
human body from the outside environment. They also 
represent a complex ecosystem harboring diverse bacte-
rial, fungal and viral species. High-throughput sequenc-
ing data on the viral flora of the skin have just begun to 
be generated. Using Illumina technology, Foulongne et 
al.  [15]  detected a high diversity of prokaryotic and eu-
karyotic viral species in DNA extracts from healthy skin 
swabs. The most abundant were eukaryotic DNA virus-
es, such as ssDNA viruses of the Circoviridae   family as 
well as dsDNA viruses of the Polyomaviridae and Papil-
lomaviridae   families. Members of Circoviridae ( Gyrovi-
rus  genus) have been previously reported in the human 
skin of 4% of healthy persons  [83] . Sauvage et al.  [83]  
identified a new virus, the human Gyrovirus, in a skin 
swab sample from an apparently healthy donor. The host 
range and infection cycle of human Gyrovirus remains 
unknown. Other ssDNA viruses from the Parvoviridae 
family were also found in non-diseased human skin. Al-
though initially reported as the etiological agent of ery-
thema infectiosum, PARV B19 is commonly harbored in 
apparently healthy human skin. Bonvicini et al.  [84]  
found the prevalence of B19 to be 25% in apparently 
healthy skin biopsies. Interestingly, the group found that 
young subjects had a significantly higher rate of B19 vi-
remia compared with adults, suggesting that long-term 
viral persistence may be the common outcome after pri-
mary infection.

  Polyomaviruses are also common skin viruses. They 
have a circular dsDNA genome of approximately 5,000 
bp that is surrounded by a non-enveloped icosahedral 
capsid. Polyomaviruses were first described in 1953 in 
mice, but since then these viruses have been detected in 
other vertebrate species, including humans. In humans, 
a new Polyomavirus, Merkel cell Polyomavirus 
(MCPyV), was recently identified  [85, 86] . The pres-
ence of MCPyV in human skin has been associated with 
an aggressive form of skin cancer, Merkel cell carcino-
ma (MCC). MCPyV infections are found in 80% of 
MCCs. However, MCPyV and two newly identified 
polyomaviruses, HPyV6 and HPyV7, are also frequent-
ly shed from apparently healthy human skin  [15, 87] . In 
the case of MCC, the accumulation of deleterious muta-
tions in the MCPyV genome, including the viral T an-
tigen gene, render the virus non-infectious. Thus, the 
oncogenic role of MCPyV does not necessary reflect its 
lifestyle but rather the consequence of deleterious viral 
mutations. Other dsDNA viruses that are associated 
with neoplastic development have also been identified 
in healthy skin. Detection of α- and β-HPVs as well as 
human Herpesvirus (HHV)7 has been reported recent-
ly in skin biopsies  [88, 89] . HHV7 was initially isolated 
from CD4+ T cells obtained from peripheral blood lym-
phocytes of an apparently healthy individual  [90]  and 
was later associated with primary cutaneous T cell lym-
phomas (CTCLs). However, the low prevalence of 
HHV7 in CTCL as well its presence in healthy skin bi-
opsies suggests that HHV7 may not be the primary 
cause of CTCL  [89, 91] .

  Bacteria-infecting viruses are also frequently found in 
the human skin and most likely play an important role in 
controlling the bacterial population. Using viral metage-
nomics, viruses belonging to the Myoviridae ,  Siphoviri-
dae ,  Microviridae ,  Podoviridae   and Inoviridae families 
were identified, and viruses from the Siphoviridae   and  
 Microviridae   families were the most abundant. One com-
mon phage genera present in healthy human skin con-
sisted of bacteriophages infecting  Propionibacterium 
acnes  (Siphoviridae   family). The  P. acnes  bacterium rep-
resents a dominant member of the skin microflora and 
has also been implicated in the pathogenesis of acne. Mul-
tiple  P. acnes  bacteriophages isolated from the sebaceous 
follicles of healthy skin donors have recently been char-
acterized  [9] . Interestingly, these phages showed reduced 
genetic variability with a broad range of infecting bacte-
rial strains, suggesting the existence of evolutionary con-
straints that preserve the homogeneity of the phage pop-
ulation.  
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  Nervous System 
 Little information is available concerning the viral flo-

ra in the human nervous (central and peripheral) system 
in apparently healthy conditions. Examples of neurotrop-
ic human viruses are the Herpes simplex virus (HSV)1 
and HSV2, which belong to the Herpesviridae family. 
These viruses have a dsDNA genome located within an 
icosapentahedral capsid surrounded by an amorphous 
protein-like material (known as the tegument), which is 
in turn encapsulated by an envelope consisting of poly-
amines, lipids and glycoproteins  [76] . Genetically, HSV1 
and HSV2 are closely related, sharing approximately 70% 
homology. During primary infection, the virus enters the 
nerve endings at the peripheral mucocutaneous region. 
The viral capsid is brought via fast axonal transport into 
the neuronal cell body of the dorsal root ganglia or the 
trigeminal ganglia. The viral DNA enters the nucleus of 
the neuron where it enters a latent state  [92] . Notably dur-
ing this period, two latency-associated transcripts are ex-
pressed  [93] . Latency-associated transcripts have been 
shown to have antiapoptotic activity, thereby sustaining 
the survival of neurons. This activity illustrates the virus-
to-host adaption and the benefit of a latent persistence in 
the nervous system. Although HSV1 and HSV2 are asso-
ciated with clinical complications, the majority of the in-
fections remain asymptomatic for years or even decades. 
Indeed, under immunocompetent conditions, the reacti-
vated infection usually remains confined to the vicinity of 
a single dorsal root ganglion. It has been estimated that 
asymptomatic reactivation of HSV1 may exceed clinical 
recrudescence, and asymptomatic HSV2 shedding can 
occur in more than two-thirds of seropositive individuals 
 [94, 95] .

  Another interesting example of a neurotropic virus is 
the Borna disease virus (BDV), which is part of the Bor-
naviridae   family. BDV is an 80- to 100-nm enveloped vi-
rion, containing an 8.9-kb (–) ssRNA genome that repli-
cates in the cell nucleus  [96, 97] . In vitro   BDV induces 
non-cytopathic chronic infections in neurons  [98] . BDV 
infection was first identified in horses, and natural infec-
tions with BDV were subsequently detected in other ver-
tebrates, including humans  [99] . In this context, BDV 
was suggested as a causative agent of diverse human psy-
chiatric disorders  [100–102] . Despite these findings, the 
seroprevalence of the virus in healthy control groups 
makes the causal relationship between BDV infection and 
brain disorders hardly verifiable  [103] . Recently, endog-
enous BDV sequences homologous to the viral nucleo-
protein were detected in several mammalian species, in-
cluding humans, suggesting an ancient cohabitation with 

a BDV ancestor  [104, 105] . Overall, further efforts, espe-
cially using a viral metagenomics approach, should be put 
into the study of the viral diversity of the human nervous 
system.

  Genito-Urinary Tract 
 The viral flora of the genito-urinary tract has been 

mainly studied in pathological situations, and gaps in the 
knowledge of the viral flora in apparently healthy condi-
tions need to be filled. Asymptomatic shedding from the 
genito-urinary tract was reported mainly for dsDNA eu-
karyotic viruses of the Adenoviridae, Herpesviridae, Pap-
illomaviridae and Polyomaviridae families with the ex-
ception of ssDNA viruses of the Anelloviridae family  [83, 
106–111] . In the case of polyomaviruses, it appears that 
viral excretion was correlated with the host immune sta-
tus. Indeed, Csoma et al.  [112]  detected KI virus and WU 
virus in the urine of renal transplants but not in the con-
trol groups. Moreover, immunosuppression due to preg-
nancy led to a higher prevalence of BK virus in urine sam-
ples in pregnant women compared to non-pregnant 
women  [113] . 

  Multiple herpesviruses were also frequently detected 
in the genito-urinary tract, especially in the semen of ap-
parently healthy donors. In this case it appears that some 
herpesviruses, such as human Herpesvirus 6 A/B or the 
Cytomegalovirus, were able to attach to the sperm head 
with an intact acrosome  [108, 113] . Thus, given the po-
tential risk some herpesviruses may represent to the new-
borns, additional research is required to evaluate the im-
pact of this asymptomatic shedding from herpesvirus-
positive donor semen.

  Broad Distribution and Impact of Papillomaviruses 

in the Human Body  

 When examining the repartition of viruses according 
to their distribution in the human body ( fig. 1 ), one can 
note that DNA viruses of Herpesviridae, Papillomaviri-
dae, Polyomaviridae and Anelloviridae families are pres-
ent both in the respiratory tract, the gut, the skin, the 
blood and the genito-urinary tract. One hypothesis may 
be related to the viral-host adaptation process. For sus-
tained infection, viruses need to have wide range of body 
repartition allowing them to proliferate efficiently. 

  Papillomaviruses represent good examples of pleiotro-
pic human viruses in the human body. Papillomaviruses 
are 55- to 60-nm non-enveloped DNA viruses composed 
of a single, circular dsDNA molecule. This viral family 
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consists of more than 120 different HPV types, about 40 
of which are sexually transmitted HPVs and a dozen have 
been identified as the causative agents of cervical, anal, 
vaginal and penile cancer  [114] . HPVs are present in 
more than 99% of cervical cancers, and HPV type 16 
(HPV-16) and HPV-18 are the predominant causes of in-
fection in these cases  [115] . These two HPV types are in-
deed associated with 70% of all cervical cancers with pre-
dominance of HPV-16 accounting for about 50% of cases 
 [116] . More recently, papillomaviruses were linked to 
head and neck malignancies as well. In these cases, the 
primary causes for these carcinomas were attributed to 
alcohol and tobacco consumption. However, the number 
of respiratory and digestive tract cancers caused by HPV 
infections is constantly increasing  [117–119] . Indeed pa-
tients with HPV-positive carcinoma are generally young-
er adults and not alcohol and tobacco users. These carci-
nomas are mainly localized in the oropharynx and in par-
ticular at the tonsils. HPV is found with a prevalence of 
40–90% of the oropharynx cancers, depending on the 
geographical distribution  [120–122] .

  HPVs have cellular tropism for the stratified squa-
mous epithelia. Although the exact mechanism of Papil-
lomavirus tumorigenesis is not fully elucidated it is gen-
erally accepted that this effect is mediated through E6, E7 
viral proteins which control cell death and proliferation 
 [123–125] . Despite the oncogenic properties of these vi-
ruses, the majority of HPV infections remain asymptom-
atic, and they are cleared by most people without medical 
consequences. Indeed, the clearance of HPV 18 months 
postinfection in the male population is 100%, whereas in 
females it is 97%, suggesting that in the case of an immu-
nocompetent host, HPV infection manifests as a tran-
sient phenomenon  [126, 127] . The significance of their 
presence in an apparently healthy context remains un-
known. 

200 nm

a b  Fig. 2.  Detection of GBM.  a  Negative stain-
ing of a Marseillevirus-like particle (arrow) 
present in the virus-purified fraction of se-
rum from blood donor No. 27725.  b  Epi-
fluorescent microscopy images from fluo-
rescent in situ hybridization of GBM in
serum from blood donor No. 27725. The 
DNA probe was synthesized using the 
Marseillevirus genomic region, orf 152–
153, and is marked in green; nuclear
staining with DAPI dye is in blue. Scale
bar = 10 μm. 

  Fig. 1.  Description of the viral composition in the human body. 
Table summarizing the viral families documented (in green) or not 
documented (in violet) in each human system. 
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  Fig. 3.  The human virome in non-pathogenic conditions: distribution of the viral families found in the major 
human systems. Each viral group is represented with a unique color.      
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  The Human Megavirome 

 dsDNA viruses with large genomes (also known as gi-
ant viruses) represent a monophyletic group of viruses 
classified under the order of Megavirales  [128] . Giant vi-
ruses are divided into seven viral families, including Pox-
viridae, Iridoviridae, Ascoviridae, Mimiviridae, Phycod-
naviridae, Asfaviridae and the recently described Mar-
seilleviridae    [128, 129] . These viruses infect a wide range 
of eukaryotes, including phagocytic protists and humans 
 [130] . In humans, members of only two of the families, 
Poxviridae and Mimiviridae, have been linked to disease 
 [131–133] . With next-generation sequencing technolo-
gies, an accumulating body of evidence indicates the pres-
ence of these viruses in non-pathological conditions. For 
instance, a metagenomics study carried out by Willner et 
al.  [73]  detected multiple DNA sequences related to Pox-
viridae, Iridoviridae, Mimiviridae and Phycodnaviridae. 
Moreover, several studies have identified the presence of 
giant viruses in the human gut in both adults and babies 
 [16, 19, 134] . Breitbart et al.  [19]  detected sequences ho-
mologous to Lymphocystis disease virus (Iridoviridae), a 
fish-infecting pathogen, whereas Gordon et al.  [16]  de-

tected previously uncharacterized Pox-related viral se-
quences in the infant gut. 

  Recently, a new giant virus closely related to   Marseil-
leviridae, Senegalvirus, was recovered from a stool sam-
ple of a 20-year-old Senegal man  [134] . Senegalvirus was 
detected by ultradeep sequencing and was isolated using 
an amoebal coculture. The Senegalvirus dsDNA genome 
is approximately 373 kbp in length, making this genome 
the largest among marseilleviruses. In the same stool, se-
quences related to the giant Mimivirus were also found 
 [135] . 

  Another virus closely related to the Marseilleviridae 
family was recently identified in human blood. This new 
virus, Giant Blood Marseillevirus (GBM), has an estimat-
ed 357-kbp dsDNA genome surrounded by a 200-nm 
capsid ( fig. 2 ). The GBM virus was initially isolated from 
a blood transfusion pocket using a 0.45-μm filter coupled 
with high-throughput sequencing from a 32-year-old 
healthy female donor  [136] . Further testing identified 
concomitant elevated IgG levels and viral DNA in some 
blood donors, suggesting the persistence of the GBM vi-
rus in the blood. Interestingly, GBM was found to infect 
and replicate in human T cells, but not in amoebas. 

  Fig. 4.  Human virus metastable equilibri-
um in non-pathogenic conditions. Sche-
matic representation of the steady state of 
the human virome in non-pathogenic con-
ditions as regulated by three major factors 
(virus, host and environment). The dis-
equilibrium of this metastable system leads 
either to viral spreading or to viral clear-
ance.     
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Source Viral group Viral family Viral genera/species Reference

Digestive dsDNA Adenoviridae Enteric adenovirus 40, 41 139
tract Iridoviridae Lymphocystis disease virus 19

Myoviridae phiBCD7, Bacillus phage G, phiP-SSM4 17, 19
Podoviridae Enterobacteria phage P22, phage T3 17, 19
Siphoviridae Listeria phage A118, phiE125 Lactococcus phage bIL285, phiCP39-O, Clostridium 

phage phiCP39-O, Mycobacterium phage Athena, phage PA6, phage SM
16, 17, 19, 140

Unclassified phages Halophage eHP-10 17, 19
Papillomaviridae Human papillomavirus 6, 18, 66 141 
Polyomaviridae BK virus, JC virus, SV40 virus, Human polyomavirus 9, 12 25, 142, 143
Herpesviridae Epstein-Barr virus, Human cytomegalovirus 16
Poxviridae ND 16
Marseilleviridae Senegalvirus 134

ssDNA Anelloviridae TTV 144, 145 
Circoviridae Chicken anemia virus 22 – 24
Microviridae Chlamydia phage 1,3,4, Bdellovibrio phage phiMH2K, Chlamydia phage CPG1, 

Spiroplasma phage 4, Chlamydia phage CPAR39
140 

dsRNA Picobirnaviridae Human picobirnavirus 31, 41, 146
Reoviridae Human rotavirus 39

(+) ssRNA Caliciviridae Norwalk virus 28, 29, 147 
Astroviridae Human astrovirus 26, 27 
Virgaviridae Pepper mild mottle virus, Tobacco mosaic virus 41, 42
Picornaviridae Human cosavirus, Human klassevirus/salivirus, Aichi virus, Human enterovirus, 

Human parechovirus, Saffold cardiovirus, Human echovirus,
Human coxsackievirus, Human poliovirus

5, 31, 36, 37, 
32 – 35, 140

(–) ssRNA Not documented

Retroviruses Not documented

Respiratory dsDNA Adenoviridae Human adenovirus, Bovine adenovirus A 73, 74, 77, 81
tract Iridoviridae Aedes taeniorhynchus iridescent virus 73 

Herpesviridae HHV 1, 2, Bovine herpesvirus 5, Cercopithecine herpesvirus 1, 2, 9, Suid herpesvirus 1 73
Mimiviridae Acanthamoeba polyphaga mimivirus 73
Myoviridae Haemophilus phage HP1, Aeromonas hydrophila phi Aeh1, Aeromonas phi 31, 

Escherichia coli phi CP073-4 prophage, Lactobacillus plantarum phi LP65, 
Mycobacterium phi Bxz1, Pseudomonas phi KZ, Staphylococcus phi Twort,
Vibrio parahaemolyticus phi KVP40

73

Papillomaviridae HPV 73
Phycodnaviridae Chlorella virus ATCV-1, Chlorella virus FR483, Ectocarpus siliculosus virus 1, 

Paramecium bursaria Chlorella virus AR158
73

Podoviridae Streptococcus phage Cp-1, Brucella melitensis 16M BrucI 73
Polyomaviridae KI virus, WU virus 81
Poxviridae Amsacta moorei entomopoxvirus ‘L’, Melanoplus sanguinipes entomopoxvirus, 

Taterapox virus
73

Siphoviridae Bacillus subtilis phi SPBc2, Bacillus subtilis phi 105 73
Unclassified phages Bacillus cereus phage phBC6A51, Escherichia coli phi CP4-6 prophage, Escherichia 

coli phi QIN prophage, Escherichia coli phi Sp18 prophage, Mycobacterium phage 
CJW 1, Shigella flexneri phi Flex4 prophage, Xylella fastidiosa phi Xpd5 

73 

ssDNA Anelloviridae TTV, TTV-midi 110
Parvoviridae Adeno-associated virus, Human bocavirus 6, 74, 75, 77

dsRNA Not documented

(+) ssRNA Coronaviridae Human coronavirus OC43, NL63, HKU, 229E 74, 81
Picornaviridae Human rhinovirus, Human parechovirus 74, 78 – 81

Table 1.  Summary of the viral families, genera and, in some cases, species found in each human system
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Table 1 (continued)

Source Viral group Viral family Viral genera/species Reference

Respiratory
tract

(–) ssRNA Orthomyxoviridae Influenzavirus A 74, 81
Paramyxoviridae Human parainfluenzavirus 1–4, Human respiratory syncytial virus,

Human metapneumovirus
74, 148

Retroviruses Not documented

Blood dsDNA Adenoviridae Adenovirus-36, Human adenovirus 106, 149 
Baculoviridae Spodoptera litura nucleopolyhedrovirus 47
Herpesviridae HHV 3-like, Suid herpesvirus 1-like, Human cytomegalovirus, Epstein-Barr virus, 

HHV 6B, HHV 7
47, 90, 150 

Marseilleviridae Giant Blood Marseillevirus 136
Myoviridae Streptococcus pneumoniae bacteriophage EJ-1-like 47
Polyomaviridae Lymphotropic polyomavirus, BK virus, JC virus, KI virus, WU virus,

Human polyomavirus 9
63, 64, 143, 151

Papillomaviridae α-, β-, γ-HPVs 152
Poxviridae Cowpox virus-like 47
Siphoviridae Clostridium perfringens bacteriophage Φ3626, Methanobacterium phage

psiM2-like, Enterobacteria phage λ
47, 136

Unassigned Nidivirus (Heliothis zea virus 1-like) 47

ssDNA Anelloviridae TTV, TTV-midi, TTV-mini SEN virus, unclassified anelloviruses 47, 136, 153 – 155
Inoviridae Ralstonia phage RSM 1, 3 136
Microviridae Chlamydia phage φCPAR39-like 47
Parvoviridae Human bocavirus, PARV 4, 5, Adeno-associated virus 55, 65, 156

dsRNA Not documented

(+) ssRNA Hepeviridae Hepatitis E virus 157 – 159
Flaviviridae Dengue virus, Usutu virus, GB virus C 71, 154, 160 – 162

(–) ssRNA Bunyaviridae Toscana virus, Puumala hantavirus, Dobrava hantavirus 163, 164 
Paramyxoviridae Measles virus 72

Retroviruses Retroviridae Simian foamy virus, Spumaretrovirus, Human T-lymphotropic virus 3, 4,
Human endogenous retrovirus H

47, 66 – 69

Teguments dsDNA Herpesviridae HHV 7 89 
Myoviridae ND 15
Papillomaviridae α-, β-, γ- and unclassified HPVs 15, 88
Podoviridae ND 15
Polyomaviridae MCPyV, Human polyomavirus 6, 7, 9, Human polyomavirus 9-like 15, 165 
Poxviridae Vaccinia virus 166
Siphoviridae Propionibacterium phage P100A, P100D, 100.1, 101A, P105 15
Unclassified phages ND 15

ssDNA Anelloviridae TTV 167 
Circoviridae Cyclovirus NG2-like, Human gyrovirus, Circovirus-like CB-A, RW-E 15, 83
Inoviridae ND 15
Microviridae ND 15
Parvoviridae Human PARV B19, Human PARV4 168

dsRNA Not documented

(+) ssRNA Not documented

(–) ssRNA Not documented

Retroviruses Not documented

Genito-
urinary
tract

dsDNA Adenoviridae Human adenovirus 11, 21, 34, 35 106 
Herpesviridae Human cytomegalovirus, Herpes simplex virus 1, 2, Epstein-Barr virus, HHV 6A/B, 

HHV 7, HHV 8
107 108, 113, 169

Papillomaviridae HPV16, 18 107 170 
Polyomaviridae BK virus, JC virus, Human polyomavirus 9 83, 109, 143
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  In the environment, the majority of Marseillevirus-re-
lated viruses have been isolated from aquatic and soil en-
vironments, suggesting the possibility of a common in-
fectious route in humans  [129, 137, 138] . Although they 
are found in non-pathological conditions, the conse-
quences of long-term viral persistence should be further 
evaluated.

  Conclusion 

 The Human-Virus Interactome Goes Beyond Simple 
Parasitism 
 Viruses and humans coexist and are constantly inter-

acting. Historically, viruses have been classified as strict 
intracellular pathogens. However, with the development 
of new technologies for viral detection, it has become 
clear that their presence within the healthy human body 
goes beyond simple parasitism ( fig. 1 ,  3 ;  table 1 ). The role 
of the majority of eukaryotic viruses in the healthy human 
body remains unclear. Although the long-term conse-
quences of viral presence in terms of pathological condi-
tions should be evaluated, it is possible that such viruses 
may be considered commensals. In other cases, it is not a 
single virus that is pathogenic for humans but the coinfec-
tion with different viruses. The combination of HBoV 
and Adenovirus represents a good example of such coin-
fection  [77] . The presence of viruses in the human body 
without any pathological context could also be beneficial 

for the body or for the human microbial flora. An exam-
ple of symbiosis between viruses and the human host is 
the phage communities of the human gut, and these com-
munities may play an important role in the control of the 
bacterial population. Conversely, a negative interaction 
(negative for humans) is that phages may represent an 
important reservoir for bacterial resistance genes and 
may contribute to bacterial pathogenicity via horizontal 
gene transfer  [20] . As a result, the boundaries between 
mutualistic and pathogenic viruses remain elusive and 
are most likely highly dynamic throughout life  [2] .  

 The human-virus interactome should be considered as 
a complex web of interactions, defined by multiple fac-
tors. These factors can be classified into three categories: 
virus-specific (e.g. viral genotype, replication mode, host 
range, abundance), host-specific (e.g.   genetic back-
ground, age, immune system) and environment-specific 
(e.g.   geographic location, demographic distribution, ani-
mal proximity). In the case of the human virome under 
healthy conditions, the weight of each factor lays at a 
metastable equilibrium point, allowing viruses and hu-
mans to coexist naturally ( fig. 4 ). A change in one of these 
parameters could lead to the development of disease con-
ditions or the clearance of the virus from the body. From 
a medical point of view, a new paradigm is thus emerging; 
if we define an illness as a disruption of the normal 
‘healthy’ virome, then the restoration of this equilibrium 
should be the goal of medical treatment, not the elimina-
tion of all non-human microorganisms. 

Table 1 (continued)

Source Viral group Viral family Viral genera/species Reference

Genito-
urinary
tract

ssDNA Anelloviridae TTV, TTV-midi 110, 111

dsRNA Not documented

(+) ssRNA Not documented

(–) ssRNA Not documented

Retroviruses Not documented

Nervous
system

dsDNA Herpesviridae Human cytomegalovirus, Herpes simplex virus 1, 2, HHV 6A/B, HHV 8 171, 172

ssDNA Not documented

dsRNA Not documented

(+) ssRNA Flaviviridae Dengue virus 173

(–) ssRNA Bornaviridae BDV 102 103, 174

Retroviruses Not documented

 ND = No data available.
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First molecular detection of Rickettsia africae in
ticks from the Union of the Comoros
Amina Yssouf1, Cristina Socolovschi1, Tahar Kernif1, Sarah Temmam1, Erwan Lagadec2, Pablo Tortosa2,3

and Philippe Parola1*

Abstract

Background: Rickettsia africae is the agent of African tick bite fever, a disease transmitted by ticks in sub-Saharan

Africa. In Union of the Comoros, a recent study reported the presence of a Rickettsia africae vector but no

information has been provided on the circulation of the pathogenic agent in this country.

Methods: To evaluate the possible circulation of Rickettsia spp. in Comorian cattle, genomic DNA was extracted

from 512 ticks collected either in the Union of the Comoros or from animals imported from Tanzania and

subsequently tested for Rickettsia infection by quantitative PCR.

Results: Rickettsia africae was detected in 90% (60/67) of Amblyomma variegatum, 1% (1/92) of Rhipicephalus

appendiculatus and 2.7% (8/296) of Rhipicephalus (Boophilus) microplus ticks collected in the Union of the Comoros,

as well as in 77.14% (27/35) of Amblyomma variegatum ticks collected from imported cattle. Partial sequences of

both bacterial gltA and ompA genes were used in a phylogenetic analysis revealing the presence of several

haplotypes, all included within the Rickettsia africae clade.

Conclusions: Our study reports the first evidence of Rickettsia africae in ticks collected from the Union of the

Comoros. The data show a significant difference of infection rate of Rickettsia africae infected ticks between the

Islands, with maximum rates measured in Grande Comore Island, sheltering the main entry port for live animal

importation from Tanzania. The high infection levels reported herein indicate the need for an in-depth assessment

of the burden of rickettsioses in the Union of the Comoros, especially among those at risk of infection, such as

cattle herders.

Keywords: Cattle ticks, Rickettsia africae, Amblyomma variegatum, Rhipicephalus, Comoros

Background
Tick-borne rickettsioses are considered among the oldest

known vector-borne zoonotic diseases; they are caused by

obligate intracellular Gram-negative bacteria belonging to

the spotted fever group (FSG) of the genus Rickettsia [1].

Many species of this genus are considered to be vertically

transmitted symbionts of invertebrates, suggesting that

the arthropod vectors act as reservoirs or amplifiers of

rickettsiae in the wild [2-4]. In sub-Saharan Africa, several

rickettsial strains have been isolated and detected from

ticks and vertebrate animals [5], among which Rickettsia

africae, the etiological agent of African tick-bite fever

(ATBF), is the most common [3,6,7]. The main tick-vectors

of Rickettsia africae are Amblyomma hebraeum in southern

Africa and Amblyomma variegatum in West, Central and

Eastern Africa, as well as in the eastern Caribbean [7-11].

In the Indian Ocean, Rickettsia africae has been previously

detected in Amblyomma variegatum in La Reunion and

Madagascar [4,12] but never in arthropod and human

samples from other islands of the region, including the

Comorian Islands.

The Union of the Comoros is composed of three vol-

canic islands: Grande Comore (the youngest and most

elevated island), Anjouan and Moheli. The archipelago is

located in the western Indian Ocean, at the northern en-

trance of the Mozambique Channel between Madagascar
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and the East African coast, and is characterized by a

warm and humid tropical climate. Cattle are imported as

a food source, mainly from Madagascar. In 2000, a free

trade agreement was signed between Comoros and

Tanzania, facilitating the reciprocal travel and flow of

cattle. Consequently, the export of cattle from Tanzania

to Comoros, and particularly to Grande Comore Island,

has steadily increased [13]. The likelihood of an increase

in the number of pathogens introduced through cattle-

associated ticks has also risen.

Recently, an entomological survey carried out on all three

islands of the Union of the Comoros showed the presence

of Amblyomma variegatum, Rhipicephalus appendiculatus

and Rhipicephalus microplus on cattle [13]. Thus, the aim

of this study was to detect and determine the prevalence of

Rickettsia species that infect ticks on autochthonous cattle

and on cattle imported from Tanzania and to evaluate the

role of cattle importation in the introduction and of the hu-

man pathogen, Rickettsia, throughout the country.

Methods
Study sites and tick sampling

The present study used adult ticks that were previously

collected to describe cattle tick diversity and distribution

in the country. Briefly, the ticks were collected from ani-

mals on the three islands of the Union of the Comoros,

including 16 of the 17 districts of the country. Adult

ticks were collected on cows and goats from the three

islands during the 2010 rainy season. For each district,

between one and five animals were sampled and identi-

fied, and the number of collected ticks was recorded for

each site of collection. Following the same protocol,

ticks were also collected from cattle imported from

Tanzania that were held in the quarantine enclosure lo-

cated in the harbor vicinity, or in any of the three other

quarantine enclosures located in the capital, Moroni

(Grande Comore). All ticks were immediately stored in

70% ethanol until morphological and molecular analyses.

Tick species were determined morphologically using

standard identification keys [14].

DNA extraction and PCR detection of Rickettsia

Each tick was sliced longitudinally with a disposable

scalpel, and each half was crushed in a buffered solution

(G2) with proteinase K (Qiagen Hilden, Germany) and

incubated at 56°C overnight. Total DNA from half of

each tick was extracted in 50 μl of eluate using the EZ1

DNA Tissue kit (Qiagen, Hilden, Germany). Rickettsial

DNA detection was performed by quantitative PCR

using the Eurogentec MasterMix Probe PCR kit (Qiagen,

Hilden, Germany) following the manufacturer’s instruc-

tions with a final volume of 10 μl in each reaction as

previously described [15]. Each DNA sample was tested

by quantitative (q) real-time PCR using a CFX 96 Real

Time System (BIO-RAD, Singapore). The presence of

SFG Rickettsia from was determined with a Taqman

probe (Eurogentec, Seraing, Germany) and RKND03F

and RKND03R specific primers targeting the citrate syn-

thase A (gltA) encoding gene [16,17]. Positive samples

were subsequently screened with a previously described

Rickettsia africae-specific qPCR method. Samples with

fewer than 35 cycle thresholds (Ct) were considered posi-

tive [18].

In order to generate sequence data allowing phylogen-

etic analyses of infecting Rickettsia, gltA and ompA were

amplified and subsequently sequenced from a subset of

randomly selected Rickettsia-positive tick samples. A frag-

ment of gltA gene was amplified using the Rp CS.409d and

CS.1258n primers, previously reported to amplify a 750-bp

fragment from all known Rickettsia species [6], and ompA

gene was targeted by using the primers 190.70,190.180,

and 190.701, amplifying a 629–632-bp fragment of SFG

Rickettsia [2,6].

For each PCR reaction, one positive control (Rickettsia

montanensis DNA) and 2 negative controls (sterile water

containing DNA extracted from uninfected ticks main-

tained in laboratory colonies) were included, with the

exception of the Rickettsia africae-specific qPCR reac-

tion in which Rickettsia africae DNA was used as posi-

tive control.

The resulting PCR products were purified and directly

sequenced using a BigDye Terminator Cycle Sequencing

Kit (Perkin Elmer Applied Biosystems, USA) and an ABI

PRISM automated sequencer (Applied Biosystems, USA),

as previously described [6].

Sequence editing and phylogenetic analyses

Sequences were analyzed using Chromas Pro (version

1.49 beta Technelysium Pty Ltd, Tewantin, Australia)

and compared with sequences available in the GenBank

database using NCBI BLAST. Multiple sequence align-

ments were noted at the nucleotide and amino acid

levels using ClustalW implemented in BioEdit software.

The sequences matched with sequences from other gltA

and ompA rickettsiae retrieved from the GenBank data-

base. Rickettsiaconorii and Rickettsia rickettsii sequences

have been chosen as root sequences. Accession numbers

of the GenBank sequences used for the genetic analyses

are indicated in the phylogenetic trees. The selection of

the DNA substitution model that best fit the data was

performed with MEGA 5.2 and was considered for

phylogenetic analyses. We selected different models of

nucleotide substitution using the corrected Akaike in-

formation criterion. Bayesian phylogenetic inference (BI)

was carried out using Mr Bayes 3.1.2 [19] with two inde-

pendent runs of four incrementally heated, Metropolis

Coupled Markov chain Monte Carlo (MC) inquiries be-

ginning with a random tree. MC queries were run for
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1,000,000 generations with trees and associated model

parameters sampled every 200 generations. The initial

1000 trees in each run were discarded as burn-in sam-

ples, and the harmonic mean of the likelihood was cal-

culated by combining each of the two independent runs.

Statistical analysis

A statistical analysis was performed to compare the preva-

lence of Rickettsia africae between the islands using the

Mantel-Haenszel test implemented in Epi-info version 3.5

followed by the Yates correction option. Differences were

considered statistically significant for P values <0.05.

Results
PCR detection of rickettsia

Ticks collected on autochthonous cattle

Rickettsial DNA was detected in 14% (67/477) of ticks

from the Union of the Comoros. Table 1 presents the

distribution of samples positive for Rickettsia by tick

species and location. The mean Ct ± SD value of gltA

amplification by qPCR of positive tick samples was

28.34 ± 3.11. All positive samples were also positive for

an Rickettsia africae-specific qPCR with a mean Ct ± SD

value of 28.51 ± 2.03. On Grande Comore Island, 90%

(60/67) of Amblyomma variegatum ticks tested positive

for Rickettsia africae, with Ct values averaging 28.67 ±

1.95, while 1.9% (2/105) of Rhipicephalus spp. ticks were

positive, with a Ct averaging 28.88 ± 1.8 (Figure 1). The

prevalence of Rickettsia africae on Anjouan Island was

8.12% (13/160), and a significant difference in prevalence

was observed between Anjouan and Grande Comore

32.48% (51/157) (Mantel-Haenszel test, P value < 0.001).

Among the positive samples from Anjouan, 61.5% (8/13)

were obtained from Amblyomma variegatum ticks, while

the remainders were from Rhipicephalus microplus

(Table 1). In Mohéli, one of the five regions we visited had

cattle carrying infected ticks (Figure 1). The prevalence of

Rickettsia africae on this island was 1.9% (3/160), which

was also significantly different from that found on Grande

Comore (Mantel-Haenszel test, P-value <0.001) and

Anjouan (Mantel-Haenszel test, P-value = 0.016). All posi-

tive ticks from Mohéli were Amblyomma variegatum

(Table 1), with positive PCRs displaying an average Ct of

25.24 ± 1.97.

The amplification, sequencing and BLAST analyses of

ompA and gltA genes from positive DNA samples ex-

tracted from Amblyomma variegatum, Rhipicephalus

microplus and Rhipicephalus appendiculatus ticks con-

firmed the presence of Rickettsia africae in 14% of our

samples. The sequence analysis of ompA genes obtained

from Rhipicephalus spp. samples revealed 99.0 to 99.6%

nucleotide identity with Rickettsia africae detected from

Rhipicephalus evertsi evertsi in Senegal (GenBank acces-

sion numbers JN043509), while R. africae sequenced

from Amblyomma variegatum showed 98 to 99.7% average

identity with R. africae detected in Ethiopia from the same

tick species (GenBank accession numbers CP001612). The

sequencing of gltA genes obtained from Amblyomma

variegatum and Rhipicephalus spp. showed 99.1 to 99.42%

average identity with the published sequences of Rhipice-

phalus africae that were amplified from Amblyomma varie-

gatum collected in the West Indies (GenBank accession

number HM050288).

Ticks collected from imported cattle

Of the ticks collected from cattle imported from Tanzania,

77.14% (27/35) were positive for Rickettsia spp., with a Ct

average of 27.75 ± 4.13. All of the samples detected posi-

tive for Rickettsia spp. were also positive for Rickettsia

africae by qPCR (Figure 1), with Ct averages of 26.7 ± 4.67.

The sequencing of ompA genes obtained from

Amblyomma variegatum collected from imported cattle

showed an average of 98% alignment with published se-

quences of Rickettsia africae from Amblyomma variega-

tum collected in Antigua (GenBank accession number

EU622980).

The sequence analysis of the gltA gene obtained from

Amblyomma variegatum ticks revealed 98.0 to 99.0% nu-

cleotide identity with the gltA gene from Rickettsia africae

detected in Amblyomma variegatum from Ethiopia

(GenBank accession numbers CP001612) and in Rhipice-

phalus evertsi evertsi from Senegal (GenBank accession

numbers HM050288), respectively.

Phylogenetic analysis

The best DNA substitution model fitting the data was de-

termined to be HKY for both the gltA and ompA sequences.

The Bayesian Inference tree based on gltA sequences

Table 1 Prevalence of Rickettsia africae by species and regions

Species Amblyomma
variegatum

Rhipicephalus
microplus

Rhipicephalus
appendiculatus

Number of ticks
tested by region

Regions

Grande Comore 94.23% (49/52) 8% (1/13) 1% (1/92) 157

Anjouan 89% (8/9) 3.3% (5/151) - 160

Moheli 7% (3/28) 0% (0/132) - 160

Ticks collected from imported cattle 77.14% (27/35) - - 35

Total from the Union of the Comoros 65.17% (58/89) 2.7% (8/296) 1% (1/95) 477
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(Figure 2A) showed a distinct phylogenetic Comorian clade

(posterior probability > 0.968) in which one well-supported

group of sequences (posterior probability > 0.999) included

sequences from Rickettsia africae infecting ticks sampled

in Grande Comore and Anjouan but not Mohéli, and a

Rickettsia africae sequence obtained from a tick imported

from Tanzania. The Bayesian Inference tree based on

ompA sequences (Figure 2B) showed a similar tree top-

ology, which consolidate our analysis.

Consensus sequences of Rickettsia africae infecting

ticks sampled on Grande Comore, Mohéli, Anjouan and

Tanzania were generated and aligned to determine nu-

cleotide mutations specific to a geographic origin. No

specific mutation was observed for the ompA genes (data

not shown); interestingly, the gltA sequences originating

from Mohéli have 5 specific non-synonymous mutations

(Table 2). The same analysis was conducted to construct

consensus sequences of Rickettsia africae isolated from

Figure 1 Prevalence of infected ticks by island and regions.

Figure 2 Phylogenetic tree inferred from the comparison of Rickettsia africae strains from specimens tested and selected GenBank

Rickettsia africae sequences. Posterior probabilities are expressed in percentages and indicated at branch nodes. The sequences generated in

this study are highlighted in bold. A: Phylogenetic tree based on the gltA citrate synthase-encoding gene. B: Phylogenetic tree based on the

ompA outer membrane protein A gene. Abbreviation: Rh = Rhipicephalus; Hy = Hyalomma; D = Dermacentor.
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distinct tick species, but no specific mutation was ob-

served in either the ompA or gltA gene (data not shown).

Discussion
A. variegatum is the main vector of Rickettsia africae, a

spotted fever group (SFG) Rickettsia bacterium in sub-

Saharan Africa [9,20,21], though it is also considered a

competent vector for other human and animal patho-

gens [22], including the highly virulent Crimean-Congo

hemorrhagic fever virus [23]. In the present study, we

show for the first time the presence of Rickettsia africae

in cattle ticks collected from the Union of the Comoros.

The confirmation of the presence of this Rickettsia spp.

provides background for further epidemiologic and clin-

ical investigations of tick-borne diseases in the Union of

the Comoros. Indeed, other than Theileria parva, a

parasitic protozoan that is the causative agent of the East

Coast fever in cattle and that was previously detected in

Rhipicephalus appendiculatus [24], no other tick-borne

pathogens have been detected in this country.

We provide evidence for Rickettsia africae infection in

Amblyomma variegatum ticks from all three islands of

the Union of the Comoros. Although the Amblyomma

variegatum tick infection rate varied among the islands

as observed in Grande Comore and Anjouan, further study

needs to confirm this result. The presence of Rickettsia

africae-infected ticks in Grande Comore and Anjouan is

congruent with the geographic distribution of Amblyomma

variegatum [8]. The high prevalence of Rickettsia africae

(90%) in Amblyomma variegatum collected in all study

sites of Grande Comore showed endemicity of this bacter-

ium and that this tick species is the reservoir of R. africae

in the Archipelago. Ticks of the genus Amblyomma are

considered to be the main vectors for Rickettsia africae al-

though this bacterium has recently been found infecting

other genera, including Rhipicephalus [21,22,25]. In this

study, we also found Rhipicephalus spp. ticks carrying

Rickettsia africae DNA although the presence rate was

substantially lower (2%) than the rate measured in

Amblyomma variegatum (65.17%). However, our data do

not provide direct evidence for the vector competence of

the Rhipicephalus (Boophilus) microplus genus for Rickett-

sia africae because Rhipicephalus-positive ticks were always

collected on animals infested with A. variegatum ticks that

tested positive for R. africae. Thus, we can hypothesize that

Rhipicephalus ticks that were positive for Rickettsia africae

acquired the pathogen during a blood meal, but this does

not prove that these species of ticks are competent vectors

for Rickettsia africae. Further experimental evaluations of

vector competence clearly need to be carried out in order

to establish the vector competence of Rhipicephalus ticks.

Ticks sampled on cattle imported from Tanzania

showed a prevalence of 77.14% for Rickettsia africae,

which is coherent with serological studies previously car-

ried out in Tanzania that also showed high seroprevalence

levels [26]. Rickettsia africae polymorphism did not show

any island or tick host species structuration. Comorian

haplotypes were closely related with African haplotypes,

thus strengthening the hypothesis of an African origin for

Rickettsia africae in the Comoros archipelago. Phylogen-

etic trees could not determine the origin of Rickettsia

africae infection in the ticks imported from Tanzanian cat-

tle. However, the polymorphism of ompA and gltA is no-

toriously weak and sequencing of additional markers may

help in resolving this issue. Citrate synthase is a compo-

nent of nearly all living cells and is one enzyme of the cit-

ric acid cycle, a key metabolic pathway that plays a key

role in energy production [27]. The OmpA gene plays a

role in a protective immune response and is considered as

a good candidate for phylogenetic analysis for most of the

SFG Rickettsiae [2]. These gene sequences showed no

clear differences between east African and Comorian bac-

terial haplotypes, thus supporting an African/Comorian

Rickettsia africae metapopulation, although the use of

additional markers, or the full sequencing of bacterial iso-

lates would obviously provide more robust information.

Conclusion
The PCR assays and sequence analyses provide new in-

formation on the epidemiology of ticks infected with

Rickettsia africae in the Union of the Comoros. The de-

tection of Rickettsia africae in ticks collected from live

cattle imported from Tanzania represents a risk to local

farms. Our results strengthen the need for an evaluation

of the burden of ATBF in the human populations in

contact with cattle. Together with the previous inves-

tigation reporting the introduction of a tick species of

veterinary importance new to the country, the present

study clearly shows that because of the insularity, ticks

and parasites introduction into the country represents a

risk of biological invasion. Therefore, increased vigilance

is required to limit this risk [28].
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