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Durant les 40 dernières années, le moustique tigre Aedes albopictus (Skuse, 1894) est 

devenu un problème de santé publique majeur de par sa capacité à transmettre de nombreux 

virus pathogènes pour l’homme, tels que le Chikungunya (CHIKV), la dengue (DENV) et le 

virus Zika (ZIKV). Ce vecteur, qui a conquis tous les continents à l’exception de 

l’Antarctique, a été classé parmi les 100 espèces les plus invasives. Originaire des forêts 

tropicales d’Asie du Sud-Est, Ae. albopictus était confiné pendant des siècles à quelques 

régions d’Asie. A partir du 18
ème

 ou 19
ème

 siècle, il a été introduit dans les îles de l’Océan 

Indien puis à partir de la fin des années 1970, ce vecteur a profité de l’intensification du 

commerce mondial pour envahir la plupart des régions tropicales et subtropicales du globe. 

De plus, la capacité de ses œufs à réaliser une diapause hivernale a favorisé la colonisation 

des régions tempérées. Ae. albopictus a été détecté pour la première fois en Europe en 1979, 

en 1985 en Amérique du Nord, en 1986 en Amérique du Sud et en 1990 en Afrique.  

Les routes migratoires empruntées pour ce moustique pour étendre sa distribution 

géographique à partir de son berceau d’origine en Asie peuvent être déterminées par des 

approches de génétique des populations. Ces approches se basent sur l’analyse du 

polymorphisme génétique au sein et entre populations, et la modification de la structure 

allélique des populations sous l’effet de pressions évolutives (sélection, migration, mutations, 

dérive génétique).  

Les différentes populations d’une même espèce de moustiques peuvent différer d’un 

point à l’autre de leur aire de répartition. Cette variation géographique peut porter sur des 

caractères morphologiques, physiologiques, écologiques, ou encore génétiques. La variation 

peut être le fait d’une adaptabilité au milieu, ou encore résulter du simple fait du hasard. 

L’organisation de ces populations a certainement des conséquences sur le mode de circulation 

des agents pathogènes tels que les arbovirus dont elles sont vectrices. La réceptivité d’une 

population de moustiques à un agent pathogène se mesure au travers de l’évaluation de la 
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compétence vectorielle. La compétence vectorielle se réfère à la capacité d’une population de 

moustiques à s’infecter suite à la prise d’un repas sanguin infectieux, à assurer la réplication 

virale et la transmission à un nouvel hôte. Le niveau de compétence vectorielle dépend des 

interactions complexes entre le génotype du moustique, celui du virus et des facteurs 

environnementaux (interactions GxGxE).  

Bien que les arbovirus fassent l’objet de nombreuses investigations en raison de leur 

impact sur la santé humaine, un autre groupe de virus a récemment été découvert ; ce sont les 

virus spécifiques d’insectes (VSI), parmi lesquels, les flavivirus spécifiques d’insectes (FSI). 

Il est de plus en plus admis que les VSI ont un effet antiviral chez le moustique, dépendant de 

de la combinaison VSI/arbovirus. En plus de leur potentiel effet antiviral, les VSI ont été 

proposés comme matrice pour générer des virus chimères contenant des protéines 

d’arbovirus ; les premiers résultats montrent qu’une simple injection chez la souris conférait 

une immunité protectrice avec la production d’anticorps neutralisants. De plus, du fait de leur 

incapacité à se répliquer dans les cellules de vertébrés, ces virus chimères sont inoffensifs 

pour les humains et les animaux. Globalement, les VSI pourraient être un outil biologique et 

naturel utilisé pour la lutte contre les arboviroses. 

Depuis les années 1970, il est connu que les rétrovirus s’intègrent dans le génome de 

leurs hôtes afin de pouvoir assurer leur réplication virale. Ceci est rendu possible grâce à la 

transcriptase inverse des rétrovirus, qui permet la rétro-transcription du génome rétroviral en 

ARN double brin puis en ADN double brin. Il est estimé qu’environ 8% du génome humain 

est constitué de séquences virales. Ces intégrations peuvent survenir dans le génome des 

gamètes, assurant une transmission verticale dans les populations hôtes. Ces éléments viraux 

insérés dans les lignées germinales sont appelés rétrovirus endogènes (RVE). Il a été 

démontré que ces RVE pouvaient évoluer afin d’acquérir des fonctions biologiques 

bénéfiques pour l’hôte. Par exemple, certains RVE ont des propriétés antivirales contre leurs 
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formes exogènes, capables d’inhiber ou de diminuer la réplication virale. Plus surprenant, 

hormis les rétrovirus, de l’ADN viral issu de différents virus a été retrouvé dans une grande 

variété de génomes d’eucaryotes. Parmi eux, des fragments de virus à ARN dont le cycle de 

réplication ne comprend aucune étape de production d’ADN ont été détectés dans de 

multiples génomes, y compris dans celui du moustique Ae. albopictus. Bien que leur mode de 

formation dans le génome de l’hôte reste encore peu connu, il semblerait que ces séquences 

d’origine non-rétrovirale (en anglais, « nonretroviral integrated RNA virus sequences », 

NIRVS) soient issues de la reverse transcription de l’ARN viral en ADN double brin réalisée 

par les rétrotransposons, des séquences ADN capable de se répliquer et se déplacer dans le 

génome hôte. De plus, grâce à l’activité intégrase des rétrotransposons, les NIRVS sont 

ensuite intégrés dans le génome de leur hôte. Chez le moustique du genre Aedes, les NIRVS 

issues de FSI et de rhabdovirus spécifiques d’insectes sont les plus fréquemment retrouvés et 

certains d’entre eux, bien que fragmentés et non traduit en protéines, pourraient avoir une 

fonction biologique. En effet, ils ont été retrouvés dans des régions du génome appelées 

Cluster de piARN, où de petits ARN non codants, les ARNs interagissant avec les protéines 

PIWI (piARNs) sont produits. Ces petites molécules sont connues pour réguler l’activité des 

éléments transposables tels que les rétrotransposons chez de nombreuses espèces, mais ont 

également un rôle antiviral chez les insectes, notamment lors d’infections à arbovirus. Par 

conséquent, ces NIRVS ont montré la capacité à produire des piARNs, ce qui suggère leur 

rôle antiviral chez le moustique. 

Le rôle biologique des NIRVS identifiés chez Ae. albopictus reste encore inconnu. Ces 

éléments viraux peuvent être soit des éléments fossiles ou des cicatrices d’anciennes 

infections qui pourraient persister dans le génome hôte sans fonctions particulières soit des 

éléments maintenus dans le génome avec une activité particulière. Les objectifs de cette thèse 

ont été de caractériser les NIRVS chez les moustiques du genre Aedes, et en particulier chez 
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l’espèce invasive Ae. albopictus. Ces objectifs ont été divisés en trois parties centrées sur la 

dynamique d’évolution des NIRVS, leurs fonctions potentielles suite à une infection 

arbovirale et leurs formations dans le génome hôte. 

 Nous avons sélectionnés sept différents NIRVS, précédemment identifiés et issus de 

flavivirus spécifique d’insectes, et les avons caractérisé chez douze populations d’Ae. 

albopictus. Ces populations ont été choisies de par leur localisation géographique et sont 

issues de pays où le CHIKV et la DENV ont circulé ou circulent encore actuellement. Nous 

avons d’abord commencé par étudier les variations génétiques de ces populations à l’aide de 

marqueurs ADN à évolution neutre. Nous avons montré que ces populations sont divisées en 

deux principaux groupes dont l’un d’eux est subdivisé en 4 sous-groupes. Tandis que 

certaines populations sont hétérogènes, d’autres sont composées d’individus génétiquement 

similaires. Nous avons suggéré que ces variations génétiques illustrent un modèle en contact-

zone, où les flux de gènes sont restreints entre des populations isolées et plus important entre 

populations centrales, jouant le rôle d’intermédiaires. 

Nous avons ensuite utilisé les mêmes individus issus de ces populations d’Ae. 

albopictus pour étudier la distribution des sept NIRVS. Nous avons montré qu’il existait une 

grande variabilité au sein et entre les populations. Ces résultats nous ont indiqué qu’à 

l’exception d’un élément, aucun NIRVS n’était fixé dans les populations examinées. Afin de 

définir si les NIRVS évoluaient comme les microsatellites, de façon neutre, nous avons 

comparé les profils phylogénétiques en se basant sur le polymorphisme génétique obtenu avec 

les microsatellites et les profils d’abondance des NIRVS. Nous avons démontré que les deux 

profils différaient et que l’évolution des NIRVS dans le génome d’Ae. albopictus n’était pas 

neutre, ce qui suggère que ces éléments viraux ont une fonction potentielle chez le moustique. 

 Du fait qu’il a été précédemment suggéré que les NIRVS avaient une fonction 

antivirale par la production de piARNs chez les moustiques du genre Aedes, nous avons voulu 



 7 

tester la corrélation entre ces NIRVS et la dissémination du CHIKV et de la DENV dans ces 

mêmes populations d’Ae. albopictus. En se basant sur des données de dissémination virale 

issues de la littérature, nous avons montré par l’utilisation de modèles de régression logistique 

que la majorité de ces NIRVS étaient corrélés à la dissémination de la DENV et/ou du 

CHIKV au niveau populationnel. Ces corrélations, différentes en fonction des NIRVS, 

suggèrent que ceux-ci auraient un rôle différent sur la dissémination virale. Nous avons tenté 

de confirmer ce résultat au niveau individuel. Pour cela nous avons choisi deux NIRVS, 

AlbFlavi2 et AlbFlavi36, de par leur large distribution et leur présence dans un piARN cluster 

et une région intergénique respectivement. Nous avons d’abord montré par des analyses 

phylogénétiques que les séquences AlbFlavi2 étaient très hétérogènes, et que cette variabilité 

était associée à des évènements de délétions au cours de leur évolution. Cette variabilité était 

attendue, étant donné que cet élément viral était présent dans des régions subissant de forts 

taux de mutation. Cependant, nous avons observé une très faible variabilité dans les séquences 

AlbFlavi36. Lors d’une expérience pilote, nous n’avons pas pu confirmer les corrélations 

entre AlbFlavi2/AlbFlavi36 et la dissémination du CHIKV et de la DENV au niveau 

individuel. Ces résultats contradictoires avec les analyses au niveau populationnelles révèlent 

que le rôle antiviral des NIRVS reste à être prouvé. En effet, bien que ces éléments produisent 

des piARNs, la complémentarité de séquences entre ces molécules et les génomes viraux 

auxquels ils sont associés est limitée, et ne permet pas une reconnaissance suffisante pour 

déclencher des actions antivirales. Il est également possible que ces éléments soient désormais 

trop différents des virus exogènes dont ils sont issus, de par leur évolution différente au sein 

du génome de l’hôte. Néanmoins, leur conservation au sein du génome suggère une 

potentielle fonction qui reste encore inconnue. 

 Nous avons enfin étudié la formation des NIRVS en établissant des lignées cellulaires 

issues d’Ae. albopictus (U4.4) et Ae. aegypti (Aag2) infectées de manière persistante avec 
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cinq différents virus : CHIKV, DENV, deux FSI : Kamiti River virus (KRV) et le Cell Fusing 

Agent virus (CFAV) ainsi qu’un rhabdovirus, le virus de stomatite vésiculaire (VSV). 

Globalement, les résultats préliminaires ont révélés que la formation de NIRVS était un 

évènement rare. En effet, aucune intégration n'a été détectée dans le génome Aag2 pour le 

VSV et le KRV. Huit et deux NIRVS issues de la DENV et du CHIKV ont cependant été 

respectivement identifiés dans le génome de Aag2. De plus, de nouveaux NIRVS issues du 

CFAV ont été découverts dans la lignée Aag2 qui était déjà infectée de manière persistante 

par ce même virus. Certains NIRVS ont été trouvé à proximité d’éléments transposables, 

confirmant leur implication dans la formation de NIRVS dans le génome hôte. Comme 

attendu, la majorité des NIRVS issues de la DENV sont similaires à des fragments de 

séquences codant des protéines non-structurales. Ces résultats restent en revanche à être 

confirmés. 

 En résumé, nous avons montré que les NIRVS n’évoluaient pas de manière neutre et 

que leur histoire évolutive est rythmée par diverses pressions de sélection dans le génome du 

moustique Ae. albopictus, incluant les infections arbovirales. Bien qu’une corrélation entre 

ces NIRVS et la dissémination virale ait été montrée au niveau populationnel, nous n’avons 

pas pu confirmer ces résultats au niveau individuel, suggérant que leur rôle chez le moustique 

est plus complexe qu’attendu. Enfin, une expérience in vitro nous a permis de confirmer que 

la formation de NIRVS était un évènement rare impliquant l’intervention d’éléments 

transposables. Nous avons montré que les arbovirus pouvaient également être capables 

d’endogénisation dans le génome hôte. Ces résultats nous apportent de nouveaux éléments en 

vue de développer de nouveaux outils biologiques pour lutter contre les arbovirus. 
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The transmission of pathogens from animal to human has been suspected for a long 

time without any pathogen isolation considering the small size of the infectious agents 

involved and the complexity of transmission cycles. The mosquito vector Aedes aegypti was 

first suggested to be involved in the transmission of the yellow fever virus (YFV) by Carlos 

Juan Finlay in 1881, which was further confirmed by Walter Reed early in the 20
th

 century. 

This gave rise to the first description of a specific group of diseases, called arboviral diseases, 

for which the infectious pathogen is defined as an arbovirus.  

Arboviruses stand for Arthropod-Borne Viruses, and are designated as a group of 

viruses that circulates through a complex transmission cycle, which requires three partners: a 

vector (arthropods), a vertebrate host (primates, humans, birds…) and a pathogen (arbovirus). 

The pathogen circulates between the vector and the host through vector bites when getting an 

infectious blood meal. Although vertical (from the female to the progeny) and venereal 

(infected male/female transmits the virus to the other sex during mating) transmissions have 

been reported, horizontal transmission of arboviruses is the main process ensuring the 

maintenance of these viruses in nature. Originally, most of the arboviruses circulate within an 

enzootic cycle that involves non-human primates and zoophilic (preference to feed on 

animals) vectors in forested environments. 

The anthropo-zoophilic (i.e. feed on both animals and humans) behavior of many 

vectors may allow the passage of the virus from animals to humans and cause a switch from a 

sylvatic cycle to an urban cycle. Once in an urban environment, the virus is mainly 

transmitted by anthropophilic mosquitoes initiating epidemics in an immunologically naïve 

human population. Factors leading viral emergence or re-emergence are multiple (Ketkar, 

Herman, and Wang 2019). Among them, host genetic has been found as an important factor: 

for example in humans, single nucleotide polymorphism (SNP; which is the most common 

source of genetic variation) in genes related to antiviral immune pathways such as type I 
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interferon (IFN) responses has been linked to an increased susceptibility to certain arboviruses 

(Yakub et al. 2005; Bigham et al. 2011; Simon-Loriere et al. 2015). Viral polymorphisms are 

also included as factors leading to viral (re-) emergence; variations in the subgenomic 

flaviviral RNA (sfRNA) of the dengue virus (DENV) genome can increase pathogenicity in 

humans and transmission by mosquitoes (Chapman et al. 2014; Manokaran et al. 2015; 

Pompon et al. 2017) or mutations in the envelope glycoproteins of many arboviruses such as 

chikungunya virus (CHIKV), West Nile virus (WNV) and Zika virus (ZIKV) generating 

epidemic viral strains that are responsible for major outbreaks (Schuffenecker et al. 2006; 

Chávez et al. 2010; Ebel et al. 2004). Additionally, increased population densities in some 

regions of the world worsened by anarchic urbanization and intensive global transportations 

are at the origin of economic, technological and cultural changes. These changes triggered an 

increased exploitation of many different resources and modification of agricultural practices, 

which led to alteration of natural ecosystems (e.g. deforestation), and brought pathogens in 

repeated contacts with humans (Gubler Daniel J 2011; J 2001). Overall, these factors 

contributed to the global distribution of arboviruses. 

The arthropod vectors of arboviruses belong to two main classes: insects and 

arachnids. The arachnid vectors are mainly represented by ticks that transmit Tick-Borne 

Encephalitis (TBE), Omsk hemorrhagic fever and ovine encephalomyelitis. The class of 

insects includes many different families. The Culicidae family comprises the main vectors of 

arboviruses such as CHIKV, DENV, YFV, ZIKV. Moreover, the class of insects also includes 

the subfamily of Phlebotominae with sandflies transmitting Vesicular Stomatitis Virus (VSV) 

and Punta Toro virus, and the Culicoides genus with biting midges that transmit the 

Bluetongue virus and the Oropouche virus. 

 With the exception of the African swine fever virus (Asfarviridae: Asfarvirus) that has 

a DNA virus as genome, arthropod vectors transmit exclusively RNA viruses with different 
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replication strategies within their hosts. Their RNA genome employs an error-prone 

polymerase lacking proof-reading mechanisms, which contributes to their rapid evolution and 

adaptation to new environments/hosts. They mainly belong to five different viral families: 

Togaviridae, Flaviviridae, Bunyaviridae, Reoviridae, and Rhabdoviridae (Fischer and Hills 

2016). YFV that belongs to the Flaviviridae family was the first arbovirus isolated in 1927 

(Stokes, Bauer, and Hudson 2001). Subsequently, this discovery led to the isolation of other 

Flaviviruses, such as Japanese encephalitis virus (JEV) in 1924 (MIYAKE 1964), WNV in 

1937 (Smithburn et al. 1940), DENV in 1943 (Hotta 1952) and CHIKV in 1952 (M. C. 

Robinson 1955). Many other arboviruses were discovered thereafter, notably thanks to the 

contribution of the Rockefeller Foundation. 

The discovery of arboviruses shed light on what was the cause of a major public health 

issue that was occurring for several hundred years and has dramatically increased since these 

last decades. However, efficient treatments and protective vaccines against arboviruses are 

still lacking, mostly because of the rapid evolution, adaptation and diversity of these RNA 

viruses in their hosts. Therefore, developing vector control strategies has become the horse 

battle of the scientific community to fight against vector-borne diseases but here again, 

inefficient, costly and unpredictable ecological impacts have highlighted the necessity of 

improving our knowledge on several critical points that will be detailed in this manuscript: 

features of endemic arboviruses (e.g. DENV, CHIKV) and their main mosquito vectors with a 

special focus on antiviral immunity mechanisms, mosquito virome and endogenous viral 

elements. 
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1. Dengue fever disease 
 

1.1 Symptoms, history and spread of the disease 

Just like other Flavivirus infections, most dengue infections are asymptomatic for 

humans (i.e. around 70-80%). Symptomatic infections can be distinguished in two different 

syndromes: dengue fever (DF) and dengue hemorrhagic fever (DHF). It has been well defined 

that secondary infection of DENV, especially if it involves a different serotype, increases the 

severity of the disease, i.e. increasing the probability of contracting dengue hemorrhagic fever 

(DHF), notably by antibody dependent enhancement (ADE)(Burke et al. 1988; Graham et al. 

1999; Guzmán, Kourí, and Halstead 2000) . 

DF symptoms are similar to the flu disease, with severe fever most of the time 

associated with arthralgia, skin rash, leukopenia, thrombocytopenia, retro-orbital headaches 

and myalgia (Burke et al. 1988; Kittigul et al. 2007), whereas DHF is characterized by all the 

symptoms of DF, plus severe bleeding and plasma leakage that involve important functional 

complications in many organs. Ultimately, DHF can cause dengue shock syndrome (DSS) 

leading in most cases, to the death of patients (Fischer and Hills 2016). 

DF was originally described several times in the Chinese literature during the Chin 

Dynasty (265 to 420 A.D.), the Tang Dynasty (618-907 A.D.) and the Northern Sung Dynasty 

(960-1126 A.D.) (D J Gubler 1998). Major epidemics were thereafter described in several 

continents at the end of the 18
th

 century, in Asia, Africa and North America, suggesting that 

the disease was already widely spread. Moreover, some events occurred throughout the past 

centuries, have greatly promoted an even bigger propagation of DF, such as the slave trade 

until the end of the 19
th

 century and the World War II in the middle of the 20
th

 century. These 

events led to a change in the epidemiological dynamic of DF, and a global pandemic became 

widely distributed. Historically, Southeast Asia gathered ideal conditions for the virus to 

spread and this region became the theater of major DHF epidemics, in Manila (Philippines) in 
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Figure 1: Global distribution of dengue-infected people from 1943 to 2013. The dark 

color represents cases that have been confirmed during corresponding decade, whereas 

the lighter color represents cases that have been reported posteriorly. From Messina et al., 

2014 

1953-1954 (Quintos FN, Lim LE, Juliano L 1954), Bangkok (NELSON 1960) in 1958, 

Malaysia, Singapore and Vietnam in the 1960s  (Duane J Gubler 1998) (Fig. 1). The 1970s 

were marked by dengue epidemic activities in the Pacific Islands and the Americas, where the 

eradication program of the main YFV vector Ae. aegypti was interrupted in 1964 

(Schliessmann D.J and Calheiros L.B 1974) (Fig. 1). It had dramatic consequences with a 

coming back of outbreaks in the Americas associated with Ae. aegypti. Thereafter, the 

urbanization process and increase of international exchanges during the last 50 years have 

further contributed to the spread of DF. Indeed, while only 9 countries were confronted to the 

disease in the 1970s, today more than 128 countries are highly affected by DF (Stanaway et 

al. 2016) (Fig. 1). 

 

 

 

 

 

 

 

 

 

 

 

 

Currently, half of the world population (i.e. 4 billion people) is considered at risk, 

with 60 millions of symptomatic dengue infections and 10,000 deaths per year (Shepard et 

al. 2016; Stanaway et al. 2016). Moreover, it has been suggested that the number of 
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infections doubled every 10 years from 1990 to 2013 (Stanaway et al. 2016), with 18% of 

infected people admitted to hospital, 48% needing ambulatory medical care and 34% non-

medical care (Stanaway et al. 2016). However, it has to be noted that these numbers could 

be under-estimated, due to the low awareness and poor surveillance systems in some 

regions of the world, such as Africa and Southeast Asia (Amarasinghe et al. 2011). 

Moreover, confounding symptoms with other diseases, such as CHIKV and ZIKV, makes 

difficult to estimate the real number of DENV cases. This highlights the expanding burden 

of dengue disease and its corresponding infectious agent in the past 30 years, becoming a 

global public health issue. 

1.2 Dengue virus characteristics 

Dengue virus (DENV) belongs to the Flavivirus genus that is included in the 

Flaviviridae family. Flaviviruses are separated into two clusters: non-vector and vector-borne 

clusters, with the latter being subdivided into tick-borne and mosquito-borne clusters (G Kuno 

et al. 1998). Dengue viruses are related to pathogenic Flaviviruses belonging to the same 

family such as YFV and JEV. Four serotypes of DENV phylogenetically distinct are defined 

and the four serotypes are antigenically distinct so that infection with one serotype does not 

confer protection to the others. 

DENV is an RNA virus for which the virion has a diameter size of approximately 50 nm, a 

spherical shape and an envelope composed of a lipid bilayer and glycoproteins that form 

icosahedral scaffolds (Kuhn et al. 2002). Moreover, its RNA genome is made of around 

10,700 nucleotides, contains a single open reading frame (ORF) and encodes a 3,411 amino 

acids long precursor polyprotein. The ORF is surrounded by highly structured untranslated 

regions (5’ and 3’ UTRs) involved in translation, replication and pathogenesis (Alvarez et al. 

2005; Holden et al. 2006; Wei et al. 2009; Chiu, Kinney, and Dreher 2005). Indeed, 5’ and 3’ 

UTRs possess sequence complementarity that allows viral RNA cyclization for efficient RNA 
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Figure 2: Genome structure of dengue virus. Structural proteins (capsid (C), membrane 

(M) and envelope (E)) and non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B 

and NS5) are flanked by 5’ and 3’ UTRs. 

synthesis by the viral RNA-dependent RNA polymerase (RdRp) NS5. Additionally, the 5’ 

UTR with the presence of a large stem-loop is used as a promoter to trigger the replication of 

the RNA by NS5 (Filomatori et al. 2006). Moreover, the 3’UTR produces a subgenomic RNA 

(sfRNA) that could be able to modulate antiviral responses via RNA-mediated pathways 

(Pijlman et al. 2008). The polyprotein encompasses three structural proteins (capsid (C), 

precursor membrane (prM) and envelope (E)) and seven non-structural (NS) proteins (NS1, 

NS2A, NS2B, NS3, NS4A, NS4B and NS5) (Fig. 2). 

 

 

 

 

 

 

 

Structural proteins shape the mature virion by forming the capsid and the membranes 

during assembly, whereas non-structural proteins are involved in the replication of the viral 

genome through the formation of a replication complex that involves both viral and host 

proteins. NS1 protein has several roles in infected cells. This protein is involved in 

modulating the viral replication by association with the replication complex, especially NS4B 

(Youn et al. 2012). Moreover, when secreted, NS1 protein is capable of binding to 

complement proteins and inhibiting their functions (Avirutnan et al. 2010, 2011) Finally, NS1 

is also involved in virus assembly by interacting with C and E proteins (Scaturro et al. 2015). 

As NS1, NS2A is important in viral RNA synthesis by being part of the replication complex, 

in viral assembly (Xie et al. 2013; Leung et al. 2008), and pathogenesis by inhibiting / 

interferon responses (Muñoz-Jordan et al. 2003). Besides having the role of a cofactor for 
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NS3, NS2B also has an antiviral role by type I interferon response in infected cells (Aguirre et 

al. 2017). NS3 protein cleaves the viral polyprotein into NS proteins at the early stage of 

infection, and is involved in virus assembly and envelope formation by its serine protease and 

nucleotide triphosphatase activities (Pan et al. 2017; Yamshchikov and Compans 1995). 

Moreover, its RNA helicase activity makes it an important factor of viral replication (Matusan 

et al. 2001). NS4A/B proteins play a role in viral replication (Welsch et al. 2009; Miller, 

Sparacio, and Bartenschlager 2006). Whereas NS4A induces membrane rearrangements 

(Miller et al. 2007), NS4B inhibits / interferon responses (Muñoz-Jordan et al. 2003; 

Muñoz-Jordán et al. 2005). Finally, the NS5 protein is the most conserved protein of the 

DENV genome and possesses two domains: a methyltransferase domain (MTase) at its N-

terminus end and a RNA-dependent RNA polymerase (RdRp) at its C-terminus. The MTase 

domain is involved in capping the viral RNA and the RdRp domain is responsible of the RNA 

replication (Sahili and Lescar 2017). The functions of these viral proteins are enrolled during 

specific steps of the DENV life cycle.  

1.3 DENV life cycle 

DENV infection starts with the attachment of the virus on the cell membrane by 

binding to unknown receptors (Fig. 3). Potential receptors have however been previously 

suggested, such as heparin sulfates glycoproteins, dendritic cell-specific intercellular 

adhesion molecule-3-grabbing non-integrin (DC-SIGN), or a mannose receptor (H. J. Chen, 

Yuan, and Lobel 1997; Tassaneetrithep et al. 2003; J.L. et al. 2008). Then, the virus is 

vehicled by endocytosis in the cytoplasm and the low pH in the endosome leads to a change 

in the conformation of the E protein, which in turn leads to a fusion between the viral 

envelope and the vesicle membrane (Fig. 3). The nucleocapsid is then delivered in the 

cytoplasm and the virus uncoats and releases the positive-sense RNA genome (vRNA) 

(Scott B. Halstead et al. 2005). vRNA is then translated into the polyprotein and cellular as 
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well as viral proteases cleave junctions between the polyprotein into individual structural 

and non-structural proteins (Fig. 3). While NS3 protein is cleaved by host protease signal 

peptidases (Arias, Preugschat, and Strass 1993), the cleavage of the other proteins is carried 

out by viral proteases (i.e. NS3 and its cofactor NS2B). The replication complex is then 

formed with the different non-structural proteins in the membrane of the endoplasmic 

reticulum (ER) membrane, and the vRNA can now be transcripted into negative-sense RNA 

intermediate molecules that serve as a template to produce new positive-sense vRNA. This 

vRNA will then be assembled (capsid plus envelope) into immature particles at the ER 

membrane (Clyde, Kyle, and Harris 2006) after being capped and methylated in the 

replication complex (Klema et al. 2016). The immature virus is then transferred to the 

Trans-Golgi network (TGN) where the maturation of viral particles is completed with 

several modifications, including the cleavage of the prM-E complex by the host furin 

protease (Fig. 3). Indeed, this triggers a conformational change of the protein complex that 

allows the viral particle to be released from the cell (Stiasny et al. 2006). 

2. Chikungunya 

2.1 Chikungunya: the burden of a historic disease 

 

The term chikungunya derived from the Makondé dialect (spoken by an ethnic 

group in Tanzania and Mozambic), which means “disease that bends up the joints”. 

Chikungunya can be traced back to the end of the 18
th

 century, with reported epidemics in 

Cairo and Jakarta from 1779 to 1784, in India from 1820 to 1829 and in Zanzibar from 

1870 to 1875. This was deduced by James Christie, who saw for the first time that infected 

patients did not develop the same symptoms as the common DF (Christie 1882). 

The disease causes febrile illness with fever, rash and characteristic joint pains that 

can last several months or even years. 
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Figure 3: Dengue virus (DENV) replication cycle. DENV attaches to the host cell through 

the interaction between the E protein and receptors present at the cell surface. The virus is 

then vehicled by endocytosis and the low pH environment triggers the fusion of the viral 

envelope and the release of the nucleocapsid, which is then uncoated to deliver the viral 

positive-sense RNA (vRNA) in the cytoplasm of the host cell. vRNA is subsequently 

translated into a polyprotein, which is then cleaved into mature individual proteins by viral 

and cellular proteases. This leads to the formation of the replication complex at the membrane 

of the Endoplasmic Reticulum (ER). vRNA is then processed for transcription of negative-

sense RNA that serves as a template to produce new vRNA molecules. vRNA is assembled 

(capsid and envelope) into an immature particle, which is thereafter transferred to the Trans-

Golgi network (TGN). Changes in the conformation of the E protein leads to the complete 

maturation of the viral particle, which is now ready to be released out of the cell. From 

Guzman et al. (2016) 

 

 

 

 

 

 

 
 

 

 

 

 

 

Unlike DF disease that causes asymptomatic infections, chikungunya triggers 

symptoms in 72-97% of infected people (Sharp et al. 2014; Sissoko et al. 2008; Moro et al. 

2010; Thiberville et al. 2013). Other severe manifestations can also appear such as 

myocarditis, hepatitis and neurological disorders. Because the credit of many outbreaks was 
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given to DF in the past, chikungunya was officially discovered in 1952 during an epidemic in 

Tanzania (Ross 1956). Chikungunya emerged in Africa where it was circulating in an 

enzootic cycle between non-human primates and mosquito vectors. Many epidemics were 

reported in the continent: in South Africa (1956, 1975-1977), Zimbabwe (1957, 1961-1962, 

1971), Democratic Republic of Congo (DRC) (1958,1960), Zambia (1959), Senegal (1960), 

Uganda (1961-1962), Nigeria (1964,1969 and 1974), Angola (1970–1971) and Central 

African Republic (1978–1979) (Powers and Logue 2007; Desdouits et al. 2015). During 20 

years, only sporadic cases were reported in the continent before the virus re-emerged in the 

early 2000s in DRC, where 50,000 people were infected. Chikungunya was also reported in 

Asia early during the second half of the 20
th

 century. First identified in Thailand in 1960 

during an outbreak promoted by Ae. aegypti, the virus consequently spread to Southeast Asia 

such as Vietnam, Sri Lanka and Indonesia. In India, epidemics were also observed from 1964 

to 1973 with hundreds of thousands of people infected. After many years of sporadic cases, 

the disease re-emerged in Asia at the end of the 1990s and early 2000s (Sam et al. 2012; Laras 

et al. 2005). In 2004, chikungunya expanded to Indian Ocean islands causing over 6 million 

cases (Schwartz and Albert 2010; Powers and Logue 2007; Staples, Breiman, and Powers 

2009; Thiberville et al. 2013). A single mutation in the amino acid sequence of the 

glycoprotein E1 (E1-A226V) of CHIKV was proved to increase cholesterol dependence for 

infection and fusion, which led to a better adaptation and an increased fitness of the virus to 

another vector, Aedes albopictus (Schuffenecker et al. 2006; Kuo et al. 2012; Tsetsarkin et al. 

2007b; Tsetsarkin, McGee, and Higgs 2011; Vazeille et al. 2007). Moreover, the wide 

distribution of the vector Ae. albopictus promoted the spread of the virus, even to Europe with 

an outbreak reported in 2007 in Italy (G Rezza et al. 2007), autochthonous cases in France in 

2010 (even though the virus did not show to have the E1-226V mutation) (Grandadam et al. 

2010; M. et al. 2011) and 2014 (Delisle et al. 2015). Finally, the emergence of chikungunya 
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was confirmed in the Americas in 2013 with first cases detected in Saint-Martin Island (Scott 

B Halstead 2015; Goro Kuno 2015; Cassadou et al. 2014), which led to the spread of the 

disease reaching 45 countries and affecting almost 3 million cases with 296 deaths (Pan 

American Health Organization. Number of reported cases of CHIK fever in the Americas by 

country or territory 2013-2014, and 2015. 

https://www.paho.org/hq/index.php?option=com_topics&view=rdmore&cid=5927&item=chi

kungunya&type=statistics&Itemid=40931&lang=en). The distribution of the disease and its 

related symptoms that cause disabling consequences triggered important economic issues to 

endemic countries. 

2.2 Economic issues due to chikungunya 

Chikungunya is considered as a non-lethal illness, even though it is very likely that 

some deaths can be directly associated with the infection. However, this disease induces acute 

and chronical stages (Dupuis-Maguiraga et al. 2012). These stages coupled to the massive 

number of sick people contributed to a wide economic and financial burden. As example, the 

2014 outbreak in Colombia has been evaluated to cost at least USD73.6 million (Cardona-

Ospina et al. 2015). The 2007 chikungunya outbreak in Kerala, a region of India revealed that 

the out-of-pocket health expenditure (OOP) expense (that includes treatment, physician 

consultation, hospital stays, food and drugs) was USD7.4 per patient, which affected this 

district by costing in total USD13 million (Vijayakumar et al. 2013). 

2.3 Chikungunya virus 

CHIKV is divided into three distinct genotypes based on the glycoprotein E1: West African 

(WA), East/Central/South African (ECSA) and Asian genotypes (Sudeep and Parashar 2008). 

The ECSA genotype with the E1-A226V mutation responsible for the 2005-2006 outbreak in 

the Indian Ocean Islands gave rise to another lineage, the Indian Ocean Lineage (IOL), 

https://www.paho.org/hq/index.php?option=com_topics&view=rdmore&cid=5927&item=chikungunya&type=statistics&Itemid=40931&lang=en
https://www.paho.org/hq/index.php?option=com_topics&view=rdmore&cid=5927&item=chikungunya&type=statistics&Itemid=40931&lang=en
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constituting the fourth genotype (Tsetsarkin et al. 2007a; Tsetsarkin, McGee, and Higgs 

2011). 

CHIKV is an enveloped virus that belongs to the Togaviridae family, the genus 

Alphavirus, and the Semliki Forest group. Its size is about 70 nm and its genome is a positive 

single-stranded RNA molecule of approximately 11.8 kb. The 5′ end of the genome has a 7-

methylguanosine cap while the 3′ end is polyadenylated. The CHIKV genome is divided into 

two RNAs: the 49S genomic RNA and the 26S subgenomic RNA and encodes four non-

structural proteins (nsP1-4) and five structural proteins (Capsid, E3, E2, 6k and E1) (Fig. 4). 

Just as DENV, CHIKV infects mosquito cells through receptor-mediated endocytosis 

by clathrin-dependent and independent mechanisms (Fig. 5) (R. C. H. Lee et al. 2013; 

Bernard et al. 2010). DC-SIGN, liver and lymph node-SIGN (L-SIGN), heparan sulfate, 

laminin and integrins have been suggested to be the viral receptor. Once in the endosome, the 

acidic environment confers conformational changes of the viral envelope that exposes the E1 

glycoprotein and mediates virus-host cell membrane fusion. 

Figure 4: Chikungunya virus (CHIKV) RNA genome. The genome encodes for non-

structural  (pink) and structural proteins (purple), which are translated from two RNAs : the 

49S genomic RNA (pink) and the 26S subgenomic RNA.  From Tomar, S., Aggarwal, M., 

2017. Structure and function of alphavirus proteases. In: Gupta, S.P. (Ed.), Viral Proteases 

and Their Inhibitors. Academic Press. Elsevier Inc., pp. 105e136 



 29 

 It triggers the release of the capsid protein and the viral genome in the cytoplasm 

(Chevillon et al. 2008). The host machinery then translates the 49S genomic RNA into non-

structural proteins (nsP1-4) that are involved in the replication complex.  

 

 

 

 

following rainy season. All of these features of A. albopic-

tus provided CHIKV with a great opportunity to infect 

humans once it had adopted this mosquito species as its 

host. In fact, the human–mosquito–human transmission 

cycle was so efficient that there was no identified animal 

reservoir during the epidemic in La Réunion76.

How was CHIKV able to eff icient ly adapt to 

A. albopictus? An extensive genomic analysis of recent 

clinical CHIKV isolates from the Indian Ocean out-

break identified unique molecular features when com-

pared with the few previously available sequences from 

laboratory-adapted CHIKV6. In particular, changes 

were observed in E1 — a class II viral fusion protein 

that mediates viral entry at low pH88–90 — potentially 

affecting viral fusion, assembly and/or cell tropism. 

Notably, a specific mutation in E1 (Ala226Val) was 

absent in the initial viral strains but was observed in 

>90% of the later strains6. Interestingly, in the related 

alphavirus SFV the amino acid residue at position 226 

regulates cholesterol dependency during the virus–host 

cell fusion process91. The efficiency of alphaviral entry 

depends on host cell membrane composition (includ-

ing the levels of cholesterols, which mosquitoes obtain 

through blood meals). A mutation that affects choles-

terol dependency could improve the ability of CHIKV 

to infect insect cells by providing a better adaptation to 

the lipid composition of these cells. Indeed, experimen-

tal infection of A. albopictus showed that the early viral 

strains were not as successful at replicating in this mos-

quito as later, mutated viruses75,76. The E1 Ala226Val 

mutation is directly responsible for a substantial increase 

in CHIKV infectivity for A. albopictus and leads to more 

efficient viral dissemination into mosquito secondary 

organs and transmission to suckling mice75. Both early 

and late viruses invaded salivary glands in a similar 

pattern, but the crossing of the midgut epithelium, one 

of the primary sites of infection75,76,92, was a crucial step 

that made A. albopictus particularly susceptible to later 

CHIKV isolates76. Interestingly, this mutation has no 

effect on viral replication in A. aegypti 75. Moreover, 

the E1 Ala226Val mutation facilitates viral replication 

in cholesterol-depleted C6/36 mosquito cells75. Other 

mutations that have been identified recently in E2 also 

regulate CHIKV adaptation to its mosquito hosts93. 

Whether the enhanced ability of later CHIKV isolates 

to invade A. albopictus relates to cholesterol dependency 

has not been proved yet, but these observations strongly 

suggest that the rapid evolution of CHIKV conferred a 

selective advantage on the virus to infect and replicate 

in A. albopictus. Of note, both early and late CHIKV 

isolates replicated similarly in various human cells51 and 

in the non-human BHK21 cell line75.

In summary, the adaptive mutation of the virus to 

replicate in A. albopictus, which is more common than 

A. aegypti in some geographical regions and can act as 

an efficient vector for CHIKV, facilitated the spread of 

CHIKV. This, together with the fact that the human 

population had not previously encountered CHIKV and 

was therefore immunologically naive84, contributed to 

the magnitude of the La Réunion CHIKV epidemic.

Immune control of CHIKV
Epidemiological data from the CHIKV outbreak in 

La Réunion indicate that >85% of individuals har-

bouring antibodies for CHIKV reported symptoms 

of infection21. Although precise information regard-

ing CHIKV transmission is difficult to obtain, the 
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Box 2 | The alphavirus life cycle

The Alphavirus life cycle is depicted in the figure. Alphaviruses enter target cells by 

endocytosis33. A few receptors (for example, dendritic cell-specific ICAM3-grabbing 

non-integrin 1 (DC-SIGN; also known as CD209), liver and lymph node-SIGN (L-SIGN; 

also known as CLEC4M), heparan sulphate, laminin and integrins) have been implicated 

in this process, but their precise roles have not been firmly established33. Following 

endocytosis, the acidic environment of the endosome triggers conformational changes 

in the viral envelope that expose the E1 peptide90,135, which mediates virus–host cell 

membrane fusion. This allows cytoplasmic delivery of the core and release of the viral 

genome6,29,136. Two precursors of non-structural proteins (nsPs) are translated from the 

viral mRNA, and cleavage of these precursors generates nsP1–nsP4. nsP1 is involved in 

the synthesis of the negative strand of viral RNA and has RNA capping properties33,137, 

nsP2 displays RNA helicase, RNA triphosphatase and proteinase activities and is 

involved in the shut-off of host cell transcription138, nsP3 is part of the replicase unit and 

nsP4 is the viral RNA polymerase33. These proteins assemble to form the viral replication 

complex, which synthesizes a full-length negative-strand RNA intermediate. This serves 

as the template for the synthesis of both subgenomic (26S) and genomic (49S) RNAs. 

The subgenomic RNA drives the expression of the C–pE2–6K–E1 polyprotein precursor, 

which is processed by an autoproteolytic serine protease. The capsid (C) is released, 

and the pE2 and E1 glycoproteins are generated by further processing. pE2 and E1 

associate in the Golgi and are exported to the plasma membrane, where pE2 is cleaved 

into E2 (which is involved in receptor binding) and E3 (which mediates proper folding  

of pE2 and its subsequent association with E1). Viral assembly is promoted by binding of 

the viral nucleocapsid to the viral RNA and the recruitment of the membrane-associated 

envelope glycoproteins. The assembled alphavirus particle, with an icosahedral core, 

buds at the cell membrane.
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Figure 5: Chikungunya virus (CHIKV) replication cycle. CHIKV enters into the host 

cell by endocytosis and releases the capsid and the genome due to the acidic environment 

in the endosome. Thanks to the host cell machinery, non-structural proteins (nsp1-4) are 

translated and form the replication complex. The replication complex produces negative-

strand RNA intermediates that serve as a template to produce genomic (49S) and 

subgenomic (26S) RNA. The subgenomic RNA is translated into a polyprotein precursor, 

which is processed to produce the capsid, E1 and pE2 proteins. The capsid protein is 

exported and forms the nucleocapsid that associates with the 49S genome RNA. E1 and 

pE2 are processed in the ER and the plasma membrane, where pE2 is cleaved into E2 and 

E3 glycoproteins. The glycoproteins interact with the nucleocapsid and form a mature viral 

particle that buds at the cell membrane. 
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nsP1 is involved in viral RNA replication and RNA capping (Salonen et al. 2003). 

nsP2 has RNA helicase, proteinase and RNA triphosphatase properties (Garmashova et al. 

2007). nsp3 is part of the replicase unit and nsp4 is the viral RNA dependent RNA 

polymerase (Kamer and Argos 1984; Koonin 1991). The replication complex synthesizes 

negative-stranded RNA that serves as a template to produce genomic (49S) and subgenomic 

(26S) viral RNA. The translation of the subgenomic RNA leads to the production of 

polyprotein precursor, for which the maturation gives rise to the capsid protein, 6k, pE2 and 

E1 proteins. The role of the protein 6K is essential as it facilitates the particle morphogenesis 

(Gaedigk-Nitschko et al. 1990; Gaedigk-Nitschko and Schlesinger 1991; Sanz and Carrasco 

2001). The capsid forms the nucleocapsid and is associated with the genomic 49S RNA, 

whereas E1 and pE2 are driven to the ER and the plasma membrane where pE2 is cleaved into 

E2 and E3 glycoproteins. Mature viral particles are produced by the interaction of 

glycoproteins and the nucleocapsid, which bud at the cell membrane (Fig. 5). 

The common feature of these arboviruses (DENV and CHIKV) is their transmission 

by Aedes mosquitoes. 

 

3. Aedes albopictus mosquito 

Aedes (Meigen, 1818) is a very large genus that belongs to the Culicidae family. It 

contains around 950 different species distributed in 78 subgenera including the subgenus 

Stegomyia, which is the most popular Aedes genus due to its role in transmitting arboviruses, 

mainly by Ae. aegypti and Ae. albopictus. The two species are very similar morphologically, 

but the main morphological difference that allows distinction between them is on their 

scutum: while Ae. aegypti displays a silver lyre with two central stripes, Ae. albopictus is 

marked by a white stripe (Fig. 6). They however share a common life cycle. 
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3.1 Aedes albopictus life cycle 

Just like all the other mosquito species, the life cycle of Aedes mosquitoes is divided 

into eight steps and defined by two separate phases: an aqueous and an aerial phases in which 

they undergo several metamorphosis and modification such as changes in their microbiota 

diversity and composition (Fig. 7) (Minard et al. 2013). After a single mating, the fertilized 

females take a blood meal that offers a source of proteins that is mandatory for egg 

maturation. Subsequently, females lay down eggs near water surface that usually hatch into 

larvae within 48 hours. Larval development lasts around 10 days in which four different 

stages occur and are marked by physical transformations that lead notably to an increase of 

larva size. However, the time of larva development is modulated by several factors, such as 

temperature, food access and nutritional competition. The next step implies the transformation 

from larva to pupa (Fig. 7). Pupae are still in an aqueous environment like larvae but do not 

feed and breathe from two respiratory trumpets instead of a larval siphon. The transition 

between pupae and adults is called emergence, and gives rise to the aerial phase where adult 

mosquitoes move by flying (Fig. 7). Male adults usually emerge first but have a shorter 

lifetime than females, probably because their life purpose is mating with females and occurs 

within the following days of emergence. Female adults however can live from few weeks to 

B A 

Figure 6: Scutum of Aedes aegypti and Aedes 

albopictus. While the scutum of Ae. aegypti (A) 

is marked by a white lyre, the scutum of Ae. 

albopictus (B) is marked by a white stripe 
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several months and lay 100-400 eggs, which are produced from a single mating. Indeed, they 

are able to store spermatozoa in an ectodermic spermatheca. The eggs of Ae. aegypti and Ae. 

albopictus are viable for several months after the spawn by entering in quiescence and 

diapause respectively (Diniz et al. 2017). This allows them to survive under unfavorable 

conditions and promotes their transportation. 

3.2 History and opportunistic expansion 

 The world colonization of Ae. albopictus (Skuse, 1894) is much more recent than Ae. 

aegypti. Also called the tiger mosquito, Ae. albopictus is originated from forests located in 

Southeast Asia. Before the end the 20
th

 century, this species was located only in some regions 

of Asia such as China, Japan, Korea and India. Probably thanks to the Indonesian 

colonization, Ae. albopictus spread to the Pacific and Ocean Indian regions (Hawley 1988). In 

1979, the species was described for the first time in Europe in Albania, probably due to the 

trade of used tires with China (Adhami and Reiter 1998). Subsequently, in less than two 

decades, Ae. albopictus was reported in all continents except Antarctica. 

 

Intensification of trades and travels led to the introduction of the species in other 

European countries, such as Italy in 1990 (Dalla Pozza, Romi, and Severini 1994), France in 

1999 (F Schaffner and Karch 2000), Belgium in 2000 (Francis Schaffner, Van Bortel, and 

Coosemans 2004), Croatia in 2004 (Klobucar et al. 2006) and Germany in 2007 (Pluskota B, 

Storch V, Braunbeck T, Beck M, n.d.). It was first described in the USA in 1985 and spread 

through Mexico to South America where it was reported in Brazil in 1986, in Bolivia in 1997, 

and in Argentina in 1998. In Africa, Ae. albopictus was described in several countries such as 

Nigeria (Savage et al. 1992), Gabon (Coffinet et al. 2007), and Cameroon (Fontenille and 

Toto 2001). In Australia, Ae. albopictus was also reported as soon as 1988 (Kay et al. 1990). 
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 Ae. albopictus is present in tropical and temperate regions (Fig. 8) and colonizes 

natural breeding sites such as tree holes and also artificial breeding sites such as flower pots. 

Moreover, its eggs are able to survive to cold temperatures during winter by entering in 

diapause. This allows the species to colonize temperate regions (Fig. 8). Usually, Ae. 

albopictus is predominant in periurban and urban areas with contact to both humans and 

animals. Because of several environmental changes such as deforestation and global warming, 

Ae. albopictus has developed close interactions with humans. Although its anthropophilic 

behavior was suggested not to be as strong as Ae. aegypti, it is likely that the proliferation of 

Ae. albopictus in close proximity with humans will increase its anthropophilic behavior in the 

near future. In fact, it was shown that this species prefers to feed on humans rather than on 

Figure 7: Aedes mosquito life cycle defined in 8 different steps. 
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other animals (Helene Delatte et al. 2010) when it has the choice. Moreover, Ae. albopictus 

possesses incredible genome plasticity that allows it to cope and adapt to different 

environmental conditions (X.-G. Chen et al. 2015) that led it to be ranked as one of the 

world’s 100-most invasive species. These features let Ae. albopictus to conquer areas 

previously colonized by other mosquito species such as Ae. aegypti on La Réunion Island. 

The fast and widespread distribution of Ae. albopictus can be unscrambled by studying 

population genetics. 

3.3 Population genetics and genetic variability 

3.3.1 Definition 

A population is defined as a group of individuals belonging to the same species that 

are geographically close to each other so that they coexist. Individuals of a population are 

usually not distributed randomly and homogeneously; but rather gather around places that are 

suitable for their living. Subpopulations can cohabit in places subdivided into suitable and 

unsuitable areas. Then, subpopulations can be described as local populations and represent 

genetic units. These genetic units are interconnected through gene flow.  

Population genetics is the study of distribution and changes of genes (and their 

different version (alleles)) within and between populations, under the effects of evolutionary 

pressures (mutations, migration, natural selection and genetic drift). These evolutionary 

pressures have different, sometimes opposite, effects on population genetic variability. 

Mutations are defined as any inherited modifications of the genetic information. They 

represent a major source of innovation in genetic as it is a source of new genetic sequences. 

However, mutations have only limited impact on gene fate. Indeed, the spontaneous mutation 

rate is very low in the eukaryotic system and is then neglected in the evolution of allelic 

frequencies compared to the other evolutionary pressures. 
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Migration is characterized by the movement of individuals between populations of the 

same species. It represents then a direct source of gene flow between populations. Migration 

tends to homogenize allelic frequencies between populations. Unlike mutations, migration has 

a strong impact on gene evolution as they contribute directly to the allelic diversity. Natural 

selection is exerted by environmental factors on specific genes in the genome, and led to 

specific phenotypes according to whether they confer advantageous or disadvantageous 

properties (changes leading to disadvantageous properties are often rapidly lost through 

generations). Selection tends to homogenize allelic diversity within the population, but 

increases genetic variability between populations, as they usually do not cope with the same 

environment. Finally, genetic drift is defined as changes in allelic frequencies due to chance. 

Unlike natural selection, it acts on the whole genome, which means that it has non-specific 

effects. However, like natural selection, genetic drift promotes the decrease of genetic 

variability within populations but increases genetic variability between populations, as shown 

by the experiment realized by Peter Buri on Drosophila in 1956 (Buri 1956). Contrary to the 

Figure 8: World distribution of Aedes aegypti and Aedes albopictus. From Houé et al. 

(2019) 
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other evolutionary pressures, genetic drift always occurs. Moreover, it is important to note 

that smaller is a population, stronger is the effects of genetic drift and natural selection on this 

population. 

Population genetics is of great importance in medical entomology. In recent years, 

vectors dispersion mostly favored by human activities triggered the (re)-emergence of many 

arboviruses and led to severe uncontrolled outbreaks. This is emphasized by the fact that 

mosquito populations of the same species, even geographically close, display different vector 

competence to arboviruses. In this way, population genetics is needed to predict future 

outbreaks, notably by elucidating the circulation of genes of interest, such as insecticide 

resistance or vector competence. Moreover, it allows the assessment of phylogeographical 

relationships between populations that helps us to decipher the genetic diversity and the 

migratory routes used by the vector to spread. Considering that Ae. albopictus mosquito 

conquered all continents from its Southeast Asian native zone in less than three decades, 

population genetics is an important and powerful tool to use for understanding how such 

incredible spread occurred. Finally, because populations of the same species cope with 

different selection pressures, the use of population genetics can help us in understanding how 

they adapt to each of these evolutionary forces defined above. 

All these applications of population genetics rely on the study of populations by what 

it is called geographic structure (Roderick 1996). Geographic structure involves demographic 

and genetic structures. Demographic structure is defined as the processes that influence the 

number and distribution of individuals and their phenotypes in space and time, whereas 

genetic structure represents the genetic variability between and within populations under the 

effects of evolutionary forces (migration, selection, mutation and genetic drift). Specifically, 

genetic structure is defined by the study of allelic and genotypic frequencies, which are the 
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frequencies of the different alleles and corresponding genotypes observed respectively to a 

given locus.  

Genetic structure is based on a model, called Hardy-Weinberg equilibrium (HWE). 

HWE considers that the allelic and genotypic frequencies are constant through generations of 

a population. In order to maintain these constant frequencies, the population needs to respect 

several assumptions: the population size is infinitely large; organisms are diploid, perform 

sexual reproduction and random mating (called panmixia); generations do not overlap; allelic 

frequencies are equal in males and females; and finally the population does not evolve 

through the effects of selection pressures (migration, mutation, and selection). These 

assumptions define parameters that are estimated to form theoretical models. All deviations 

from these assumptions lead to deviations from the HWE and indicate that the population is 

structured in some way.  

The structure of a subdivided population can be evaluated at three different levels 

using the genetic heterozygosity (proportion of heterozygous individuals among all the 

individuals of a population):  

- HI: Heterozygosity of an individual in a subpopulation 

- HS: Expected heterozygosity of an individual in a panmictic subpopulation  

- HT: Expected heterozygosity of an individual in a total panmictic population  

It allows the calculation of three different F inbreeding coefficients or “F statistics”:  

FIS is the coefficient of inbreeding that assesses the reduction of heterozygosity of 

individuals in a subpopulation that has deviated from the HWE (i.e. no panmictic). It exhibits 

the most likely reproductive system of the subpopulation. FIS is defined by this formula : 

FIS =
HS- HI

HS

 

If FIS > 0, the subpopulation displays a heterozygote deficiency explained by 

consanguinity and homogamy (reproduction between individuals exhibiting a similar 
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phenotype), whereas if FIS < 0, the subpopulation displays a heterozygote excess. If FIS = 0, 

the subpopulation respects the HWE.  

FST is the fixation index and measures the decrease of the heterozygosity of a 

subpopulation performed by genetic drift. FST is often used to assess the genetic divergence 

between populations. FST is defined by this formula:  

FST =
HT - HS

HT  

Although the theoretical maximum is FST = 1, this is almost never reached in natural 

populations because genetic drift is almost never the only selection pressure that drives the 

evolution of a population. Therefore, Wright (Wright 1978) redefined the meaning of FST 

values between separate populations:  

- 0<FST<0.05: populations display weak genetic divergence 

- 0.05<FST<0.15: populations display moderate genetic divergence 

- 0.15<FST<0.25: populations display high genetic divergence 

- FST>0.25: populations display very high genetic divergence 

 

Finally, FIT is the global inbreeding coefficient, which assesses the reduction of 

heterozygosity in an individual from the total population. It is defined by the following 

formula : 

FIT =
HT - HI

HT

 

All these three inbreeding coefficients are related according to this formula:  

(1- FIT) = (1- FIS(1- FST)) 

Studying population structure requires the use of specific neutral markers, on which 

evolutionary pressures have so weak effects that they can be neglected. These markers have 

interesting potential to decipher evolutionary processes such as migration, gene flow and 
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dispersal. However, the use of these markers has to be suitable for the level of resolution scale 

required.  

Several different markers have been described and used to assess population genetic 

structure. The first marker used was isoenzymes (or allozymes), which are enzymes that share 

the same function but with a different amino acid sequence. Their polymorphism was 

examined by electrophoresis. Subsequently, thanks to the expansion of molecular biology, 

new technics were developed to analyze nuclear DNA, such as randomly amplified 

polymorphic DNA (RAPDs), restriction fragment-length polymorphisms (RFLPs), introns, 

and internal ribosomal transcribed spacer (ITS) regions, mitochondrial DNA, single 

nucleotide polymorphism (SNPs) and microsatellites. 

3.3.2 Microsatellites as DNA marker for studying population genetic structure 

Microsatellites, also called single sequence repeats (SSR) or simple tandem repeats 

(SRT) is the most common marker used to study population genetics. They are short 

sequences; usually 2-6 nucleotides that are repeated several times in tandem. The 

polymorphism of microsatellites is based on their length that is highly variable between 

alleles and individuals of the same population. This polymorphism is caused by the DNA 

polymerase during replication. Indeed, during this process, the enzyme sometimes pauses and 

stops synthesizing the complementary strand. Because the DNA is denatured, this allows a 

slipped strand mispairing (SSM) in highly repeated regions such as microsatellite sequences 

(Levinson and Gutman 1987). This results to a gain (expansion) or a loss (contraction) of 

length depending on which strand the SSM occurred (gain if SSM occurred on the newly-

synthesized strand, and loss if it occurred on the template strand). Microsatellite sequences 

can also be produced through unequal crossover recombination (Smith 1976). 

There are two types of microsatellites, depending on their potential origin: neo-proto-

microsatellites and imported proto-microsatellites. Neo-proto-microsatellites derived from 



 40 

anonymous sequences that underwent punctual substitution (Messier, Li, and Stewart 1996) 

and/or insertions/deletions (Zhu, Strassmann, and Queller 2000), whereas imported proto-

microsatellites derived from duplications or transposable elements (discussed further in the 

manuscript) that are widespread in eukaryotic genomes. Specifically, their poly-A tails have 

been suggested to be the source of A-enriched microsatellites (Nadir et al. 1996). Although 

present sometimes in coding sequences, microsatellites are mostly found in intergenic regions. 

Microsatellites found in intergenic regions are more often used for population genetic studies 

than those in coding regions to minimize the selection of microsatellites that undergo many 

recombinations.  

Microsatellites are, with SNPs, the most used markers to study population genetics 

because they display useful features that provide several benefits. They are very polymorphic 

and are considered as fast-evolving markers, which is very useful for characterizing newly 

diversified populations; they are supposed to evolve neutrally with neglected effects of 

evolutionary pressures (no selection, migration or mutation). They are widespread in 

eukaryotic genomes (found every 10kB); their detection is easily performed by PCR using 

fluorescent primers. They are locus-specific and co-dominant (unlike other markers, 

homozygosity and heterozygosity can be distinguished). Unlike a single SNP that displays 

only two alleles maximum at a specific site, microsatellites can exhibit dozens of different 

alleles in a population. However, as other markers, the use of microsatellites present some 

disadvantages. The main one is the potential presence of null alleles (also called missing 

data). Null alleles are described as microsatellite sequences that cannot be amplified by PCR 

due to mutations present in the primer-annealing region (Lehmann, Hawley, and Collins 

1996). This results in no amplification if individuals are homozygous for this locus, or the 

detection of only one allele out of two if the individuals are heterozygous for this sequence. 

This leads to a misinterpretation and a false excess of homozygous for this locus. Designing 
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new primer sets (Lehmann, Hawley, and Collins 1996) or sequencing from flanking regions 

(Callen et al. 1993) can overcome this issue. 

3.3.3 Characterisation of Aedes albopictus fast expansion by population genetics 

The reconstruction of the complex colonization pattern of Ae. albopictus is required to 

understand the migrating routes followed by the vector in order to develop sustainable control 

measures against its fast spread. Population genetics has been widely used to study genetic 

variability among Ae. albopictus populations using different molecular markers (Manni et al. 

2015, 2017; Hélène Delatte et al. 2013; Zawani et al. 2014; Raharimalala et al. 2012; Beebe et 

al. 2013; Zhong et al. 2013), but only few of them have used worldwide populations to 

describe the international expansion of this mosquito species from its southeast Asian cradle. 

Its recent expansion was defined as a chaotic propagule distribution related to human 

activities, rather than a progressive expansion from its origin (Manni et al. 2017, 2015). A 

study based on several worldwide Ae. albopictus populations, 17 microsatellite markers and 

approximate Bayesian computation (ABC) method has been performed recently (Manni et al. 

2017). It suggested low genetic diversity in populations from Southeast Asia, confirming an 

ancestral common origin. Moreover, the Japanese population used in the same study is likely 

to represent an admixture between the China and Thai populations, supported by multiple 

introductions (Fig. 9). Additionally, the population from La Réunion Island displayed high 

polymorphism, which is partially shared with Asian populations suggesting old populations 

with Asian common ancestors (Fig. 9). This reveals that the species has adapted to its 

environments and differentiated across the time by showing high percentage of rare and 

private alleles. The population structure data obtained for populations from USA and Albania 

were consistent with the historical records: multiple introductions are suggested to occur from 

Japan (and also South Asia and Hawaii) and China respectively, due to international trades 

between these countries (Fig. 9)(Manni et al. 2017). Together, these data highly suspected the 
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occurrence of multiple events of independent introductions that promoted high intra-

population variability and genetic similarities between non-related geographical populations. 

The admixture between populations occurs in order to avoid bottleneck effects and allows the 

rapid adaptation of adventive populations. Therefore, the rapid expansion and adaptation of 

Ae. albopictus mosquito unraveled by population genetics represents a serious threat for 

public health because of the ability of this species to vector human pathogens. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4 Vector of arbovirus diseases 

Ae. albopictus is a very competent vector as it is able to transmit at least 27 

arboviruses (Houé, Bonizzoni, and Failloux 2019). Consistent with its fast adaptation and 

expansion throughout the world, this species has been responsible of several CHIKV 

Figure 9: Complex invasion pathways inferred by 

population genetics analysis. From Manni et al. 

(2017) 
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outbreaks, for which the virus was found in only a few epidemic sites before early 2000s, 

such as Thailand and India in the 1960s and 1970s (S B Halstead et al. 1969; Mavalankar et 

al. 2008). Indeed, from 2005, Ae. albopictus triggered outbreaks in Western and Central 

Africa where the species replaced Ae. aegypti in urban, periurban and forest areas in 

Cameroon and Gabon. It has become a primary vector in areas where Ae. aegypti was 

absent like in La Réunion Island where 266,000 people were reported infected in 2005-

2006 (Coffey, Failloux, and Weaver 2014; Powers and Logue 2007; H Delatte et al. 2008). 

In 2007, Ae. albopictus was suspected to be the principal vector of a CHIKV outbreak in 

Emilia-Romagna, Italy where 205 human cases were confirmed (G Rezza et al. 2007). 

China also suffered in 2010 from the transmission of CHIKV by this species in Guangdong 

Province with 173 confirmed cases (D. Wu et al. 2012).  

Ae. albopictus was also proved to be able to transmit DENV. The species was 

responsible for several DENV outbreaks in the past such as in Seychelles Islands (1977), La 

Réunion Island (1977), China (1978), the Maldive Islands (1981), Macao (2001), and Hawaii 

(2001) (Metselaar et al. 1980; Qiu et al. 1993; Almeida et al. 2005; Effler et al. 2005). In 

2004, this species was responsible for a new DENV-1 outbreak in La Réunion Island that led 

to 119 confirmed cases (PIERRE V., THIRIA J., RACHOU E., SISSOKO D. and P., n.d.). 

More recently, Ae. albopictus was found responsible of a DENV-1 outbreak with 162 

autochthonous cases in Tokyo, Japan in 2014 (Kobayashi et al. 2018), and a combined 

DENV-1, -2 outbreak in Guangzhou, China the same year (Luo et al. 2017). However, Ae. 

albopictus is considered as the secondary vector of DENV, as it was suggested to be less 

competent than Ae. aegypti, and mainly trigger minor epidemics associated with mild 

symptoms (Giovanni Rezza 2012; Lambrechts, Scott, and Gubler 2010a). Indeed, although it 

was more susceptible to DENV midgut infection, Ae. albopictus was proved to be less 

susceptible to DENV dissemination than Ae. aegypti (Lambrechts, Scott, and Gubler 2010). 
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Therefore, the replacement of Ae. albopictus over Ae. aegypti in some regions of the world 

will likely decrease the impact of DENV on the global human public health. 

 Other than being a threat to human health by transmitting both CHIKV and DENV, 

Ae. albopictus has been defined as an important vector of other arboviruses, such as La 

Crosse virus (LACV) that causes 30-180 cases with severe encephalitis every year in the 

USA (Westby et al. 2015; Rust et al. 1999). Moreover, the important co-circulation of Ae. 

albopictus and several other arboviruses such as eastern equine encephalitis virus (EEEV), 

Venezuelan equine encephalitis virus (VEEV), YFV and Zika virus (ZIKV) strengthens its 

role as a vector of potential massive outbreaks. Its high capacity to be competent to many 

arboviruses can partially be explained by the characteristics of its genome. 

 

3.5 Aedes albopictus genomic features 

The development of molecular technologies such as next-generation sequencing and 

the progress of bioinformatics tools in the last decades have given the opportunity to explore 

and understand the mosquito diversity at the genomic level. Thanks to that, it has been 

discovered that the size of mosquito genomes is highly variable. Globally, the species from 

the Anophelinae have been registered as the bottom part of the mosquito genome size scale, 

whereas the species from the Culicinae are defined as the upper part. The genome size of 

Anopheles gambiae and Culex quinquefasciatus have been reported to be 278 MB and 579 

MB long respectively (R. A. Holt et al. 2002; Arensburger et al. 2010). Many attempts trying 

to determine the whole genome sequence of Aedes mosquitoes failed mostly because of its 

strong composition of repetitive elements, making the read alignments a real complicated 

task. However, Nene et al. released in 2007 the whole genome sequence of Ae. aegypti and 

indicated a length of 1.380 MB, which is around five times bigger than the genome of An. 

gambiae (Nene et al. 2007). The same issues were encountered for the sequencing of the Ae. 
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albopictus genome but it was finally successfully performed and published in 2015. They 

revealed the Ae. albopictus genome as the largest mosquito genome reported to date with a 

length of 1,967 MB (Dritsou et al. 2015; X.-G. Chen et al. 2015). 

The large genome of Ae. albopictus is explained by the expansion of the number of 

genes from several gene families involved in immunity, sex determination, olfaction, 

insecticide-resistance mechanisms and diapause compared to other mosquito genomes (X.-G. 

Chen et al. 2015). More importantly, this large genome contains the highest quantity of 

transposable elements (TEs) ever recorded in mosquito genomes. Indeed, while Cx. 

quinquefasciatus and Ae. aegypti genomes contain respectively 324 MB and 988 MB, Ae. 

albopictus genome displays 1.343 MB (68% of the total genome) of TEs. Together, this could 

explain why Ae. albopictus is a successful invasive species that can adapt easily to several 

different environmental conditions.  

Besides inter-species genomes size variation, mosquito genomes are dynamic and 

subject to constant evolution and intra-species variation of genome size. Ae. albopictus 

genome was previously described with a size ranging from 0.62 to 1.66 pg (Rao and Rai 

1987; Kumar and Rai 1990). As in plants (which contains a high proportion of TEs), the 

mosquito nuclear DNA can be organized into two different domains: a constant and a fluid 

(Cullis 1983). The constant domain remains stable, presumably containing genes essential for 

mosquito survival while the fluid domain can undergo many changes in a short time in 

response to environmental, developmental and physical stimuli (Walbot and Cullis 2003). Just 

as inter-species, intra-species genome size variation in Ae. albopictus can also be explained by 

the presence of TEs in the fluid domain of the genome (McLain, Rai, and Fraser 1987; Black 

et al. 1988). 
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3.5.1 Transposable elements 

TEs are considered as intragenomic parasites (Doolittle and Sapienza 1980; Orgel and 

Crick 1980). They were discovered in maize genome by Barbara McClintock in 1956 

(MCCLINTOCK 1956). Since then, TEs were found ubiquitously in both prokaryotic and 

eukaryotic genomes. Indeed, more than 50% of the human genome and 90% of the maize 

genome are composed of TEs (de Koning et al. 2011; SanMiguel et al. 1996). They are 

described as sequences integrated into the host genome and capable of both independent 

replication and movement from one chromosomal location to another through a phenomenon 

called transposition. Transposition can occur in both somatic and germline cells. However, 

some elements transpose in specific types of cells, like P elements in Drosophila 

melanogaster that only insert themselves in the germline. TEs basically can transpose 

themselves in any genomic locations: some elements insert into specific genomic locations, 

like IS4 in the galactosidase operon of Escherichia coli (Klaer et al. 1981) or P elements into 

the 5’ end of gene-coding sequences in D. melanogaster, whereas others, such as the 

bacteriophage Mu, do not exhibit any preference. Transposons in some cases are also capable 

of escaping from one host genome to integrate into another naïve one, explaining their 

widespread distribution (Kidwell 1992). This phenomenon is called horizontal transfer. 

Transposons are major drivers of host genome function and evolution. They can act as a 

source of mutational variations through their transposition producing multiple copies of the 

same element in the host genome. These copies can facilitate regulation of gene expression, 

recombination and unequal crossing-overs between chromosomes and therefore, lead to 

chromosomal rearrangements by creating deletions, insertions, duplications, inversions and 

translocations. When a TE insertion occurs in an exon, the ORF can change and encodes a 

non-functional peptide or causes missense or nonsense mutations. A TE insertion can also 

create alternative splicing leading to the production of several protein isoforms or introduce a 
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polyadenylation signal (Konkel and Batzer 2010; Batzer and Deininger 2002). Globally, TE 

activity in a host genome contributes to introduce diversity. Transposons are classified into 

two groups, depending on their DNA structure and transposition mechanism. 

The class I, also called retrotransposons, relies on RNA intermediates to transpose and is 

divided in two subgroups: LTR (Long Terminal Repeats) retrotransposons and non-LTR 

retrotransposons. LTR retrotransposons are characterized by two LTRs of a few hundred base 

pairs long and open reading frames between them that contain gag and pol genes, similar to 

those found in retroviruses (although high variability was observed). Briefly, 

retrotransposition occurs through several steps (Fig. 10). The reverse transcriptase encoded by 

the pol gene allows the reverse transcription of the LTR retrotransposon into cDNA, using a 

tRNA base-paired to the RNA sequence as a primer (Fig. 10). After synthesis of the other 

strand, the double-stranded cDNA is then integrated into the chromosomal DNA by the 

integrase encoded by the gag gene. 

Regarding the non-LTR retrotransposons, there are different types but the only one 

that has coding sequences is the LINE (Long Interspersed Nuclear Elements) TEs. They 

contain two ORFs, ORF1 and ORF2, which do not have terminal repeats. Although they 

retrotranspose through the reverse transcription of an RNA intermediate, they do not use 

tRNA as a primer like LTR retrotransposons do. Instead, they use a genomic DNA break at an 

A/T rich sequence as a priming site (Fig. 11). This break is formed by the endonuclease that is 

encoded by ORF2. The RNA intermediate containing a 3’-end poly(A) sequence then base 

pairs at this specific spot of the genomic DNA (Fig. 11). Once the single-stranded cDNA is 

formed, the RNAse H removes the RNA template and the nuclease makes a break at the 

opposite strand allowing the cDNA to base pair at the breaking point. Finally, the host 

enzymes launch the DNA reparation process and complete the retrotransposon integration 

(Fig. 11); (Finnegan 2012). 
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Figure 10: Retrotransposition mechanism of LTR retrotransposons. The 

transcription of the LTR retrotransposon results in the production of a positive strand 

RNA transposition intermediate (brown) that has a tRNA (blue) base-paired 

sequence, the PBS, near its 5′ end (1). tRNA serves as a primer by annealing to the 

priming site and triggers the reverse transcription of the sequence at the 5′ end of the 

RNA (U5, red) and a short repeat sequence (R, green) (2). This RNA fragment base 

pairs with the R sequence located at the 3’ end (3) to trigger the reverse transcription 

from the 3’ end to the 5’ end of the negative strand RNA (4). RNAse H degrades the 

RNA template but a fragment at the poly-purine tract is kept to prime second strand 

DNA synthesis (5). The RNA 3’ end is reverse-transcripted (6) and the fragment 

binds to the 5’ end by sequence complementarity (7), and allows the complete 

synthesis of a double-stranded DNA (8). Finally, the integrase allows chromosomal 

integration of the retrotransposon sequence, and its transcription generates genomic 

RNA with terminal repeats. From Finnegan (2012) 
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The other non-LTR retrotransposons such as Short Interspersed Nuclear Elements 

(SINEs) include SVA (SINE-VNTR-Alu), Alu and MIR (Mammalian-wide Interspersed 

Repeats) elements in mammals and are non-autonomous in nature because they do not encode 

for any enzymes, and they most likely use the transposition machinery of LINEs for 

retrotransposition (Ostertag et al. 2003; Babushok and Kazazian 2007; Dewannieux, Esnault, 

and Heidmann 2003; Weiner 2002; W. Wang and Kirkness 2005). 

The class II TEs, also called DNA elements, contains terminal inverted repeats (TIRs). 

Three different groups of DNA elements have been described in eukaryotes: classic 

transposons (R. a Holt et al. 2002; Craig NL, Craigie R, Gellert M, n.d.), Helitrons 

(Kapitonov and Jurka 2001) and Mavericks, also called Politons (Pritham, Putliwala, and 

Feschotte 2007). Unlike retrotransposons, DNA elements do not rely on RNA intermediates 

for transposition. The classic DNA transposons use an enzyme, the transposase that performs 

transposition through a “cut and paste” mechanism (Fig. 12). Basically, once the transposase 

binds the TIRs, it cuts the donor DNA that frees the transposon and forms the transpososome 

by joining the two ends together. The target DNA is then cleaved by the transposase making a 

staggered break. Finally, the host DNA polymerase fills the gaps at both strands, finalizing the 

integration of the transposon (Fig. 12). Helitrons use a different mechanism to transpose 

which is a rolling circle replication that involves single-stranded DNA intermediate. 

The proportion of Class I retrotransposons and Class II DNA transposons varies between 

insect genomes: in D. melanogaster, 80% of TEs are represented as retrotransposons and 20% 

of DNA transposons, and in An. gambiae 60% of TEs as retrotransposons and 40% as DNA 

transposons (Feschotte and Pritham 2007). When comparing the TE composition between Ae. 

albopictus and Ae. aegypti, Ae. albopictus genome contains 1,343 Mb of TEs and Ae. aegypti 

only 988 Mb. More than 20% of the repetitive sequences present in Ae. albopictus are absent 

in Ae. aegypti. 



 50 

4 of 9 | ROOS AND DE BOER

Figure 11: Non-LTR retrotransposition mechanism. A and B, Transcription 

parental gene and splicing/polyadenylation of the corresponding mRNA. C, The 

L1 endonuclease domain (pink rectangle) recognizes and creates a first nick 

(yellow star) at the genomic site of insertion. D, Priming of the mRNA for 

reverse transcription by the LINE-1 reverse transcriptase domain (pink oval), 

using the parental mRNA as a template. E, Generation of a nick on the other 

strand. F, Second DNA strand synthesis. G, cDNA synthesis in the overhang 

regions created by the two nicks. This process creates a duplication of the 

sequence flanking the target sequence, which is one of the molecular signatures 

of gene retroposition. From Roos and Boer (2018)  
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The two species have diverged 71 million years ago and most TE insertions occurred 

during the 10 last millions years in Ae. albopictus genome (X.-G. Chen et al. 2015). The non-

LTR retrotransposons LINE represent one third of TEs in both genomes, followed by a high 

proportion of LTR retrotransposons, suggesting that retrotransposons are suspected to cause 

genome size variations. DNA transposons represent only 8% of TEs present in the Ae. 

albopictus genome, and 15% in the Ae. aegypti genome (X.-G. Chen et al. 2015). 

Although most of the TEs have lost their capacity to transpose, they remain conserved 

in their hosts. This conservation is the result of positive selection over time because they serve 

a beneficial purpose for their hosts. Indeed, discrete loci were found at the edge of 

heterochromatin regions of Drosophila where vestiges of TEs remained (Brennecke et al. 

2007). Moreover, they were found to produce small-interfering molecules (i.e. piRNAs for 

PIWI-interacting RNAs; see paragraph below on mosquito immunity) that can directly repress 

new transposon activities. Therefore, these loci called piRNA clusters that span from few to 

>100 kb, were described as a trap for TE invasion (Bergman et al. 2006) (Fig. 13). Basically, 

during transposition activity, TEs multiply their copies in the genome. When one of these 

copies inserts into these piRNA clusters, they are automatically processed to produce piRNA 

molecules that in turn, directly target the rest of the TE copies to silence their activities (Fig. 

13). In mosquitoes, gene silencing through small RNA molecule interference is also used by 

the antiviral immunity system. 

4. Mosquito vector competence and antiviral immunity 

4.1 Vector competence of mosquitoes 

 
During the blood meal and through their proboscis (feeding anatomical structure), 

female mosquitoes inject their saliva that contains anti-hemostatic molecules that prevent 

against coagulation, vasoconstriction and platelet agregates. 
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This ensures them to get an appropriate source of proteins that is mandatory for egg 

maturation. It is during this important process that a mosquito can become vector if the source 

of the blood meal is infected. However, all mosquito species are not vector of pathogens. 

Indeed, to transmit a given pathogen they have to be competent. It requires the 

accomplishment of several steps that are defined by vector competence (VC). 
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sertion reactions during transposition. However, the DDE/D 
motif needs to interact with a divalent cation to perform the 
transposition reaction. Although the physiological ion is 

Mg
+2

, the transposase can also use the cofactor Mn
+2

, 
which seems to cause a relaxation in target site specificity. 
This has been seen for many transposition systems and is 
supported by experimental evidence that indicates that 
Mn

+2
permits more flexible DNA strand positioning in the 

active site than does Mg
+2

[74, 90].  

 Consistent with these data, transposition of Tc1/mariner  
elements requires no proteins or cofactors other than 
Mg

+2
and the transposase itself. Indeed, elements from this 

superfamily are able to perform transposition in vitro, when 
provided the right pH and salt conditions, a donor and target 
DNA, Mg

+2
 or Mn

+2
, and an active transposase protein 

[70, 72, 91]. Therefore, this fact confirms that Tc1/mariner 
elements are not dependent on host factors to mediate their 
mobility, making them excellent tools for genomic manipu-
lation in non-native hosts (see below). However, in some 
circumstances, it has been reported that the transposition 
efficiency can be affected by the cellular environment [92].  

 To complete a round of transposition, the DNA double 
strand breaks (DSBs) left behind by the Tc1/mariner trans-
posons upon excision must be repaired by the host cellular 
machinery. One possible pathway of DSB repair is homolo-
gous recombination (HR), either using the homologous 
chromosome (or the sister chromatid) or a homologous se-
quence on the same chromosome as a template. In the first 
case, the result is the regeneration of a new copy of the 
transposon [93]. In the second case, repair occurs by single-
strand annealing, generating a deletion in the DNA flanking 
the excision site [93]. Another possibility is to repair the 
DSBs through the Non-Homologous End-Joining (NHEJ) 
DNA repair pathway, which leads to the generation of a 
transposon footprint flanked by the TA duplication [94, 95]. 
The choice of DSB repair is likely dictated by the host, as 
different organisms are more prone to repair DSBs lesions 
through either HR or NHEJ. 

Regulation and Control of Transposition 

 Transposition is potentially deleterious to the host as well 
as the transposon, whose replication and propagation depend 
on the survival of their host. Thus, the development of ways 
to decrease the impact of transposition on host fitness is 
beneficial for both host and transposon. Some of the known 
strategies for transposon control are the following: 

Overproduction Inhibition (OPI) 

 The transposase itself can act as a transposition inhibitor, 
as when it exceeds a threshold concentration, transposon 
activity is decreased. This fact has been observed in 
Tc1/mariner  elements [96, 97], although the nature of this 
mechanism is not clear. It has been suggested that transpo-
sase monomers could form inactive or less active oligomers, 
thus decreasing the activity of the transposition process [96, 
97]. When the copy number of these elements increases in 
the host genome, the production of transposase is also in-
creased, and through OPI the mobilization of the transposon 
is reduced.  

Vertical Inactivation 

 Although Tc1/mariner  elements are widespread in na-
ture, the vast majority harbor multiple inactivating mutations 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). Transposition steps. Representation of the transposition 

mechanism performed by the transposase proposed for Tc1/mariner  

elements. The process begins with the binding of two transposase 

monomers to the TIRs, forming the Single-End Complex. Then, the 

transposon ends are brought together by both transposase mono-

mers that form a dimer, generating the Paired-End Complex, and 

transposon excision takes places. Finally, the transposase dimer 

recognises a TA dinucleotide, joins it, and forms the Target Cap-

ture Complex to carry out the insertion. 

 

 

 

 

 

 

 

 

 

 

 

Fig. (4). Cut and paste reaction. Representation of cut-and-paste 

reaction in which the transposon is excised from one site and rein-

tegrated at a TA target dinucleotide. Upon insertion, the TA 

dinucleotide is duplicated generating the Target Site Duplication 

(TSD). Then, the host will repair the excision site. If this repair is 

carried out by nonhomologous end-joining (NHEJ), a transposon 

footprint is generated. 

Figure 12: Cut-and-paste transposition mechanism of DNA elements. 

Monomers of transposase bind to the terminal inverted repeats (TIRs) at each 

end of the elements, forming a Single-End complex. The generation of a 

transposase dimer brings the two transposon ends together and form a Paired-

End complex. The transposase dimer then proceeds to a transposon excision, 

and binds to a TA dinucleotide to form a Target Capture complex that allows 

transposon insertion. From Munoz-Lopez and Garcia-Perez (2010) 
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Figure 13: piRNA cluster mechanism to repress transposable element (TE) 

activity. From Parhad and Theurkauf (2019) 

 

 

 

 

 

 

 

 

 

 

 As already mentioned, the VC of a mosquito is its capacity to ingest the virus during a 

blood meal, maintain the viral replication and the transmission to an appropriate vertebrate 

host (Kramer and Ebel 2003). Specifically, once ingested, the virus needs to overcome the 

midgut epithelial cells, spread through the hemolymph to secondary tissues and organs, and 

reach the salivary glands, where it will be transmitted by the saliva during another blood meal 

to another competent host (Fig. 14). The interval between the time during which the virus is 

ingested and the time it is transmitted by the vector is called extrinsic incubation period (EIP). 

However, to reach saliva, the virus has to cope with four different anatomical barriers: the 

midgut infection barrier (MIB), the midgut escape barrier (MEB), the salivary gland infection 

barrier (SGIB) and the salivary gland escape barrier (SGEB) (Alexander W E Franz et al. 

2015). These barriers are reinforced by the presence of the immune system, which is in part 

guided by the RNA interference (RNAi) system.  

 



 54 

Figure 14: Schematic representation of an arboviral infection in 

mosquito. The arbovirus is ingested by the mosquito during a blood meal, 

enters in the midgut epithelial cells, and spread through the haemolymph 

to different tissues and organs. Finally, the virus infects the salivary 

glands, which promotes its release in the saliva during another blood meal. 

From Frantz et al. (2015) 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

4.2 RNA interference immunity 

In order to persist in their invertebrate host, arbovirus replication needs to be 

controlled to avoid killing their hosts. The fat body (that produces antimicrobial peptides; 

(Aggarwal and Silverman 2008; Hillyer and Estévez-Lao 2010; Dolezal et al. 2019), salivary 

glands and midgut (that produces lytic factors) are important tissues that exert a barrier 

against infection. The immune response responsible for the control of the invading pathogens 

is triggered by the recognition of pathogen-associated molecular patterns (PAMPs) via pattern 

recognition receptors (PPRs). This interaction activates immune signaling pathways (JAK-

STAT, Toll and Imd pathways) and immune effector mechanisms (phagocytosis, nodulation, 

melanization, cellular encapsulation, apoptosis, autophagy) are mainly set up by hemocytes 

(and lamellocytes for cellular encapsulation) present in the hemocoel. 

First described in Caenorhabditis elegans, RNA interference (RNAi) pathways are 

thought to be the main antiviral mechanisms in mosquitoes (W.-X. Li et al. 2004; Keene et al. 

2004; Sánchez-Vargas et al. 2009; Varjak et al. 2017b), as it is considered as an adaptive form 

of immunological memory. Indeed, this memory relies on gene silencing mechanisms where 

during infection, exogenous double-stranded RNAs are processed by the infected cell to 
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produce small-RNAs (sRNAs). These sRNAs associated with a protein complex interact with 

exogenous viral RNAs by sequence complementarity. The current knowledge of the RNAi 

pathways is based mainly on studies conducted on Drosophila melanogaster. Three different 

pathways have however been previously described in mosquitoes: (small-interfering (siRNA), 

microRNA (miRNA) and piwi-interacting RNA (piRNA) pathways), for which the silencing 

mechanism is similar but the biogenesis of the sRNAs and the proteins involved are different. 

4.2.1 siRNA pathway 

The knowledge of the siRNA pathway originated from the use of Drosophila melanogaster as 

a model organism to describe this pathway, but similar mechanism was observed in Aedes 

mosquitoes. The siRNA pathway is divided into an exogenous and an endogenous pathway 

(Fig. 15A). Regarding the exogenous pathway, the incoming virus produces double-stranded 

RNA (dsRNA) intermediates during its replication cycle, which are processed by the 

ribonuclease Dicer 2 (Dcr2) into 21 nt-long siRNA. Then, siRNAs are loaded into the RNA-

induced silencing complex (RISC) thanks to the activity of the double-stranded RNA binding 

protein (dsRBP) R2D2 (Tomari, Du, and Zamore 2007; Marques et al. 2010). Once loaded 

into RISC, one of the two strands called the passenger strand, is cleaved by Argonaute 2 

(Ago2) and then removed by the endoribonuclease activity of the C3PO protein. The 

remaining strand called the guide strand, is 2’-O-methylated by the methyltransferase Hen1, 

leading to the complete maturation of the RISC complex (Horwich et al. 2007). Therefore, the 

guide strand is used to bind viral RNA by sequence complementarity, and this interaction 

allows the RISC complex to recognize and cleave the exogenous viral RNA (thanks to the 

catalytic domain of Ago2), leading to the silencing of viral gene expression (Fig. 15A). 

Endogenous siRNAs (endo-siRNAs) can also be produced from double-stranded RNAs such 

as hairpins with a long, perfect stem or sense-antisense transcript hybrids, and are processed 

in the same way as exogenous siRNAs except that these molecules are loaded into the RISC 
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complex by the dsRBP Loquacious (LOQS) rather the R2D2 (Czech et al. 2008; Okamura et 

al. 2008). 

 

4.2.2 miRNA pathway 

miRNAs originate from endogenous hairpin transcripts that are transcribed by the 

RNA polymerase II as primary miRNAs (pri-miRNAs) (Fig. 15B)(Y. Lee et al. 2004). The 

processing of pri-miRNAs by Drosha and the dsRBP Pasha leads to the synthesis of precursor 

miRNAs (pre-miRNAs) that are exported to the nucleus by Exportin-5 (Y. Lee et al. 2004). 

Alternatively, miRNAs can be derived from intron regions (called mirtrons), which after 

splicing can result of pre-miRNA molecules (Fig. 15B). An additional step of maturation 

performed by Dicer 1 and the rsRBP LOQS results in a duplex pre-miRNAs of around 22nt-

long (Y. Lee et al. 2004), which are then ready to be loaded into RISC (also called miRISC) 

complex that is composed of Argonaute 1 (Ago1). The cleavage of the passenger strand being 

not essential for maturation (Matranga et al. 2005), miRISC complex then uses the guide 

strand to perform RNA degradation or translational inhibition.  

4.2.3 piRNA pathway 

piRNA biogenesis 

Discovered more recently, the piRNA pathway is present in a wide range of 

organisms. Although the piRNA pathway is active in the soma (Mani and Juliano 2013), it 

was first shown to suppress transposon activity and maintain genome integrity in Drosophila 

germ lines (Tóth et al. 2016). Indeed, dysfunctional components of the piRNA pathway lead 

to infertility in both oogenesis and spermatogenesis in Drosophila (Cox et al. 1998; Lin and 

Spradling 1997; Schmidt et al. 1999; Schüpbach and Wieschaus 1991). 

The Drosophila piRNA pathways have served as a model for describing the ones in 

mosquitoes. 
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sizes of siRNAs: 21 and 24 nucleotides38,39. The 21-nucle-

otide siRNAs are produced by DCL4, but in the absence 

of DCL4, DCL2 can substitute, producing 22-nucleotide 

siRNAs40–44. The DCL4-produced 21-mers typically 

associate with AGO1 and guide mRNA cleavage. The 

24-mers associate with AGO4 (in the major pathway) 

and AGO6 (in the surrogate pathway), and promote the 

formation of repressive chromatin45.

In plants, exogenous sources of siRNAs are not 

confined to dsRNAs. Single-stranded sense transcripts 

from tandemly repeated or highly expressed single-copy 

transgenes are converted to dsRNA by RDR6, a mem-

ber of the RNA-dependent RNA polymerase (RdRP) 

family that transcribe ssRNAs from an RNA template46 

(BOX 1). RDR6 and RDR1 also convert viral ssRNA into 

dsRNA, initiating an antiviral RNAi response47. The 
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Figure 1 | Small RNA silencing pathways in Drosophila. The three small RNA silencing pathways in flies are the 

small interfering RNA (siRNA), microRNA (miRNA) and Piwi-interacting RNA (piRNA) pathways. These pathways 

differ in their substrates, biogenesis, effector proteins and modes of target regulation. a | dsRNA precursors are 

processed by Dicer-2 (DCR-2) to generate siRNA duplexes containing guide and passenger strands. DCR-2 and the 

dsRNA-binding protein R2D2 (which together form the RISC-loading complex, RLC) load the duplex into 

Argonaute2 (AGO2). A subset of endogenous siRNAs (endo-siRNAs) exhibits dependence on dsRNA-binding protein 

Loquacious (LOQS), rather than on R2D2. The passenger strand is later destroyed and the guide strand directs AGO2 

to the target RNA. b | miRNAs are encoded in the genome and are transcribed to yield a primary miRNA (pri-miRNA) 

transcript, which is cleaved by Drosha to yield a short precursor miRNA (pre-miRNA). Alternatively, miRNAs can be 

present in introns (termed mirtrons) that are liberated following splicing to yield authentic pre-miRNAs. pre-miRNAs 

are exported from the nucleus to the cytoplasm, where they are further processed by DCR-1 to generate a duplex 

containing two strands, miRNA and miRNA*. Once loaded into AGO1, the miRNA strand guides translational 

repression of target RNAs. c | piRNAs are thought to derive from ssRNA precursors and are made without a dicing 

step. piRNAs are mostly antisense, but a small fraction is in the sense orientation. Antisense piRNAs are 

preferentially loaded into Piwi or Aubergine (AUB), whereas sense piRNAs associate with AGO3. The 

methyltransferase HEN1 adds the 2 -O-methyl modification at the 3  end. Piwi and AUB collaborate with AGO3 to 

mediate an interdependent amplification cycle that generates additional piRNAs, preserving the bias towards 

antisense. The antisense piRNAs probably direct cleavage of transposon mRNA or chromatin modification at 

transposon loci. SAH, S-adenosyl homocysteine; SAM, S-adenosyl methionine.
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Figure 15: siRNA and miRNA pathways in Drosophila. a) The siRNA pathway (left 

panel) is triggered by the recognition of a long double-stranded RNA (dsRNA) by the 

ribonuclease Dicer 2 (DCR-2), which cleaves the dsRNA into siRNAs of 21nt long that 

forms the siRNA duplex. With the help of the dsRNA binding-protein R2D2, the 

siRNA duplex is loaded into Argonaute 2 protein (Ago2) and forms the RNA-induced 

silencing complex (RISC). One of the two strands (the passenger strand) is cleaved by 

Ago2 and the remaining strand (the guide strand) is 2’-O-methylated by the 

methyltransferase Hen1, leading to the complete maturation of the RISC complex. The 

guide strand recognizes its RNA target by sequence complementarity and the RISC 

complex can then cleave the target. Endogenous siRNAs (endo-siRNAs; right panel) 

can be produced and are processed in the same way as siRNAs except that they are 

loaded into the RISC complex with the help of Loquacious (LOQS) rather then R2D2. 

b) miRNAs originate from hairpin-structured primary mi-RNAs (pri-miRNAs) 

transcribed by the RNA polymerase II (left panel). pri-miRNAs are then cleaved by the 

endonuclease Drosha wit the help of the dsRBP Pasha to become precursor mi-RNAs 

(pre-miRNAs) and exported in the cytoplasm by Exportin-5. Alternatively, miRNAs 

can derive from intron regions (called mirtrons), which after splicing can result of pre-

miRNA molecules (left panel). pre-miRNAs are cleaved by DCR1 and LOQS into 

around 22nt long molecules and loaded into the RISC complex by binding to Ago1. 

The complex gets rid off the passenger strand and the guide strand leads to recognition 

of the target and cleavage by RISC. From Ghildiyal and Zamore (2009) 



 58 

 

 Contrary to the two other sRNA pathways described earlier, the piRNA pathway does 

not require Dicer proteins, but PIWI subfamily proteins, and involves two major pathways 

(Fig. 16): primary and secondary (also called ping-pong amplification loop) pathways. 

piRNAs are derived from long single-stranded RNA transcripts that are transcribed from 

specific genomic regions called piRNA clusters (Kofler 2019). These transcripts, after being 

exported to the cytoplasm, are then processed into 5’monophosphorylated precursor piRNAs 

(pre-piRNAs) by the endoribonuclease Zucchini (Zuc) (Fig. 16) (Nishimasu et al. 2012). pre-

piRNAs, displaying a 5’ terminal uridine (5’ 1U) synonym of the primary piRNA signature, 

are then loaded into Aub or Piwi proteins with the help of the chaperone proteins Shutdown 

(Shu) and Heat shock protein 83 (Hsp83) (Olivieri et al. 2012). 5’ end selection preference is 

similar to what was observed in Arabidopsis and Argonaute proteins (Mi et al. 2008). The 3’-

5’ exonucleolytic activity of the suspected Nibbler protein (Nbr) (H. Wang et al. 2016; Feltzin 

et al. 2015), reduces the size of the piRNA to 23-30 nt (Kawaoka et al. 2011). At the same 

time, the 3’ end of the piRNA is 2’-O-methylated by the methyltransferase Hen1, which is the 

final step before the complete maturation of primary piRNAs (Kawaoka et al. 2011; 

Kamminga et al. 2010). Only the piRNAs loaded into Aub can participate in the secondary 

pathway. They recognize the target sequence, which is subsequently cleaved by Aub. The 3’ 

end fragment of the targeted RNA is then loaded into Argonaute 3 protein (Ago3, another 

Piwi protein) with the help of the chaperone Shu. The following steps are the same as 

described for the primary biogenesis: the RNA loaded into Ago3 is then trimmed to reach 23-

30 nt long, and its 3’ end is 2’-O-methylated by the methyltransferase Hen1. The secondary 

piRNA biogenesis leads to an amplification of the primary piRNAs and the production of 

secondary piRNAs. Primary piRNAs have a bias for an uridine at the first position (U1) and 

are antisense transcripts, and secondary piRNAs have a bias for an adenine at the position 10 
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(A10). Unlike antisense transcripts, sense transcripts tend to exhibit an A10 biais. Moreover, 

the first 10 nucleotides of both primary and secondary piRNAs are complementary. 

Potential antiviral role of piRNAs in mosquitoes 

Viral siRNAs (vsiRNAs) are widely detected during arbovirus infections. Alphavirus- 

and flavivirus-specific viral siRNAs of positive and negative sense polarities were described 

in Ae. albopictus and Ae. aegypti mosquitoes and cell lines, mapping to the entire strands, 

with some specific hotspots (Morazzani et al. 2012; Schnettler, Donald, et al. 2013; Scott et 

al. 2010; Miesen, Joosten, and van Rij 2016; Varjak et al. 2017b; Hess et al. 2011; Saldaña et 

al. 2017). 

Along with their functions in the repression of transposon activity, piRNAs have been 

recently thought to have potential antiviral roles in mosquitoes, although these molecules do 

not have antiviral functions in Drosophila (Petit et al. 2016). Many differences in the piRNA 

pathway between Drosophila and mosquitoes were observed which suggested expansion and 

functional divergence of Argonautes in Dipterans (Marconcini et al., unpublished data). 

Indeed, while three proteins (Ago-3, Aubergine (AUB) and PIWI proteins) interact with 

piRNAs in D. melanogaster, seven (Ago3, Piwi2, Piwi1/3, Piwi4, Piwi5, Piwi6 and Piwi7) 

are involved in the piRNA pathway in Aedes mosquitoes (Miesen, Joosten, and van Rij 2016; 

Akbari et al. 2013; Matthews et al. 2018). Piwi1/3 and Piwi7 genes are expressed in gonads 

and embryo whereas Ago3, Piwi4, Piwi5 and Piwi6 expression is highly detected in the soma 

and in the Ae. aegypti cell line Aag2 (Miesen, Joosten, and van Rij 2016; Akbari et al. 2013). 

Secondly, in Aedes spp., the ping-pong amplification loop is not restricted to the germlines, as 

it is in Drosophila (X. Huang, Fejes Tóth, and Aravin 2017; Akbari et al. 2013; Czech and 

Hannon 2016; Lewis et al. 2018). 
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Both primary and secondary (displaying the ping-pong signature) viral piRNAs (vpiRNAs) 

have been described in several different mosquito cell cultures following the infection of 

many viruses from different families (reviewed by (Miesen, Joosten, and van Rij 2016; 

Varjak, Leggewie, and Schnettler 2018)). Whereas vpiRNA production from alphaviruses is 

dependent on Piwi5 and Ago3 proteins, Piwi6 is required for vpiRNA production following 

DENV flavivirus infection (Miesen, Joosten, and van Rij 2016; Miesen, Girardi, and van Rij 

2015; Varjak et al. 2017b; Varjak, Leggewie, and Schnettler 2018). Additionally, in vivo 

experiments conducted mostly on Aedes spp. mosquitoes are consistent with these in vitro 

experiments (Varjak, Leggewie, and Schnettler 2018). 

During alphavirus infection in mosquitoes, vpiRNAs have also been described, and 

their production is dependent on Ago3 and Piwi5 proteins (Schnettler, Donald, et al. 2013; 

Varjak, Leggewie, and Schnettler 2018). Most of the alphavirus-specific (including CHIKV) 

vpiRNAs exhibited sense polarity with a ping-pong signature (A10 bias) in mosquitoes, 

although antisense piRNAs with U1 bias were also detected. This suggests that alphavirus 

infections trigger the production of secondary vpiRNAs (Morazzani et al. 2012; Schnettler, 

Donald, et al. 2013; Vodovar et al. 2012; Miesen, Girardi, and van Rij 2015). Moreover, these 

studies highlighted the fact that alphavirus-specific vpiRNAs seem to derive mostly from the 

subgenomic region of the genome, which is more produced than the genomic region, 

suggesting that the quantity of RNA could favor vpiRNA production. 

During flavivirus infection however, the vpiRNA production landscape is different. 

Indeed, only a few sRNAs of sense polarity and of the corresponding piRNA size were 

obtained through Piwi6, Ago3 and Piwi5 expressions following DENV infection in Aedes cell 

lines (Scott et al. 2010; Miesen et al. 2016). This is consistent with what was observed in in 

vivo experiments with Ae. aegypti (Hess et al. 2011). 
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These in vitro and in vivo studies showed no U1 or A10 bias, suggesting that the ping-

pong amplification loop is not involved in the production of DENV-specific vpiRNAs in Ae. 

aegypti. In Ae. albopictus, DENV-specific vpiRNAs were produced after 9 days post-

infection (dpi) from specific hotspots mainly located in NS5 region, and displayed a weak 

A10 bias (Y. Wang et al. 2018). Moreover, similar results were obtained with ZIKV in in vivo 

Nibbler 

Figure 16: Primary and secondary piRNA pathways in Drosophila. These pathways 

from Drosophila were taken here as examples. piRNA precursor transcripts (pre-

piRNAs) derived from piRNA clusters are processed through the endoribonuclease of 

Zucchini (Zuc) and loaded into Aub or Piwi porteins with the help of the chaperone 

proteins Shutdown (Shut) and Heast shock protein 83 (Hsp83) after a preference 

selection of 5’U. 3’-5’ exonucleolytic activity of the suspected Nibbler protein shortens 

the size of primary piRNAs to 23-30nt which are 2’-O-methylated by the 

methyltransferase Hen1. The complex is now fully operational for gene silencing. 

piRNAs loaded into Aub protein can get access to the secondary pathway. piRNAs 

recognize target RNA molecules that are cleaved by Aub. The 3’ fragment of this target 

is processed by Ago3 protein, Nibbler and Hen1 to become a functional piRNA, and the 

cycle goes on. Adapted from Luteijn and Ketting (2013) 
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and in vitro experiments although even fewer hotspots were described (Varjak et al. 2017a; 

Saldaña et al. 2017) . 

Overall, the antiviral role of the piRNA pathway in mosquitoes against some 

arboviruses is still unclear. Indeed, whereas some arboviral infections seem to trigger the 

production of specific vpiRNAs supported by a ping-pong amplification cycle, others may be 

repressed by other sRNA mechanisms or immune responses, as only a few deep-sequencing 

reads corresponding to piRNA-sized molecules mapped to few genomic positions and no 

ping-pong signature was observed. The fact that the knockdown of Piwi5, Piwi6 and Ago3 

(required for vpiRNA production) had no effect on viral replication is still an enigma 

regarding the proposed antiviral activity of vpiRNAs. The absence of secondary piRNA 

production could be the result of viral degradation products that are not produced by the 

piRNA pathway but possess the same size as piRNAs. Therefore, further studies are required 

to clarify under which conditions (type of mosquito/cell line infected with a specific viral 

group or genus) specific vpiRNAs are produced. 

Endogenous viral elements (EVEs) and especially non-retroviral integrated RNA virus 

sequences (NIRVS) are virus-like sequences integrated into mosquito genomes (Houé, 

Bonizzoni, and Failloux 2019). Interestingly, NIRVS from different families, including the 

Flaviviridae family, were shown to be the source of vpiRNA production. Moreover, these 

vpiRNAs were proved to display a U1 bias (synonym of a ping-pong amplification cycle) 

with an antisense polarity, which highlights their potential to directly target positive-sense 

genomes such as flaviviruses (Palatini et al. 2017; Whitfield, Dolan, Kunitomi, Heiner, et al. 

2017). The potential antiviral role of NIRVS will be further described in the manuscript. 

The role of mosquito antiviral immunity is not only restricted to exogenous 

arboviruses, but can also play a role in mosquitoes that are persistently infected with a 

specific group of viruses, called insect-specific viruses (ISVs). 
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5. Insect-specific viruses as mosquito virome 

As discussed earlier, arboviruses are subjected to deep investigation due to their 

emergence/re-emergence that led to tremendous outbreaks and profoundly impact human 

health. Additionally, another group of viruses, called insect-specific viruses (ISVs), has 

been aroused the curiosity of the scientist community. The first ISV was discovered more 

than 40 years ago by adding supernatant cultures of Ae. aegypti on Ae. albopictus cells 

(Stollar and Thomas 1975). These cells showed sign of syncytium formation after 60 hours 

of contact. The virus was therefore called cell fusing agent virus (CFAV). However, during 

a long time, limited interest has been given to this group of viruses due to their apparent 

host-range restriction phenotype. Indeed, ISVs were proved several times to be unable to 

replicate in vertebrate cells (Bolling, Weaver, et al. 2015; Blitvich and Firth 2015). 

Moreover, they have not been isolated from natural vertebrates. In the last two decades, due 

to molecular technologies such as next-generation sequencing and the development of 

bioinformatics tools, many ISVs were discovered to persistently infect their host, and then 

represent a part of the insect “virome”. They all are RNA viruses and belong to different 

taxa: Flaviviridae, Rhabdoviridae, Bunyavirales, Togaviridae, Mesoniviridae, Reoviridae, 

and Negevirus (family unassigned) (Bolling, Weaver, et al. 2015). Although this term refers 

to a group of viruses infecting insects, ISVs were mostly isolated in mosquitoes (Moureau 

et al. 2010). This group could then be renamed mosquito-specific viruses. 

 

5.1 Insect-specific viruses as origin of arboviruses 

Some viral families have been suspected to have ISVs as ancestral clade to 

arboviruses. Indeed, in the Bunyavirales order, ISVs from different genera (Gouléako virus, 

genus Goukovirus; Herbert herbevirus genus Herbevirus) were shown to have a basal position 

based on the phylogenetic analysis of conserved sequences. Moreover, newly discovered 
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insect-specific bunya-families (Feraviridae, Jonviridae and Phasmaviridae) were discovered to 

share their most common ancestor with orthobunyaviruses, hantaviruses and tospoviruses 

(Junglen 2016; Marklewitz et al. 2015; M. J. Ballinger et al. 2014). Additionally, a group of 

ISV belonging to the Flaviviridae family (cISF; discussed further in the manuscript) was 

proved to represent an ancestral lineage (Bolling, Weaver, et al. 2015). Altogether, these data 

reveal a strong potential of arthropod-origin of arboviruses belonging to several different 

families. Precisely, this suggests then that some viruses have acquired, rather than lost, the 

capacity to replicate in vertebrates, and have coevolved, interacted and diversified with their 

hosts from ancient time (Shelley Cook et al. 2013; C.-X. Li et al. 2015; Marklewitz et al. 

2015). Then some ISVs may acquire in the future the capacity of replication in vertebrates 

and become pathogenic arboviruses for humans in the future. However, the origin of 

arboviruses from some genera, such as Alphaviruses, could not be explored as only few ISVs 

have so far been discovered. Therefore, it is essential to study ISVs for understanding the 

evolution and preventing the emergence of pathogenic dual-host viruses. 

5.2 Host-range restriction of insect-specific viruses 

Although almost all ISVs have been isolated in C6/36 Ae. albopictus cells (Stollar and 

Thomas 1975; Hoshino et al. 2009a, 2012, 2007; Tyler et al. 2011; Shelley Cook et al. 2009; 

Parreira et al. 2012; Huhtamo et al. 2012; Sang et al. 2003; Hobson-Peters et al. 2013; Mary 

B. Crabtree, Nga, and Miller 2009), many in vitro and in vivo studies have attempted to prove 

that ISVs can replicate in vertebrates. However, experiments based on inoculation of ISVs in 

mammalian, avian of amphibian cell lines, as well as intracerebral injection in mice failed to 

reveal ISV replication suggesting their host-restricted phenotype (Marklewitz et al. 2013; 

Nasar et al. 2012, 2015). Although high temperatures completely block the mosquito-specific 

bunyaviruses replication in invertebrate cells (Marklewitz et al. 2015), decreasing the 

temperature in vertebrate cells do not allow viral replication, suggesting that temperature is 
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not the only restriction factor (Marklewitz et al. 2015; Nasar et al. 2012; Huhtamo et al. 

2014). Nevertheless, it was proved that viruses could adapt to the body temperature of their 

host, as it was shown with Rabensburg virus (flavivirus) that cannot replicate at 37°C in 

vertebrates cells but can replicate at 28°C in these same cells (Aliota et al. 2012; Aliota and 

Kramer 2012). This virus can then be considered as an intermediate between ISVs and 

vertebrate viruses, as it is also highly vertically transmitted but weakly orally transmitted by 

Culex mosquitoes. 

The production of chimeric viruses revealed that ISV replication is restricted at 

many steps of the viral cycle (Nasar et al. 2012, 2015; Junglen et al. 2017). A chimeric 

YFV made with structural proteins of an insect-specific flaviviruses (NIEV, Niénokoué 

virus) proved to replicate and produce infectious particles in C6/36 cells, but not in BHK 

cells, suggesting a restriction at the cell entry (Junglen et al. 2017). The same study showed 

that after the electroporation of a NIEV reporter replicon expressing Renilla luciferase, a 

continuous decrease of Renilla luciferase expression was observed compared to control, 

suggesting a potential restriction at the RNA replication level as well. Finally, the 

electroporation of the chimeric virus to circumvent the cell entry failed to produce 

infectious viral particles, also suggesting a restriction at the assembly and release of the 

virus. 

The vertebrate immune system against ISVs could also explain their incapacity to 

replicate in these organisms. Indeed, the separate knockdown of the pattern recognition 

receptors (PRRs) TLR3, MDA5 and RIG-I increased Kamiti River virus (KRV) vRNA levels 

in Vero cells (Tree et al. 2016). Moreover, KRV infection in IRF3,5,7
-/-

 mouse embryonic 

fibroblasts led to the production of mature viral particles associated with increased 

accumulation of vRNA. This was the first study showing the role of the vertebrate immune 

system in the host-range restriction of ISVs. However, other studies using Herbert virus, 
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Gouléako virus and a chimeric Eilat virus/CHIKV showed incapacity of infection in RIG-I or 

MDA5-deficient mouse embryonic fibroblasts (MEFs) or IFN-a/b receptor knockout mices 

(Drosten et al. 2011; Marklewitz et al. 2013; Erasmus et al. 2017). Therefore, the immune 

response might not be the major barrier to infection, and further studies (using other ISVs and 

cell lines) are required to puzzle out its precise role in vertebrate cells. 

Finally, contrary to mammalian RNA viruses that mimic host mRNA and display low CpG 

dinucleotide frequencies (Rima and McFerran 1997; Belalov and Lukashev 2013), ISVs, 

and notably insect insect-specific flaviviruses (ISFs), show high frequencies of CpG 

dinucleotides (Lobo et al. 2009). However, it was recently proposed that through the 

activity of the zinc-finger antiviral protein (ZAP), the vertebrate antiviral immunity exploits 

the CpG suppression in order to recognize and inhibit non-self RNA, and notably RNA 

viruses (Takata et al. 2017). Therefore, because of high genome composition of CpG 

dinucleotides, ISVs could be totally or partially repressed through this mechanism (Fros et 

al. unpublished data).  

5.3 Insect-specific virus transmission 

In order to be maintained in nature, arboviruses are suspected to be mainly transmitted 

horizontally. Although few proofs of vertical transmission (from infected females to the 

progenies) have been detected (Rosen et al. 1985; Mitchell and Miller 1990), conflicting 

results based on field studies revealed that this mode of transmission could not explain alone 

the epidemiological persistence of arboviruses (Watts et al. 1985; Lequime and Lambrechts 

2014). However, it has been proposed that arboviruses could be transmitted vertically during 

period when horizontally transmission conditions are not optimal (Lequime, Paul, and 

Lambrechts 2016). 
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On the other hand, the ancestral association between ISVs and their hosts is 

consistent with their mode of transmission. ISVs have been proven to be transmitted 

vertically, from an infected female to her progeny (Bolling et al. 2011; S. Cook and Holmes 

2006; Sang et al. 2003), and the presence of ISVs at each stage of life and in males 

confirmed these experiments. Transovarial transmission (infection of the germinal tissues 

of female mosquitoes) has been revealed to be the main mechanism by which ISVs are 

vertically transmitted (Saiyasombat et al. 2011). Venereal transmission, previously 

investigated, plays a minor role in the persistence of ISV (Bolling et al. 2012b). 

 

5.4 Insect-specific flaviviruses 

 
 Insect-specific flaviviruses (ISFs) are a group of flaviviruses that represents by itself 

the discovery and the growing interest of studying ISVs. Indeed, as mentioned earlier, the 

first ISV discovered, CFAV, was characterized in cells as a flavivirus in 1975 and was 

further isolated from field-collected mosquitoes from different regions of the world 

(Espinoza-Gómez et al. 2011; S. Cook and Holmes 2006; Yamanaka et al. 2013). 

Subsequently, 17 years passed before the nucleotide sequence of the virus was released 

(Cammisa-Parks et al. 1992). Then, almost 30 years later, a new ISF, designated Kamiti 

River virus (KRV), was described in field-collected Aedes macintoshi mosquitoes collected 

in 1999 in Kenya (Sang et al. 2003; M B Crabtree et al. 2003). Furthermore, Culex 

flavivirus (CxFV) was isolated in 2007 in Culex pipiens mosquitoes in Japan (Hoshino et 

al. 2007), and screening achieved on field-collected mosquitoes showed its wide 

distribution like many other ISFs (Farfan-Ale et al. 2009; Morales-Betoulle et al. 2008; 

Blitvich et al. 2009; Kyaw Kyaw et al. 2018; Goenaga et al. 2014; D. Y. Kim et al. 2009; 

Huanyu et al. 2012; Grisenti et al. 2015). During the last two decades, the development of 

new sequencing technologies and bioinformatic tools allowed a tremendous number of new 
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ISF discoveries (Table 1). Some viruses were even discovered simultaneously so that 

different names were given. 

 

 

Tableau 1: List of insect-specific flaviviruses (ISFs) discovered. cISF: classical ISF. dISF: 

dual-host affiliated ISF. Adapted from Bolling et al. (2015) and Guzman et al. (2018) 

 

Virus 
Phylogenic 

group 

Geographical 

distribution 
Host References 

Aedes 

flavivirus 

(AeFV) 

cISF 

Japan (2003), 

Italy (2008), 

USA (2011), 

Thailand 

(2012) 

Ae. albopictus, 

Ae. flavopictus, 

Cx. pipiens 

(Hoshino et al. 2009b; Roiz et al. 

2012; Bolling, Vasilakis, et al. 

2015; Calzolari et al. 2012; 

Haddow et al. 2013; Grisenti et al. 

2015) 

Aedes 

galloisi 

flavivirus 

(AGFV) 

cISF Japan (2003) Ae. galloisi (Hoshino et al. 2012) 

Calbertado 

virus 

(CLBOV) 

cISF 

Canada 

(2003), USA 

(2006) 

Cx. tarsalis, Cx. 

pipiens 

(Tyler et al. 2011; Bolling et al. 

2011) 

Assam 

virus 
cISF 

India (date not 

specified) 

Culex 

tritaeniorhynchu

s 

(Datta et al. 2015)  

Cell Fusing 

Agent virus 

(CFAV) 

cISF 

Laboratory, 

Puerto Rico 

(2002), 

Indonesia 

(2004), 

Mexico 

(2007), 

Thailand 

(2008), USA 

(2012) 

Ae. albopictus, 

Ae. aegypti, 

Culex spp. 

(Stollar and Thomas 1975; 

Hoshino et al. 2009b; Espinoza-

Gómez et al. 2011; S. Cook and 

Holmes 2006; Yamanaka et al. 

2013) 

Culex 

Flavivirus 

(CxFV) 

cISF 

Japan (2003), 

Indonesia 

(2004), China 

(2006), 

Guatemala 

(2006), USA 

(2006), 

Mexico 

(2007), 

Trinidad 

(2008), 

Uganda 

(2008), 

Argentina 

(2009), 

Cx. interrogator, 

Cx. maxi, Cx. 

nigripalpus, Cx. 

pipiens, Cx. 

quinquefasciatus, 

Cx. restuans, Cx. 

tarsalis,Cx. 

tritaeniorhynchu

s, Cx. usquatus 

(Bolling et al. 2011; Hoshino et al. 

2007; Goenaga et al. 2014; 

Huanyu et al. 2012; Morales-

Betoulle et al. 2008; Farfan-Ale et 

al. 2009; Saiyasombat et al. 2011; 

Shelley Cook et al. 2009) 
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Culex 

theileri 

flavivirus 

(CTFV) 

cISF 

Spain (2006), 

Portugal 

(2009-2010), 

Greece (2010), 

Thailand (date 

not specified) 

Cx. 

fuscocephala, 

Cx. pipiens, Cx. 

theileri 

(Calzolari et al. 2012; Vázquez et 

al. 2012; Parreira et al. 2012; Papa 

et al. 2014) 

Genbank Accession No. 

AY457040 

 

Hanko virus 

(HANKV) 
cISF 

Finland 

(2005), Spain 

(2006), Italy 

(2007), 

Portugal 

(2007) 

Ae. caspius, Ae. 

detritus, Ae. 

vexans, Cx. 

pipiens, Cx. 

perexiguus, Cx. 

theileri 

(Calzolari et al. 2012; Vázquez et 

al. 2012; Huhtamo et al. 2012; 

Ferreira et al. 2013) 

Kamiti 

River virus 

(KRV) 

cISF Kenya (1999) Ae. macintoshi 
(M B Crabtree et al. 2003; Sang et 

al. 2003) 

Menghai 

flavivirus 

(MFV) 

cISF China (2010) Ae. albopictus (X. Zhang et al. 2017) 

Mercadeo 

virus 

(MECDV) 

cISF Panama (2011) Culex spp. (Carrera et al. 2015) 

Nakiwogo 

virus 

(NAKV) 

cISF Uganda (2008) 

Mansonia 

africana 

nigerrima 

(Shelley Cook et al. 2009) 

Nienokoue 

virus 

(NIEV) 

cISF 
Côte d’Ivoire 

(2004) 
Culex spp. 

Genbank Accession No. 

NC_024299 

Palm Creek 

virus (PCV) 
cISF 

Australia 

(2010) 

Coquillettidia 

xanthogaster 
(Hobson-Peters et al. 2013) 

Phlebotomu

s-associated 

flavivirus 

cISF Algeria 
Phlebotomus 

perniciosus 
(Moureau et al. 2010) 

Quang Binh 

virus 

(QBV) 

cISF 

Vietnam 

(2002), China 

(2009) 

An. sinensis, Cx. 

tritaeniorhynchu

s 

(Mary B. Crabtree, Nga, and 

Miller 2009; Zuo et al. 2014; Feng 

et al. 2014) 

Parramatta 

River virus 

(PaRV) 

cISF 
Australia 

(2007) 
Aedes vigilax (McLean et al. 2015) 

Sabethes 

flavivirus 

(SbFV) 

cISF 

Paraguay 

(2018), Brazil 

(2018) 

Sabethes 

belisarioi 
(Gravina et al. 2019) 

Yamadai 

flavivirus 

(YDFV) 

cISF Japan (2013) 

Cx. 

Tritaeniorhynchu

s 

(Kuwata et al. 2015) 

Xishuangba

nna 

flavivirus 

cSIF China (2010) Ae. albopictus (Fan et al. 2016) 
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(XFV) 

Culiseta 

flavivirus 

(CsFV) 

cISF 
USA (2011-

2012) 

Culiseta 

melanura 
(Misencik et al. 2016) 

La Tina 

virus 

(LTNV) 

dISF Peru (1996) Aedes scapularis (Guzman et al. 2018) 

Kampung 

Karu virus 

(KPKV) 

dISF 
Malaysia 

(2013) 

Anopheles 

tesselatus 
(Guzman et al. 2018) 

Long Pine 

Key virus 

(LPKV) 

dISF USA (2013) 

Anopheles 

crucians, 

Aedes atlanticus, 

Culex 

nigripalpus 

(Guzman et al. 2018) 

Barkedji 

virus (BJV) 
dISF 

Israel (2011), 

Senegal (date 

not specified) 

Culex perexiguus 
(Kolodziejek et al. 2013) 

GenBank acc. Number: EU078325 

Chaoyang 

virus 

(CHAOV) 

dISF 
China (2008), 

Korea (2003) 
Ae. vexans 

(Wang, Z., A. An, Y. Wang, Y. 

Han 2009; R. C. H. Lee et al. 

2013) 

 

Donggang 

virus 

(DGV) 

dISF China (2009) Aedes spp. 
Unpublished data; GenBank acc. 

Number: NC_016997 

Ilomantsi 

virus 

(ILOV) 

dISF Finland (2007) 

Ochlerotatus 

riparius and/or 

Anopheles spp 

(Huhtamo et al. 2014) 

Marisma 

mosquito 

virus 

(MMV) 

dISF 
Spain (2001-

2007) 

Ochlerotatus 

caspius 
(Vázquez et al. 2012) 

Nanay virus 

(NANV) 
dISF Peru (2009) 

Culex 

(Melanoconion) 

ocossa 

(Evangelista et al. 2013) 

Nhumirim 

virus 

(NHUV) 

dISF Brazil (2010) 
Culex (Culex) 

chidesteri 
(Pauvolid-Corrêa et al. 2015) 

Lammi 

virus 

(LAMV) 

dISF Finland (2004) 
Likely Ae. 

cinereus 
(Huhtamo et al. 2009) 

Nounane 

virus 

(NOUV) 

dISF Côte d’Ivoire Uranotaenia spp. (Junglen et al. 2009) 

Aripo virus dISF ND 
Psorophora 

albipes 
Auguste et al., unpublished data 
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Ecuador 

Paraiso 

Escondido 

virus 

(EPEV) 

dISF Ecuador 

Psathyromia 

abonnenci 

(sandflies) 

(Alkan et al. 2015) 

 

 

 

 

The phylogenetic studies of ISFs showed that they are separated into two distinct 

groups: classical ISF (cISFs) and dual-host affiliated ISF (dISFs) (Fig. 17) (Blitvich and Firth 

2015). The cISF group includes the first isolated ISFs such as CFAV, KRV or CxFV, whereas 

the dISF group includes more-recently discovered ISFs such as Lammi virus (LAMV), Nany 

virus (NANV) or La Tina virus (LTNV) (Table 1). 

cISFs are phylogenetically distinct from all other flaviviruses, including the human 

pathogenic ones. They have been largely studied, probably because every cISF was proved to 

replicate in the widely used C6/36 Ae. albopictus cell line, and found to be distributed in all 

continents except Antarctica (Table 1). cISFs are themselves divided into two main clades: 

Aedes-associated ISFs (CFAV, KRV, AeFV) and Culex-associated ISFs (CxFV, CTFV, 

QBV) (Blitvich and Firth 2015). Two other cISFs, NAKV and PCV isolated respectively 

from Mansonia and Coquillettidia spp. were grouped with the Culex-associated ISFs.  

dISFs have been isolated from several mosquito genera and species. The dISF group 

seems to be monophyletic and affiliates with mosquito/vertebrate flaviviruses. Whether they 

have recently lost their capacity to replicate in vertebrates, or replicate in non-identified host 

remains to be proven. Therefore, further investigations need to be performed for this group 

and may provide crucial information regarding the evolution of flaviviruses. 

5.4.1 Genome features of ISFs 

The whole genome of many ISFs has been fully sequenced and their protein-coding 

structure is identical as the pathogenic flaviviruses, with three structural proteins (capsid (C), 
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precursor membrane (prM) and envelope (E)) and seven non-structural (NS) proteins (NS1, 

NS2A, NS2B, NS3, NS4A, NS4B and NS5). However, an overlapping ORF designated fifo 

(for fairly interesting flavivirus ORF), in the NS2A-NS2B region has been detected in cISFs. 

This occurs as a result of a programmed -1 ribosomal shifting (-1 PRF) event (Firth et al. 

2010). fifo was suggested to encode a protein of a size that varies from 221 (NIEV) to 293 

(CxFV) amino acids (Bolling, Vasilakis, et al. 2015), and seems to be specific to cISFs, but 

studies investigating the presence of this gene in dISFs are required. 
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and indeed the integration of viral sequences into the host genome has since been documented for many 

other RNA viruses and host species [13]. Most integrated sequences are highly fragmented or have 

internal stop codons but several encode intact ORFs. Importantly, some genome-integrated sequences 

may be transcribed and therefore, the detection of flavivirus-like RNA in an organism is not necessarily 

proof that the organism carries an active flavivirus infection. 

 

Figure 1. Phylogenetic tree for genus Flavivirus. Complete polyprotein amino acid 

sequences were aligned using MUSCLE [14]. Regions of ambiguous alignment were excised 

using Gblocks [15] with default parameters, after which 1774 amino acid positions were 

retained. A maximum likelihood phylogenetic tree was estimated using the Bayesian Markov 

chain Monte Carlo method implemented in MrBayes version 3.2.3 [16] sampling across the 

default set of fixed amino acid rate matrices, with 10 million generations, discarding the first 

25% as burn-in. The figure was produced using FigTree (http://tree.bio.ed.ac.uk/ 

software/figtree/). The tree is midpoint-rooted, nodes are labelled with posterior probability 

values, and branches are also highlighted with alternative colors. Species names are color-

coded as follows: cISFs—blue; dISFs—green; NKV flaviviruses—red; mosquito/vertebrate 

flaviviruses—purple; tick/vertebrate flaviviruses—black.   

Figure 17: Phylogenetic classification of the Flavivirus genus. Insect-Specific flaviviruses 

(ISFs) are divided into two separate groups. cISFs appeared phylogenetically distinct from 

the rest of the flaviviruses. dISFs appeared affiliated to vertebrate/mosquito flaviviruses. 

cISFs: classical ISFs; dISFs: dual-hosts affiliated ISFs ; NKV: No Known Vector. From 

Blitvich and Firth (2015) 
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 However, despite the fact that this protein was suspected to be an enzyme with a 

transmembrane domain, no studies have so far discovered the functional role of this gene 

(Ferreira et al. 2013; Firth et al. 2010). Further investigations must be performed on fifo, as it 

could have a major role in the replication of ISFs. 

 Another particularity of some ISFs is their surprising long untranslated regions 

(UTRs). Indeed, while ISFs share a 3’UTR of 400-700 nt long, the 3’UTR of KRV and AeFV 

is 1205 and 945 nt long respectively, which is sometimes twice the size of ISF 3’UTRs 

(Markoff 2003). Little is known about their long 3’UTR, but it has been suggested that the 

3’UTR of KRV resulted from a complete duplication of a precursor sequence composed of 

conserved direct repeat sequences (Gritsun and Gould 2006). 

As mentioned earlier with ISVs, ISFs have different dinucleotide preferences 

regarding the vertebrate flaviviruses. Indeed, while vertebrate flaviviruses mimic the 

preference of their hosts and show a suppression of CpG dinucleotides to avoid high mutation 

rates at these sites (Zhao et al. 2007), ISFs exhibit high CpG dinucleotide frequencies. 

However, ISFs and vertebrate flaviviruses both showed underuse of TA dinucleotides 

(Kenney et al. 2014; Lobo et al. 2009). 

5.4.2 Impact of insect-specific flaviviruses on the vector competence for pathogenic 

viruses 

As mentioned previously, the vector competence (VC) of a mosquito is its capacity to 

ingest the virus during a blood meal, maintain the viral replication and the transmission to an 

appropriate vertebrate host (Kramer and Ebel 2003). Bacterial symbionts of mosquitoes have 

been shown to alter the vector competence to arboviruses (Jupatanakul, Sim, and Dimopoulos 

2014) , so the scientific community started to think that what we call today the “mosquito 

virome” might also have an impact on the VC to arboviruses. Therefore, many studies have 
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pointed out the potential capacity of ISFs to reduce the VC to vertebrate flaviviruses (Table 

2). For example, an in vitro experiment using C6/36 cells primo-infected with PCV and super-

infected with West-Nile virus (WNV) and Murray Valley encephalitis virus (MVEV) showed 

viral titers significantly reduced compared to the control (Hobson-Peters et al. 2013). 

Moreover, an in vivo experiment using Cx. quinquefasciatus mosquitoes simultaneously co-

infected with Nhumirim virus (NHUV) and WNV revealed a significant decreased of WNV 

titers (Goenaga et al. 2015) . Therefore, superinfection exclusion (a prior infection prevents a 

secondary infection of a related virus) and competition for cellular resources have been 

proposed by these studies to be the two main mechanisms that explain the potential anti-viral 

effect of ISVs on arboviruses (Hall-Mendelin et al. 2016; Hobson-Peters et al. 2013). 

However, other studies show no effects of ISV primo-infection on arbovirus replication and 

infection (Kent, Crabtree, and Miller 2010; Bolling et al. 2012a; Talavera et al. 2018), and a 

study even showed that ISVs promote subsequent arbovirus infection and viral release 

(Kuwata et al. 2015). Collectively, these experiments showed that ISVs could inhibit 

arbovirus replication, but only under mosquito/ISV/arbovirus specific interactions. Moreover, 

many of these experiments have used Ae. albopictus C6/36 cells that are RNAi-deficient 

(Brackney et al. 2010a). Thus, more studies must then be performed on RNAi-competent cell 

lines. 

Table 2: List of experiments studying the effects of ISVs on the vector competence to 

pathogenic arboviruses. 

 

Mosquitoe 

species/Cell lines 
Primo-infection Superinfection Results References 

Cx. 

quinquefasciatus 

and C6/36 cells 

CxFV WNV 
No significant 

differences 

(Kent, 

Crabtree, and 

Miller 2010) 

Cx. pipiens and 

C6/36 cells 

CxFV (use of 

naturally CxFV-

infected Cx. 

WNV 

In vitro: WNV titers 

significantly reduced 

during early time post-

(Bolling et 

al. 2012a) 



 75 

pipiens  colony) infection 

In vivo: Lower 

dissemination rate than 

control at 7dpi but not 

at 14dpi 

C6/36 cells PCV 
WNV and 

MVEV 

WNV and MVEV 

titers significantly 

reduced 

(Hobson-

Peters et al. 

2013) 

C6/36 cells NHUV 
WNV, SLEV, 

JEV 

WNV, SLEV and JEV 

titers significantly 

reduced 

(Kenney et 

al. 2014) 

NIID-CTR cells 

CxFV (use of 

persistent infect 

cells) 

DENV, JEV 
Pathogenecity and 

viral release increased 

(Kuwata et 

al. 2015) 

Cx. pipiens and 

Cx. 

quinquefasciatus 

Co-infection 

NHUV/WNV 
- 

No significant 

transmission 

differences in Cx. 

pipiens, but significant 

decrease in Cx. 

Quinquefasciatus 

(Goenaga et 

al. 2015) 

C6/36 and C7-10 

cells 
NHUV WNV 

WNV titers 

significantly reduced 

C7-10 cells EILV 

SINV, VEEV, 

EEEV, WEEV, 

CHIKV 

titers significantly 

reduced for all the 

viruses tested 

(Nasar et al. 

2015) 

Cx. Annulirostris PCV WNV 
Significant lower 

infection rate 

(Hall-

Mendelin et 

al. 2016) 

 

Cx. pipiens CxFV RVFV No effect 
(Talavera et 

al. 2018) 

Aa23 cells CFAV, PCLV 
ZIKV, DENV 

and LACV 

Dual primo-infection 

reduces ZIKV, DENV 

and LACV titers 

(Schultz, 

Frydman, 

and Connor 

2018) 
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5.4.3 Insect-specific viruses as a new control strategy against arboviruses 

As mentioned earlier, the lack of vaccine and efficient treatments against arboviral 

infections lead the scientist community to develop new measures against this bane. In this 

way, the larvicide function of the bacteria Bacillus thuringiensis has been exploited to reduce 

insect populations in the agricultural field (Bravo et al. 2011). Indeed, Bacillus thuringiensis 

produces toxins during sporulation that are able to kill mosquito larvae. Moreover, the 

bacterial endosymbiont Wolbachia has been proved to have antiviral capacities and is 

currently developed as biocontrol agent to fight against arboviral expansion (Moreira et al. 

2009; Iturbe-Ormaetxe, Walker, and O’Neill 2011; T. Walker et al. 2011). As mentioned 

above, ISVs presence, but only in some cases, has also been proved to be a good weapon 

against arboviruses. Therefore, ISVs, and especially ISFs, could be used as a new control 

strategy to reduce arbovirus transmission by mosquitoes. Indeed, ISVs being mostly vertically 

transmitted, using a mosquito population infected with a specific strain of ISF that has anti-

arboviral functions can theoretically be possible. Additionally, Wolbachia has been proved to 

stimulate ISF infection in Ae. aegypti mosquitoes (Amuzu et al. 2018). Using both the 

endosymbiont and ISF for a new control strategy could then reinforce their inhibitory effects 

on arboviruses. 

ISVs could also be used as support to produce vaccines against arboviruses. Indeed, 

their incapacity to replicate in vertebrates can be used to produce chimeric viruses, ensuring 

production of arboviral specific antigens that stimulate the antiviral immune response without 

the production of mature viral particles. This has been tested with the insect-specific 

alphavirus Eilat virus (EILV) (Erasmus et al. 2017), which proved to be inefficient at both 

viral entry and replication in several vertebrate cells (Nasar et al. 2015). Chimeric EILV made 

with CHIKV structural proteins have been developed and showed identical structure 

compared to CHIKV by cryoelectron microscopy. As expected, the chimeric virus was able to 
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enter but failed to replicate in vertebrate cells. Its production from mosquito cells revealed the 

long-lasting production of neutralizing antibodies and protection in mouse models. 

EILV/CHIKV was even able to protect against symptoms in non-human primates. The same 

method has been used to generate chimeric viruses with EILV and Venezuelan equine 

encephalitis virus (VEEV) or Eastern equine encephalitis virus (EEEV) and also showed 

interesting results (Erasmus et al. 2018) . 

Therefore, ISF/arbovirus chimeric vaccines represent a promising cheap way for the 

control of arbovirus infection, as it could be as immunogenic as live-attenuated vaccines, and 

as safe as inactivated ones. However, other ISVs, such as ISFs, must be investigated for this 

vaccine system, as their related viral families contain serious vertebrate pathogenic 

arboviruses. The use of insect-specific alphaviruses might also be limited, as today only two 

have been discovered (Nasar et al. 2015; Hermanns et al. 2017). 

Along with superinfection exclusion and nutritional competition, ISVs could have an 

additional effect on arboviruses, by their presence as endogenous viral elements (EVEs). 

 

6. Endogenous Viral Elements 

6.1 Endogenous retroviral elements 

 
During retrovirus infection in a cell, RNA retroviral genomes are released and the 

reverse transcriptase encoded by the pol gene produces viral double-stranded DNA molecules. 

Viral dsDNA becomes then integrated into the host genome through the integrase protein 

activity. These copies of retroviral integrated DNA (also called provirus) contain all the 

promoters and regulatory elements located in the long terminal repeats (LTRs) that flank the 

provirus. They trigger the expression of what is necessary for viral assembly, including 

structural proteins, and allow the production of retroviral viral particles. Usually, retroviruses 
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mostly integrate into somatic cell genomes. However, copies of retroviral DNA are 

sometimes found in germlines. These copies, called endogenous retroviral elements (ERVs), 

are then vertically transmitted to the progenies. Discovered in late 1960s (Weiss 2006), the 

ERVs belong to a larger group called endogenous viral elements (EVEs) (Aris Katzourakis 

and Gifford 2010). Around 7-8% of the human genome is made up by ERVs (Bock and Stoye 

2000), which represent approximately 300 millions of nucleotides. This is the result of 

multiple interactions that attest the close proximity between humans and retroviruses over 

time. However, ERV formation is thought to occur rarely, as germline is usually well 

protected against any kind of intrusions such as TEs (Siomi et al. 2011). ERVs contain either 

complete or fragmented portions of proviruses, and are hard to distinguish from LTR 

retrotransposons as they both share common ancestry with retroviruses. In fact, it was 

proposed a long time ago that retroviruses originated from LTR retrotransposons (Temin 

1980). Depending on their effects on the host fitness (positive, neutral or negative), these 

ERVs will reach fixation or will be lost through genetic drift or purifying selection. The 

majority of the ERVs present in animal genomes have lost their capacity to express viral 

genes through evolution by the accumulation of substitutions, insertions or mutations. Each 

type of retrovirus has been found to produce ERVs in many vertebrate genomes but at 

different frequencies, suggesting that biological features may facilitate retroviral 

endogenization. As example, gammaretroviruses are often found to produce ERVs, whereas 

deltaretroviruses ERVs are less common and found only in bat genomes (Hayward, Grabherr, 

and Jern 2013; Hron et al. 2018). 

Little is known about retroviruses in invertebrates. For a long time, the scientific 

community thought that retroviruses only infected vertebrates. The discovery of the first 

retrovirus, gypsy that produces infectious viral particles in D. melanogaster proved that it was 

wrong (A. Kim et al. 1994). Subsequently, several endogenous sequences have been 
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designated insect endogenous retroviruses (IERV; (Terzian et al. 2000)). However, many of 

endogenous elements described today in insects are characterized as LTR retrotransposons 

since they lack the env ORF. Then, contrary to retroviruses, they are not infectious and are 

transmitted vertically whereas retroviruses are both transmitted horizontally and vertically. 

6.1.1 Host benefits of endogenous retroviral elements 

ERVs have shaped the evolution of their hosts by providing benefits. Whereas the vast 

majority of ERVs are non-coding sequences, some still encode functional proteins that lead to 

exaptation and provide benefits to the hosts. The best-known example is the two envelope 

proteins, Syncytin-1 and Syncytin-2 that are important for the development and function of 

the mammalian placenta. These proteins allow the fusion of multiple cytotrophoblasts to form 

a syncytiotrophoblast layer (Lavialle et al. 2013). This layer is crucial for maintaining 

stability, fetal development and fetomaternal immunotolerance (Warning, McCracken, and 

Morris 2011; Sha et al. 2000). Another good and recent example is the endogenous 

gammaretrovirus MER41 in the human genome. MER41 has been proven to promote the 

expression of adjacent interferon-induced genes which are important in controlling incoming 

infections, such as viral infections, notably by activating the AIM2 inflammasome (Chuong, 

Elde, and Feschotte 2016). Moreover, several ERVs have been found to act as restriction 

factors during viral infection (Malfavon-Borja and Feschotte 2015). Several envelope-derived 

ERVs (env-ERVs) have been detected to block viral entry through receptor interference in 

several organisms (H. L. Robinson et al. 1981; T. Wu, Yan, and Kozak 2005; Ito et al. 2013). 

By this way, the most famous molecule is the env-ERVs Fv4, which is known to block murine 

leukaemia virus (MLV) infection in mice (Inaguma, Yoshida, and Ikeda 1992). While most of 

the ERVs exapted to provide advantages to their hosts are env-ERVs, few other ERVs have 

also been described. This is the case for Fv1, a gag-derived ERV (gag-ERV) that blocks MLV 

infection after viral entry in mice (Best, Tissier, et al. 1996). Another example is the 



 80 

EnJS56A1 locus of domestic sheep (Ovis aries), which is a gag-ERV that blocks the virion 

assembly of the related Jaagsiekte sheep retrovirus (JSRV) (Mura et al. 2004; Arnaud, 

Murcia, and Palmarini 2007). 

6.1.2 Host constraints of endogenous retroviral elements 

Just as transposon activity, the formation of ERVs in host genomes does not always 

come with beneficial impacts to the hosts. It can lead to recombination and unequal crossing-

overs between chromosomes and chromosomal rearrangements by creating deletions, 

insertions, duplications, inversions and translocations. If the insertion occurs in an exon, the 

ORF can change and codes for a non-functional peptide or cause missense or nonsense 

mutations. However, the endogenization of retroviruses can also sometimes occur far from 

coding and active regions. ERV formation can also create alternative splicing leading to the 

production of several protein isoforms or introduce a polyadenylation signal. Recombination 

between human endogenous retrovirus 15 (HERV15) on the Y chromosome leads to sterility 

(Sun et al. 2000). Additionally, endogenization of retroviruses can lead to cancer in humans 

(Antony et al. 2004; Löwer et al. 1996; Wang-Johanning et al. 2003). Moreover, the 

production of ERVs from the Feline Leukemia virus (FLV) can recombine with cat DNA 

sequences and form the highly oncogenic Feline Sarcoma virus (FeSV) (Frankel et al. 1979). 

6.2 Endogenous viral elements from DNA viruses 

EVEs other than ERVs originating from DNA viral families have also been detected in 

different genomes by in silico analysis. However, these viruses are suggested to endogenize 

less frequently than retroviruses (reviewed by (Aris Katzourakis and Gifford 2010; 

Aiewsakun and Katzourakis 2015; Feschotte and Gilbert 2012). As example, single-stranded 

DNA viruses such as dependoviruses (Parvoviridae) and circoviruses (Circoviridae) have 

been found integrated into diverse vertebrate genomes like dog, mouse and panda, dating their 
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integration around 40 to 50 million years ago (Belyi, Levine, and Skalka 2010b). Moreover, 

fragments of double-stranded DNA hepadnaviruses were also described in zebrafish genome 

(Gilbert and Feschotte 2010). EVE formation from these viruses could be easily justified by 

their close location to the host genome in the nucleus during their replication that could 

facilitate their endogenization. 

Several mechanisms have been suggested to explain the production of EVEs. The 

endogenization of these viral sequences may be possible by non-homologous end joining 

(NHEJ) during the repair of double-stranded DNA breaks, as it has been described for 

hepadnaviruses (Bill and Summers 2004), by non-homologous DNA recombination at 

specific sites for adeno-associated virus (AAV) (Young and Samulski 2001; Urcelay et al. 

1995; Kotin, Linden, and Berns 1992), or by homologous recombination between telomeric 

repeat sequence (TRS) and host telomeres for herpesviruses (Morissette and Flamand 2010). 

6.3 Non-retroviral integrated RNA virus sequences (NIRVS) 

Surprisingly, persistent DNA forms of non-retroviral RNA viruses that have no DNA 

stage in their life cycle were first detected in mouse genome, 200 days after infection with the 

lymphocytic choriomeningitis virus (LCMV) (Klenerman, Hengartner, and Zinkernagel 

1997). More recently, non-retroviral integrated RNA virus sequences (NIRVS) from 

filoviruses, flaviviruses, rhabdoviruses, reoviruses and bunyaviruses for which replication 

occurs in the cytoplasm have also been found in many different genomes including mammals 

and plants, suggesting that NIRVS formation occurs more frequently than previously thought 

(Belyi, Levine, and Skalka 2010b; Aris Katzourakis and Gifford 2010; Tanne and Sela 2005; 

Cui and Holmes n.d.). Since non-retroviral RNA viruses do not encode for reverse 

transcriptase or integrase, endogenous enzymes or retroviruses infecting the cell at the same 

time must be involved in NIRVS production. Indeed, it requires three unusual steps for the 



 82 

non-retroviral RNA viruses to integrate into the host genome: (i) first, the non-retroviral RNA 

needs to be reverse-transcribed into viral-derived double-stranded DNA (vDNA), (ii) be 

imported in the nucleus, and (iii) finally, be integrated into the host genome. The importation 

of vDNA into the nucleus has been suggested to occur during mitosis, when the nuclear 

envelope is temporarily disassembled or via the transportation of proteins that contain DNA-

binding sites such as proteins involved in immunity or the viral nucleocapsid (Olson and 

Bonizzoni 2017). Additionally, NIRVS from bornavirus and orthomyxovirus families, which 

require intra-nuclear replication, have also been found in the genome of mammals, birds and 

insects (Horie et al. 2010; Aris Katzourakis and Gifford 2010). 

The first mosquito NIRVS were identified in 2004 in Aedes spp. cell lines and 

individual mosquitoes (Crochu et al. 2004). Four different fragments of different sizes were 

detected: three from Ae. albopictus and one from Ae. aegypti genomes. Three of them were 

truncated or incorporated several stop codons, but one contained an intact ORF homologous 

to the NS1-NS4A region of insect-specific viruses (ISVs), i.e. Cell Fusing Agent Virus 

(CFAV) and Kamiti River Virus (KRV). This last fragment represents around one half of the 

flaviviral genome. Altogether, these NIRVS (also called Cell Silent Agent (CSA) sequences) 

comprised two-third of the flaviviral genome and contained enzymatic domains including 

helicase and serine protease. The corresponding mRNA was detected in C6/36 Ae. albopictus 

cells suggesting the expression of the NIRVS and its potential functional role in the cell at the 

RNA level since no protein was detected by mass spectrometry (Suzuki et al. 2017). 

Moreover, the presence of this NIRVS in 97-98% of field-collected Ae. albopictus individuals 

tested suggested its very likely exploitation by the host cells. 

Later, the development of molecular technics and bioinformatic tools allowed finding 

numerous NIRVS in many mosquito genomes, mostly in Aedes spp. (Fort et al. 2012; Roiz et 

al. 2009; Rizzo et al. 2014; X.-G. Chen et al. 2015; Suzuki et al. 2017; Aris Katzourakis and 
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Gifford 2010; Whitfield, Dolan, Kunitomi, Tassetto, et al. 2017). Many of these NIRVS were 

found homologous to ISFs such as CFAV, KRV and Aedes flavivirus (AeFV) closely related 

to arboviruses (Bolling, Vasilakis, et al. 2015). The high prevalence of NIRVS in Aedes spp. 

genome as well as the high frequency of transposons might somehow be correlated to the size 

of the mosquito genome (X.-G. Chen et al. 2015; Nene et al. 2007). 

An in silico study elaborated a pipeline allowing the detection of NIRVS from 424 RNA 

viruses in the 22 mosquito genomes available up to date (Palatini et al. 2017). Among the 239 

NIRVS loci found, 194 were identified in Aedes spp. genomes, representing 81% of the total 

NIRVS loci detected. Among these 81%, 63% of NIRVS loci were located in the Ae. aegypti 

genome, and the remaining 37% were identified in the Ae. albopictus genome. Additionally, 

72% of the NIRVS loci found were homologous to the Rhabdoviridae family whereas 27% 

were close to the Flaviviridae family, with the 1% left belonging to Bunyaviridae family and 

Bunyavirales order. These data are consistent with another study, which compared the 

“EVEome” of both Ae. aegypti and Ae. albopictus (Whitfield, Dolan, Kunitomi, Tassetto, et 

al. 2017). Identification of NIRVS has been extended to other host genomes (Aris Katzourakis 

and Gifford 2010); a higher prevalence of the Mononegavirales order (Bornaviridae, 

Rhabdoviridae, Filoviridae and Paramyxoviridae; non-segmented and negative sense RNA, 

ssRNA-) was reported compared to the Flaviviridae family harboring single-stranded polarity 

positive genome (ssRNA+). Many reasons behind this unbalanced distribution have been 

suggested (Holmes 2011; Olson and Bonizzoni 2017; Aris Katzourakis and Gifford 2010): (i) 

some viral genomes could have simply more chance to endogenize into germ line cells than 

others (Horie et al. 2010; Johnson n.d.), (ii) some could possibly have more and/or better 

interactions with transposable elements (see below for details), (iii) some suggested that 

infection intensity and prevalence could promote endogenization (Olson and Bonizzoni 2017), 

and (iv) others proposed that permanent virus-host interactions leading to persistent infections 
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could play the major role (Aris Katzourakis and Gifford 2010). Although these hypotheses are 

pertinent and nonexclusive, further investigations are required to explain these inequalities of 

endogenization. Indeed, no effect of the MOI (Multiplicity of Infection) was found for vDNA 

detection at 6 days post-infection in Ae. albopictus cell culture infected by La Crosse virus 

(LACV), DENV and WNV (Nag, Brecher, and Kramer 2016). Both rhabdoviruses and 

flaviviruses (for which differences in the number of NIRVS were detected) are capable of 

persistent infections (Mlera, Melik, and Bloom 2014; Fultz et al. 1982). Endogenization 

efficiency could also be related to mRNA abundance since ssRNA+ genomes are directly 

translated into proteins whereas ssRNA- genomes have first to be transcribed. Moreover, the 

size of RNA could condition endogenization. Since transcription of flaviviral genome leads to 

a large polyprotein coding sequence, transcripts obtained are usually longer than those from 

ssRNA- viruses, and this could decrease their chance to be integrated into the host genome 

(Holmes 2011). 

NIRVS do not represent the entire viral genome. Palatini and colleagues found that 

most of the flaviviral NIRVS detected in silico originated from non-structural pprotein-

codingsequences, rather than structural ones (Palatini et al. 2017). Indeed, in Ae. aegypti and 

Ae. albopictus genomes, 30 and 25 flaviviral NIRVS were mapped to non-structural protein-

coding sequences, and respectively only 2 and 3 NIRVS represented a similarity with the 

structural protein coding sequences. Such unequal endogenization of different regions of viral 

genome was also raised for other viral families. Regarding the Rhabdoviridae family, half of 

the rhabdoviral NIRVS identified mapped to the N gene, which encodes the nucleoprotein. 

This is consistent with other studies for which almost all rhabdoviral NIRVS found in many 

vertebrate genomes were homologous to the N gene, whose assembly of around 2000 units 

form the capsid. Only a few NIRVS are originated from the polymerase L gene, and almost 

none detected from the P, M and GP genes, encoding respectively the phosphoprotein, the 
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matrix and the glycoprotein (Fort et al. 2012; Aris Katzourakis and Gifford 2010). Ultimately, 

another study decrypting NIRVS in the Ae. aegypti Aag2 cell line led the authors to the same 

conclusion (Whitfield, Dolan, Kunitomi, Tassetto, et al. 2017). Then it seems that the entire 

viral genome is not capable of endogenization in host cells. For rhabdoviral NIRVS at least, 

this observation can be justified: each gene (N, P, M, G and L) of the rhabdoviral genome is 

transcribed in a progressive graduated manner (Conzelmann 1998) and separately from 3’ to 

5’ due to the recognition of stop codons/polyadenylation signals by the polymerase. This 

means that the transcript quantity of the genes near the 3’ end (such as the N gene) is higher 

than for those near the 5’ end (L gene) (the rhabdoviral genome being a negative-stranded 

RNA) (Banerjee 1987; P. J. Walker et al. 2015). This hypothesis suggests that endogenization 

into a host cell is dependent on mRNA abundance. 

6.3.1 Mechanisms of NIRVS integration 

As previously mentioned, to become integrated into the host genome, the non-

retroviral RNA virus is first reverse transcribed to produce viral DNA (vDNA), imported into 

the cell nucleus and finally, integrate into the chromosome. vDNA production was 

demonstrated in several mosquito cell lines, such as RNAi-proficient Aag2 Ae. aegypti cells 

and U4.4 Ae. albopictus cells, and RNAi-deficient C6/36 Ae. albopictus cells (Brackney et al. 

2010). CHIKV vDNA was found by virus-specific PCR as early as 6 hours post-infection in 

C6/36 and U4.4 cells and 12 hours post-infection in Aag2 cells (Goic et al. 2016). Moreover, 

DENV-2 vDNA was detected 24 hours post-infection in both C6/36 cells and Aag cells (Nag, 

Brecher, and Kramer 2016). Because RNA viruses do not possess any reverse transcription 

activity, these results suggest that RNA virus was processed very early by host components, 

not yet identified. Additionally, vDNA from WNV and ZIKV belonging to the Flaviviridae 

family was detected in Culex tarsalis infected cells and Aedes spp. cells respectively, as well 

as LACV vDNA of the Bunyaviridae family in persistently infected C6/36 cells (Nag, 
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Brecher, and Kramer 2016; Nag and Kramer 2017). Interestingly, only parts of the viral 

genomes were found as a DNA form. Then, it has been proposed that the reverse transcriptase 

switches from the original RNA template to a close viral RNA genome (Geuking et al. 2009; 

Zhdanov 1975), suggesting multiple independent reverse-transcription events. This vDNA 

could also be the result of replication-slippage events led by the reverse transcriptase. 

However, last experimental evidence converged towards the first hypothesis; vDNA has been 

found rearranged in D. melanogaster (Goic et al. 2013b) and the template of vDNA 

production could be defective-interfering (DI) RNA molecules (Nag, Brecher, and Kramer 

2016). This suggests that there is no specific type of viral RNA genome capable to undergo 

reverse transcription. Whether the vDNA form belongs to the host genome or is present as an 

extra-chromosomal DNA element such as episomes is still unknown. RNAi-deficient cells 

(C6/36) possess more vDNA forms than RNAi-proficient cells (Aag2 cells) suggesting that 

RNAi immune system could interfere with vDNA production, or it could also be the result of 

the cell type used, namely C6/36 cells and Aag2 cells, which originated from two different 

Aedes species, Ae. albopictus and Ae. aegypti respectively. More importantly, after mosquito 

infection with CHIKV, vDNA has been found in legs and wings of infected Aedes individuals 

at 7 days post-infection, suggesting that vDNA is either capable of dissemination in 

mosquitoes (possibly through cellular and tissue damages), or that all infected cells produce 

vDNA. Moreover, FHV and Sindbis vDNA were found in infected flies at days 4 and 6 post-

infection respectively at a high frequency (Goic et al. 2013). 

The recent and surprising discovery of NIRVS raised the question of the underneath 

mechanism that enables non-retroviral RNA to reverse transcribe into vDNA and integrate 

into host genomes. The answer came from retrotransposons, for which an association with 

NIRVS has been suggested, since many of retrotransposon proteins have been found to 

contain viral-like helicase domains from ISVs in many insect orders such as Lepidoptera, 
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Hemiptera, Orthoptera, Hymenoptera and Culicidae species (Lazareva et al. 2015; Shi et al. 

2016; Morozov, Lazareva, and Solovyev 2017). Moreover, reverse transcription activity 

from endogenous retrotransposons has been associated with vDNA formation in 

Drosophila (Fig. 18; (Goic et al. 2013b)). Indeed, addition of a reverse transcriptase 

inhibitor, azidothymidine (AZT) in S2 and Kc167 Drosophila cell cultures revealed no 

vDNA formation following infection by several RNA viruses, namely Flock House Virus, 

Sindbis Virus and Drosophila C Virus (DCV), which are known to cause persistent 

infections, (Goic et al. 2013b). Specifically, deep sequencing of S2p Drosophila cell 

genome revealed a fusion between vDNA and several LTR retrotransposon elements. 

Another study showed that CHIKV and DENV vDNA were formed following infections in 

both Ae. albopictus and Ae. aegypti mosquitoes and mosquito cell cultures (Goic et al. 

2016). Moreover, inhibition of vDNA by AZT treatments led to mosquito death with no 

increase of viral titers, suggesting that vDNA has an important role in viral tolerance rather 

than viral resistance (Goic et al. 2016). vDNA is produced early, as early as 6 hours and 2 

days post-infection in cultured cells and mosquitoes respectively. The early production of 

vDNA is useful for establishing an efficient immune system (Goic et al. 2016). 

Additionally, bioinformatic analysis of NIRVS loci in Ae. albopictus and Ae. aegypti 

revealed that these regions were also enriched with LTR retrotransposons as it has been 

shown in Drosophila, especially retrotransposons of the Ty3_gypsy and Pao Bell families 

(Palatini et al. 2017; Whitfield, Dolan, Kunitomi, Tassetto, et al. 2017). Taken together, this 

suggests an important role of LTR retrotransposons in the reverse transcription of vDNA 

(Fig. 18). However, LTR retrotransposons are not the only elements involved in the fate of 

vDNA. NIRVS from filoviruses and Endogenous Borna-like N elements (EBLNs) from 

Bornaviruses presented flanking sequences with characteristics of LINE elements (which 

are non-LTR retrotransposons) such as polyA tails at the 3’ and Target Site Duplications 
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(TSDs) (Horie et al. 2010; Belyi, Levine, and Skalka 2010a; Morrish et al. 2002), meaning 

that several types of retrotransposons are capable of inducing NIRVS formation. Finally, 

retrotransposons being ubiquitous in eukaryote genomes indicate that NIRVS have a lot of 

opportunities to reverse transcribe and integrate into the host genome (Geuking et al. 2009). 

6.3.2 NIRVS biological functions 

 The integration of NIRVS into host genomes has now been recognized to occur more 

frequently than previously thought. However, little is known about their functions, if any, in 

the host. Their unexpected presence could simply be related to the ubiquitous proportion of 

retrotransposons and the plasticity of the host genomes. Endogenization of viral sequences 

could also occur with a specific purpose, meaning that NIRVS could actually have a 

biological function. 

 

NIRVS and antiviral RNAi-based immunity 

 

The antiviral function of NIRVS has been linked to the innate immune system of 

RNAi, which is, as mentioned earlier, the main antiviral system in insects (Bronkhorst and 

van Rij 2014; Olson and Blair 2015; Goic et al. 2016). 

Interestingly, EVEs including NIRVS present in Aedes mosquitoes are frequently 

located in TE-derived piRNA clusters (Palatini et al. 2017; Whitfield, Dolan, Kunitomi, 

Tassetto, et al. 2017). Indeed, a study conducted on Ae. aegypti and Ae. albopictus revealed 

that almost half of the NIRVS identified mapped to piRNA clusters in Ae. aegypti genome. 

Also, 12.5% of NIRVS mapped to the piRNA clusters in Ae. albopictus genome (Palatini et 

al. 2017), which is more than expected by chance according to the large genome of this 

species. Moreover, bioinformatic predictions on Aag2 cell line showed that piRNA clusters 

containing EVEs produced more piRNAs than those without EVEs, suggesting that viruses 

may not integrate randomly in the host genome but target specific active piRNA clusters for 
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endogenization (Whitfield, Dolan, Kunitomi, Tassetto, et al. 2017). Additionally, deep-

sequencing analysis of Aag2 cells (from Ae. aegypti) showed that NIRVS produced both 

primary and secondary piRNAs and can target ISVs. Consistent with these results, 

immunoprecipitation experiments of Piwi proteins detected NIRVS-derived sRNAs of 

expected piRNA size (25-30nt), and the knockdown of some Piwi proteins resulted in a 

decrease of NIRVS-derived sRNA expression (Palatini et al. 2017). However, NIRVS-derived 

siRNAs were not found in uninfected Aedes mosquitoes indicating that NIRVS are involved 

in only one specific RNAi pathway. In addition, NIRVS originated from insect-specific 

viruses were proved to produce antisense orientation primary piRNA-like molecules and be 

located in active regions of both siRNA and piRNA production in Ae. aegypti and Ae. 

albopictus mosquitoes (Suzuki et al. 2017). The knocking-down of RNAi machinery in 

Drosophila infected cells resulted in an acute infection leading to cell death (Goic et al. 2013). 

 Altogether, these results suggest that NIRVS (at least some of them) are located in 

piRNA clusters, which are important for RNAi-based immunity, and are processed into 

piRNAs in Aedes mosquitoes (Fig. 18; (Palatini et al. 2017; Whitfield, Dolan, Kunitomi, 

Tassetto, et al. 2017)). Additionally, this production of sRNAs is induced following viral 

infections coming from different families such as Togaviridae and Flaviviridae, suggesting 

that this mechanism is an important antiviral system. Besides, NIRVS, or at least its vDNA 

intermediate, are required for mosquito tolerance to control arbovirus infection. Indeed, 

inhibition of vDNA synthesis by AZT treatment led to rapid death of CHIKV-infected 

mosquitoes (Goic et al. 2016). Finally, since vDNA have been found in many mosquito 

tissues following viral infection, vDNA or NIRVS could serve as a danger signal to warn the 

uninfected cells and implement a solid immune response through sRNA production (Goic et 

al. 2016). But the virus could also counteract by producing VSR (Viral Suppressor of RNAi) 

with insect-specific viruses (Kingsolver, Huang, and Hardy 2013; Soldan et al. 2005; van 
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Cleef et al. 2011). However, attention must be paid to the potential of NIRVS to produce 

antiviral piRNAs. Indeed, some of the NIRVS-derived piRNAs did not show any signs of 

ping-pong amplification and not all of them were proved to map on viral sequences, even 

though the recognition piRNA/target allow some mismatches (P. Zhang et al. 2015; Goh et al. 

2015; Post et al. 2014). It also appears that NIRVS suggested to derive from some viral 

families are more likely to produce antiviral and secondary piRNAs than NIRVS originated 

from other viral families (Palatini et al. 2017; Whitfield, Dolan, Kunitomi, Tassetto, et al. 

2017; Suzuki et al. 2017). This would then suggest that the production of antiviral and 

secondary piRNAs requires viral family specificity. 

 

NIRVS at the protein level 

Even though many of them have accumulated several mutations including stop codons 

across the time, some NIRVs have conserved their open reading frames (ORFs), suggesting 

that they could be translated into proteins and have a function at the protein level. 

Furthermore, NIRVS have also been proven to have antiviral functions at the protein level 

(Fig. 18). The only proof discovered so far was in the thirteen–lined ground squirrel genome, 

Ictidomys tridecemlineatus. An Endogenous Borna-like N element (EBLN) showing 77% 

homology with the Borna Disease Virus (BDV) N protein was proved to act as a dominant-

negative form and inhibit BDV polymerase activity (Fujino et al. 2014).  

Up to now, no biological functions were found at the protein level for NIRVS in 

mosquitoes. However, many of them were proved to produce transcripts, mostly in Aedes and 

Anopheles mosquitoes (Suzuki et al. 2017; Fort et al. 2012; Lequime and Lambrechts 2017; 

Palatini et al. 2017; Crochu et al. 2004), suggesting that related proteins should be discovered 

shortly.  

However, some questions remain unsolved, such as to which aim, NIRVS are involved 



 91 

in antiviral immunity. They could act as a warning signal and prime the antiviral immunity for 

allowing the host to control viral replication before the infection becomes deleterious and 

harmful for the vector host. Alternatively, NIRVS could also act as a keeper of persistent 

infection by maintaining the viral replication at a steady and low level, which would diminish 

the negative impacts on mosquito fitness. 

NIRVS formation and potential functions proved the benefits they could provide to the 

infected cells. Moreover, these endogenized elements have also a different purpose regarding 

our understanding of virus-host coevolution, as NIRVS represent scar of ancient infections. 

6.4 Endogenous viral elements and virus-host coevolution 

6.4.1 Paleovirology 

RNA viruses are considered as the fastest-evolving biological entity with an evolution 

rate of 10
-3

 substitutions/site/year (s/s/y) (Hanada, Suzuki, and Gojobori 2004; Duffy, 

Shackelton, and Holmes 2008; Jenkins et al. 2002; Sanjuán 2012). Therefore describing their 

recent expansion can be performed in very details. However, it becomes much harder to 

reconstruct ancient viral history as the inference will be less accurate, especially when extinct 

viral lineages are involved in the study.  

As incoming elements, EVEs are defined as major factors of genetic diversity and 

represent scars of previous infections in their hosts. Though, the odds that EVEs persist 

through generations are very small (Johnson n.d.). However, if they provide beneficial 

features to the host, their frequencies can increase and they can eventually reach fixation. The 

discovery of EVEs has profoundly improved our knowledge of viral history. So far, viral 

evolution could only be limitedly inferred by phylogenetic techniques based on extant viruses, 

but nothing was known about extinct viruses. 
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Figure 18: Potential NIRVS production and antiviral functions. From Houé et al.    

(2019) 

 

 

 

 

 

 

 

 

 

 

Therefore, the characterization of such elements led to the expansion of the 

paleovirology field and allows us to better understand origins, cross-species transmissions as 

well as geographical distribution of viruses (Leroy et al. 2009, 2005; Peterson et al. 2004; 

Taylor, Leach, and Bruenn 2010). The use of EVEs, combined with studies on extant viruses, 

also reinforced the predictions of emerging diseases. 

6.4.2 Estimates of viral origins by dating endogenous viral elements 

Because EVE formation occurred after the origin of their related viral families, EVEs 

can be used as a tool to predict the minimum age of viral families they descended from. 

Several methods have been described to date EVEs (Fig. 19; (Aiewsakun and Katzourakis 

2015)). 
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 EVEs can simply be dated by using a host distribution approach, by assuming that the 

timescale between (both exogenous and endogenous) viruses is comparable to that of the 

hosts harboring them (Fig. 19A). This process has for example been performed to decipher 

the minimum age of begomovirus elements (Lefeuvre et al. 2011). However the accuracy of 

this technic is limited due to possible cross-species transmission. The age of EVEs can also be 

dating by ortholog dating approach (Fig. 19B). This technic is more accurate, as it is less 

likely that two independent integration events occurred in two different host lineages at the 

same genomic location. Using this method, EVEs are dated by determining the basal 

diversification of the two (or more) hosts. This has been used to estimate the age of 

hepadnavirus EVEs in birds (Suh et al. 2013). Furthermore, estimating viral integration can be 

performed by using the paralog dating approach, which is based on EVE duplication (Fig. 

19C). The divergence of the duplicated EVE paralogs is converted into time according to the 

host neutral rate of evolution. The method has been used to estimate the integration time of 

rabbit lentiviruses (A. Katzourakis et al. 2007). A particular paralog dating method can also 

be used to estimate ERV formation, by estimating the divergence of the two LTRs flanking 

the element and assuming host neutral evolution (Fig. 19D; (Brown, Emes, and Tarlinton 

2014; Martins and Villesen 2011)). Moreover, dating EVE can be performed by comparison 

between current EVEs and an ancestral viral state, assuming that the divergence occurred 

under the host neutral rate of evolution (Fig. 19E). This technic has been performed using 

satellite telomeric repeats (TMRs) of herpesviruses (Aswad and Katzourakis 2014). 

Additionally, another approach to estimate the age of EVE is by assuming their steady co-

speciation with their hosts (that has to be previously confirmed by phylogenetic analyses) 

(Fig. 19F). Therefore, the timescale of viruses can directly be inferred to that of their hosts. 

For instance, the date of an EVE containing stop codons that was assumed to be a stop-codon-

free sequence before endogenization can be estimated (Belyi, Levine, and Skalka 2010b). The 
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appearance of stop codons has to be considered as the result of neutral mutations. Lastly, EVE 

formation can also be estimated by adding any kind of information, such as bio-geographical 

distribution, phylogenetic information and effect of selection pressures (Fig. 19G). 

Altogether, these different technics based on EVEs have been used to describe the 

exclusive ancient origins of viral families. For some viral families, the presence of related 

EVEs pushed back their origins to several million of years, which was previously wrongly 

predicted by the use of molecular clock dating techniques (Zhou and Holmes 2007; Gilbert 

and Feschotte 2010; Gifford et al. 2008; Aris Katzourakis and Gifford 2010). 

 

 

 

 

 

 

 

 

D E F G C B A 

Figure 19: Dating viral evolutionary timescales using endogenous viral elements (EVEs). 
Origin of viral families can be estimated by comparing divergence of (exogenous and 

endogenous) viruses and hosts (A), by using the divergence time of hosts that contain 

orthologous EVEs (B), by assessing the divergence of paralogous EVEs (C an D), by 

comparing EVEs to an EVE ancestral state (E), by assuming co-speciation between hosts and 

viruses (F), and by adding several different usefull information, such as impact of selective 

pressure, bio-geographical distribution and phylogenetic information (G). From Aiewsakun 

and Katzourakis (2015) 
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When infected with an arbovirus, competent mosquitoes are able to transmit the 

pathogen to humans or other susceptible hosts as many times as they bite, and during their 

entire life. These persistent infections can be partially explained by the fact that mosquitoes 

have been present on earth several million years ago and are well adapted to arbovirus 

infections. These long-term interactions between arboviruses and mosquitoes have limited or 

even no impact on the vector fitness. Mechanisms involved in the maintenance of persistent 

infections along with the evolutionary arms race established between arboviruses and 

mosquitoes have been suggested. Among them, the potential implication of defective 

interfering (DIs) particles/genomes, viral interference, RNAi pathways (and more generally 

the antiviral immune response), viral suppressors of RNAi (VSRs) and cellular factors (e.g. 

genes associated with the inhibition of apoptosis) revealed then that persistent infections are 

modulated by multifactorial mechanisms that include both viral and host factors. However, 

although persistently infected, the high variability of vector competence to several arboviruses 

was widely described between mosquito species. Indeed, while the two species both highly 

transmit CHIKV, Ae. albopictus has a lower dissemination rate for DENV than Ae. aegypti. 

Moreover, this variability has also been observed between and within populations of the same 

species, suggesting that optimal genotype by genotype by environment (GxGxE) interactions 

are required for efficient viral transmission (Zouache et al. 2014). 

The discovery of ISVs as part of the mosquito virome and their potential effects on the 

vector competence to arboviruses have shed light on so far unexplored avenues that could 

help us to better understand the mechanisms involved in the modulation of vector competence 

to arboviruses in mosquitoes. The wide presence of NIRVS mainly originated from ISVs in 

Aedes spp. mosquitoes testified that interactions occurred for a long time between these two 

biological entities. However, whether NIRVS are fossil records of ancient virus-host 

interactions or maintained in Aedes mosquitoes for a specific purpose, is still unknown. 
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Previous studies have shown that NIRVS ended up integrating into piRNA clusters more 

often than expected by chance in Ae. albopictus and Ae. aegypti. Their presence in such 

regions triggered the production of vpiRNAs with sometimes signature of ping-pong 

amplification, as it has been seen both in vitro and in vivo studies for NIRVS from ISFs and 

insect-specific rhabdoviruses (Palatini et al. 2017). NIRVS-derived vpiRNAs were then 

suggested to have antiviral functions, and since limited complementarity is required for gene 

silencing, it could be possible that these molecules target arboviral genomes such as CHIKV 

and DENV. However, experimental evidence is still required and whether it is a common 

feature of NIRVS or a specific trait shared by only some of them is still under investigation. 

Moreover, although NIRVS formation was suggested to occur millions of years ago in 

mosquito genomes and characterize the consequence of virus-host co-evolution (Aiewsakun 

and Katzourakis 2015; Aris Katzourakis 2017), information describing it is still limited. 

Whether all or some of them play a biological function and are then under selection pressures, 

or represent fossil records that maintain genome integrity are still unknown. Nevertheless, 

there is little doubt that deciphering the characteristics of NIRVS will provide crucial 

information on virus-host co-evolution and potentially new control strategy against 

arboviruses. 

The formation of NIRVS is still also unclear. Although few studies have so far been 

able to describe the production of vDNA following infections, nothing is known about the 

conditions required for viral endogenization. The intensity of infection as well as the 

interaction time was suggested to be factors promoting the formation of NIRVS, but no direct 

proofs gave credit to any of these hypotheses. Moreover, since most of the NIRVS found in 

mosquitoes originated from ISVs, whether arboviruses are capable of producing NIRVS is 

still an opened question, although there were proved to rapidly-produce vDNA after infection. 

Additionally, only parts of the viral genome have been found integrated and specific regions 
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seemed more prone to integrate into host genomes than others. This is for example the case of 

flaviviruses, for which more NIRVS with high similarities to non-structural protein sequences 

were found rather than structural protein ones. Better understand why some viral regions are 

more subject to endogenization than others is also important to characterize NIRVS potential 

functions. Finally, because NIRVS may not be randomly distributed across the mosquito 

genome, further identification of the sites of integration is required and could help to discover 

NIRVS functions. If NIRVS from ISFs or arboviruses are produced, other “hotspots” than 

piRNA clusters may exist in the mosquito genome that may lead to other functions, such as 

regulating the expression of adjacent genes, as it has been recently shown for ERVs and 

NIRVS from bornavirus in humans (Chuong, Elde, and Feschotte 2016). 

In this thesis, we therefore aimed to characterize NIRVS in the invasive mosquito Ae. 

albopictus. We specifically focused on the evolution of NIRVS originating from ISFs in 

natural Ae. albopictus populations and their relation to vector competence to CHIKV and 

DENV. We also provided an ongoing experiment based on in vitro models persistently 

infected with different viruses to further understand the formation of NIRVS in cell line 

genomes. 
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Chapter 1: Evolution and potential 

biological role of NIRVS 
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1. Introduction 

Ae. albopictus, originated from forests of Southeast Asia is vector of several 

arboviruses such as CHIKV, DENV and ZIKV. In the last three decades, due to the increase 

of human activities (e.g. increased trades and travels) and its high capacity of adaptation, Ae. 

albopictus has colonized tropical, subtropical and temperate regions and is currently present 

in every continent except Antarctica. However, Ae. albopictus populations displayed different 

vector competence to arboviruses, which is known to be regulated by complex mosquito 

genotype by virus genotype by environment factor (GxGxE) interactions (Zouache et al. 

2014). Therefore, exploring the migration routes used by the vector to spread would help us in 

deciphering population genetic variability and virus-host interactions that may explain 

different susceptibilities to arboviruses. 

Among these factors, ISFs have been proved to have potential effects on the vector 

competence to different arboviruses in mosquitoes. The discovery of NIRVS originated from 

ISFs in Aedes mosquitoes in 2004 has shed light on host elements of viral origin that 

potentially have antiviral functions through their presence in piRNA clusters. However, the 

distribution of NIRVS in natural Ae. albopictus populations is still unclear, as well as their 

evolution in the vector genome. NIRVS providing selective benefits to their hosts must be 

maintained through generations, whereas those that represent fossil records are thought to be 

lost due to genetic drift. Finally, direct evidence suggesting impacts of ISF-derived NIRVS on 

vector competence to arboviruses, are still required. 

We therefore used several Ae. albopictus populations collected in regions where 

CHIKV and DENV were circulating, to characterize the distribution and evolutionary 

dynamics of NIRVS by comparison with the genetic variability of 10 microsatellite loci which 

are considered as neutral evolutionary markers. Specifically, we focused on seven NIRVS 

from the Flaviviridae family (called Flavi-NIRVS) because of its importance to human public 
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health. These Flavi-NIRVS originated from three ISFs, which are Aedes Flavivirus (AeFV), 

Kamiti River virus (KRV) and Cell Fusing Agent virus (CFAV). It includes the first and 

longest NIRVS described so far in 2004 (Crochu et al. 2004; Suzuki et al. 2017) as well as six 

other NIRVS recently detected (Palatini et al. 2017; Pischedda et al. 2019) in Ae. albopictus 

genome. All of them were described in unique copy in the genome of the Foshan colony 

recently sequenced (X.-G. Chen et al. 2015), except AlbFlavi41 that was found duplicated. 

Subsequently, we have deepened the study of two Flavi-NIRVS (AlbFlavi2 and AlbFlavi36) 

owing to their location in the mosquito genome. 

 

2. Evolution and biological significance of flaviviral 

elements in the genome of the arboviral vector Aedes 

albopictus 

 

In this chapter, we present an article accepted and published in the journal Emerging 

Microbes and Infections in August 2019.  
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Abstract 

 

Since its genome details are publically available, the mosquito Aedes albopictus has become 

the central stage of attention for deciphering multiple biological and evolutionary aspects at 

the root of its success as an invasive species. Its genome of 1,967 Mb harbors an unusual high 

number of non-retroviral integrated RNA virus sequences (NIRVS). NIRVS are enriched in 

piRNA clusters and produce piRNAs, suggesting an antiviral effect. 

Here, we investigated the evolutionary history of NIRVS in geographically distant Ae. 

albopictus populations by comparing genetic variation as derived by neutral microsatellite 

loci and seven selected NIRVS. We found that the evolution of NIRVS was far to be neutral 

with variations both in their distribution and sequence polymorphism among Ae. albopictus 

populations. The Flaviviral elements AlbFlavi2 and AlbFlavi36 were more deeply 

investigated in their association with dissemination rates of dengue virus (DENV) and 

chikungunya virus (CHIKV) in Ae. albopictus at both population and individual levels. Our 

results show a complex association between NIRVS and DENV/CHIKV opening a new 

avenue for investigating the functional role of NIRVS as antiviral elements shaping vector 

competence of mosquitoes to arboviruses. 
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Introduction 

 

In less than four decades, the Asian tiger mosquito Aedes albopictus (Skuse, 1894) has 

become a public health concern owing to its ability to transmit several human pathogenic 

viruses such as Chikungunya virus (CHIKV), Dengue viruses (DENV) and Zika virus 

(ZIKV)
1
. This vector is responsible of several recent arboviral outbreaks (reviewed by 

2
) and 

astonished by the speed at which it has conquered all continents except Antarctica 
3,4

, thus 

becoming one of the world’s 100-most invasive species according to the Global Invasive 

Species Database. Originally native to tropical forests of South-East Asia, Ae. albopictus was 

confined for centuries to a few regions in Asia. Starting in the 18
th

 or 19
th

 centuries, Ae. 

albopictus was introduced in the islands of the Indian Ocean by Asian immigrants. From the 

late 1970s, this species took advantage of the increase in global trade to invade most tropical 

and sub-tropical regions of the world 
5
. Additionally, the capacity of its eggs to undergo 

photoperiodic diapause in winter, favored Ae. albopictus colonization into temperate regions 

6
. Aedes albopictus was first reported in Europe in 1979 

7
, in North America in 1985 

8
, in 

South America in 1986 
9
 and in Africa in 1990 

10
. 

Migratory routes used by Ae. albopictus to expand from its Asian cradle can be defined using 

population genetic approaches 
11,12,13

. Mosquito populations form groups of interbreeding 

individuals, which coexist in space and time. These genetic units are interconnected through 

gene flow. The current worldwide distribution of Ae. albopictus is a direct consequence of 

increasing human activities with rapid irradiation of populations 
14-18

. Populations established 

locally presented a high genetic variability evidencing a mixture of individuals of distinct 

origins with disparate susceptibilities to arboviruses, which are reflected by different vector 

competences 
17

. Vector competence refers to the ability of a mosquito population to become 

infected after an infectious blood meal, to support viral replication, dissemination and 
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transmission to a new host in a subsequent blood-meal 
19

. The level of vector competence 

depends on the tripartite interactions among the mosquito genotype, the virus genotype and 

environmental factors under GxGxE interactions 
20

. 

In the early 2000s, non-retroviral integrated RNA virus sequences (NIRVS) were discovered 

in different metazoans, including mosquitoes 
21,22

. Aedes mosquitoes can host NIRVS 

originated from different viruses related to arboviruses: mainly insect-specific viruses (ISVs) 

including insect-specific flaviviruses (ISFs) and other viruses belonging to the 

Mononegavirales order (such as rhabdoviruses) 
22-25

. Additionally, most NIRVS correspond 

to fragmented viral open-reading frames, are flanked by transposable elements (TEs), 

enriched in PIWI-interacting RNA (piRNA) clusters and produce piRNAs 
29

. piRNA clusters 

are genomic regions composed of fragmented sequences of TEs which are expressed as long 

primary single-stranded RNAs and processed into fragments of 24-30 nucleotides called 

piRNAs. In the model organism Drosophila melanogaster, piRNAs are primarily produced in 

germline cells and target TE transcripts based on sequence complementarity to protect from 

heritable lesions 
26-29

. The landscape of TE fragments within piRNA clusters defines the 

regulatory properties of D. melanogaster strains to TE invasion 
30

. The analogy between TE 

fragments and viral sequences in piRNA supports the hypothesis that viral sequences may 

contribute to mosquito susceptibility to subsequent viral infections. If viral integrations 

contribute in controlling virus replication, with consequences on vector competence, positive 

selection should be expected 
31

. On the contrary, if NIRVS stand for fossil records, these 

sequences should reach fixation and evolve at a neutral rate 
32,33

. 

In this study, we selected 19 Ae. albopictus populations that cover the geographical 

distribution of the species, where CHIKV and DENV were circulating, to study the 

evolutionary dynamics of seven selected NIRVS 
24

. The occurrence of NIRVS in populations 

was compared to processes driving population genetic differentiation observed on neutral loci 
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(i.e. microsatellites). We showed that (i) based on microsatellite marker polymorphism, 

populations of Ae. albopictus are distributed into two different genetic clusters, one of them 

divided into four subclusters, without any correlation between genetic and geographical 

distances, (ii) the distribution of NIRVS in geographic populations and their polymorphism 

are not related to genetic divergences within and between populations as depicted by 

microsatellite markers, suggesting that NIRVS are not evolving neutrally, and (iii) all NIRVS 

studied, except AlbFlavi1 may have influence on vector competence to DENV and CHIKV, at 

the population level. 

 

 

Materials and Methods 

Ethic Statements 

Mice were housed in the Institut Pasteur animal facilities accredited by the French Ministry of 

Agriculture for performing experiments on live rodents. Work on animals was performed in 

compliance with French and European regulations on care and protection of laboratory 

animals (EC Directive 2010/63, French Law 2013-118, February 6th, 2013). All experiments 

were approved by the Ethics Committee #89 and registered under the reference 

APAFIS#6573-201606l412077987 v2. 

 

Mosquitoes 

To assess genetic variation within and among Ae. albopictus populations, 19 samples from 

different geographic locations were studied (Table 1). These populations ranging from 10 to 

30 mosquitoes were selected in the native range of Ae. albopictus where arboviral outbreaks 

and epidemics occurred 
17,34,35

. Only the 13 populations of 19-20 mosquitoes and the Foshan 

colony used as control were selected to characterize NIRVS polymorphism 
36

. 
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Mosquitoes were collected in the field as immature stages (larvae, pupae, eggs). Frozen 

mosquitoes (<13
th

 generation) were used for population genetic and NIRVS analyses. For the 

pilot experiments for DENV and CHIKV infections, F1 mosquitoes from Tibati population 

(Cameroon) and F18 mosquitoes from Foshan laboratory strain were used. Larvae obtained 

after immersion in dechlorinated tap water of field-collected eggs were distributed in pans of 

200 individuals. Immature stages were fed every two days with a yeast tablet dissolved in 1 

liter of dechlorinated tap water and incubated at 26 ± 1°C. Emerging adults were placed in 

cages and maintained at 28 ± 1°C with a light/dark cycle of 12h/12 h at 80% relative humidity 

and supplied with a 10% sucrose solution. Females were exposed three times a week to 

anesthetized mice (OF1 mice; Charles River Laboratories, MA, USA) as a source of blood for 

producing eggs. 

 

Microsatellite genotyping 

Genomic DNA was extracted from individual mosquito using the Nucleospin Tissue kit 

(Macherey-Nagel, Hoerdt, France) according to the manufacturer’s instructions. Briefly, 

mosquitoes were individually homogenized in 180 µL lysis buffer supplemented with 25 µL 

of Proteinase K. To bind total nucleic acids, homogenates were passed through columns. 

Silica membranes were further desalted and DNA was collected in 100 µL of elution buffer. 

Quality and quantity of DNA were then assessed using the Nanodrop 2000 Spectrophotometer 

(Thermo Scientific™, MA, USA) and a PCR was performed using histone h3 reference gene 

(NCBI: XM_019696438.1) as control. Eleven microsatellite loci were amplified using PCR 

specific primers flanking the repeated region 
16

. PCR reaction mixtures in a final volume of 

15 µL contained 50 ng genomic DNA, 1X PCR buffer, 1.5 mM MgCl2, 0.27 mM dNTPs 

(Invitrogen™, CA, USA), 1U Taq polymerase (Invitrogen™), and 10 µM of each primer (one 

was 5’ labeled with a fluorescent dye). PCR cycling conditions consisted in a step at 94°C for 
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5 min, followed by 29 cycles at 94°C for 30 sec, 58°C for 30 sec, and 72°C for 30 sec with a 

final step at 72°C for 10 min. Aliquots of PCR products were visualized on 2% agarose gels 

stained with ethidium bromide under UV light. Each PCR product was then diluted 1:10 in 

ddH2O water and 2 µL of this dilution was added to 10 µL of a mixture of deionized 

formamide and GeneScan-500 ROX size standard (Applied Biosystems, CA, USA). 

Genotyping was processed in an ABI3730XL sequence analyzer (Applied Biosystems) and 

data analyzed using GeneScan and Genemapper softwares. 

 

Genetic diversity of populations 

For statistical analyses, mosquitoes collected from each sampling site were assumed to 

represent local populations. 

Amounts of heterozygosity at various levels of population structure were explored by using 

FIS and FST values. The FIS inbreeding coefficient indicates the level of heterozygosity within 

each population. The FST fixation index measures the reduction in heterozygosis due to 

random genetic drift between populations. The Wright’s F-statistics were computed in 

Genetix v.4.05.2. software 
37

 and tested using 10
4
 iterations according to Weir and Cockerham 

(1984). The number of alleles (NA), allelic richness (AR), expected (HE), observed (HO) 

heterozygosis, FIS by locus and FST by populations were obtained. The significance of FIS and 

FST were analyzed using FSTAT v.2.9.3.2 
38

. 

Departures from Hardy-Weinberg equilibrium, linkage disequilibrium between loci and 

molecular variance (AMOVA) overall populations were analyzed with Arlequin v3.5.2.2 to 

estimate intra- and inter-population variation 
39

. The mean frequency of null alleles (a 

mutation in microsatellite flanking regions leading to an absence of amplification products) 

per population was also very low (i.e. 0.06) and ranged from 0.000 to 0.118, meaning that the 

selected microsatellite loci were successfully amplified and appropriate for population genetic 
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analysis. Relationships between geographical and genetic FST distances were tested between 

populations using Mantel test implemented in GenAlEx v 6.5 
40

. 

 

Graphic representation of relatedness among populations 

Genetic relationships between populations were estimated by using PHYLIP 3.69, as 

previously described 
41

. Cavalli-Sforza & Edwards’s (CSE) chord distance for each pair of 

populations was calculated (GENDIST module). The resulting distance matrix was used to 

create a phylogram based on Neighbour-Joining (NEIGHBOUR module). Node confidence 

was inferred via 100 bootstrap replicates (modules SEQ- BOOT, GENDIST, NEIGHBOUR 

and CONSENSE). 

 

Test of isolation by distance 

To test the hypothesis whether the geographical pattern of genetic differentiation is caused by 

isolation by distance (IBD), we ran Mantel tests for pairwise matrices between geographical 

distances (kilometers) and genetic differentiation (measured as F
ST

/(1−F
ST

)). 

 

Genetic structure of populations 

Genetic population structure was assessed with individual-based Bayesian clustering method 

implemented in the program STRUCTURE v.2.3.4 
42

. The likelihood of each possible number 

of genetic populations (K), ranging from 1 to 20, was calculated after 10 independent runs for 

each value of K, using a burn-in of 500 000 replications, 500 000 Markov Chain Monte Carlo 

steps, assuming an admixture model, with frequencies correlated between populations and 

without the use of sampling location as a prior. The most likely number of populations (K) 

was estimated by the ΔK method described by Evanno et al. (2005) 
43

 with Structure 
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Harvester software (http://taylor0.biology.ucla.edu/structureHarvester/). The results were then 

graphically displayed with DISTRUCT 1.1 
44

. 

 

NIRVS in natural populations 

Six NIRVS (AlbFlavi1, AlbFlavi2, AlbFlavi4, AlbFlavi10, AlbFlavi36, AlbFlavi41), plus 

CSA 
21

, were studied. They were chosen based on their unique occurrence in different regions 

of the Foshan genome, except for AlbFlavi41, known to be duplicated. Because of its length 

21
, CSA was characterized using two sets of primers (CSA-NS3 and CSA-JJL), and 

considered in analysis as two separated datasets (Supplementary Table 1). NIRVS were 

searched on the same mosquitoes as those used for microsatellite genotyping. 

PCR primers flanking each NIRVS (Supplementary Table 1) were designed using PRIMER3 

45
. PCR reactions were performed in a final volume of 25 μL using 5 ng of DNA, PCR buffer 

1X, 2.9 mM MgCl2, 0.25 mM dNTP mix, 0.25 μM of each primer and 1.25 unit of Taq DNA 

polymerase (Invitrogen™). Amplifications were done using T100™ Thermal Cycler (Bio-

Rad) according to the following cycle conditions: 95°C for 5 min, 35 cycles at 95°C for 15 

sec, 59-64°C for 90 sec, 72°C for 90 sec, and a final elongation step at 72°C for 10 min. PCR 

products were electrophoresed on 1.5% of agarose gels stained with ethidium bromide and 

visualized under UV light. All negative samples were confirmed with a second-round PCR. 

The number of each NIRVS per population (frequency) was represented using Graph Pad 

Prism version 6 (Graph Pad Software, CA, USA). 

 

NIRVS between populations 

NIRVS composition of each population was expressed in terms of relative abundance 

corresponding to the percentage of each NIRVS relative to the total number of tested 

mosquitoes. To assess variations of NIRVS abundance between populations, we calculated 

http://taylor0.biology.ucla.edu/structureHarvester/
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Bray Curtis dissimilarities, a metrics, widely used, including data standardization 
46

. A 

dendrogram was generated by using this dissimilarity matrix and neighbour-joining method, 

to visualize NIRVS compositional differences across populations 
46

. 

 

Mantel tests between NIRVS and microsatellites 

Mantel tests implemented in GenAlEx v 6.5 
40

, were used to evaluate the statistical 

significance of the correlation between two or more distance matrices, using permutation 

tests. The significance of associations between matrixes of  distance among populations 

as derived by microsatellite markers or NIRVS distribution was tested using the Mantel test 

with 999 permutations. 

 

NIRVS association with vector competence of Ae. albopictus at the population level 

Vector competence is assessed using several parameters 
47

. The dissemination efficiency (DE) 

refers to the proportion of mosquitoes able to disseminate the virus beyond the midgut barrier 

after ingestion of infectious blood meal and active viral replication in midgut epithelial cells. 

Published data on DEs to DENV and CHIKV were retrieved for mosquito populations with 

close or identical geographical proximity with the populations analyzed (Supplementary 

Table 2). DEs were described using median and inter-quartile range (IQR). Logistic linear 

regression models were used to test the association between the presence of NIRVS and DEs 

at the Ae. albopictus population level. P-values < 0.05 were considered significant. 

 

Sequence polymorphism and evolutionary dynamics of AlbFlavi2 and AlbFlavi36 

Sequence polymorphism of AlbFlavi2 and AlbFlavi36 

Amplification products for AlbFlavi2 and AlbFlavi36 were purified by using 

NucleoSpin
®

 Gel and PCR Clean-up kit (Macherey-Nagel) according to the manufacturer’s 
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instructions and sequenced by Eurofins Genomics (Cochin hospital platform, Paris, France). 

If the quality of chromatogram profiles assessed with Geneious® 10.1.3 did not meet the 

standard required, amplicons were subsequently cloned into pCR™II-TOPO® vector using 

TOPO® TA Cloning®Kit (Thermo Fisher Scientific) and transformed into One Shot® TOP10 

Chemically Competent E. coli (Invitrogen™). Sequences were aligned in Geneious® 10.1.3 

using MUSCLE algorithm 
48

. p-distance values, representing the proportion of nucleotide 

sites at which two sequences being compared are different, were calculated after alignments 

using MEGA 10.0.5. 

 

Phylogeny-based on AlbFlavi2 and AlbFlavi36 

DNA sequences from AlbFlavi2 and AlbFlavi36 were aligned with MUSCLE algorithm 
48

. 

Exogenous virus sequences were used as outgroup to determine the direction of character 

transformations. Phylogenetic trees were obtained by parsimony analysis implemented in the 

PAUP* software package (version 4.0), by using gap as 5
th

 state or not (data not shown) and 

nearest neighbour interchange (NNI) for tree rearrangements 
49

. 

 

Pilot experiment assessing the association between AlbFlavi2/AlbFlavi36 and vector 

competence of Ae. albopictus at the individual level 

Logistic linear regression models were used to test association between the presence of 

AlbFlavi2 and AlbFlavi36 and viral dissemination in single mosquitoes from the Foshan 

colony and a field-collected African population (Tibati collected in Tibati, Cameroon in 

2018). Foshan and Tibati mosquitoes were experimentally infected with DENV (DENV-2, 

Accession number: MK268692 
50

) and CHIKV (06.21, Accession number: AM258992 
51

) 

provided in blood meals as described in Amraoui et al. 2019 
52

. All surviving mosquitoes 

were examined individually at 14 days post-infection to define (i) the infectious status; 
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presence of infectious particles in heads was estimated by focus fluorescent assay on C6/36 

Ae. albopictus cells 
52

, and (ii) the presence of AlbFlavi2 and/or AlbFlavi36 by PCR on DNA 

extracted from bodies and thorax. Statistical analyses were conducted using the Stata software 

(StataCorp LP, Texas, and USA). P-values < 0.05 were considered significant. 

 

 

Results 

Characterization of populations using microsatellite data 

A total of 363 individuals (Table 1) were genotyped at 11 microsatellite markers. Ten of the 

11 microsatellite loci, by showing a frequency lower than 0.95 for the most common allele, 

were considered polymorphic and as such, were included in the analysis. Only the A17 locus 

was monomorphic and then excluded from the analyses. No significant linkage disequilibrium 

between any pairs of loci was observed indicating that the 10 loci were statistically 

independent from each other. Each locus was tested for within-population deviations from 

HWE implementing Bonferroni correction for multiple testing: 20 deviations out of 190 

combinations were found, but did not cluster at any population or locus. 

The loci displayed a mean PIC of 0.59 suggesting that they were sufficiently informative for 

assessing the degree of variability and structuring of mosquito populations (Table 2). The 

number of alleles, averaged over all loci, ranged from 4 to 19, with a mean value of 10.9 per 

locus, and a mean allelic richness at 2.44 (Table 2). Eight of the 10 loci presented a significant 

difference between observed and expected heterozygosity, with a mean FIS of 0.17 (p-value < 

0.001; Table 2), supporting an excess of homozygotes in Ae. albopictus populations. 
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Population diversity 

The overall mean number of alleles per population was 3.7 varying between 2.0 and 5.0. 

Private alleles were rarely found, their mean frequency per population ranged from 0.00 to 

0.079 (Table 3). Mean FIS value per population was -0.09, with values ranging from -0.0285 

to 0.338 (Table 3). Estimation of the molecular variance within and among populations 

(AMOVA) revealed that most of the variation (89.6%) was detected within individuals 

whereas only 10.4% occurred among populations. 

 

Population genetic structure 

The overall differentiation across all 19 populations was high (FST = 0.239) with FST being 

highly significant (p-value < 0.001), suggesting a significant genetic structure. To identify 

genetic clusters among tested individuals, we implemented 25 independent simulations in the 

software Structure according to the method of Evanno; the uppermost level of structuring in 

the model was observed at K = 2 (ΔK = 2293.4; Supplementary Fig. 1A). The best 

assignment of individuals made by Structure led to two clusters: (i) cluster 1, which includes 

populations from Brazil (i.e. PMNI and Manaus), Northern Africa (i.e. Rabat) and a 

population from Albania, and (ii) cluster 2, which includes the remaining populations (Fig. 1 

and Supplementary Fig 1B). Although Structure identified only two clusters, their genetic 

differentiation was significantly high (FST = 0.12, p-value ≤ 0.001). Additionally, these two 

genetic clusters were found to deviate significantly (p-value ≤ 0.01) from Hardy-Weinberg 

proportions, with FIS values of 0.23 and 0.36, respectively after implementing 10
4
 

permutations on allele frequencies in the software GENETIX. This result suggested a 

Wahlund effect which indicated a genetic substructure. As a consequence, we re-analyzed the 

two clusters separately and detected substructures in Cluster 2 (Fig. 1 and Supplementary Fig. 

1C). Sub-structuring of Cluster 2 emphasized differentiation among populations from South 
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America (Jurujuba and Rio), Europe (i.e. all French and Italian populations), Africa (Bertoua 

and Mfilou) and Asia. On the contrary, populations from Florida (Vero Beach), Middle East 

(Sarba), La Reunion Island (Saint Denis) and Gabon (Franceville) appeared genetically mixed 

suggesting that these sites may represent cross-roads in Ae. albopictus colonization out of 

Asia. (Fig. 1). 

 

Spatial and genetic data 

When considering the genetic differentiation according to geographical distances using 

Mantel test, only 21% of the genetic variability was explained by the geographical distance 

(p-value = 0.03). 

 

NIRVS analysis 

We further chose to study NIRVS distribution in 13 Ae. albopictus populations selected 

previously for assessing genetic diversity based on epidemiological data of arboviral 

outbreaks and Ae. albopictus widespread out if its native range 
17,34,35

; we analyzed 10 females 

and 10 males per population (Table 1). NIRVS distribution was not homogenous across 

populations (Fig. 2, Supplementary Fig. 2). AlbFlavi1 (Fig. 2A) and CSA-JJL (Fig. 2H) were 

the most widespread NIRVS, being detected in 85 to 100% of tested mosquitoes, respectively. 

On the opposite, AlbFlavi10 was the rarest NIRVS, being found in 17% of the tested 

mosquitoes. Despite displaying the highest presence of AlbFlavi2 and AlbFlavi4 (present in 

most populations), Brazilian populations showed the lowest number of NIRVS, with the 

absence of AlbFlavi36 and AlbFlavi10 and the lower frequency of AlbFlavi41 compared to 

the other Ae. albopictus populations (Fig. 2). 

Interestingly, when targeting the CSA locus, no amplification was obtained for Brazilian 

mosquitoes using the NS3-CSA primer set (Supplementary Table 1; Fig. 2G), which was not 
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consistent with the results obtained with the JJL-CSA primer set that amplified the same 

NIRVS but targeting a different region (Fig. 2H). This suggests then that recombination 

events occurred at this genomic position for Manaus, Rio and PMNI mosquitoes. 

 

Comparison between microsatellite data and NIRVS abundance profiles 

To define whether the NIRVS evolve under selective pressures or randomly, we compared (i) 

the relatedness between populations based on microsatellite polymorphism (Fig. 3A) with (ii) 

the similarity between populations based on NIRVS abundance profiles (Fig. 3B). At the 

population level, the Neighbour-Joining clustering analyses applied to genetic frequencies 

(Fig. 1, Fig. 3A, Supplementary Fig. 1B) mainly revealed two clusters of populations: one 

with Tirana, Rabat, Manaus and PMNI populations, and the second with the remaining 

populations (i.e. Binh Duong, Oahu, Vero Beach, Rio, Franceville, Alessandria, Ulcinj and 

Mfilou). Regarding NIRVS contents, two major clusters distantly related from each other 

were also obtained (Fig. 3B), one including only Brazilian populations (i.e. Manaus, PMNI 

and Rio) sharing a low abundance of NIRVS, and the other including geographically distant 

populations. Therefore, populations from Vero Beach and Rio shared closely related genetic 

relationships and harboured clearly different abundance profiles of NIRVS (Fig. 3A-B). 

Conversely, genetic distinct populations from Vero Beach, Rabat and Alessandria shared the 

same contents of NIRVS. In short, closely related populations can have different NIRVS 

contents and geographic and/or genetic distant populations can contain similar NIRVS 

abundance profiles. Thus, we observed significantl different relatedness between populations 

according to the marker used, that may indicate that random genetic drift was not the main 

force shaping this NIRVS distribution. In addition, no correlation was identified between the 

two matrices (R
2
 = 0.0006), showing that NIRVS composition of populations was not related 

to the genetic structure caused by random genetic drift (Supplementary Fig. 2). 
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Relationships between NIRVS landscape and vector competence (from published data) 

Our results showed that NIRVS were not neutrally distributed across populations supporting 

the hypothesis of a biological function of NIRVS, such as antiviral functions, as it has been 

previously suggested. To analyze whether NIRVS contribute to the control of arboviral 

replication, we used logistic regression models to evaluate the potential association between 

NIRVS distribution frequencies among populations and dissemination efficiencies (DEs) of 

DENV and CHIKV in corresponding or geographically close populations selected from the 

literature (Supplementary Table 2). On this basis, we classified our tested populations 

depending on their frequencies of each NIRVS using the median. Several associations 

between NIRVS and DENV DEs were found. Whereas high AlbFlavi2 and CSA-JJL 

frequencies were significantly associated to high DEs, high AlbFlavi10, AlbFlavi36, 

AlbFlavi41 and CSA-NS3 frequencies were however correlated to low DENV DEs (Table 4). 

Opposite associations to CHIKV DEs were also observed but with fewer NIRVS. Indeed, 

high frequencies of AlbFlavi4 were associated with high CHIKV DEs while high distribution 

of AlbFlavi36 and CSA-NS3 among populations was correlated to low CHIKV DEs. 

Together, these results indicated that the presence of NIRVS was associated with changes in 

DEs of arboviruses in Ae. albopictus at the population level. 

 

Focus on AlbFlavi2 and AlbFlavi36 

Besides its association to high DENV DEs, we further focused on AlbFlavi2 located in a 

piRNA cluster and presenting a large geographical distribution encompassing all continents. 

Moreover, AlbFlavi36 located in an intergenic region was not found in populations from 

South America and presented an opposite pattern of association to DENV DEs; it was used 

for comparison to AlbFlavi2. Therefore, sequence polymorphism, evolution and potential 
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association to vector competence to arboviruses were assessed in Ae. albopictus at the 

individual level. 

 

Sequence polymorphism and evolution of AlbFlavi2 and AlbFlavi36 

AlbFlavi2 and AlbFlavi36 of individual mosquitoes were successfully amplified in 10 out of 

the 13 Ae. albopictus populations studied (Fig. 2). Sequences of AlbFlavi2 and AlbFlavi36 

amplified fragments were aligned with the closely related exogenous viral sequences: the 

Kamiti River virus (KRV) for AlbFlavi2 and the Aedes Flavivirus (AeFV) for AlbFlavi36. 

The p-distance calculated between AlbFlavi2 sequences revealed a moderate diversity, with 

values ranging from 0% to 3.9% (data not shown). All AlbFlavi2 sequences underwent 

deletion events that were sometimes shared by several individuals from different populations 

or observed in a specific Ae. albopictus population (Fig. 4; Supplementary Fig. 3A). 

The p-distance values calculated between AlbFlavi36 sequences were low and varied only 

from 0% to 0.9% (data not shown). Therefore, AlbFlavi36 sequences mapping to an 

intergenic region 
24

 appeared more similar between individuals than AlbFlavi2 sequences 

(which are integrated into piRNA cluster 27 
53

). 

We further performed phylogenetic analysis to describe the evolutionary history of AlbFlavi2 

and AlbFlavi36 (Fig. 4; Supplementary Fig. 4). As expected, AlbFlavi2 displayed higher 

divergence than AlbFlavi36. The resulted trees based on AlbFlavi2 supported four major 

clusters sharing sequences with the same deletion events (Fig. 4). One of them, defined by a 

11 bp deletion was subdivided into two subclusters of sequences sharing respectively a 248 bp 

and a 46 bp deletion. Overall, these clusters did not show any strict relationship with 

geographical origin of populations. 

AlbFlavi2 from Brazilian populations (PMNI, Manaus and Rio) appeared clearly 

polyphyletic. Three clusters represented only sequences from Brazil: an older cluster of 
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sequences sharing a 405 bp insertion and two other clusters of sequences sharing respectively 

a 46 bp and a 6-65 bp deletions. Only AlbFlavi2 from Rabat population formed a 

monophyletic group, a unique cluster of sequences characterized by a 248 bp deletion. 

One cluster contained most of the sequences from Tirana (Albania), Vero Beach (USA), 

Alessandria (Italy) and Binh Duong (Vietnam). However, some sequences from Binh Duong, 

Vero Beach and Alessandria populations, were also isolated or found in other clusters. 

Moreover, half of the AlbFlavi2 sequences from Foshan formed a unique cluster whereas the 

other half shared the heterogeneous cluster of sequences described above. 

The polymorphism of AlbFlavi36 was low in Ae. albopictus populations and all the sequences 

showed close relationships with each other, without any significant bootstrap values 

(Supplementary Fig.4). However, sequences from African mosquitoes (Congo, Gabon and 

Morocco) in branching deeply in the tree may be more ancient than sequences of Asian (Binh 

Duong, Foshan) and European mosquitoes. 

Collectively, phylogenetic studies revealed different histories of NIRVS in mosquito 

populations and, a particularly complex history of Albflavi2 evolving by both mutation and 

deletion events. 

 

Association between AlbFlavi2/AlbFlavi36 and vector competence in Ae. albopictus at the 

individual level 

To further investigate the biological role of AlbFlavi2 and AlbFlavi36, we extended our 

analyses of association between the presence of these two NIRVS and viral dissemination 

from a population level to an individual level. To do so, mosquitoes of the Foshan colony 

strain and the field-collected Tibati population (Cameroon) were infected with DENV-2 and 

CHIKV. At 14 days post-infection, mosquito dissemination status and the presence of both 

AlbFlavi2 and AlbFlavi36 were determined for 313 mosquitoes (Fig. 5). When comparing 
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DENV dissemination, Foshan better disseminated than Tibati (respectively 89.8% and 42.2%; 

p-value < 10
-4

; data not shown). However, the presence of AlbFlavi2 or AlbFlavi36 in 

mosquitoes from Foshan or Tibati was not significantly associated with DENV dissemination 

(p-values > 0.209; Fig. 5A-D). Moreover, the same results were obtained regarding the 

association between AlbFlavi2/AlbFlavi36 presence and CHIKV dissemination (p-values > 

0.3; Fig. 5A-D). In all, using both laboratory colony and field-collected mosquitoes, no 

association was found between any of the two NIRVS (AlbFlavi2 and AlbFlavi36) and 

DENV/CHIKV dissemination. 

 

 

Discussion 

The presence of sequences with similarities to Flaviviruses in the genome of Aedes spp. 

mosquitoes and their enrichment in piRNA clusters support the hypothesis that viral 

integrations, at least some, are not simply viral fossils, but could have a biological role 
24,25,54

. 

Here we demonstrated that the NIRVS studied are not neutrally distributed among Ae. 

albopictus populations and all of them (except AlbFlavi1) were significantly associated with 

vector competence to DENV and CHIKV. 

 

NIRVS are not neutral markers 

NIRVS are endogenous viral sequences located in protein-coding gene exons, intergenic 

regions, and PIWI-interacting RNA (piRNA) clusters 
55

. Contrary to the other categories, 

piRNA genes are evolving rapidly under positive selection to generate a high diversity of 

piRNAs 
56-63

. Approximately 30 sequences of flaviviral ORFs (primarily NS1 and NS5) were 

detected in the Foshan colony 
24

 including the early-detected Flavivirus-like sequences 
21,64

. It 

has been suggested that the variable number and frequency of NIRVS across Ae. albopictus 



 121 

populations contribute to small variations of genome size among mosquitoes 
36

. Our study 

targeted seven NIRVS (AlbFlavi1, AlbFlavi2, AlbFlavi4, AlbFlavi10, AlbFlavi36, 

AlbFlavi41, CSA), for which their evolution under selection pressures or simply by genetic 

drift remained unknown. 

Contrary to NIRVS deriving from flaviviruses in Ae. aegypti (unpublished data), the presence 

of the tested NIRVS was highly variable among worldwide populations, with the lowest 

number being detected in mosquitoes from Brazil. This suggests that these NIRVS have not 

reached fixation in any of the Ae. albopictus populations tested (with potential exception for 

AlbFlavi1 and a fragment of CSA). Interestingly, Brazilian populations (Manaus, Rio, and 

PMNI) displayed the lowest number of NIRVS studied with a total absence of AlbFlavi10, 

AlbFlavi36 and CSA-NS3. Considering the ancient origin of NIRVS, estimated between 6.5 

thousand to 2.5 million years ago 
65

, we hypothesized that they might have been less exposed 

to ISFs in the past, leading to fewer NIRVS in their genomes or that populations may have 

acquired NIRVS in the past which have been lost over time. 

We showed that the microsatellite polymorphism of populations did not match with the 

NIRVS abundance profiles. Therefore, because microsatellites are sequences that neutrally 

evolve in the genome, we speculate that the evolution of NIRVS is far from neutral and 

NIRVS could provide benefits to the host. NIRVS may have been produced for specific 

purposes in the host rather than being the consequences of random endogenization of 

exogenous viral fragments. 

The focus on NIRVS from piRNA cluster (AlbFlavi2) and intergenic region (AlbFlavi36) 

revealed different sequence polymorphism and evolutionary histories despite their relatively 

wide distribution among Ae. albopictus populations. Whereas AlbFlavi36 appeared 

monophyletic with highly conserved sequences among populations, the phylogenetic analyses 

showed a particularly complex history for Albflavi2 evolving by both mutation and deletion 
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events. We postulate that owing to its high variability, AlbFlavi2 may act similarly to TE 

fragments and piRNA genes, and evolve according to exposures to related exogenous virus 

burden. 

 

Association between NIRVS and vector competence to arboviruses 

Similar to some endogenous retroviruses (ERVs) that have an effect on viruses from 

different subfamilies and genera 
66

, we questioned whether NIRVS deriving from ISF 

sequences affect the dissemination of different arboviruses and contribute to the regulation 

of vector competence of Ae. albopictus mosquitoes. Because NIRVS located in piRNA 

clusters, such as AlbFlavi2, produce piRNAs, are differentially distributed among 

populations and appeared older integrations than NIRVS located in codons 
65

, they were 

proposed to function as novel mosquito antiviral immune factors. However, contradictory 

results were obtained using both population- and individual-level analysis. 

At the population level, many NIRVS were present in Ae. albopictus populations. The 

frequency of some of them appears correlated (positively or negatively) to DENV 

dissemination. Whereas some NIRVS were associated to high viral dissemination (i.e. 

AlbFlavi2 and CSA-JJL), others were significantly related to low viral dissemination 

(AlbFlavi10, AlbFlavi36, AlbFlavi41 and CSA-NS3), suggesting different functions of 

NIRVS deriving from ISFs. Moreover, fewer NIRVS were positively (i.e. AlbFlavi4) and 

negatively (i.e. AlbFlavi36 and CSA-NS3) correlated to CHIKV dissemination. These 

results are consistent with the contradictory results obtained in studies assessing the impact 

of exogenous ISFs on arbovirus fitness in mosquitoes. Indeed, whereas some ISFs have 

shown to repress arboviral replication 
67

, others have been proved to facilitate infection 
68

. 

Further experiments should be performed to confirm these results, as only 20 mosquitoes 

per population were tested for NIRVS distribution. 
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At the level of individuals, our pilot experiment based on mosquitoes from both laboratory 

colony and field did not show any significant association between dissemination of DENV 

and CHIKV, and NIRVS, AlbFlavi2 or AlbFlavi36. While this does not seem surprising for 

the alphavirus CHIKV considering that NIRVS examined are homologous to flavivirus 

sequences, it is still questionable for DENV. Since it appears that they do not evolve 

neutrally and were preserved from purifying selection, NIRVS such as CSA has 

demonstrated to produce a transcript of 4671 nt long 
21,69

; its functional role should be 

investigated. Lastly, other components should be considered such as the virome 
70

 in 

addition to the anatomical barriers in the mosquito such as the salivary glands for viral 

transmission 
19

. 

 

To conclude, our results clearly show that NIRVS in Ae. albopictus follow processes different 

from that of neutral genes such as microsatellites and most NIRVS are far from reaching 

fixation. Flaviviral integrations are differentially distributed among Ae. albopictus populations 

and are here suggested to be associated with the vector competence to arboviruses by 

mechanisms that remain to be elucidated. Finally, this study opens the way to new 

perspectives on evolution and biological functions of NIRVS, in part on vector competence. 
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Table 1. Details on Aedes albopictus populations analyzed. Except the colony Foshan, all 19 populations were genetically characterized using 10 

microsatellite markers, and 13 populations (in bold) were selected for studying NIRVS diversity. 

 

 

Population name Continent Country City Generation 

Year of collection Mosquitoes 

Females Males 

1 Alessandria Europe Italy Alessandria F2 2012 10 10 

2 Ulcinj Europe Montenegro Ulcinj F1 2013 10 10 

3 Cagnes-sur-mer Europe France Cagnes-sur-mer F13 2000 10 0 

4 Montsecret Europe France Montsecret F4 2002 0 10 

5 Bar-sur-Loup Europe France Bar-sur-Loup F1 2011 10 0 
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6 Tirana Europe Albania Tirana F6 2016 15 15 

7 Franceville Africa Gabon Franceville F2 2015 10 10 

8 Mfilou Africa Congo Mfilou 

(Brazzaville) 

F3 2012 10 10 

9 Bertoua Africa Cameroon Bertoua F5 2008 10 4 

10 Saint-Denis Africa La Réunion Saint-Denis F2 1998/2006 10 10 

11 Rabat Africa Morocco Rabat F1 2017 15 15 

12 Vero Beach America USA VeroBeach F5 2016 10 10 
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13 Rio America Brazil Rio de Janeiro F1 2001 10 9 

14 Jurujuba America Brazil Jurujuba F1 2014 10 0 

15 Manaus America Brazil Manaus F1 2015 15 15 

16 PMNI America Brazil PMNI 

(Nova Iguaçu) 

F1 2015 15 15 

17 Binh Duong Asia Vietnam Binh Duong (Ben Cat) 

Phu Hoa 

F9 2014 10 10 

18 Sarba Asia Lebanon Sarba F0 2011 10 10 
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19 Foshan Asia China Foshan Lab colony - 10 10 

20 Oahu America Hawaii Oahu Lab colony 1999 10 10 
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Table 2. Genetic diversity at each microsatellite locus for all mosquito populations 

 

 NA N 
Allelic 

richness 
PIC Ho HE FIS 

A1 4 288  0.44 0.16 0.47 0.59 

A2 10 360 2.43 0.55 0.63 0.62 -0.15 

A3 18 341 3.14 0.74 0.62 0.78 0.08 

A5 19 334 2.90 0.75 0.52 0.78 0.13 

A6 11 330 2.59 0.68 0.54 0.68 -0.04 

A9 9 326 2.73 0.65 0.59 0.70 0.01 

A11 9 323 2.81 0.71 0.53 0.75 0.15 

A14 9 351 1.71 0.41 0.17 0.40 0.38 

A15 6 347 1.25 0.13 0.04 0.15 0.57 

A16 14 279  0.83 0.66 0.84 0.04 

        

Mean 10.9 327.9 2.44 0.59 0.45 0.62 0.17 

Na, number of alleles; N, number of individuals examined at a locus. PIC, 

polymorphism information content; Ho, observed heterozygosity; He, expected 

heterozygosity; FIS, the inbreeding coefficient. Values in bold are significant at the 

0.1% after Bonferroni correction. 
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Table 3. Analysis of genetic variability of different geographical populations of Aedes albopictus 

 

Populations Country Continent N na na/n np np/n Ap HO HE An FIS 

Vero Beach USA America 20 4.4 0.22 2 0.10 0.07 00.48 0.53 0.08 0.12*** 

Oahu Hawaii  20 2.6 0.13 0 0.00 0.00 0.25 0.34 0.08 0.30*** 

Manaus Brazil  30 3.4 0.11 3 0.10 0.07 0.32 0.47 0.12 0.34*** 

PMNI   30 3.6 0.12 1 0.03 0.03 0.39 0.51 0.11 0.25*** 

Rio   19 3.4 0.18 0 0.00 0.00 0.42 0.50 0.08 0.18*** 

Jurujuba   10 3.3 0.33 0 0.00 0.00 0.47 0.42 0.00 -0.06 

Montsecret France Europe 10 2.0 0.20 0 0.00 0.00 0,50 0.37 0.01 -0.29 

Cagnes-sur-

Mer 
  10 2.8 0.28 1 0.10 0.06 0,55 0.46 0.01 -0.14 

Bar-sur-
  10 3.8 0.38 2 0.20 0.08 0,50 0.52 0.05 0.13* 
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Loup 

Alessandria Italy  20 4.1 0.21 2 0.10 0.05 0,43 0.50 0.06 0.18*** 

Ulcinj Montenegro  20 3.1 0.16 0 0.00 0.00 0,40 0.39 0.03 0.02 

Tirana Albania  30 3.8 0.13 3 0.10 0.07 0,35 0.43 0.08 0.21*** 

Rabat Morocco  30 3.2 0.11 0 0.00 0.00 0,42 0.47 0.06 0.11*** 

Bertoua Cameroon  14 4.3 0.31 1 0.07 0.07 0,46 0.52 0.08 0.16*** 

Franceville Gabon Africa 20 4.8 0.24 1 0.05 0.03 0,44 0.56 0.08 0.25*** 

Mfilou Congo  20 4.0 0.20 0 0.00 0.00 0,60 0.55 0.02 -0.06 

Saint-Denis La Réunion  20 5.1 0.26 6 0.30 0.05 0,52 0.55 0.07 0.08 

Sarba Lebanon Asia 10 3.5 0,35 4 0,40 0.08 0,55 0.44 0.00 -0.18 

Binh Duong Vietnam  20 5.0 0,25 3 0,15 0.08 0,42 0.41 0.05 0.11** 
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Mean   19.1 3.7 0022 1.5 0.09 0.04 0,45 0,47 0.06 -0.09 

N, population size; na, mean number of alleles; na/N, mean number of alleles/individual; np, number of private 

alleles; np/N, mean number of private alleles/individual; Ap, mean frequency of private alleles; HO, mean 

observed heterozygosity; HE, mean expected heterozygosity; An, mean frequency of null alleles ; FIS, the 

inbreeding coefficient. **, p-value ≤ 0.01; ***, p-value ≤ 0.001. 



 137 

Table 4. Association between NIRVS and arboviral dissemination efficiencies in Aedes 

albopictus populations (logistic regression models). Dissemination efficiencies (DE) data 

were assessed from the same or geographically close Ae. albopictus populations (see 

Supplementary Table 2). Populations were characterized as high or low frequencies for each 

NIRVS by using the median and were analyzed with DE data by logistic regression models to 

find any association. Odds ratio (OR) > 1 and < 1 indicated positive and negative association 

respectively. 

 

NIRVS  N  OR (95% CI)  p-value  

DENV 

AlbFlavi1 

707 

0.82 (0.61-1.11)  NS 

AlbFlavi2 3.07 (2.3-4.2)  *** 

AlbFlavi4 1.46 (1.0-2.1)  NS 

AlbFlavi10 0.46 (0.3-0.6)  *** 

AlbFlavi36 0.46 (0.3-0.6)  *** 

AlbFlavi41 0.43 (0.29-0.62)  *** 

CSA-NS3 0.68 (0.5-0.9)  ** 

CSA-JJL 3.87 (1.0-14)  * 

CHIKV 

AlbFlavi1 

360 

1.53 (0.9-2.6)  NS 

AlbFlavi2 1.3 (0.7-2.1)  NS 

AlbFlavi4 2.14 (1.2-3.6)  ** 

AlbFlavi10 0.60  (0.3-1.0)  NS 

AlbFlavi36 0.36 (0.2-0.6)  *** 

AlbFlavi41 0.61 (0.4-1.0)  NS 

CSA-NS3 0.56 (0.3-1.0)  * 

CSA-JJL 0.68 (0.3-1.7)  NS 

95% CI: 95% confidence intervals; N: sample size. 
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Figures Legends 

 

Figure 1. Estimated population structure of 363 individuals (19 populations) using 10 

microsatellite markers. Map with sampling sites of populations with color pie charts 

showing genotype frequencies, according to Cluster 1 (red) and Cluster 2, which the latest 

subdivided into 4 subclusters (blue, green, yellow and orange), deduced from the ΔK curve 

obtained (Supplementary Fig. 1A, 1B and 1C).  

 

Figure 2. NIRVS variability among Aedes albopictus populations. The frequency of 

AlbFlavi1 (A), AlbFlavi2 (B), AlbFlavi4 (C), AlbFlavi10 (D), AlbFlavi36 (E), AlbFlavi41 (F) 

and CSA (G and H) was assessed for 20 individuals in each Ae. albopictus population (except 

the Rio population with 19 individuals). Populations were clustered according to their 

continent of origin. Oahu and Foshan correspond to laboratory colonies. The variability of 

CSA was assessed using two sets of primers: CSA-NS3 (G) and CSA-JJL (H). 

 

Figure 3. Aedes albopictus population clustering based on microsatellite and NIRVS loci. 

(A) Dendrogram of Ae. albopictus populations based on the analysis of 8 microsatellite loci of 

12 Aedes albopictus populations using Cavalli-Sforza & Edwards’s genetic distance and 

Neighbour Joining method. Bootstrap values were indicated when >50%. (B) Dendrogram of 

Ae. albopictus populations based on Bray Curtis distance representing dissimilarities between 

NIRVS composition and abundances. 

 

Figure 4. Divergence of AlbFlavi2 among Aedes albopictus individuals. Phylogram of 

AlbFlavi2 sequences based on parsimony with gaps considered as 5th nucleotides.  Each node 
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was found in 98 to 100% of the trees obtained through NNI rearrangements. Significant 

bootstrap values were indicated at nodes. hmwb: high molecular weight band Values; in 

brackets: alignment coordinates of deletion. The same result was obtained by parsimony 

without gap as 5
th

 nucleotide, except for the sequence cluster of mosquitoes from Morocco. 

 

Figure 5. Pilot analysis showing the association between frequencies of 

AlbFlavi2/AlbFlavi36 and DENV/CHIKV dissemination efficiencies (DE) in Aedes 

albopictus populations. The Foshan colony and the Tibati population (Cameroon, generation 

F1) were used for the analysis. (A) Presence/absence of AlbFlavi2 and DEs to DENV and 

CHIKV obtained for the Foshan colony. (B) Presence/absence of AlbFlavi36 and DEs to 

DENV and CHIKV obtained for the Foshan colony. (C) Presence/absence of AlbFlavi2 and 

DEs to DENV and CHIKV obtained for the Tibati population. (D) Presence/absence of 

AlbFlavi36 and DEs to DENV and CHIKV obtained for the Tibati population. DEs were 

obtained for both viruses at 14 days post-infection. In total, 191 and 122 individuals were 

examined for presence of AlbFlavi2/AlbFlavi36 after infection DENV and CHIKV, 

respectively. Interactions of populations and frequencies of AlbFlavi2/AlbFlavi36 with DEs 

were tested using logistic regression models. 

 

 

 

 

 

 

 

 

 

 

 



 140 

Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Supplementary Table 1. Details on primers used to amplify fragments of NIRVS in Ae. 

albopictus genome. 
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Supplementary Table 2. Dissemination of DENV and CHIKV in Ae. albopictus populations. Data are extracted from our published studies. 

 

Population DENV  CHIKV 

References Mean 

(%) 
N 

95% 

Confidence 

Intervals 

 
Mean 

(%) 
N 

95% 

Confidence 

Intervals 

Alessandria 38.46 65 26.31 - 50.61  74.19 31 57.87 - 90.50 Talbalaghi et al. (2010) 
71

 

Montenegro 8.33 24 1.02 - 26.99  82.5 40 70.19 - 94.80 Zouache et al. (2014) 
20

 

Houé et al. (unpublished data) 

Albania 80 20 60.79 -99.20  83.33 18 58.58 - 96.42 Houé et al. (unpublished data) 

Gabon 21.42 14 4.65 - 50.79  86.04 43 75.25 - 96.83 Vazeille et al. (2008) 
72

 

Congo 21.42 28 5.22 - 37.63  53.84 26 33.31 - 74.38 Paupy et al. (2010) 
73

 

Vazeille et al. (2016) 
41

 

Morocco 60 30 41.39 - 78.60  53.33 30 34.38 - 72.28 Amraoui et al. (2019) 
52

 

Vero Beach 38.58 127 30.00 - 47.16  93.33 30 77.92 - 99.18 Vega-Rua et al. (2014) 
47

 

Lourenço-de-Oliveira et al. 

(2003) 
74

 

Rio 71.14 149 63.78 - 78.50  91.30 23 71.96 - 98.92 Lourenço-de-Oliveira et al. 

(2003) 
74

 

Vega-Rua et al. (2014) 
47

 

Manaus 50 30 31.01 - 68.98  96.66 30 82.78 - 99.91 Houé et al. (unpublished data) 

Vega-Rua et al. (2014) 
47

 

PMNI 58.97 117 49.92 - 68.01  89.79 49 81.01 - 98.58 Lourenço-de-Oliveira et al. 

(2003) 
74

 

Vega-Rua et al. (2014) 
47

 

Vietnam 48.54 103 38.72 - 58.35  82.5 40 70.19 - 94.80 Zouache et al. (2014) 
20

 

Paupy et al. (unpublished data) 
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Supplementary Fig. 1. Population structure analysis of 363 Aedes albopictus individuals 

based on microsatellite markers. (A) Magnitude of ΔK as a function of K (mean over 25 

replicates) calculated for the model. The modal value of ΔK was K=2, indicating that 

individual mosquitoes were divided into 2 clusters (B). The division of the dataset in two 

groups corresponds to the best assignment of individuals with Structure. Little magnitude of 

ΔK at K=4 suggested no subclusterization for the Cluster 1, but the Cluster 2 substructured in 

3 different subclusters (C). 
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Supplementary Fig. 2. Results of the Mantel test on  matrices based on 

microsatellite data (x-axis) and NIRVS distribution data (y-axis). 
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Supplementary Fig. 3. Sequence polymorphism of AlbFlavi2 and AlbFlavi36 in Ae. 

albopictus populations. Each population sequence (blue bars) of AlbFlavi2 and AlbFlavi36 

was compared to its related viral sequence: partial envelope protein-coding sequence of 

Kamiti River Virus (green bar) (A) and partial NS4B-NS5 protein-coding sequence of Aedes 

Flavivirus (orange bar) (B) respectively. Deletions and insertions in population sequences 

were represented as gaps (blue lines) and orange triangles respectively, and their sizes and 

positions in the viral-related sequence were indicated. The number of individuals in a 

population displaying each indel was indicated below the event. For each population, the 

number of individuals positive for each NIRVS among the total individuals tested was 

indicated in the right column. 
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Supplementary Fig. 4. Divergence of AlbFlavi36 among Ae. albopictus individuals. 

AlbFlavi36 phylogram based on parsimony. Each node was found in 98 to 100% of trees 

obtained through NNI rearrangements. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 151 

3. Conclusions 

 

The discovery of NIRVS originating from flaviviruses in Ae. albopictus is recent and 

many questions are still unanswered regarding their presence in the genome. The unique 

whole genome sequence of Ae. albopictus available up to date comes from a single pupa of 

the Foshan colony (collected in Guangdong Province, China, reared in laboratory since 1981). 

The sequencing has permitted to detect a set of 30 Flavi-NIRVS (X.-G. Chen et al. 2015). 

However, little information is known about the distribution and evolution patterns of these 

elements in Ae. albopictus populations. Moreover, although these Flavi-NIRVS were proved 

to produce piRNAs, no biological functions have so far been clearly demonstrated in 

mosquitoes. 

We first characterized the genetic diversity of 19 Ae. albopictus populations by using 

neutral markers (i.e. microsatellites). We showed that populations were divided into two main 

clusters (Cluster 1 and Cluster 2), with Cluster 2 divided into 4 sub-clusters. These results 

were surprising as the populations belonging to the Cluster 1 were very different from the rest 

of populations. Moreover, a contact zone model defined by a restricted gene flow occurring 

between geographically isolated populations through central populations, were suggested for 

the Cluster 2. We then chose 13 of these Ae. albopictus populations, which originated from 

areas where CHIKV and DENV were circulating, to assess Flavi-NIRVS distribution. We 

first showed high variability of NIRVS frequencies within and between populations, as it was 

previously shown with NIRVS in Ae. albopictus mosquitoes (Palatini et al. 2017; Suzuki et al. 

2017) or with other EVEs in other animal genomes (e.g. shrimp and koala genomes; 

(Simmons et al. 2012; Taengchaiyaphum et al. 2019). However, whether some NIRVS have 

always been absent in some individuals in some populations or underwent recombination 

events so that they were lost and are no longer detectable (as it was shown for CSA) is 

unknown. By describing the genetic relatedness between populations and comparing with 
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NIRVS polymorphism, we can state with confidence that NIRVS do not evolve neutrally as 

the microsatellites do. Successive phases of bottleneck and expansion events characterizing 

invasive species, may modulate the cost-benefit ratios provided by NIRVS (Balanovsky et al. 

2005; Faure and Royer-Carenzi 2008). With the exception of AlbFlavi1 and CSA-JJL 

sequences, none of the NIRVS studied here reached fixation in any of Ae. albopictus 

populations tested. This suggests that the selective pressure exerting on these NIRVS may 

probably be not strong enough to allow their fixation. It is contrary to the pattern in Ae. 

aegypti mosquito where all Flavi-NIRVS detected have reached fixation (unpublished data). 

It is likely that depending on their functions (if any) and location in the genome, each 

NIRVS evolves differently. We suggest that some Flavi-NIRVS play or played a role in Ae. 

albopictus genome. All NIRVS loci studied here were found to produce piRNAs (Palatini et 

al. 2017; Suzuki et al. 2017). Despite their non-antiviral role in Drosophila (Petit et al. 2016), 

piRNA pathway was thought to be involved in antiviral immunity in mosquitoes, as arbovirus 

infections trigger the production of piRNA molecules (Brackney et al. 2010). Moreover, ISFs 

(from which these Flavi-NIRVS studied here originated) have been proved to modulate 

arboviral infections in mosquitoes (Hobson-Peters et al. 2013; Kenney et al. 2014; Hall-

Mendelin et al. 2016; Kuwata et al. 2015). Therefore, NIRVS may interfere in the vector 

competence of some arboviruses. 

In this study, we showed that by examining viral dissemination efficiency (DE) in Ae. 

albopictus populations, many NIRVS were correlated to vector competence to DENV and 

even CHIKV (which belongs to the Togaviridae family). Whereas some NIRVS were 

associated with high DEs, others were associated with low DEs, suggesting different effects 

of NIRVS on vector competence. These results were not surprising as these NIRVS can 

evolve differently and have different functions in the genome. As an example, whereas some 

NIRVS could have an antiviral role, others could promote viral persistence, ensuring 
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equilibrium between viral clearance by the host and pathogenicity of the virus. However these 

results required to be confirmed at the individual mosquito level. In this aim, we focused our 

study on AlbFlavi2 and AlbFalvi36 because of their wide distribution in Ae. albopictus 

populations and their location in piRNA cluster and intergenic region of mosquito genome, 

respectively. We first showed that the evolutionary history of AlbFlavi2 was complex, even 

within populations. When comparing AlbFlavi2 sequence variability between individuals, we 

found different clusters characterized by several deletion events as compared to the 

corresponding control sequence of an exogenous virus, Kamiti River virus. We therefore 

suggested that AlbFlavi2 acts as TE fragments. On the other hand, AlbFlavi36 sequences 

were conserved in terms of sequence variability among populations, which again, suggests a 

potential function. Unfortunately, by using a field-collected population from Tibati, 

Cameroon, and the Foshan colony, we showed in a pilot experiment that the correlation 

between AlbFlavi2 and AlbFlavi36 presence and DENV/CHIKV dissemination at 14 days 

post-infection were not confirmed with neither of the two viruses. This result suggests that the 

phenotype of viral dissemination of DENV/CHIKV in Ae. albopictus mosquitoes might not 

be driven (or at least not entirely) by the NIRVS studied here. We can also hypothesize that 

the selection pressures that drive NIRVS evolution may be heterogeneous and sequential, 

leading to variations in terms of their presence in populations and expression and therefore, 

their effects on viral dissemination. This is supported by results on exogenous forms of ISFs 

which intervene in DENV and/or CHIKV dissemination (Baidaliuk et al. 2019) suggesting to 

examine more deeply the mosquito virome. We cannot exclude a sampling bias by examining 

a sample that is unrepresentative of the entire population. Mosquito populations can be 

characterized using more discriminant markers (e.g. single nucleotide polymorphism (SNPs)) 

with a special focus on Tibati (Cameroon) population (used in the pilot experiment) as Ae. 

albopictus populations from Central Africa are genetically different from other populations 
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(Vazeille et al. 2016). Moreover, looking at AlbFlavi2- and AlbFlavi36-derived piRNA 

expression would also be informative regarding their potential role in modulating arbovirus 

infections. It has been demonstrated by others that AlbFlavi4 produces piRNAs 

(vepi4730383) whose expression is up-regulated upon dengue infection (Y. Wang et al. 

2018). 

In this study, we chose to analyze viral dissemination at 14 days post-infection 

because of usual detection of both DENV and CHIKV dissemination in Ae. albopictus 

mosquitoes at that time (Vega-Rúa et al. 2015). However, Flavi-NIRVS could be involved in 

viral regulation at early or late stages of infection in Ae. albopictus mosquitoes suggesting to 

examine other time-points. Additionally, as the vector competence involves several 

parameters, midgut infection and transmission rates should also be assessed and compared 

with NIRVS frequencies. 

It is also possible that DENV and CHIKV have evolved and found a way to counteract 

the antiviral functions of Flavi-NIRVS, as it was shown with several viruses, including 

flaviviruses like DENV, by producing for example suppressors of RNAi in insects and 

mammalian systems (Kakumani et al. 2013; Schnettler, Leung, et al. 2013; Sullivan and 

Ganem 2005; Van Cleef et al. 2014). Finally, to further complete this study, pilot experiments 

should be performed on mosquitoes harboring the other NIRVS studied in order to know if 

their presence correlates with DENV and/or CHIKV DE. 

 Overall, although many studies suggested the antiviral functions of NIRVS, our study 

showed that several questions on the role of Flavi-NIRVS on vector competence of Ae. 

albopictus populations remain unresolved. However, their non-neutral evolution as compared 

to microsatellite loci suggested an evolution under selection pressures with potential effects 

on biological functions. Unraveling NIRVS potential functions could also be performed by 

focusing on the formation of these elements in host genomes. However, except for EVRs, not 
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much is known about why, how and where these events occur. Globally, this would also help 

to characterize these virus-host interactions and potentially highlights new antiviral strategies. 

In the following chapter, we will be discussing on endogenization of viruses belonging to 

different families in persistently infected cell cultures. 
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Chapter 2: Detection of newly produced 
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1. Introduction 

 

Persistent infection follows an acute phase of viral replication and is characterized by 

the production of low levels of viral particles. Persistent infections of arboviruses and notably, 

flaviviruses have been previously described in both nervous system and other tissues in 

humans and animals. They are often associated to pathogenic effects, such as neuronal 

degeneration and chronic renal disorders (Adams et al. 2013; Garcia, Hasbun, and Murray 

2015; Murray et al. 2017; Saxena et al. 2013). However, arthropod vectors, such as 

mosquitoes, are persistently infected by viruses without any significant fitness costs for the 

host despite impressive high viral loads measured in vectors. 

The mechanisms involved in viral persistence require multiple factors and are still 

unclear, although several suggestions have been made. Differences in the antiviral innate 

immune responses between humans and mosquitoes have been described to explain different 

outcomes of persistent infections (Hoa et al. 2003; X.-G. Chen et al. 2015; Keene et al. 2004; 

Myles et al. 2008; Campbell et al. 2008; Fragkoudis et al. 2009; Cirimotich et al. 2009). 

Moreover, production of defective viral genomes (DVGs), extracellular viruses and 

alterations in post-translational processing has been suggested to participate in the 

establishment of persistent infections in mosquitoes (Riedel and Brown 1977; X.-G. Chen et 

al. 2015; Tsai et al. 2007; Ebner, Kim, and O’Callaghan 2008). Because persistent infections 

require equilibrium between harmful viral replication and efficient antiviral defenses, viruses 

are able to counteract immune defenses and especially, RNAi system by producing virus-

encoded suppressors of RNAi (VSRs) (Blair 2011). Subgenomic RNA of flaviviruses as well 

as the capsid protein has been found to play a similar role against RNAi pathway (Pijlman et 

al. 2008; Samuel et al. 2016; Schnettler, Leung, et al. 2013). 

Production of DNA forms from several non-retroviral RNA viruses (vDNA) has been 

found to promote persistent infections and prevent lethal acute infections in Drosophila, 
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Aedes mosquitoes and cell cultures (Goic et al. 2013b, 2016; Nag and Kramer 2017; Nag, 

Brecher, and Kramer 2016). In vitro, vDNA was detected at the early stage of infection (as 

early as 24 hours post-infection for DENV in C6/36 cells) by multiple-template switching 

events due to the reverse transcriptase activity of retrotransposons (Nag, Brecher, and Kramer 

2016). Because only fragments of viral RNA genomes were found, vDNA was suggested to 

be produced from DVGs rather than from a full genome.  

Currently, little is known about the production of vDNA integrated into host genomes 

(NIRVS). Most of the NIRVS found in Aedes mosquitoes and cell lines were from insect-

specific viruses (ISVs) belonging to Rhabdoviridae and Flaviviridae families (Palatini et al. 

2017; Whitfield, Dolan, Kunitomi, Tassetto, et al. 2017). These NIRVS were suggested to be 

produced thousand to million years ago due to long-lasting interactions between ISVs and 

hosts (Pischedda et al. 2019). So far, only a small number of NIRVS from arboviruses was 

described in mosquitoes, because their transmission is mainly horizontal rather than vertical, 

as opposed to ISVs. Among NIRVS originating from flaviviruses, most of them displayed 

similarities to sequences encoding non-structural proteins. Moreover, NIRVS from 

rhabdoviruses tended to originate from sequences encoding the nucleoprotein (N) located at 

the 3’ end of the genome (Palatini et al. 2017; Whitfield, Dolan, Kunitomi, Tassetto, et al. 

2017). Whereas no specific explanation was described for the presence of NIRVS from non-

structural flaviviral protein sequences, the presence of NIRVS from rhabdoviral nucleoprotein 

sequences was suggested to be correlated to the quantity of transcripts, as rhabdoviral 

genomes are transcribed in a progressive graduated manner (Conzelmann 1998) and 

separately from 3’ to 5’ due to the recognition of stop codons/polyadenylation signals by the 

polymerase. These NIRVS are more often embedded in regions rich with retrotransposons 

and in piRNA clusters (hotspots of piRNA production) than expected by chance in Aedes 

mosquito genomes. However, little is know about the genomic location of NIRVS that do not 
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belong to piRNA clusters. It is likely that according to their position in the mosquito genome, 

NIRVS functions (if any) would be different. 

In this chapter, we aim to characterize NIRVS production in in vitro models by 

establishing persistent infections. We selected five different viruses: two arboviruses causing 

important public health issues (CHIKV and DENV), two ISFs displaying high prevalence in 

Aedes mosquitoes (CFAV and KRV) and a rhabdovirus (vesicular stomatitis virus (VSV), 

which is also an arbovirus). Infections were performed in two different cell lines that are both 

RNAi-proficient and isolated from embryonic tissues: Ae. aegypti Aag2 and Ae. albopictus 

U4.4 cell lines. This ongoing experiment will help to characterize regions of the mosquito 

genome that are suitable for viral integration, but also parts of the viral genome that are more 

prone to integrate. 

 

1. Experimental protocol 

In order to characterize NIRVS formation in mosquitoes, Ae. albopictus U4.4 and Ae. 

aegypti Aag2 cell lines were cultured in T-25 flasks and infected with five different viruses: 

CHIKV 06-21 (Schuffenecker et al. 2006), DENV-1 1806 (La Ruche et al. 2010), CFAV 

Galveston strain (Bolling, Vasilakis, et al. 2015), KRV SR-75 strain (M B Crabtree et al. 

2003) and VSV New Jersey strain (Pauszek and Rodriguez 2012) (Fig. 20). Each condition 

was performed in duplicates. Briefly, at passage 0 (P0), cells were counted to adjust at a 

multiplicity of infection (MOI) of 0.1. Each flask was then inoculated with 500 μL of diluted 

virus and incubated for 1 hr at 28°C. The inoculum was then removed, cells were washed and 

fresh medium (Leibovitz-15 medium for U4.4 cells and Schneider medium for Aag2 cells) 

with 2% FBS was added to each flask. When cell confluence was obtained, cells were passed 

into new T-25 flasks. Supernatants were collected, mixed with 10% FBS with pH adjusted at 

7. Remaining cells were harvested, washed once with phosphate-buffer saline (PBS) and 
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frozen at -80°C. Supernatants and cells collected at each passage were used to determine 

respectively, the virus titers and to detect potential newly-produced NIRVS in cell lines using 

next-generation sequencing (NGS) (Fig. 20).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: Experimental protocol used to detect potential new NIRVS in cellular 

models. Five different viruses were used to infect Aag2 and U4.4 cell lines originated from 

Aedes aegypti and Aedes albopictus respectively. When confluence was reached, cells were 

passed into a new flask and supernatant as well as remaining cells were collected and stored 

at -80°C. CHIKV: chikungunya virus; DENV: dengue virus; KRV: kamiti river virus; CFAV: 

cell fusing agent virus; VSV: vesicular stomatitis virus; NGS: next-generation sequencing. 
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3. Results 

3.1 Growth of infected cell cultures 

In total, 22 flasks were used for this experiment: U4.4 and Aag2 cells were separately 

infected with five different viruses (CHIKV, DENV, KRV, CFAV and VSV) in duplicated 

flasks and one negative control for each cell line was included. U4.4 cells and Aag2 cells 

were cultured for 92 days and 109 days respectively during which 16 passages were 

performed. U4.4 cells were much more difficult to culture (especially those infected with 

CFAV and KRV) and appeared more fragile than Aag2 cells, which grew faster and produced 

aggregates in flasks. As already observed in C6/36 Ae. albopictus cell line (Summers et al. 

1989; Stollar and Thomas 1975), cytopathic effects (CPE) characterized by cell fusion 

(polykaryon), enlarged size of cells, vacuole formation in the cytoplasm and cell lysis were 

observed in U4.4 cells infected with DENV and CFAV as soon as 72 hrs post-infection, and 

persisted until the end of the experiment. These cells infected with KRV appeared to be as 

fragile as DENV- and CFAV-infected U4.4 cells, despite that CPE was only occasionally 

observed. As expected, U4.4 cells infected with VSV showed no CPE during the experiment, 

suggesting that the infection was well tolerated by these cells. Indeed, while VSV was able to 

induce high CPE on vertebrate cells, CPE was rarely observed in infected insect cells 

(Webster and Granoff 1999). Finally, CHIKV infection was relatively well tolerated by U4.4 

cells, despite few observations of CPE, mostly characterized by cell fusion. 

 Globally, no major effects on growth were observed following the different infections 

in Aag2 cells. Cells infected with CHIKV showed limited CPE characterized by cell fusion 

and cell rounding that appeared 15 days post-infection. Moreover, weak CPE defined by cell 

fusion and vacuole formation in the cytoplasm of DENV-infected Aag2 cells was also 

occasionally observed. One of the two replicates of KRV-infected Aag2 cells was lost during 

P7 probably due to the selection of a defective cellular variant. 
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3.2 Viral persistence in infected cell cultures 

In order to assess the viral persistence in infected U4.4 and Aag2 cell cultures, viral 

particles were titrated in supernatants at different passages at P1, P3, P6, P9 and P16 (Fig. 

21). We performed focus fluorescent (FFA) (Payne et al. 2006) and TCID50 assays on Ae. 

albopictus C6/36 cells to estimate the viral titers in infected cell cultures. If persistence was 

reached in cultured cells, steady viral titers should be observed in the supernatants.  

Steady DENV particles were found in supernatants of both replicates of U4.4 cell 

cultures with titers that reached 10
7
 ffu/mL at P1 and progressively decreased to 2.10

5
 ffu/mL 

at P16 (Fig. 21A). In all replicates of Aag2 cell cultures, DENV titers also fluctuated between 

10
6
 and 10

7
 ffu/mL at P3, P6 and P9 and P16, although only 6.3.10

3
 DENV particles were 

found at P1 (Fig. 21B). We obtained similar results for U4.4 and Aag2 cell cultures infected 

with CHIKV (Fig. 21C and Fig. 21D). Indeed, in both cell types, we first observed CHIKV 

titers that varied between 10
4 

and 10
5
 ffu/mL at all passages tested except at P1, where higher 

titers were obtained (1.4.10
7
 ffu/mL and 2.7.10

8
 ffu/mL for U4.4 and Aag2 cell cultures 

respectively). 

However, although similar patterns were observed between replicates in U4.4 cell 

cultures infected with VSV, variable viral titers were observed between passages (Fig. 21E). 

Whereas nearly 4.10
7
 TCID50/mL of VSV particles were found at P1, titers dropped to 14,000 

and 6,300 TCID50/mL at P6 and P9 for the replicate 1. At P16, VSV titers were much higher 

in both replicates (more than 3.10
6
 TCID50/mL). Variations in VSV titers were mostly 

observed in Aag2 cell cultures during the early passages (Fig. 21F). 

 Globally, steady levels of CFAV particles were detected for all replicates of all 

passages for the two infected cell lines (Fig. 21G and Fig. 21H). In U4.4 cell cultures, the 

viral titers reached 10
8 

TCID50/mL at P1, and became steady for the following passages, with 

titers varying from 3.10
6
 to 10

7
 TCID50/mL (Fig. 21G). In Aag2 cell cultures, steady levels of 
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CFAV particles were found in all passages for the two replicates, with titers around 10
5
 

TCID50/mL (Fig. 21H). This result was expected as Aag2 cells are naturally infected with 

CFAV (Weger-Lucarelli et al. 2018; Stollar and Thomas 1975). 

 In U4.4 cell cultures infected with KRV, differences of viral titers were observed at P1 

and P16 for both replicates (Fig. 21I). At P1, low levels of viral particles were described, with 

respectively 25,000 and 1,410 TCID50/mL for the replicate 1 and 2, whereas at P16, viral 

titers reached 10
6
 TCID50/mL. Between these two passages, steady KRV titers were observed 

with a TCID50/mL of around 10
5 

for both replicates (with a peak at 10
6
 TCID50/mL at P6 for 

the replicate 1). In Aag2 cells, relatively steady KRV titers were observed with values around 

10
5
 TCID50/mL and a slight decrease observed until P16 (Fig. 21J). The second replicate was 

lost at P7 because the cells did not grow anymore and formed aggregates that did not attach to 

the flask. We hypothesized that we selected a defective cellular variant. Overall, supernatants 

of all infected flasks were positive for the corresponding viruses, meaning that they managed 

to perform efficient replication in U4.4 and Aag2 cells at least until P16. 
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Fig. 21 (continued) 
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Figure 21: Titers at different passages of viruses used to infect U4.4 and Aag2 cell lines. 

Each condition was performed in duplicate. 
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3.3 Detection of NIRVS following infections in cultured cells 

 

We further chose to perform next-generation sequencing (NGS) analysis on the 

passage 16 of each combination cell-virus to detect potential formation of NIRVS in mosquito 

infected cultured cells. Because such events are likely to occur in repetitive regions of the 

cellular genome, we further decided to do whole-genome sequencing (WGS) by employing 

single-molecule, real-time (SMRT) sequencing technology (Pacific Biosystems or PacBio) 

instead of Illumina sequencing, to overcome the issues of assembling complex parts of 

genomes. For this matter, we collaborated with the Biomics platform located at the Institut 

Pasteur of Paris for the sequencing and with the Bonizzoni Lab located in Pavia, Italy for the 

bioinformatics analysis. They first realized an in silico simulation to find newly formed 

NIRVS based on the Aag2 genome reference that is available online on VectorBase and in 

which existing NIRVS were described previously (https://www.vectorbase.org; (Whitfield, 

Dolan, Kunitomi, Tassetto, et al. 2017). They were able to build scripts that allowed the 

simulation of a PacBio sequencing from the reference genome and create a pipeline that is 

efficient for detecting new NIRVS. As a test, we sequenced one replicate of Aag2 cells 

infected with DENV, but no reads mapping to the DENV genome were found, despite the fact 

that the multiqc report suggested a good sequencing quality. We therefore decided to change 

the strategy used to detect new NIRVS following infections by performing Illumina 

sequencing using a paired-end read method. We also used another bioinformatics approach by 

using the Vy-PER (Virus integration detection bY Paired-End Reads) pipeline, a viral 

integration detector that enables the elimination of most false-positive events and displayed a 

high sensitivity in selecting true positive events (Forster et al. 2015). Vy-PER was integrated 

with custom scripts developed in the Bonizzoni's lab to adapt the pipeline to the highly 

repetitive Aedes genomes and allow viral identification. Because time was limited, only one 

replicate of all Aag2 samples was sequenced, except for the DENV-infected Aag2 cells for 

https://www.vectorbase.org/


 166 

which the sequencing of the two replicates was performed. We however detected newly 

formed putative NIRVS in some conditions that were supported by a couple of reads. In Aag2 

cells infected with VSV and KRV, no potential NIRVS deriving from these viruses were 

detected. 

3.3.1 Detection of NIRVS deriving from Cell Fusing Agent Virus RNA genome 

As previously published, it is known that Aag2 cells are persistently infected with 

CFAV, and NIRVS from this virus were already described, highlighting the ability of CFAV 

to integrate cell genomes. We found three potential new NIRVS in the Aag2 cells that were 

infected with CFAV (Galveston strain; Fig. 22A-C). We first found a couple of reads that 

suggested the integration of a 149 nt long CFAV sequence in Aag2 genome (Fig. 22A). This 

sequence matched with a partial sequence of the CFAV capsid/prM region (position 322-

471). The mapped read indicated that this sequence was located at the 3' end near LTR 

retrotransposon sequences belonging to the Ty1/copia group. However, because the read 

sequence representing the 3' flanking region of the NIRVS also mapped to 170 other sites in 

the Aag2 genome, we used the one that displayed the highest mapping score to deduce the 5' 

flanking sequence. This was also performed for many other NIRVS detected. No transposable 

elements were detected near the 5' end of this potential NIRVS. 

A second putative 151 nt long CFAV integration was discovered following the 

infection (Fig. 22B). This sequence matched to the NS5 protein sequence of CFAV but is 

actually divided in two because the two fragments did not map to a consecutive sequence on 

the viral genome. We found a 99 nt long fragment matching to the position 7673-7771 of the 

CFAV genome, and a 52 nt long fragment that matched to the position 7568-7620 of the viral 

genome (Fig. 22B). As observed for the first putative CFAV NIRVS discovered, this 

sequence was found flanked at the 5' end to a LTR Ty1/copia retrotransposon. The putative 3' 



 167 

flanking region also suggested the presence of Ty1/copia retrotransposon sequences (Fig. 

22B). 

A third putative 212 nt long CFAV-derived NIRVS was detected in Aag2 genome. 

The alignment on the viral genome revealed that three fragments were detected and mapped 

to a close but different position in the CFAV NS3 protein gene (Fig. 22C). This potential 

NIRVS was not associated with any transposable elements. 

 In addition to the putative NIRVS described above originated from Aag2 cells infected 

with CFAV (strain Galveston), we also found three other NIRVS from CFAV in the Aag2 

negative control. We found a 41 nt and a 151 nt CFAV-derived NIRVS surrounded by LTR 

Ty1/copia retrotransposon sequences and mapping to partial NS3 and NS5 regions 

respectively (Fig. 22D and 22E). The 151 nt NIRVS was divided into two CFAV sequences 

that mapped very close but at different positions on the viral genome. Moreover, a 121 nt 

putative NIRVS matching to a partial fragment of NS5 region was also discovered (position 

8954-9074; Fig. 22F). This NIRVS was found close to Copia LTR retrotransposon and 

unknown TE sequences. Additionally, the sequence was found inserted into a piRNA cluster. 

These three last NIRVS confirmed that Aag2 genome contains naturally NIRVS from CFAV. 

We also discovered a newly formed CFAV NIRVS in the Aag2 sample infected with DENV 

(Fig. 22I). This NIRVS, which was divided into a 95 nt and a 36 nt fragments, matched to 

partial NS4B region (positions 6919-7018 and 6981-7018 respectively). Finally, we found 

two putative NIRVS of CFAV in Aag2 cells infected with KRV (Fig. 22G and 22H). These 

two NIRVS have a length of 77 and 49 nt and both mapped to NS5 region of the viral 

genome. Additionally, these putative NIRVS were present in piRNA clusters and respectively 

associated to Copia and Ty1/copia LTR retrotransposon sequences (Fig. 22G and 22H). 
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3.3.2 Detection of NIRVS from Dengue virus RNA genome 

 For this condition, the two replicates were sequenced. In the first replicate, the 

infection of Aag2 cells with DENV led to the detection of only one NIRVS with a length of 

166 nt (Fig. 22J). This fragment matched with prM glycoprotein sequence in DENV genome 

(position 485-650) and the flanking regions were not associated with any transposable 

elements previously described. Using the Aag2 non-infected sample as a negative control, we 

performed PCR and successfully amplified the viral sequence and its 3' flanking regions, 

allowing us to confirm the presence of this newly formed NIRVS. However, this NIRVS was 

not found in the second replicate. 

 In the second replicate, seven putative NIRVS were detected in the DENV-infected 

Aag2 genome (Fig. 22K-Q). The difference in the number of putative NIRVS between the 

two replicates could be explained by a higher coverage obtained for the second replicate. 

Interestingly, only two NIRVS were found close to transposon sequences. We first found a 75 

nt fragment that matched to the NS1 region (position 3309-3383) of the viral genome (Fig. 

22K). Moreover, we found at the 5' flanking region, the presence of a sequence belonging to 

the two groups PIF and ISL2EU transposons (Fig. 22K). We found another potential NIRVS 

from DENV genome with a size of 463 nt (position 3099-3561) corresponding to NS1/NS2A 

region (Fig. 22L). Although the reads of the two NIRVS mapped 163 nt away from each 

other, we considered that these two sequences belonged to the same putative NIRVS. 

However, no sequences from the Aag2 genome were detected, which means that we do not 

know if this putative NIRVS is really integrated into the Aag2 genome or present as an 

episome in the cell. 

We detected the potential presence of a 131 nt fragment mapping the NS2B region of 

the DENV genome (position 4177-4307; Fig. 22M). This NIRVS was not surrounded by any 

TE sequences previously described. We possibly found a 114 nt NIRVS mapping to the NS3 
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region (position 4925-5038) that was not associated with TE sequences either (Fig. 22N). 

Besides, another putative NIRVS of 472 bp was found (Fig. 22O). Although the two reads 

mapped 170 nt away from each other in the DENV genome, they mapped perfectly to the 

viral genome and because this distance agrees with the length of the DNA fragments of the 

Illumina library preparation protocol, we considered these two reads sequences and the viral 

portion between them as belonging to the same sequence fragment. This sequence mapped to 

DENV genome at the position 6074-6545, corresponding to NS3/NS4A region. Again, no 

sequences from the Aag2 genome were detected, which means that we do not know if this 

putative NIRVS is really integrated into the Aag2 genome or present as episome in the cell 

(Fig. 22O). We also identified a 337 nt putative NIRVS mapping the DENV NS5 region that 

is divided into a 40 nt fragment (position 8510-8549 on the viral genome) and a 297 nt long 

fragment (position 9300-9597 on the viral genome) (Fig. 22P). Both are non-associated to TE 

sequences. Finally, we found another potential NIRVS with a length of 149 nt for which the 3' 

flanking region is marked by the presence of a LTR Ty1/copia retrotransposon sequence (Fig. 

22Q). This NIRVS is actually divided into two putative elements: a 63 nt and a 86 nt 

fragments that matched both to the NS5 region of DENV genome.  

 

3.3.3 Detection of NIRVS Chikungunya RNA genome 

 In Aag2 cells infected with CHIKV, we found two couples of reads that mapped to the 

CHIKV genome. The first couple of reads revealed the presence of a 138 nt that matched to 

the 5'UTR/nsp1 (position 1-138; Fig. 22R). The suggested 3' flanking region revealed the 

proximity of the NIRVS to a Miniature Inverted repeat Transposable Elements (MITEs). A 

second couple of reads identified two putative NIRVS of 57 nt and 94 nt long (position 

11545-11601 and 1-94 respectively) that are not associated to any TE sequences known (Fig. 

22S). These two NIRVS matched to regions in the 3'UTR and 5'UTR/nsp1 of the CHIKV 
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genome. However, these sequences match perfectly to reads sequences, which means that no 

flanking region belonging to the Aag2 genome was identified. Therefore, so far we cannot 

know if these sequences are integrated into the Aag2 genome, or if they are 

extrachromosomal and present as episome.  
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Figure 22: Putative NIRVS produced following viral infection in Aag2 cell cultures. Putative NIRVS bioinformatically detected in 

CFAV-infected Aag2 cells (A-C); non-infected Aag2 cells (D-F); KRV-infected Aag2 cells (G-H); DENV-infected Aag2 cells (I-Q) and 

CHIKV-infected Aag2 cells (R-S). The double black lines represent the sequences in both strands (in nucleotide). The fuschia arrows 

represent the putative NIRVS with inside of it the position in the viral genome where the reads mapped. The green arrows represent the 

transposable element sequences. Light grey arrows represent the portion in the Aag2 genome where the reads mapped, with contigs and 

positions indicated withing the arrow. Because this portion matched several times to different location in the genome, the other flanking 

sequence of the putative NIRVS is deduced from the portion that displays the highest probability to contain the NIRVS. This deduced 

sequence is represented by dark grey arrows. 
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4. Conclusions 

 

 Although viruses of all types have been found integrated into a large variety of 

genomes, the conditions required to non-retroviral integration remain unclear. While it is 

likely that long-lasting interactions between host and virus may increase the odds of viral 

endogenization, it seems that the intensity of infection is not a factor required for the 

occurrence of such events in mosquito cells. The production of vDNA from arboviruses (such 

as DENV) that are not supposed to have DNA stage in their replication cycle has been found 

as early as 24 hrs by multiple-template switching events due to the reverse transcriptase 

activity of retrotransposons (Nag, Brecher, and Kramer 2016). However, it seems that vDNA 

production is not the only factor required for viral endogenization, as only a few NIRVS from 

arboviruses have been discovered so far. 

 We therefore established U4.4 and Aag2 cell cultures infected persistently with five 

different viruses: three arboviruses (DENV, CHIKV and VSV) and 2 ISFs (CFAV, KRV), in 

order to characterize the formation of NIRVS. We provided preliminary data based on the 

whole genome sequencing performed on the infected Aag2 cells. We mainly expected higher 

NIRVS formation in Aag2 infected with VSV, as the Rhabdoviridae family is the viral family 

for which a high number of NIRVS was found in mosquitoes. The same was suggested for the 

two ISFs CFAV and KRV, as they were both found at high frequencies in Aedes genome. On 

the contrary, we expected no or few NIRVS from DENV and CHIKV, as only a few from 

DENV and none from CHIKV have been described so far. Finally, we expected that the 

newly formed NIRVS to be present near TE sequences and piRNA cluster, as it has been 

described before. 

 We first showed that U4.4 cells were more affected by viral infections than Aag2 cells, 

suggesting that they were less well adapted. We showed that for each combination cell-virus, 
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mature viral particles were produced at high amounts in supernatants during the whole 

experiment, suggesting efficient and long-lasting infections that occurred during 92 and 109 

days for U4.4 and Aag2 cultured cells, respectively. We however did not know the percentage 

of infected cells at each passage, even though we postulate that owing to the viral titers in 

supernatants, it is likely that a high percentage of infected cells would be expected. To 

confirm this, we could have performed immunofluorescence assay on these cells (Nag, 

Brecher, and Kramer 2016).  

 By performing WGS on infected Aag2 cells that were passaged 16 times, we 

confirmed that NIRVS formation in host genome is a rare event (Fig. 22; Table 3). Indeed, 

we did not show any integration of KRV and VSV sequences following infections in Aag2 

cell genome. This was unexpected, as these two viruses belong to viral families for which 

many NIRVS have been previously described in Aedes mosquitoes (Palatini et al. 2017; 

Whitfield, Dolan, Kunitomi, Tassetto, et al. 2017). It is possible that the coverage obtained 

for these samples was not high enough to detect any newly formed NIRVS. For VSV, the 

Aag2 cellular model may not be the most appropriated model to study VSV integration in 

host genome. Indeed, cells from black flies or sandflies may have been a better choice, as 

the virus has been reported to be highly transmitted by these vectors (Cupp et al. 1992; 

Brinson et al. 1992; Comer et al. 1993). It is also possible that the endogenization of these 

viruses requires specific conditions (such as intense stress, low or high temperature) that 

were not present in this experiment. In order to increase viral endogenization processes, 

treatments of cells with genotoxic chemicals could have boosted retrotransposons activities 

promoting viral integrations (Terasaki et al. 2013). 

 As expected, we found couples of reads supporting the formation of nine NIRVS 

deriving from CFAV RNA genome in several samples (i.e. in the negative control and in cells 

infected with KRV and DENV) due to the natural persistence of this virus in Aag2 cells. 
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These putative NIRVS represented fragments of non-structural protein sequences, mostly 

NS3 and NS5, two proteins that are highly conserved in Flavivirus. The length of these 

potential NIRVS did not exceed 150 nt, but this has to be confirmed by molecular biology, as 

it could largely be a bias obtained from sequencing. Moreover, almost all the putative NIRVS 

detected were associated with the close presence of TE sequence, mostly LTR 

retrotranposons. This confirmed the highly suggested role of retrotransposons in viral 

endogenization. Additionally, two and one putative CFAV-derived NIRVS were found in 

cells infected with KRV and DENV respectively, as well as one from the negative control 

found in piRNA clusters. 

 Interestingly, we found eight and two putative NIRVS from DENV and CHIKV RNA 

genomes respectively. Among them, only three NIRVS were described close to TE 

sequences. These results could suggest that arboviruses integrate host genomes by a way that 

is different from the one used by ISFs. This mechanism may require other conditions to be 

completed and could then explain why only few arboviruses have been found integrated into 

mosquito genomes so far. Again, we found a high number of NIRVS originated from DENV 

non-structural protein sequences.  

 For CHIKV-, CFAV- and DENV-infected Aag2 cells, we found some reads that 

supported the integration of several viral sequences next to each other. Some of these 

sequences were not mapped consecutively in the viral genome. Because we think that it is 

unlikely that two independent events occurred precisely next to each other, we suggest that 

deletion events have occurred either before or after endogenization in the genome. During 

arboviral infections, it is known that a lot of defective-interfering (DI) RNA molecules are 

produced. These molecules lack viral portions due to errors of the polymerase and display 

deletions that sometimes can be as large as several thousand kb. Therefore, this could explain 

why several portions of the viral genome can be integrated together at the same insertion sites. 
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Moreover, it is possible that recombination could have occurred after endogenization, as 

NIRVS are found in repetitive regions where such events are frequently observed.  

 Although these results are interesting, they have to be confirmed by molecular 

biology. Only one 166 nt NIRVS from DENV prM region have so far been confirmed. Once 

confirmed, it would be interesting to assess their presence at lower passages in order to know 

when the viruses integrated and if these elements are stable in Aag2 genome. Moreover, we 

managed to characterize their flanking regions by finding them in proximity to TE sequences 

and piRNA clusters, but a better characterization of theses flanking sequences are required, 

notably by determining their location close or away from genes. This could help 

understanding their potential role, as some endogenous elements (mostly ERVs) were able to 

modulate the expression of adjacent genes. Additionally, because some of these NIRVS were 

found in piRNA clusters, it would be good to determine if they produce small RNAs and if 

their expression varies following arboviral infections. Finally, again because of the lack of 

time, we did not sequence U4.4 samples infected with the five viruses; U4.4. genome 

annotation also meet different issues. As NIRVS between Ae. aegypti and Ae. albopictus are 

different, we are expecting different results between Aag2 and U4.4 cells.  

 

Tableau 3: Summary of the putative NIRVS found in Aag2 infected cells. 

 

Sample 

(Replicate) 

NIRVS 

origin 

Divided 

into 

several 

fragments 

NIRVS 

length 

(nt) 

Position 
Viral 

region 

Associated 

to TE 

sequences 

Present 

in 

piRNA 

cluster 

Negative 

control 
CFAV No 41 

5754-

5794 
NS3 Yes No 

Negative 

control 
CFAV Yes 

100 
7719-

7818 
NS5 Yes No 

51 
7568-

7620 

Negative 

control 
CFAV No 121 

8954-

9074 
NS5 Yes Yes 
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CFAV-

infected 

Aag2 

CFAV No 149 322-471 Capsid/prM Yes Yes 

CFAV-

infected 

Aag2 

CFAV Yes 

99 
7673-

7771 
NS5 Yes No 

52 
7568-

7620 

CFAV-

infected 

Aag2 

CFAV Yes 

110 
4958-

5067 

NS3 No No 38 
5184-

5222 

64 
5160-

5097 

KRV-

infected 

Aag2 

CFAV No 77 
9457-

9533 
NS5 Yes Yes 

KRV-

infected 

Aag2 

CFAV No 49 
9009-

9057 
NS5 Yes Yes 

DENV-

infected 

Aag2 (R1) 

CFAV Yes 

95 
6919-

7018 
NS4B Yes No 

36 
6981-

7018 

DENV-

infected 

Aag2 (R1) 

DENV No 166 485-650 prM No No 

DENV-

infected 

Aag2 (R2) 

DENV No 75 
3309-

3383 
NS1 Yes No 

DENV-

infected 

Aag2 (R2) 

DENV No 463 
3099-

3561 
NS1-NS2A No No 

DENV-

infected 

Aag2 (R2) 

DENV No 131 
4177-

4307 
NS2B No No 

DENV-

infected 

Aag2 (R2) 

DENV No 114 
4925-

5038 
NS3 No No 

DENV-

infected 

Aag2 (R2) 

DENV No 472 
6074-

6545 
NS3-NS4A No No 
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DENV-

infected 

Aag2 (R2) 

DENV Yes 

40 
8510-

8549 
NS5 No Yes 

297 
9300-

9597 

DENV-

infected 

Aag2 (R2) 

DENV Yes 

63 
9744-

9806 
NS5 Yes No 

86 
9346-

9432 

CHIKV-

infected 

Aag2 

CHIKV No 138 1-138 5’UTR/nsp1 Yes No 

CHIKV-

infected 

Aag2 

CHIKV Yes 

57 
11545-

11601 
3’UTR 

No No 

94 1-94 5’UTR/nsp1 
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The massive studies describing the effects of microbiota on pathogens led the 

scientific community to explore the virome sheltered by the environment and organisms. 

This triggered the discovery of many different viral groups, including the group of insect-

specific flaviviruses (ISFs). In the last decade, owing to new molecular technologies such 

as next-generation sequencing and development of bioinformatic tools, the whole genome 

sequences of newly discovered viruses, including ISF genomes, are now available. These 

new information became the stepping-stone to the discovery of many non-retroviral 

integrated RNA virus sequences (NIRVS) in genomes. 

In this thesis, we focused on NIRVS in the genome of the invasive mosquito species 

Ae. albopictus, which with the other mosquito species Ae. aegypti, was the first organism in 

which NIRVS were described in 2004 (Crochu et al. 2004). Because of their recent 

discovery, little information is known regarding the evolution of NIRVS, their functions (if 

any), as well as their formation within the host genome. Therefore, the aim of this work was 

to better understand these specific features of NIRVS that can, in a larger scale provide 

useful information regarding virus-host coevolution. We found that (i) the distribution of 

NIRVS from ISFs in geographically distant populations and their polymorphism are not 

related to genetic divergences within and between populations as depicted by microsatellite 

markers, suggesting that NIRVS are not evolving neutrally, (ii) their relation with vector 

competence to arboviruses was suggested at the population level, and (iii) the formation of 

NIRVS in Aedes mosquito-derived cells is likely a rare event that can nonetheless occurs at 

variable frequencies. 

 

EVE evolution 
 

The discovery of EVEs, resulting from a co-adaptation between hosts and viruses 

has raised many questions regarding their evolution within host genomes. While EVEs 

submitted to purifying selection will rapidly be lost through generations, it is important to 
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know if those that remain in the host genome are under positive selection suggesting their 

beneficial effects for hosts or are simply maintained as fossil records. 

It is very likely that the EVE landscape we are discovering today represents a small 

portion of those that have existed in the past, mostly because many of them have been lost 

through random effects of genetic drift before gaining any beneficial effects for the host. 

Moreover, small effective population sizes (like it is often the case in mammals) or frequent 

bottlenecks could also lead to neutral evolution of EVEs, as effects of genetic drift increase 

when population size decreases (Lynch and Conery 2003). Additionally, as many EVEs are 

characterized by low copy numbers and fragmented ORFs, as it is the case for Flavi-NIRVS, 

especially in insect genomes (including Aedes mosquitoes), the presence of EVEs could be 

defined as transient in their hosts. Whereas these arguments are in favor of EVE neutral 

evolution, others suggested a positive selection justifying their presence in host genomes for 

specific purposes. Indeed, ancient viruses do not differ as much as we thought from 

contemporary viruses thanks to the remarkable sequence conservation of EVEs, including 

these fragmented EVEs found in insects. Moreover, although it is the only example found in 

insect genomes so far, the relationship between endogenous polydnaviruses and parasitic 

wasps has been characterized as symbiosis (Federici and Bigot 2003), stressing the evolution 

of EVEs under positive selection. In the case of EVEs having antiviral functions, their 

maintenance in the genome will depend on the cost they impose to their hosts versus the cost 

of the corresponding viral infection. 

In this thesis, we investigated the evolution of seven NIRVS in geographically distant 

Ae. albopictus populations. They were present in almost all populations tested, suggesting 

their ancient origin. A recent study has estimated the introduction of NIRVS in Ae. albopictus 

genome between 6.5 thousand to 2.5 million years ago (Pischedda et al. 2019). We then 

assessed the evolutionary history of NIRVS in these populations based on genetic variations 
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derived from neutral evolving microsatellite loci. We found that the evolution of NIRVS was 

far to be neutral with variations both in their distribution and sequence polymorphism. Except 

for AlbFlavi1, none of the NIRVS were fixed in the populations examined, a result from the 

neutral status of NIRVS. 

Despite the sequence polymorphism observed for AlbFlavi2 located in a piRNA 

cluster, we showed that both AlbFlavi2 and AlbFlavi36 presented a relatively low mutation 

rate and high sequence conservation. This result is consistent with our hypothesis that they 

have potential functions in Ae. albopictus genome (Aiewsakun and Katzourakis 2015). 

Overall, in addition to their role as a source for piRNA production, NIRVS are unlikely to 

evolve under the unique control of genetic drift. To confirm these results, evidence of 

purifying selection should be tested (Casillas, Barbadilla, and Bergman 2007). Finally, 

NIRVS are believed to evolve according to a dynamic process answering to a cyclic pattern 

between presence and absence of these elements within populations, depending on variable 

evolutionary pressures and exposition to related exogenous viruses. The antiviral functions of 

an EVE could lead to the clearance of the virus, which in turn would either trigger EVE 

degradation associated with the loss of biological roles or acquisition of other cellular 

functions by exaptation. If infections of corresponding viruses occur again, EVE-derived 

antiviral functions could also be restored (Aswad and Katzourakis 2012). These episodes of 

selection/counter-selection characterize the continuous evolutionary “arms race” that is 

occurring between viruses and hosts (Arnaud, Murcia, and Palmarini 2007). 

 

EVE functions 
 

EVEs are the results of endogenization of viruses within the germline cells of host 

genomes and are known for a long time to potentially acquire biological functions. Indeed, 

their conservation within the genome reveals that they provide beneficial effects. Many 

examples of EVEs having reached fixation serve actual functions in their hosts; as for 
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example, the gag-derived ERV (gag-ERV) Fv1 blocks MLV infection after viral entry in 

mice (Best, Le Tissier, et al. 1996). In plants, endogenous caulimovirus (dsDNA virus) 

have been shown to produce siRNAs that act against exogenous viruses (Blevins et al. 

2006; Staginnus and Richert-Pöggeler 2006). In mammals, an Endogenous Borna-like N 

element (EBLN) from squirrel genome, transfected in human cells have been found to 

colocalize with the viral ribonucleoproteins and affect Bornavirus polymerase activity 

(Fujino et al. 2014). Overall, the functions of EVEs in host genomes have been mostly 

linked to antiviral immunity and are seen as heritable immune memory. However, other 

functions have been described; an endogenous form of the retrovirus feline leukemia virus 

(FeLV) has been found to recombinate with exogenous viruses resulting in a more virulent 

form (Anai et al. 2012). This is the only actual example showing that EVEs can have 

positive effects on exogenous viruses and be a source of diversity for them. How often this 

phenomenom occurs in nature remains however unknown. Moreover, EVEs can also be 

related to other functions than antiviral immunity, such as anti-cancer properties by 

stimulating apoptosis in tumor cells (Bannert et al. 2018; Bustamante Rivera et al. 2018). 

In insects, only two EVEs have been identified as having biological functions: while 

an endogenous fragment of Israeli acute paralysis virus (IAPV) in honeybee genome has been 

correlated to a resistant phenotype against infections (according to an unknown mechanism) 

(Maori, Tanne, and Sela 2007), endogenous bracoviral segments in parasitoid wasp genome 

are required to allow the development of wasp larvae in caterpillars as they produce viral 

particles having immunosuppressive functions (Bézier et al. 2013). One could conceive that 

very few EVEs are present in insect genomes. However, a recent study found nearly 4,061 

EVEs by screening 48 different arthropod genomes (ter Horst et al. 2018). Nevertheless, most 

EVEs were found fragmented and did not contain complete ORFs. Their lack of function 

could mean that these elements will be lost by genetic drift. However, EVEs were enriched in 
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piRNA clusters in 28 out of the 48 arthropod genomes studied, and 77.5% of them were the 

source of primary piRNA production (and few also source of siRNA production). Moreover, 

35.7% of EVEs were located outside piRNA clusters and produced primary piRNAs (ter 

Horst et al. 2018). Although the piRNA pathway does not have any antiviral role in 

Drosophila, this pathway involves a high number of Piwi genes, which have been linked to 

expansion and functional specialization in Aedes mosquitoes (Miesen, Joosten, and van Rij 

2016; Campbell et al. 2008; Hess et al. 2011). Moreover, piRNA production following 

arboviral infections has been widely documented in mosquitoes (Hess et al. 2011; Miesen, 

Joosten, and van Rij 2016; Morazzani et al. 2012; Léger et al. 2013; Schnettler, Donald, et al. 

2013; Scott et al. 2010; Vodovar et al. 2012). Therefore it is tempting to speculate that piRNA 

pathway and EVEs can be involved in antiviral immunity in mosquitoes. 

In this thesis, because of their high variability at the intra- and inter-population levels 

as well as their ability to produce piRNAs (Palatini et al. 2017), we wondered if AlbFlavi2 

and AlbFlavi36 were correlated to arboviral vector competence in Ae. albopictus. We showed 

no solid evidence of association between their presence and dissemination of DENV and 

CHIKV in mosquitoes, questioning their implication in modulating arboviral infections in Ae. 

albopictus. There is no doubt that piRNA production from viral integrations is not sufficient 

to prove their antiviral activity. As a matter of fact, although the piRNA-directed cleavage is 

not as stringent as the siRNA-directed one and allows few nucleotide mismatches (Reuter et 

al. 2011; X. A. Huang et al. 2013), perfect base pairing between nucleotides 2 and 22 are 

required for efficient cleavage by Miwi in mice (a homolog of Piwi) (Reuter et al. 2011). This 

is far from what has been obtained with EVE-derived piRNAs in arthropods (ter Horst et al. 

2018) (Appendix N°1).  

In the case of NIRVS, such as AlbFlavi2 and AlbFalvi36, for which no association 

with vector competence to arboviruses has been shown despite evidence of piRNA 
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production, several hypotheses can be made. We can speculate that targeted exogenous 

viruses could have found ways to counteract EVE-derived piRNA silencing, maybe by 

producing VSRs as it has been found with the siRNA pathway. These viruses could also have 

evolved and become so different from the time the integrations occurred in the genome that 

they can no longer be detectable by AlbFlavi2- and AlbFlavi36-derived piRNAs. Consistent 

with this hypothesis, it has been suggested that the recognition of EVE-derived piRNAs on 

their target could decline over time as exogenous viruses diverge (ter Horst et al. 2018). 

Additionally, consistent with their variable frequency in mosquito populations, the potential 

antiviral functions of AlbFlavi2 and AlbFlavi36 could also play a minor role in controlling 

arboviral infections. During epidemics, the number of infected mosquitoes is usually very low 

considering the whole size of a mosquito population. As example, in Rio de Janeiro (Brazil), 

while 68,000 thousand human DENV cases were reported in 2012-2013, only 0.81% of the 

wild-caught mosquitoes were found as DENV positive (N=3053; (dos Santos et al. 2017). It is 

then tempting to hypothesize that mosquitoes are submitted to low and heterogeneous viral 

selection pressures, which may contribute to modulate EVE formation and control of their 

variability. Moreover, experiments focusing on expression of piRNAs produced from 

AlbFlavi2, AlbFlavi36 and other NIRVS after viral infection of arboviruses will be very 

informative. 

In fact, these experiments have been anticipated and already performed during this 

thesis. We assessed NIRVS-derived piRNA and siRNA expressions following DENV and 

CHIKV infections in Ae. albopictus Foshan (Appendix N°2). Preliminary results showed that 

many of them were up/down-regulated after DENV infection but not CHIKV. NIRVS-derived 

piRNAs were originated from Flavi-NIRVS, but surprisingly also from rhabdoviral elements. 

Consistent with the limited complementarity between NIRVS-derived piRNAs and current 

viruses, it is likely that NIRVS originated from different viral families could modulate non-
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specific viral infections by acting on antiviral mechanisms that are still unknown. This would 

also explain how NIRVS from ISVs could act on arboviruses. It would be interesting to know 

if changes in expression of Flavi-NIRVS-derived piRNAs also occur following rhabdoviral 

infections in mosquitoes. Additionally, some EVE-derived piRNAs could also act on other 

EVEs that promote viral persistence instead of inhibiting viral infections. Therefore, more 

investigations regarding the potential antiviral role of NIRVS are needed. In this way, one 

promising NIRVS that requires more attention is the one found for the first time in 2004 in 

Ae. albopictus C6/36 cell line (Crochu et al. 2004). Indeed, this NIRVS contained an intact 

ORF of 1,557 aa homologous to ISF genomes and, although its translation into protein has not 

been proved yet, its transcription into a full transcript has been detected (Crochu et al. 2004; 

Suzuki et al. 2017). 

Whether EVEs (including NIRVS) have antiviral functions remain unsolved. If not, to 

what purpose would they be produced? What would be their functions? While the piRNA 

pathway was originally proved to act on TEs, other genes/regions in insect genomes could 

also be targeted by EVE-derived piRNAs. Recent studies have shown that some piRNAs in 

Culex pipiens pallens are involved in the regulation of insecticide resistance (Ye et al. 2017; 

Guo et al. 2017). Then, further investigations are required to understand the biological 

functions of EVE-derived piRNAs. Finally, the role of vDNA in infected cells should be more 

deeply investigated. Indeed, it is also possible that instead of EVEs, vDNA present as 

episomes could serve as a template for piRNA production and be transcribed into primary 

piRNA precursors once in the nucleus of cells. However, little is known about the stability of 

these episomes and their persistence in mosquito cells. 
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EVE formation 

 

The conditions required for the endogenization of DNA and RNA viruses into host 

genomes remain largely unclear. Among the potential factors influencing EVE formation, 

the intense (acute) and long-lasting (chronic) infections have been suggested. While an in 

vitro experiment showed no effects of the multiplicity of infection (MOI) on DENV DNA 

production in C6/36 cells (Nag, Brecher, and Kramer 2016), chronic rather than acute 

infections have been suggested to produce more EVEs (Holmes 2011). Also, it is possible 

that commensal and mutualistic viruses can have better chance to endogenize. But because 

EVE biological functions in their hosts have been mostly described as antiviral, these types 

of EVEs would probably have minor positive effects on hosts, then decreasing the odds of 

these elements to be conserved and fixed in host populations. On the contrary, punctual 

infections of viruses that are pathogenic for hosts would have fewer opportunities to 

produce EVEs but better chance to be kept and fixed in host genomes, suggesting that these 

elements have antiviral functions against the corresponding exogenous viruses (Gilbert and 

Feschotte 2016). For these reasons, further experiments should be performed in order to 

detect a possible association between the odds of endogenization and virus prevalence in 

hosts, as well as the type of virus-host interactions (commensalism, parasitism and 

mutualism). 

Viral endogenization is directly related to retrotransposons and this association 

integrates into insect genomes through non-homologous recombination (Matthew J. 

Ballinger, Bruenn, and Taylor 2012; Goic et al. 2013b). LTR retrotransposons are more 

associated with vDNA, probably because their transcription occurs in the cytoplasm (as the 

replication of most RNA viruses), as compared to non-LTR retrotransposons, for which 

their transcription takes place at the insertion site in the cell nucleus (Havecker, Gao, and 

Voytas 2004; Geuking et al. 2009; Horie et al. 2010; Matthew J. Ballinger, Bruenn, and 
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Taylor 2012). It has been demonstrated that vDNA synthesis is blocked when endogenous 

reverse transcriptase activity is inhibited (Goic et al. 2013b). Moreover, transposable 

elements have been detected in the flanking regions of many EVEs. This is further 

supported by the discovery of ISV-like helicase domains in retrotransposon proteins of 

many insect orders: Lepidoptera, Hemiptera, Orthoptera, Hymenoptera and Culicidae (Ae. 

aegypti) species (Lazareva et al. 2015; Shi et al. 2016; Morozov, Lazareva, and Solovyev 

2017). These proteins, in some cases, have been found acting as viral suppressors of RNAi 

silencing (VSRs), which in turn increase the fitness of the corresponding retrotransposons 

in plants (Morozov and Solovyev 2012, 2015). This would lead to higher transposition 

efficiency. In this way, the association between vDNA and retrotransposons would be 

beneficial for these mobile elements. However, excessive RNA helicase activity of such 

viral-like domains could also alter the balance transcription/replication of some viruses by 

acting on their transcription mechanisms (Morozov, Lazareva, and Solovyev 2017). 

Nevertheless, these hypotheses remain to be tested in insects. Therefore, further 

experiments are required to explore the potential benefit that retrotransposons can derive 

from interacting with vDNA. Overall, these results revealed the tight implication of 

retrotransposons in the production of EVE in host genomes. 

EVE formations in host genomes are however considered as rare events. These low-

frequency events could be explained by the host DNA repair machinery that is able to 

recognize non-self incoming DNA sequences such as viral sequences, even though some 

viruses have evolved to escape from this detection (Weitzman et al. 2004; Lilley, Schwartz, 

and Weitzman 2007). This could justify why some viruses are more frequently found as 

EVEs in host genomes, such as viruses from the Rhabdoviridae, Chuviridae and 

Parvoviridae families in insects, than others that are able to endogenize only sporadically 

(Palatini et al. 2017; Whitfield, Dolan, Kunitomi, Tassetto, et al. 2017; ter Horst et al. 
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2018). Moreover, the widespread distribution of theses viruses and their diversity could 

also explain their higher ability to integrate host genomes compared to others. As example, 

rhabdoviruses are able to infect many different hosts by frequent cross-species transmission 

events (Geoghegan, Duchêne, and Holmes 2017). Potential differences in mechanisms of 

DNA repair machinery according to species could also explain different EVE diversity and 

abundance as seen between Ae. aegypti and Ae. albopictus (Palatini et al. 2017). However, 

different assembly and annotation qualities of their genomes could also be the source of 

their differences. Additionally, different replication strategies could also justify a higher 

probability of endogenization; the genome of negative sense ssRNA being transcribed in 

abundant and short transcripts could lead to higher reverse transcription efficiency by 

retrotransposons (Holmes 2011). 

In this thesis, the culture of U4.4 and Aag2 cell lines persistently infected with five 

different viruses (DENV, CHIKV, VSV, CFAV and KRV) was performed during 16 passages 

(92 and 109 days respectively) to know if extended contacts between cells and virus trigger 

viral endogenization. If so, characterization of the viral sequences integrated as well as the 

sites of integration in the host genome should be performed. Here, we confirmed that the 

endogenization of non-retroviral RNA viruses is a rare event, despite high viral particles 

produced in cell supernatants of all combinations cell-virus examined. Surprisingly, no 

NIRVS from VSV or KRV have been detected in Aag2 genome. It is possible that the contact 

cell-virus was not long enough to allow viral integration. Despite the fact they have been 

cultured for 109 days, integrations of VSV and KRV in the host genome is a long-time 

process that probably requires a larger extended contact. In total, we found 9, 8 and 2 putative 

NIRVS following infections with CFAV, DENV and CHIKV respectively. Although they 

have been bioinformatically predicted, these NIRVS have to be confirmed by molecular 

biology. Interestingly, while almost all newly formed CFAV-derived NIRVS were detected 
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near TE sequences, only a few DENV- and CHIKV-derived NIRVS were described near 

these sequences. Therefore, it is possible that arboviruses use a different mechanism to 

integrate host genomes, as compared to insect-specific viruses. This unknown mechanism 

may not be as efficient as the one that involves retrotransposons, as only a few NIRVS from 

arboviruses have been described so far in arthropod genomes. Nevertheless, vDNA can be 

produced in mosquitoes following infections (Nag and Kramer 2017) and integration events 

in the host genome may occur at a low frequency and possibly, affect germline cells allowing 

vertical transmission. Additionally, we found many putative NIRVS that were composed of 

viral sequences that mapped to different positions on the viral genome. This actually highly 

suggests that the template used to produce vDNA (that is subsequently integrated into host 

genomes) may not be (or at least not exclusively) the viral RNA genome, but could also be 

defective-interfering (DI) genomes, as it has been proposed recently (Nag, Brecher, and 

Kramer 2016). Indeed, the production of DI genomes has been reported for many RNA 

viruses, both in vivo and in vitro, including DENV, CHIKV and VSV (D. Li et al. 2011; 

Gillies and Stollar 1980; Juárez-Martínez et al. 2013; Poirier et al. 2018). In this recent study, 

more vDNA from DENV was found in RNAi-deficient cells (C6/36 cells) than in RNAi-

proficient cell (Aag cells), suggesting that vDNA production is negatively associated to the 

antiviral RNAi system. Moreover, vDNA molecules produced in DENV-infected Aag cells 

were also found in DENV-infected C6/36 cells, but the reverse was not true. Therefore, if 

vDNA is involved in the control of viral replication after integrating the host genome, then we 

can speculate that not all vDNA molecules, but instead some located at specific regions of the 

host genome, are involved in this process. As seen with endogenous retroviruses in the human 

genome (Medstrand, Van De Lagemaat, and Mager 2002), these specific regions could be 

located away from genes to avoid a significant fitness cost to the host that will trigger rapid 

elimination of integrations from the genome. 
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As expected, most of the putative Flavivirus-derived NIRVS found were similar to 

sequences encoding NS3 and NS5 proteins (with the latter having RNA-dependent-RNA 

polymerase (RdRP) activity) (Crochu et al. 2004; Aris Katzourakis and Gifford 2010; Fort et 

al. 2012; Matthew J. Ballinger, Bruenn, and Taylor 2012; Kondo et al. 2013; M. J. Ballinger 

et al. 2014; Geisler and Jarvis 2016; Lequime and Lambrechts 2017; Suzuki et al. 2017; 

Palatini et al. 2017; Whitfield, Dolan, Kunitomi, Tassetto, et al. 2017). Because of their 

important role in the viral lifecycle, these proteins are very conserved in the RNA genome and 

are submitted to high selection pressures (Hughes and Hughes 2007; Shi et al. 2016). This 

combined with the low mutation rate after their integration in the host genome makes their 

detection easier. Therefore it is also possible that NIRVS formation originated from lowly 

conserved genes occurred as much as highly conserved ones but could not be detected in the 

host genome because of their high divergence from their corresponding exogenous viruses. 

Consistent with this hypothesis, most of Flavivirus-NIRVS discovered in Aedes mosquitoes 

originated from non-structural proteins that are highly conserved among the viral family (da 

Fonseca et al. 2017). Abundance transcripts could also play a role in the integration of viral 

sequences. For instance, for rhabdoviruses, five genes are gradually transcribed from 3’ to 5’ 

(N > P > M > G > L genes) (Ogino 2013) and despite the highly conserved L gene (encoding 

for the polymerase), most of the NIRVS found in insect genomes were similar to the most 

abundant gene (N; encoding for the nucleoprotein) (Palatini et al. 2017).  

Overall, the formation of EVEs in host genomes occurs more often than previously 

thought. The presence of EVEs from arboviruses in mosquito cells revealed that a large range 

of viruses is able to endogenize. However, further investigations are required to understand 

the stability of these EVEs in vitro, the regions in which they integrated as well as their 

potential functions.  
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Conclusion 

 

This thesis provides additional information regarding the characterization of virus-

host coevolution. Although viruses have been for a long time considered as harmful 

biological entities for humans and other organisms, scientific researches are starting to 

provide compelling evidence describing the beneficial effects of viral infections through 

mutualistic and commensal interactions. As example, viruses have been proved to help their 

hosts to resist to microbes and to adapt to new environments (Roossinck 2015). After all, 

their fluctuating pathogenic effects may result from a non-stable adaptation to their hosts. 

Understanding all the consequences of long-term virus-host interactions is critical, and 

it includes the effects of viral integrations in host genomes, especially since RNA viruses 

were suggested to be used as RNA vaccine vectors (Mogler and Kamrud 2014). An insect-

specific alphavirus, Eilat virus (EILV) unable to replicate in vertebrate cells, has been recently 

used to create chimeras containing structural proteins of pathogenic alphaviruses such as 

CHIKV, Eastern equine encephalitis virus (EEEV) and Venezuelan equine encephalitis virus 

(VEEV). Injection of a single dose of chimeras in mice conferred protective responses by 

generating neutralizing antibodies (Erasmus et al. 2018). The use of insect-specific 

alphaviruses as vaccine vectors could be a good strategy as no integrations from these viruses 

have been found so far. In Ae. aegypti, former attempts to produce antiviral transgenes 

associated to piggyBAC or mariner transposable elements in mosquitoes resulted in an 

unstable expression caused by random insertions in the host genome (Mishra et al. 2016; A. 

W. E. Franz et al. 2006). EVEs and piRNA clusters that are naturally maintained through 

generations could however provide useful information that could help to optimize and to 

target specific regions of the genome where transgene expressions could be steady and 

maintained. 
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Appendix N°1 

 

Results of sequence alignments between NIRVS-derived small RNAs and 

exogenous viruses found in Aedes albopictus. NIRVS used were those published in Palatini 

et al., 2017. Alignments were performed using bioinformatics software tool sRNA mapper. 

Most of the alignments resulted in match of a length inferior of the typical size distribution of 

piRNAs in Aedes mosquitoes (24-30 nt). NIRVS used in this thesis are in bold. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 245 

NIRVS 

GenBank 

Accession 

number 

Starting 

position on 

viral 

genome 

Orientation 
Alignment 

length 
Nucleotide sequence 

DENV-2 

AlbFlavi39 

NC_0014

74.2 

5779 F 16 GAGAGGGTGATAGACC 

AlbRha10 6838 F 15 TTCCTAGAAAAAAAT 

AlbFlavi12

_17 
9692 F 22 

TCTGTTCCCACCATTTCCAT

GA 

CHIKV 

AlbFlavi39 

NC_0041

62.2 

2108 F 15 AAGAAGGAGGAAGAA 

AlbRha1 2509 F 15 ACTTTGTGGTGAAAC 

AlbFlavi18 7371 F 15 CGGTATACCCTAGTC 

AlbRha52 10584 F 15 AGGACAATTTGGTTG 

AlbRha94 11384 R 16 GATAAGGGCTATATAA 

CFAV 

AlbRha83 

NC_0015

64.2 

685 F 15 AACAGATTGAGGAGG 

AlbFlavi4 2713 R 15 TTTCCCTTTCCAATT 

AlbRha66 3756 R 15 CTCATTTCCTGTTCT 

AlbRha66 5717 R 15 ATCATTGTGGATTCT 

AlbFlavi1 9839 F 16 ACTGATGACATGCTGC 

AeFV 
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AlbRha10 

NC_0129

32.1 

189 F 15 AAGGGCCGCAGAATT 

AlbFlavi2 1572 F 16 CACAACAGCAAATGCA 

AlbFlavi2 1573 F 15 ACAACAGCAAATGCA 

AlbRha38 2529 R 15 CTCCGTGACGCTGGA 

AlbFlavi33 3440 F 15 TAAACCTCCTGTGCT 

AlbFlavi40 8062 R 15 ACTGGCACGGCTGAA 

AlbRha85 8720 R 16 CACATCTCGTTGGACA 

KRV 

AlbFlavi4 

NC_0050

64.1 

1359 F 15 TATGGAAAATCATAG 

AlbFlavi2 2617 R 15 AATGGAAGGCTTGAG 

ALbFlavi37 3400 F 15 AACTACGGAAATGCT 

ALbFlavi37 3472 F 27 
TCCATTCTGAATCTCCTGTGCC

TCGCG 

ALbFlavi37 3472 F 19 TCCATTCTGAATCTCCTGT 

ALbFlavi37 3937 F 21 TGGAAGACGTCCGTGGCCATA 

ALbFlavi37 5023 R 16 GAGGACGATGCCACCA 

AlbFlavi34 5317 F 27 
ATGGATGAATGTCATTTCATG

GACCCA 

AlbRha58 6109 F 15 TTCCAAGGAGAAATG 

AlbFlavi18 6955 F 15 ATGTACGTGGTGAAG 
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AlbFlavi36 7130 F 24 
AGAACAAGTGGAACGCAACG

CCCA 

AlbFlavi36 7135 F 19 AAGTGGAACGCAACGCCCA 

AlbRha66 7427 R 15 CTCATTTCCTGTTCT 

AlbFlavi39 8604 R 15 CCTCCAACATCTGGT 

AlbFlavi6 9202 F 26 
ATCGTTGCCATGTTCCCACGAT

CCCA 

AlbFlavi6 9205 F 28 
GTTGCCATGTTCCCACGATCCC

ATTCTA 

AlbFlavi6 9206 F 27 
TTGCCATGTTCCCACGATCCCA

TTCTA 

AlbRha44 9592 R 15 AGCTATCATTACCAT 
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Appendix N°2 

 

 

  Experimental protocol of an ongoing experiment assessing the expression of NIRVS-

derived small RNAs in Aedes albopictus infected with CHIKV and DENV. 
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During this thesis, we designed and performed an experiment to better understand NIRVS 

formation and biological functions regarding arboviral infections in Ae. albopictus, Our 

objectives is divided in two aims that are further subdivided into several objectives: 

 

 Aim 1 

o Address NIRVS formation during viral infection. Does new NIRVS formation 

occur in ovaries of infected Ae. albopictus individuals? 

o Assess the differences regarding NIRVS formation that are related to viral type 

(flavivirus vs. alphavirus) 

 Aim 2 

o Are both newly formed and already present NIRVS involved in antiviral 

defense? 

o Assess differences in small RNA profiling: piRNAs vs. siRNA production 

from NIRVS loci 

 

To that purposes, we used 3 different populations: Crema (Italy), Tapachula (Mexico) 

and La Réunion island as well as the Foshan colony (Figure A1). We infected them with 

DENV-1 (strain 1806; MG518567.1) and CHIKV (strain 06-021; AM258992.1) through an 

artificial blood meal of 10
7
 ffu/mL and 10

7
 PFU/mL respectively. At different time post-

infection, mosquito salivas were collected to assess viral transmission, and individuals were 

dissected to extract the ovaries in order to assess NIRVS formation (Figure A1). All carcasses 

were kept to compare with the ovaries samples. Moreover, controls were performed by using 

individuals fed with sugar and non-infectious blood meal. Whole-genome sequencing (WGS) 

was performed so far on pools of ovaries and carcasses of the Foshan colony and preliminary 

results are expected soon. 
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Figure A1 : Experimental protocol describing an ongoing experiment that aims 

to better understand NIRVS formation and biological functions. 
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Appendix N°3 

 

Review article entitled "Endogenous non-retroviral elements in genomes of Aedes 

mosquitoes and vector competence" published in the journal Emerging Microbes and 

Infections in April 2019. 
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Appendix N°4 

 

Research article entitled "Combining Wolbachia-induced sterility and virus protection 

to fight Aedes albopictus-borne viruses" published in the journal PLoS Neglected Tropical 

Diseases in July 2018. 
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Appendix N°5 

 

Research article entitled "Evolution and biological significance of flaviviral elements in the 

genome of the arboviral vector Aedes albopictus " published in the journal Emerging 

Microbes and Infections in August 2019. This chapter corresponds to the Chapter 1 of this 

manuscript. 
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Houé Vincent – Thèse de doctorat de Virologie et Entomologie Médicale – 2019 

 

Caractérisation de séquences intégrées de virus à ARN non-rétroviral dans les 

populations d’Aedes albopictus et relation avec la compétence vectorielle 

 

Résumé:  

Aedes albopictus est un moustique vecteur d’arbovirus, et ceci fait de lui une menace sérieuse 

pour la santé humaine. Durant la dernière décennie, les NIRVS (séquences intégrées de virus 

à ARN non-rétroviraux) issues de Flavivirus spécifiques d’insectes (FSIs) ont été découverts 

intégrées dans le génome du moustique Aedes albopictus. De plus, il a été montré que ces 

éléments pourraient avoir un rôle antiviral chez le vecteur par la production de piARNs qui 

réduirait la réplication virale. Nous avons caractérisé 8 NIRVS chez 12 populations d’Ae. 

albopictus. Nous montrons qu’il y a une forte diversité inter- et intra-population, suggérant 

une évolution complexe de ces NIRVS dans le génome, différemment des marqueurs à 

évolution neutre tels les microsatellites, suggérant une fonction potentielle des NIRVS. Nous 

montrons que cette fonction pourrait être liée à la compétence vectorielle d’Ae. albopictus 

pour les arbovirus. Enfin, En utilisant des lignées cellulaires infectées de manière persistante 

par des arbovirus, nous montrons que la formation des NIRVS est un évènement qui se 

produit rarement dans le génome des moustiques Aedes, et que les arbovirus ainsi que les 

FSIs, sont capable d’endogénisation chez les moustiques. 

 

Mots clés : [Aedes albopictus ; NIRVS ; Compétence Vectorielle ; Arbovirus] 

Characterization of non-retroviral integrated RNA virus sequences (NIRVS) in Aedes 

albopictus populations and relation with vector competence 

 

Abstract : 

Aedes albopictus is a vector for transmitting arboviruses and this makes it a serious threat for 

human health. In the last decade, NIRVS (non-retroviral integrated RNA virus sequences) 

from insect-specific flaviviruses (ISFs) have been found integrated in Ae. albopictus mosquito 

genome. Moreover, it has been shown that these elements may have an antiviral role in 

vectors by producing piRNAs that would reduce viral replication. Here we characterized 7 

NIRVS in 12 Ae. albopictus populations. We show that there is a high inter- and intra-

population diversity, suggesting a complex evolution of these NIRVS in Ae. albopictus 

genome. Moreover, those NIRVS evolved differently from neutral genes such as 

microsatellites, suggesting a potential function of these elements. We show that this function 

can be the vector competence of Ae. albopictus to arboviruses. Finally, we show by 

establishing persistently-infected cells that NIRVS formation is an event that occurs rarely in 

Aedes mosquito genome however arboviruses, along with ISFs, are also capable of 

endogenization in mosquitoes. 

 

Keywords: [Aedes albopictus; NIRVS; Vector competence; Arbovirus] 

 


